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ABSTRACT

ROTATION-VIBRATION SPECTRA OF AXIALLY

SYMMETRIC MOLECULES WITH

L0CALIZED PERTURBATIONS

by Hillian.Errol Blass

The developnent ot the molecular rotation-vibration

Haniltonian.is reviewed especially as it applies to sole-

cules belonging to the point group 03'.

Problens involved in the analysis or the large nunber

of observable transitions in one (or sore) rotationdvibration

bands are discussed. A.generalised expression which sinul-

taneously represents all observed unperturbed transitions

of a particular nolecule is given, and the application or

this expression to the nunerical analysis or rotation-vibra-

tion spectra is discussed in considerable detail. the general-

ised expression is applied in the analysis of a perpendicular

band, v3 + v4, of 033?.

In.addition. an expression.is given which sinultaneously

represents all observable ground-state oonbination.di£terenoes

or a particular solecule. this expression was applied to

v) . v1. or on}: at 4058a", v1 + v2 of can3 at 5134“". and

v2 + v, o: CHBD at 3500ca7‘, to obtatn'values of Bo' DoJ and

D041. Sinilar expressions for upper-state conbination

differences are also discussed.

The work of Dr. G. Anat of the university of Paris on

an orderly seni-quantitative approach to perturbations in

infrared spectra is reviewed. Additional considerations
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which nay facilitate the experinentalist's analysis of local-

ised perturbations in the spectra of axially synetric sole-

cules are presented. Several well-substantiated perturbations

were found in v3 4- v‘ of 0331?. the nest cospletely substan-

tiated perturbations are a Coriolis resonance which lifts

the degeneracy of the K' = l = *1 levels. and an accidental

resonance affecting the K' 2 i=2, 1 = 1:1 and the K' = *2,

s = 1:1 levels. the analysis of these perturbations was

carried as far as currently possible.
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INTRODUCTION

During the past ten years the spectroscopy of small

molecules in the near infrared region has advanced to such

an extent that smaller and smaller effects are being observed

in ever-increasing detail. Attendant with this advance in

the experimental aspect of the art, the number of anomalies

which are observed in spectra has increased rapidly (1-11).

In fact, many of the effects deemed unimportant or listed as

unobserved by Herzberg (12) in 1951 are now of great interest

or have at least by now been observed.

Furthermore, with the improvement of resolution and pre-

cieion of infrared spectrometers a single rotation-vibration

band may exhibit up to a thousand observed transitions.

Meaningful values for many molecular parameters may be obtain-

ed. Together these two facts make the problem of data analy-

sis in molecular spectroscopy quite formidable, and lead

quite naturally to the use of an electronic computer in the

analysis of spectra. We have written and regularly used pro-

grams which obtain values of the molecular parameters and

also give statistical information on the accuracy of the

xnolecular parameters obtained.

In Chapter 1 we review Amat and Nielsen's (13-21) develop-

ment of the Hamiltonian of the molecular vibrating-rotor

while attempting to cast the results into a form immediately

usable by the experimentalist in the analysis of axially

symmetric molecules.



In Chapter 2 we comment briefly on the symmetry of

rotation-vibration wave functions, and set down several

selection rules which are useful in the anaLysis of spectra.

The simultaneous representation of all infrared transi-

tions of a particular molecule is discussed in Chapter 3 and

some of the ramifications of such a representation are dis-

cussed.

Another data analysis consideration makes up Chapter 4,

i.e., the simultaneous analysis of all observed ground state

combination differences. This method, to our knowledge, has

not specifically been used before, whereas it appears to be

the method to use to obtain the statistically most favorable

values of 30’ DoJ and DoJK from infrared data. -It is especial-

ly valuable when applied to the many molecules whose micro-

wave pure rotation spectra has not been observed.

Chapter 5 contains a "how to do it"'discussion of the

data analysis problem.

In Chapter 6 we have gathered together much of the work

of Dr. G. Amat on the orderly semi-quantitative analysis of

perturbed spectra. We have attempted to embellish the dis-

cussion with several additions to extend its usefulness for

the experimentalist.

The experimental details regarding the collection and

calibration of the spectra of v} + v4 of CHEF, v1 + v2 of

‘ and v2 + v3 of CHBD makes up Chapter 7.CHD3

The application of the first six chapters to v3 + v4

of CH F is presented in Chapter 8. This perpendicular band

3

contains several interesting perturbations. Especially in-



teresting is an accidentally strong resonance affecting the

+1 and -3 subbands and a Coriolis resonance which lifts the

degeneracy of the K' = t = *1 upper state levels. For both

the Coriolis resonance and the accidentally strong resonance

affecting the K’: :2, t = *1 levels, we believe that we have

one of the most detailed and substantiated examples for both

types of resonances since we have in almost every instance

found the three individual transitions to each perturbed

upper state level.

In Chapter 9 we have applied the results of Chapter 4

on ground state combination differences to a parallel band

of CHD and a parallel band of CH3D to obtain values of 30’

JK
DO

3

DoJ and . This is especially interesting since the

microwave spectra of CH3D and CHD3 has not been observed and

J and DoJK represent a valuableas a result our values of BO,Do

addition to the spectroscopic data on CH3D and CHD}.

In summary, existing theory and procedures for analysis

are reviewed and original contributions are made to the analy-

sis by line frequency, by combination differences and in the

analysis of perturbed spectra. These methods are applied in

the analysis of bands of CHBF, CHBD and CHD}. Even so, the

complexity of the situation,especially in the case of CH3F,

has not permitted a complete solution at this time.



CHAPTER 1

ROTATION-VIBRATION ENERGY OF THE AXIALLY SIMMEIRIC MOLECULE

In this work, Amat and Nielsen's development of the

rotation-vibration Hamiltonian is used. We have attempted

to use this formalism especially as it applies to the analy-

sis of rotation-vibration spectra of axially symmetric mole-

cules belonging to the symmetry group 03v’

Summagy of the Deyelopment of the

Rotation-Vibration Hamiltonian

Briefly, one begins with a classical Hamiltonian and

converts it into a quantum mechanical Hamiltonian (22,23,24).

Then, this Hamiltonian is expanded in a power series in the

normal coordinates (13) and the resulting terms are grouped

according to the estimated order of magnitude of the contri-

bution to the energy of rotation-vibration. The expanded

Hamiltonian is diagonal with respect to J and H but may con-

tain terms off-diagonal with respect to vs, ts, ms, and K. 1

 

‘One defines the following symbols:

J: quantum number associated with the total angular

momentum.

M: quantum number of the projection of the total

angular momentum on a space-fixed axis.

K: quantum number of the projection of the total

angular momentum on the body-fixed symmetry axis

of the molecule.

quantum number of the s-th normal vibration.

second quantum number of doubly degenerate normal

vibrations (associated with internal angular

momentum)

third quantum number of threefold degenerate

normal vibrations (not needed for axially

symmetric molecules).

4

z
~
<

m
m

B



At this point a contact transformation (25,26,27) is

made on the Hamiltonian (14)

R.-=Ro +111 +H2+... (1.1)

such that the resulting Hamiltonian

h' = Ho + h'1 + h'2 + h' +... (1.2)

is diagonal, through h'I' with respect to all quantum numbers

for axially symmetric molecules. (This is valid only in the

absence of accidental resonances. In the event of such re-

sonances a special transformation must be performed on H to

preserve the contact transformation (19).) For axially

symmetric molecules, since HO and h'1 are diagonal, and as

the first non-diagonal terms occur in h'2, the energy of any

particular level is given through third order by the diagonal

elements of He + h" + h'2 + h'3 (21), i.e., in the absence

of accidental resonances, off-diagonal terms of h'2 will not

contribute to the energy before fourth order.

Amat and Nielsen performed a second contact transforma-

tion (15) which diagonalized h' through second order with

respect to the vibrational quantum number vs. For axially

symmetric molecules the twice transformed Hamiltonian

hi = Ho + h'1 + h; + h; + hZ't...

is diagonal with respect to the vibrational quantum numbers

VS through h§. However, hi has off-diagonal terms with

respect to K and 2.8. In addition hg, hf“... have terms

off-diagonal with respect to v 8. X8 and K.

For symmetric tOps, i.e., axially symmetric molecules,



the twice transformed Hamiltonian, h+, yields energies good

through third order since the terms in h§ which are off

diagonal in K and R s do not in general contribute before

the fourth order. Since h+ is diagonal with respect to vS

through hg, terms off—diagonal with respect to vS in h; will

not contribute to the energy before Sixth order.

Rotationefiibration Energy

Through Fourth Order

The twice transformed Hamiltonian

h+ = Ho + h'1 + h§ + h; + n: + ... (1.3)

may be used to obtain the rotation-vibration energy of

axially symmetric molecules by solving the secular equation

det [<JMK...vS, 2'3“"Ho + 114+ 115+ 11; + h: + ...]

Jl-LK,...‘Ié, 2;... ) -g;,_;,._r... g‘~'s‘~'£”° 5131.1...EVR] = O

(1.4)

where Sii' is the Kronecker symbol and EVE is the energy of

rotation-vibration which we wish to obtain.

For energies through third order, in the absence of

accidental resonances, the secular equation which must be

solved is simple enough since h+ is diagonal and the energy

of rotation-vibration is given by the diagonal elements of

Ho + h; + h; + h;. Table 1.1 presents the terms in the

Hamiltonian and the resulting contribution to EVR (28,29,30)

in this case. In Table 1.1 the operators are taken from

h' rather than from h+ since the second transformation does

net add any new quantum dependence to the energy through
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third order but, in so far as diagonal terms are concerned,

it changes slightly the interpretation of spectroscopic

constants in terms of the basic molecular constants Ida

30,": , 5:5, , and the force constants, the k8182°°'5m (14),

of the molecule. Table 1.2 gives a list of symbols found_

in Table 1.1 with appropriate definitions.

From these tables the energy of rotation-vibration to

any desired order through the third may be obtained. In

addition, a partial fourth order correction to the energy

is given in Table 1.3. However, it is necessary that one

be cognizant of the fact that this is a partial correction

and that an added correction may come from the off-diagonal

terms of hg, and also from other terms in hx which are

diagonal in J, K, 2's and vs. Specifically, the off-diago-

nal lines (Tabletyj) which can contribute to fourth order

are: éi’ K-type resonance and doublingo(31); hég, rotation-

al X-type resonance and doubling (28); and héj, vibrational

l-type doubling and resonance (28).

hi also contains operators which may contribute further

to fourth order. No results of any study of these terms has

been published for the case of an axially symmetric molecule.2

‘—

2Chung and Parker (32) have studied the terms of h;3

for the asymmetric top case. In addition Benedict (33)

found it useful to gee a lumped sixth power cogrection of2

the form -1.0 x 10" {C J(J+1)-K2J 3 + J(J+l) K [J(J+1)-K J}

to fit an NH overtone band.. Ramadier and Amat (34) have

studied the Sixth power terms of hi} in the special case

Of a linear molecule.



10

Table 1.2 List of symbols from Table 1.1 with description.

Symbol

a

Description

x,y,z (likewise for fl andl') (body-fixed)

index for the normal vibration

index for specifically non-degenerate

normal vibration

index for specifically 2-fold degenerate

vibration

dummy index for s

ordering index for the two components of

a degenerate vibration

constant coefficients (generally complicated)

of the transformed Hamiltonians

rotational angular momentum Operator

normal coordinate operator

momentum operator conjugate to q8

principal equilibrium moment of inertia

about the d axis

2

MW ax). 1x = 1y
2 .

: h/(BTT ch) IZ is unique 12% Ix = I

Y

harmonic frequency (cm'I) of sth normal

mode

: (27Tcw )2

s

degeneracy of the sth normal mode

Coriolis coupling constant - a function

of molecular geometry

m : J,K,JK: equilibrium centrifugal

distortion constant

correction to Be due to vibration

correction to Ae due to vibration
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Table 1.2 Continued.

Symbol Description

XSSI,X&‘9 anharmonic vibrational constants

tt’ .

lIt,m m = J,K,S or nothing: third order

constants
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However as Maes pointed out in his study of third order

terms (29), from the point of view of spectral analysis,

it is the quantum dependence which is important from third

order on since there seems to be no simple connection

between the constant coefficients of these high order terms

and the molecular parameters. The constants are in

general complicated combinations of molecular parameters

and force constants.

Table 1.4 lists the operators found in hz (16) which

we subdivide into five parts:

' ‘31’

n; = hi1 + hag + hz3 + hZ4 + h: (1.5)

such that hz* contains only terms off-diagonal in v8 (16)

and in the absence of accidental resonances is able to

contribute to the energy only in the eighth or higher orders.

Table 1.5 gives a description of the contribution of the

various terms of h; to EVR’ Table 1.3 presents the contri-

bution of hi1, hZ2 and hZ4 to EVE (35). Table 1.6 is a

description of the constants used in Table 1.3.

The contribution of hZB cannot yet be given since no

results of a systematic study of its contribution to EVR have

been published for the case of an axially symmetric molecule.

Biscussion of the Orders of

Magnitude of Contribution: ‘tg EVE—

The expansion of the Hamiltonian is effected with an

assumed expansion parameter on the order of 1/30. It is

assumed that a zero order contribution to the energy is

approximately 1000cm". One should realize that order of
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Table 1.5 Description of contributions of terms in h: to EVR'

Diagonal Contribution to EVR

hZ1 correction to centrifugal distortion; due to

vibration

hie second correction to inverse moments of inertia;

due to vibration

hZB correction to centrifugal distortion; due to

rotation

h:4 . additional anharmonic contributions to

vibrational energy
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Table 1.6 List of symbols from Table 1.3 with descriptions.

Description

m = J,K,JK; correction to D gt ‘due to

vibration

correction to Be due to vibration

correction to A6 due to vibration

anharmonic vibrational constants

"correction" to Be and Ae which has

exactly the same quantum dependence

as Be and Ae

"correction" to a: which has exactly

the same quantum dependence as we
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magnitude considerations are approximations and are not to be

taken too literallfi and therefore,they should serve as a

helpful guide rather than as restrictions in the analysis

of spectra. For convenience Table 1.7 lists the eXpected

approximate magnitude of a contribution to the energy of

terms of order m.

In the following, the orders of magnitude of only the

diagonal contributions to the energy are discussed. For a

further discussion of this case and of the order of magnitude

of off-diagonal contributions the work of Amat and Nielsen

(18) is fundamental.

At this point it is useful to use simpler notation by

following the convention (18) that operators in the Hamil—

tonian having the forms qaqb, papb or gapb be called r 2,.

etc., that Pa, l”, P, be called P3, etc., and that the sub-

and superscripts on the Y's and Z’s be dropped. Thus

hi2 = (2)Yr2P2.

The order of magnitude expansion of the Hamiltonian is

valid for J :3 K 2: 30. For other values of J and K a term

may be demoted or promoted from its present formal order

to a different order which we would then call the "true"

order of magnitude of its contribution.

A relatively simple approach to the problem leads us

to discuss first the order of magnitude of a given constant

appearing in hE. Consider the generic term

(m)ZrnPs

Which is a term (from the m-th order transformed Hamiltonian)
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Table 1.7 Approximate magnitude of the formal orders of

magnitude.

Order Magnitude in cm"

m

o 1000

1 so

2 1

3 3 x to"2

4 1 x 10"3

5 3 x 10'5

6 1 x 10'5

7 3 x 10'8

8 1 x 10‘9

9 3 x 10"11

1o-‘2

d O N
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with the constant coefficient (p.32, a product of n vibrational

operators and s rotational operators. The order of magnitude

of the constant mm is m + s. For example D: is of order 6

since m = 2 and s = 4. Table 1.8 lists the order of magnitude

of the constggts in h+ from Tables 1.1 and 1.3.

The computation of the "true" order of magnitude of

the contribution of am in EVR may be carried out with

the aid of Tables 1.1, 1.3, 1.7, and 1.8 by substituting the

values of J and K in question into the contribution of the

term to EVR in Tables 1.1 or 1.3 using the approximate

magnitude of the constant from Table 1.8 and comparing the

answer with the list in Table 1.7. For example, from

Table 1.8, D"; is of order 6 but the term from Table 1.1, of

which 132 is the constant coefficient) is of order 2 for

J z 20, Km 0 or K x 30. At times a more meaningful order

of magnitude of the contribution of a term to EVE may be

comPuted if one has available the actual value of the constant

inVOlved. Some applications of these concepts will be

found in the following chapters.
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Table I.8 Order of magnitude of constants.
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CHAPTER 2

SYL‘H‘dETRY PROPERTIES AND SELECTION RULES

In this chapter we comment briefly on the symmetry species

tn: which a given energy level may belong and tabulate selection

rmtles on the quantum number i in infrared absorption spectra.

At the time this work was in progress no complete treat-

ment of the symmetry species of the molecular wave functions

was available. Scattered through the literature one finds

nxunerous partial treatments of the problem (36-47). However,

the problem has not been fully resolved and many subtle consi-

derations enter into the full treatment (48). The specific

Problem applied to XYZ3 molecules which belong to the point

group C3v is the problem of classifying. the full molecular wave

function including vibration, inversion, rotation and nuclear

Spill according the species A1,A2 or E1. If the rotational

functions only are considered, they may be classified according

to the rotational subgroup C3 which has species A or E.

For the work which we have done, it is sufficient to know

the symmetry species of the levels according to the rotational

subgroup 03. These may be found for the rotational wave func-

1319113 in reference 12. Very simply, the species in a pure

rotational state or an A1 vibrational state are given by

K = 3p: species A

(2.1)

K # 3p: species E

21
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where p = 0,1,2, ....

In the case of degenerate vibrational statesthe problem

is more complex. A very simple method of finding the result

is given in Appendix I. We find that for all rotation-

vibration levels of 03v molecules, if

K - Kit 2 $3p (2.2)

the levels are of species A under the point group C3

(i.e., an A1A2 pair according to the 03v point group),

whereas if

K - th = i(3p t 1) (2.3)

the levels are of species E1. In Eqs (2.2) and (2.3) p

takes the values 0,1,2,...as in Eq (2.1).

He do know, however, that the total overall symmetry

012‘ the molecular wave function including the electronic,

vibrational, rotational, and nuclear spin contribution

must be A.‘2 for Elm?) molecules or A1 for 2X33 molecules for

those energy levels which can be populated (38,39,40).3

Due to the restrictions on the overall symmetry of

the molecular wave functions, there is a well-known effect

observed in the spectra of ZXY3 molecules. For ZXH:5

m(ll-eczules, the effect is the 2:1 intensity enhancement

01‘ transitions originating from ground states in which

 

 

3These restrictions arise from the fact that the

ZXH3 molecules obey Fermi-Dirac statistics whereas the
'7

«X33 molecules obey Bose-Einstein statistics.
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[f z,- jp, p = O, 1, 2 ... over those which originate from states

where K ;E 3p. For 2X33, the effect is the same but the en-

hancement is only 11:8 ()2),

Selection F._ules on Infrared

Rotation-Vibration Transitions

There are a number of selection rules which are well

known in the study of absorption spectra of axially symmetric

molecules (12). These are the symmetry selection rules on

molecular energy level symmetries apart from nuclear spin

under the rotational subgroup C3

A<-A,:E« fir, Aetrs, (2.4)

the inversion symmetry selection rule

+0-, “tr-1 +4~+, (2.5)

the selection rule on J

AJ.= 11,0; (2.6)

and on K

AK = o A or H bands (2.7)

AK = £1 E or.i bands (2.8)

with the restriction that J = O, M = O is forbidden.

“Selection Rules on £14;

Making use of Eq. (2.4). anqu. (2.8) and the results

°f Appendix I, the selection rules on tit may be deduced

for any case of interest. The selection rule on Fit for

Several cases is given in Table 2.1 with the restriction that

only +IKI values be considered. This restriction is general-

1y adhered to in spectroscopic work. This restriction



Table 2.1 Selection rules on A
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simplifies the selection rules without reducing generality.

The selection rules of Table 2.1 are given for transitions

from the ground state where all A are identically zero.
t

The subscript index n corresponds to a specifically non-

degenerate normal vibration, while t corresponds to a two-

fold degenerate vibration.



CHAPTER 3

GENERALIZED EXPRESSION FOR THE SIMULTANEOUS REPRESENTATION

OF ALL TRANSITION FREQUENCIES OF AN AXIALLY

SYMMETRI C MOLE CULE

In this chapter we develop a single expression which

simultaneously represents all allowed rotation-vibration

transitions of a particular molecule. The generalized tran-

sition frequency expression is of special value to the

spectroscopist since it enables him to perform a simultaneous

least squares analysis of all unperturbed transitions, or

any subset of transitions, of a particular molecule. This

then results in a consistent set of molecular constants and

accordingly, as more and more transitions are analyzed

simultaneously, the statistics involved 4 become more and

more favorable .

Consider the energy levels of an axially symmetric mole-

cuie with a negligible inversion probability. These energy

levels are given by the energy expressions of Chapter 1 and

are Specified by-the quantum numbers vn, vn” ""Vt’ ‘t?

th| . , ‘t + 1,000J,K,M05

~

#cf. Boyd, (50).

5In the absence of external electric or magnetic fields

we 8hall omit M since the energy EVR is then independent of M.
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Consider the transition

'vn4H3‘Gn...(Vt+Avt,1t+Alt,.o.J+AJ,K+AK4P-Vn,...Vt,£t,...J,§3 4‘

which is a transition6 between the lower state

tt

‘

EVR(vn'vn+I"”"t"t"’t+1"t+I"
"J'K) (3.2.

and the upper state

EGR(Vn+AVn,...Vt+Avt,1t+A1t,...J+AJ,K+AK). (3.3)

A generalized transition frequency expression is obtained

in a straight-forward manner when the upper and lower levels

are written as in Eq. (3.3) and Eq. (3.2) respectively. Alter-

nate forms of the transition frequency corresponding to the

transition given by Eq. (3.1) are

(vn’vn+1,OOOVtO‘t,OOOAvn
’ o g . Avt,A‘t’...AK’AJ,K’J) =

”11.171144 ’ o ..vt,‘t...Avn.. oAvtsA‘t" ' )AEJK (J) = (301*)

.
.

EVR(vn+Avn, o 0 °Vt+Avt"t+A‘t ’ . . .J+AJ 'KMK)-.

E" (v ....vVR n tg‘toooJK)o

Table 3.1 presents the generalized transition frequency

eXPression7 defined by Eq- (3.4) for the 0889 glvsl= ° 1" E31;

h

6For each transition the set Av ,Av ....Av ,Ast,...

AK“) are determined by the selectioB rugs; for that parti-

cular transition.

7The terms in Table 3.1 are grouped according to the

Various molecular constants. However, special considerations,

“Wild in Chapter 5 must be taken into account before using

the GXpressions given in this chapter in the numerical analy-

3 3 Of spectra in order to avoid linear dependence or a poorly

Conditioned set of normal equations.



T
a
b
l
e

3
.
1

G
e
n
e
r
a
l
i
z
e
d

t
r
a
n
s
i
t
i
o
n

f
r
e
q
u
e
n
c
y

e
x
p
r
e
s
s
i
o
n
.

 

W
.

.
.
v
“
)
,

,
v
w
a
m
,

.
.
.
I
A
K
A
J
K

(J
'l
=

I
n
d
e
x

 

Z
v
s
(
w
s
+
A
w
s
)
+

 

2
:
5
2

x
s
s
'
[
(
v
,
+
-
9
-
2
§
-
)
(
v
s
-
+
9
2
5
%

3
.
2
3
1
.
]

..
.

s
S

 

‘
2
e
r

+
‘

'
.
0

 

y
s
s
'
s
s
"
[
(
v
+
9
-
2
5
-
)
(
v
s
-
+
9
1
)
(
v
«
+
-
§
-
)
-
g
-
§
—
é
—
—
-
g
‘

g
s
"
]
+

wt"

 

We»-

 

(
I
<
+
A
I
<
)
2
-
K
2
]
+

 

g
:

”
2
2
'

Y
s
i
,
1
"
(
v
5
+
_
1
)
2
'
9
1
"
"

.
(
[ I
J
++
A
J
)
(
J
+
I
+
A
J
)
--
J
(
J
+
I
)
(
K
+
A
K
)

+
I
<
]

+

 

A B [
-
Z
A
2
1
.
x
+
Z
i
o
,2
7
7
,
5
“
!(
V
.
+
-
5
-
I
}
,
Q
]
[
I
<
+
A
I
<
]

  
  

28



29

     

 
 

       i
s

I
.

I
s

s
|

s
s
:

J
,
(
x
v
m
)

A
N
a
!
Z

l
+

[
(
f
V
+
l
+
f
)
(
f
V
+
f
)
z
(
>
I
V
+
)
i
)
]

A
”
2
9
'
z

-

S

b
.

+
[
3
(
r
v
+
I
+
£
)
,
(
r
v
+
r
)
]
"
\
3
8
'
Z

O
t

‘

d
.

‘
+
€
(
>
I
V
+
>
I
)
7
(
q
u

.
‘

l

u
+
(
f
V
+
l
+
.
C
)
(
l
‘
V
+
f
)
(
>
l
V
+
>
i
)

T
3
0
.
Z

.
.
1
5
1

I
I
H
'
U
'
“

z
2

s
s

s
p
i
n
e
s
.
s

u
:

+
[
Z
(
>
I
V
+
>
I
)
—
(
f
V
+
I
+
f
)
(
I
‘
V
+
f
)
]
[
'

(
I

3
’

8
‘
3
+

(
5

.
S
A
+
.
S

S
A
+
'
A
A
)
'
a
'
(
Z
+
4
9
0
3
—
]

3
9

°
’

‘
)
3
}
,

.
H

z
a

S
S

S
S

.
5
5

S
'

s

|
+

[
Z
(
>
I
V
+
>
I
)
]
[
'
K

ll
v
"
3
“
fi
t

6
A
+
'
A

A
)

'
y
.
(
3
+

A
S
D
Z
-
]

,1
+
[
,
x
-
,
(
>
I
V
+
>
I
)
]
:
0
-

!
+

[
(
I
+
r
)
r
z
>
I
-
(
£
V
+
l
+
l
‘
)
(
I
‘
V
+
i
‘
)
z
(
>
l
V
+
>
I
)
]
M
i
g
-

!
+

[
z
(
l
+
f
)
z
i
‘
-
Z
(
T
V
+
I
+
T
)
3
(
£
V
+
f
)
]
r
°
C
]
-
J

'
p
a
n
u
u
u
o
o

I
'
E

a
'
q
o
l  

 



 

30

complete (in the absence of accidental resonances) through

the contributions of h; 8; Table 3.1 also contains a partial

contribution of hi.9

The definitions given in Eqs. (3.5) identify some of the

constants appearing in Table 3.1 with those found in the

literature and in papers on analysis of spectra.

BO=B"=Be'§(36/2)°2+§ g, (gs/4) XESHABe

s\< s'

B ng . V lg B

.. I- -
Bv-B ...Bo §v8a8+§ §.'(V8VBI++ Pig—fl) ray-e

sss

B

it; fit X‘t‘t"t‘t'
tst'

A‘

ho=I"=Ae-§(es/2>a§+g g..Ie,./4)z"...v+I>Ie (3.5)

sss

V g 1 V 1g

_ 1.. _ A s s s s A

Av—A —A szas-l-él §.'(VBVB+—'2—— +T) yssH'

age

Ap23. 7‘ A, .rtrt

’0 t t
tst'

m m ,'
p§=D;=De-§(gB/2 )Is 8 m=J ,h ,JK

m_n'_ m- m ‘ _ "

:Dv—um—Do EVSFS . ma-oJ.I\,JK

Table 3.2 contains descriptions of symbols found in Table

3.1 but not defined in Table 1.2 or Table 1.6.

‘

80f. Table 1010

9cf. Table 1.5.
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Table 3.2 Description of Symbols found in Table 3.1.

Symbol . De scription

Bo ground state constant corresponding to Be

(II-é, a. 2 coefficients of the correction to Ae and

Be,res1:ectivelyJ due to vibration

125.1%ng ground state centrifugal distortion

. constants

s refers generically to any vibrational

mode

n refers specifically to non-degenerate

vibrations

t refers specifically to two-fold degenerate

vibrations

V8 vibrational quantum number for the sth

mode, e.g.,if three quanta of Y4 are

excited, V4 = 3

‘1; internal angular momentum quantum number

associated with two-fold degenerate

vibrations where it may take on values

vtsvt-2g vt"4,oooo or I

J total angular momentum quantum number

K quantum number associated with the

’ projection of J on the symmetry axis of

the molecule

M change in J in the transition being

considered, i.e., if Jze-JI, thenAJ: J2-J1

AK

similarily, for Ker-K1, AK = K2-K1
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There is an important restriction to be observed regard-

111g the expression in Table 3.1. The quantum number K may

properly take the values thI . However, in Table 3.1, one

need only take +IK| values into account, and in fact,if one

desires to retain simplicity in selection rules, only +IK|

should be used.

Returning to the significance of the general transition

frequency expression of Table 3.1, it is important to note

that simply by specifying, for a given transition, v1,v2...vn,

Vt ’ Vt...‘ ' Q . .‘t"t+1’AvI’Av2 ’ O O .Avn’AVt,A‘t ,AVt+1’A‘t+1O 0 OJ,

AJ ,K , and AK as independent variables , the transition fre-

quency stands, in relation to these , as the dependent variable.

Thus , a simultaneous least squares analysis of all unperturbed

transitions of a given molecule may be obtained.

Quite often this is impractical especially if any of

the levels involved are perturbed but the fact remains that it

is otherwise possible. Of course, any subset of transitions

believed to be unperturbed may be analyzed using an appron

Priate modification of the generalized expression of Table

3.1 . 10 For example, the sum of the purely vibrational

°°ntributions in Table 3.1 may be called v0, and all the

8P6 ctral lines of a given rotation-vibration band may be

Simultaneously analyzed. An example of this may be found in

‘

10One must of course be careful to avoid linear depen-

dence in the expression used in the actual analysis. This

18 further discussed in Chapter 5.
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Chapter 8. Another case, where both parallel and perpendi-

cular components of a first overtone of an axially symmetric

molecule were analyzed simultaneously, may be found in a

thes is by Boyd (50). In the particular case of some diatomic

molecules it appears quite feasible to analyze simultaneously

all observed bands of a particular molecule since the addi-

tion of each band requires only the inclusion of a single

new term, the vibrational frequency of the added band.2O

Another consideration in the analysis of spectra involves

the expected order of magnitude of the contribution of any

Particular term found in Table 1.1 and Table 1.3 to the vibra-

tion-rotation energy. However, since the transition frequency

results from the difference of EI'IR and EGR, certain of the

15911113 in the transition frequency expression are demoted to

a higher order of magnitude than they had in the energy

exPression. Furthermore, as mentioned in Chapter 1, the

for“Isl order of magnitude of some contributions to the energy

are "correct" only for Max:530. For J¢3O or K¢ 30 various

t“arms are denoted or promoted from their formal order of

mElenitude to a higher order or lower .order.

The importance of the order of magnitude of various terms

in the transition frequency expression is discussed in

Chapter 5. The basic idea is that one does not wish to ex-

clude terms which should make larger contributions than

‘

2001mm, Hause, 2nd lIcNe s (51) are simultaneously

analyzing bands of who and N o in this manner.
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others which have been included.

Table 3.3 indicates the theoretical order of magnitude

of"the five terms in the transition frequency expression of

Table 3.1 which are independent of J, K, AJ and AK. Tables

3.1; 'to 3.12 present the theoretical magnitude and order of

magnitude of the terms in Table 3.1 which do depend on

J; SKI, AJ and AK for the transition AK = 0, AJ = -1, 0, +1;

AK == [+1, AJ = -1, 0, +1; and AK = -1, AJ 2 -1, 0, +1 for

several values of J and K. These tables were constructed by

substituting the theoretical magnitude of the molecular

constants from Table 1.8 and the values of J and K indicated

in Tables 3.4 to 3.12 into the individual terms in Table 3.1

anti (:alculating the approximate magnitude of the contribution

0f 'tllat term to EVR‘ The order for the various values of.

J auanitx was obtained using this calculated magnitude and

Table 1.7. 8

These tables may be used by spectroscopists in deter-

minlng which terms from Table 3.1 contribute sufficiently

1‘" the transition frequency to be used in an analysis.

HmtIrever, it is necessary to take two factors into account;

itiiis necessary to consider the accuracy and reproducibility

of-"the spectral data involved,and it should be noted that

13°? 9. given band, promotion or demotion of one order of

magnitude is not unusual. In this respect, we would expect

that terms whose lgggegt contribution to any of the transi-

tions used in the analysis is less than the accuracy and

reproducibility of the data would be statistically and
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Table 3.3 Formal order of magnitude of the contribution to

the transition frequency of terms a,b,c,d,e in

Table 3.1 for vsz1.

 

 

Coefficient Table 3.1 Order Approximate

Descriptive Index J any Magnitude

of Term K any (cm’ )

‘08 a 1 30

x33, b 2 1

Kit!" c 2 1

yes, 3,, d 4 1.1: Io-3

rut!“ e 4 I x 10-3   
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perhaps physically insignificant or meaningless. One should

remember especially that order of magnitude considerations

are a guide, and at times only a rather approximate guide.

None the less, order of magnitude considerations serve as a

starting point and often can be time and effort saving if

properly applied. In Chapter 5 some of these considerations

are discussed in more detail.



CHAPTER 4

COMBINATION DIFFEREN CES

Combination differences are a powerful analytical tool

available to the spectroscopist (12). In this chapter

various uses of combination differences in the analysis of

axially symmetric molecules (symmetric due to a three-fold

or higher axis of symmetry) are considered. Perhaps the

most significant development is that all ground state combina-

tion differences can be described by a single analytical

function of the ground state quantum numbers and the changes

in the quantum numbers for the transition involved, i.e.,

in terms of J, K, AJ and AK. As a result,a relatively

Simple least squares analysis of all observed ground state

combination differences for a given molecule provides statis-

tically favorable values of 30’ Di and Dix for the molecule.

However, in so far as the other ground state constants

A0. DOK,... are concerned, the spectroscopist must still

rely on analysis of spectral lines or other means in order

t0 obtain values of these constants as they cannot be obtained

from "true" combination differences.

In the event that good values of Bo’ DoJ and DoJK are

aJuneady available from analysis of microwave spectra of

Pure rotation transitions, or from a good analysis of infra-

red data, numerical values of the ground state combination

C1ifferences can be calculated and used as an invaluable aid

in the assignment or verification of assignment of transitions

46
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in infrared spectra.

Where a molecule has only at best a small permanent

dipole moment, and the pure rotation spectra is not observed,

the method of simultaneous analysis of all available ground

state combination differences can provide the statistically

most favorable values of 30' Dc,J and D'JK available. CH3D

and CDBH fall into this category, and application of the

method of this chapter to these molecules is discussed in

Chapter 9.

It is also possible to represent simultaneously all

observed upper state combination differences from an indivi-

dual parallel band or from a perpendicular band.11 However,

the expressions obtained are applicable only in the absence

01’ Perturbations .

Definition of Gro (1 St te

Lombination Differences

Consider a generic binary combination of transitions

with. a common upper state:

AK AK
'AJ, (J,-AJ,)- 2AJ2 (J2-AJ2)

K1 K2

where in order that the two transitions have a common upper

81iate it is necessary that K1 = K2. AK1 = 15sz With J, = J2,

and with AJ1 and AJ2 standing in relation to each other

\

11For a parallel band the expression is simple and

quite similar to the ground state combination difference

eXIDression. For a perpendicular band the expression is

mOre complicated.
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as (+1,-1), (O,-1), (+1,C). That these provide the conditions

required for a common upperstate in the absence of perturba-

tion is evident since:

AK AK

AJ1K(J-J1)- AJ2K(J-J2) =

F'(K+AK,J)-F"(K,J-AJ1)-F'(K+AK,J)+F"(K,J-AJ2) (4.1)

F"(K,J»AJ2)-F"(K,J-AJ,),

where F" is the ground state term value and F' is the upper

state term value. If one refers to Fig.4.1 where examples

of each type of allowed transition for parallel and perpen-

dicular bands are shown, one can see that the conditions

given above insure that the binary combination of Eq.(4.1)

does have a common upper state and is therefore a true

ground state combination difference.

Some care must be exercised in the event that the

transition terminateson an (A1A2) degenerate upper level.

Since it is possible that a perturbation may split the upper

level, the various transitions terminating on the degenerate

(A1A2) level might now terminate on two different (energy-

wise) levels.12 An example of this occurrence is found in

Chapter 8 where a Coriolis resonance splits the KézziI

upper levels.13

 

1"’lhhen possible one modifies the expression for the

ground state combination differences to take such a perturba-

tion of known form into account.

13For details in this instance refer to Chapter 8.
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Fig. 4.| Ground sioie combination differences.
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Furthermore, when a molecule has a non-zero inversion

splitting, the ground state combination differences associat-

ed with the + inversion vibrational ground state only (or

the - inversion ground state1,should be fit simultaneously

since effectively the B°,DoJ and DoJK are different in the

+ and - inversion ground states.

In the event that the "ground state" is the lower level

of a hot band (12),care must be exercised since the .ex-

pressione relative to ground state combination differences

in this chapter apply, strictly, only to the case where the

ground state is the vibrational ground state, the so called

"zero vibrational state".

Sim lt eou R e ent tion of 1

Nine Zypes of Ground State

Combinat on Differgnogs _

In the literature one generally finds distinct indivi-

dual expressions for the "different" ground state combination

differences given,e.g. as

AKRK(J)-AKQK(J+1) = 2<Bo-K293K>(J+i>-4D3(J+"3 (4'23)

AKQK(J)-AKPK(J+1) = 2(Bo-K2DgK)(J+1)-4D2(J+ll3 (“'2”)

AK AK _ 2 JK J J 3
PK(J-1) PK(J+1) _ [4(Bo-K Do )-6D01(J+%)-8D°(J+§24.26)

On the surface it appears that one has at least two

irreconcilable expressions,and that if one had,for example,

ten combination differences represented by Eq.(4.2a) and
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two represented by Eq.(4.2c), the two represented by Bq.(4.2o)

could not be combined with the other ten. Or in another

instance, if one had data for ground state combination

differences from two bands, one of which yields' data repre-

sented by Eq.(4.2a) and the other represented by Eq.(4.20)

it would seem that there was no way, other than by averaging

the resulting values for the constants, of combining the

data to get the best ground state constants. A different

mistake is sometimes made regarding ground state combination

differences, i.e., one might think that since

(R-P) = (R-Q) + (Q-P)

(for appropriate J values), no new information is contained

in the third possible difference (e.g. Q-P, where R-P and

E-Q are also known). This neglects to take into account the

manner in which the data is fit, i.e., the way in which the

three members enter into the normal equations involved in

the least squares fitting of the data.

We have been able to write a single expression which

represents simultaneously all possible ground state combina-

tion differences. This relation is given by:

AK
A"<K.AK.J.AJ,.AJ2) = AKAJ1K(J-AJ1)- AJ2K(J-AJ2) =

2 JK “J } __ .

{Bo-K Do -"o [2J€J+1)- elf-£2] (.S1 52) (4.3)

where

51 =-. (2J+1-AJ1)AJ1 , 1 = 1 or 2. (4.3a)

This expression simultaneously represents all "nine"

types of ground state combination differences: this



\
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)

expression allows the simultaneous least squares analysis

of all ground state combination differences of a particular

molecule thus leading to the statistically most favorable

results available from a particular set of data.

In making use of Eq.(4.3) it is necessary that the

values of J given below in Eq.(4.5) and Eq.(4.6) be used;

i.e., calling the combination difference

AK

A"(K,AK,J,AJ1,AJ2)=AKAJ1K(J-AJ1}- AJ2K(J-AJ2)

=AJ‘,AJé,K,J (4.4)

we have from parallel bands

QRK(d-l) - QQK(J) = RQK,J a

QQK(J) - QPK(J+1) = QPK,J b (4.5)

QRK(J-1) - QPK(J+1) = RPK,J c

and from perpendicular bands

RQK(J) - RPK(J+1) = QPK,J a

RRK(J-l) - RQK(J) = RQK,J b

RRK(J-1) - RPK(J+1) = RPK,J c (4.6)

PQK(J) - PPK(J+1) = QPK,J d

PRK(J-1) - PQK(J) = RQK,J e

PRK(.r-1) - PPK(J+1) = RPK,J. r
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It should be noted that these differ from Eq.(4.2a) in

the J value used relative to Eq.(4.2b) and Eq.(4.2c): also,

we point out that A" is independent of AK except that both

transitions used in the binary combination must have the

same AK. 14

Equation (4.3) then allows one to make full use of each

ground state combination difference obtainable for a parti-

cular molecule and leads thereby to the statistically most

favorable set of molecular constants Bo,Dg, Dix which can

be obtained from a given set of infrared spectral data. In

Chapter 8 the methods described in this chapter are applied

to a perpendicular band of CHEF. In this case however, good

values of the constants 30’ Di and Dix are already available

from the microwave spectra of pure rotation transitions.

However, if the pure rotation spectra is not observable in

the microwave region as is the case for CHD3 and CHBD

(which have a very small permanent dipole moment),we can

obtain statistically favorable values of 30' D: and DgK

following the method outlined in this chapter. This was

done for two parallel bands, v2 + v of CHBD and v1 + v2

3

of CHD3,and is discussed in Chapter 9.

 

    Ass ent o Tr

In the case of axially symmetric molecules which possess

 

14That is, both transitions in a given combination

difference must come from the same subband.
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a permanent electric dipole moment, analysis of the pure

rotation spectra in the microwave region yields very accurate

values of some of the molecular parameters for the ground

state, i.e., Bo, Di, DgK. The methyl halides, a family of

molecules of particular interest in this work, have been

thoroughly investigated by microwave spectroscopists (52-59),

and accurate ground state constants are available. In these

J
cases, as well as in cases where good values of Bo’ Do' and

Dix are available from infrared data, the ground state

combination differences may be computed and the numerical

values used as a valuable aid in the assignment of transi-

tions in complex spectra. This was done in the case of the

perturbed band v3 + v4 of CHEF discussed in Chapter 8 and

proved to be very valuable in assignment and analysis. Any

modest size computer may be programmed to perform this com-

1, AJ2)

may be obtained. Appendix II contains such a table for

putation so that complete tables of A" (K, J, AJ

15

CH F, Appendix III, for CHD}, and Appendix IV, for CH3D.

3

Simultggegus Rgpresentgtion of

Upper Stgte Compingtion Diffiggencgg

In the event that one has an unperturbed band or bands

of an axially symmetric molecule which allows one to obtain

a number of upper state combination differences, one can

perform a simultaneous least squares analysis. The appropriate

_‘._

15por C p, Bo , Dg,and DJK were takenCfrom the results

of microwave psctralm ysig (58). For CHBD and CHD the

values of B , DE , and Dg were obtained from our analy is

(Cf. Chapter 9 )o
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combination differences are

AK AK
A'(K,AK,J,AJ,AJ2)= AJ‘K(J)- AJ2K(J)=AJ,,AJ2,K,J (4.7)

and the resulting expression for the upper state combination

differences may be written as

AKm,)K(J,)-AK(AJ2)K(J2)=

{[so-§agv8].[§rlglt3 [K+AK]+ (4.8)

[43319.2 fis‘mvsl f(K+AK)2J +

[.ng+g,aszs] [2mm )+ 51+ 521] ( 51-52)

with g .

61:(2J+l+dJi )AJi , 1:1 or 2. (4.9)

Thus, using Eq.(4.8) one may analyze simultaneously the

three "types" of upper state combination differences from

a parallel band, i.e.,

Q, -Q -
RK(J) QK(J)—RQK.J - a

QQK(J)-QPR(J):QPK,J ' b (4.10)

QRK(J)-QPK(J)=RPK,J c

or the six from a perpendicular band

RQ (J)-RP (J)=QPK J a
K K ’

R. R _
EK(J) QK(J)—RQK,J b

ER (J)-RP (J)=RPK,J c
K K
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PQK(J)-PPK(J)=QPK,J d (4.11)

PRK(J)'PQK(J)=RQK,J e

P _p _
RK(J) PK(J)_RPK.J f

One must of course realize that due to the difference

of the various upper state constants from band to band,

upper state combination differences from only one band may

be fit simultaneously.

In the case of a parallel band with all 1 = O in the

t

upper state 16 the term containingrzi is identically zero

and must not be included in an analysis of parallel band

upper state combination differences.

In the event that a band is perturbed by a perturba-

tion of known form,it may sometimes be possible to modify

Eq.(4.8) to include the effect of the perturbation and

still carry out the upper state combination difference

analysis.

 

16An exception to this is the case of a parallel band

which is one component of the band Vt + vt' for example.

Here the lzfl term must be retained.

 



CHAPTER 5

ANALYSIS OF ROTATION-VIBRATION SPECTRA OF AXIALLY

SYRMETRIC MOLECULES USING A COMPUTER

PROGRAMMED ANALYSIS SCHEME

The analysis of rotation-vibration spectra is facili-

tated by the use of electronic computers. We use a computer

in our analysis scheme because of the ease, speed, precision,

and accuracy with which the computer can carry out the varied

and often quite complicated numerical calculations required.

However, many of the considerations discussed in this

chapter should also be useful for an analysis carried out

with a desk calculator. None of the computations are

impossible to perform on a desk calculator, although it

would be a rather Herculean task in some cases.

Before one begins to make use of the computer it is

necessary to identify the observed transitions in the

spectrum, i.e., to assign the quantum numbers of the ground

state, and the changes in the quantum numbers for the

transition being considered. The discussion which follows

is based on the assumption that one uses only transitions

which have been correctly identified and that the numerical

values of the frequencies of the observed transitions are
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available.17

In order to perform an analysis it is necessary to set

down an expression for the transition frequencies which

will be used in the analysis of the spectrum; the analysis

is then carried out by the method of least squares (50,60,61)

which gives the best unbiased linear estimator of the

).18 From the analysistransition frequency expression (50

we can also determine certain statistical information about

the molecular constants which are determined.

The description which follows is divided into two

parts; the first concerns the computer analysis scheme,

the second concerns the transition frequency expression to

be used.

 

17In the process of'assignment, several specific aids

(apart from experience) are available. The absence of

transitions for which Kj> J in either the lower or upper

state is an aid to unequivocal assignment of the quantum

numbers of the observed transitions (12). Relative inten-

sities also provide an aid to assignment (12); however,

they cannot be considered to be of the same quality as

considerations relative to missing lines since intensity

anomalies are not a rarity. A great aid to assignment is

the use of grounSKstate Sombination differences. If good

values for B , Do and D are available, the various ground

state combination differences can be calculated. Then, if

one transition of the binary pairs in qu.(4.5) and (4.6)

has been identified, the frequency of the second member of

the pair may be calculated.

18The transition frequency is assumed to be a linear

function of the molecular parameters, an assumption borne

out in all the expressions we have used.
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Computer Pregrap

In this section we assume that a specific transition

frequency has been selected. e.g..

' . v=a+b(JAJ)+c(J+AJ)2+d(KAK) (5.1)

where a, b, c, and d are molecular constantsisuch as

30' D3, etc.) or combination of molecular constants. Further-

more, we have :1 sets of data labeled

{K1, J1, AKi, AJ1, v1} (5.2)

for. the n observed transitions of frequency v1.

The mechanics of the analysis scheme involves comput-

ing the normal equations (50) given in Table 5.1 for a least

squares analysis based on Eq. (5.1) (or whatever equation is

to be used). Then, the normal equations must be solved ‘9

for the numerical values of the constant coefficients

(e.g., a. b, c, d in Eq. (5.1)). In the process of the solu-

tion of the normal equations it is valuable to find the

inverse of the normal equation matrix (50) since the inverse

is utilized in the statistical interpretation of the results.

The numerical values of the constants obtained from the

least squares analysis (e.g., a, b, c, d in Eq. (5.1) ) are

used in the line frequency expression (e.g., Eq. (5.1) ) to

Calmilate a value for each observation, viobs' The calculat-

ed value 13 called vicalc’ and the difference

 

 

‘9 The normal e uations for a frequency expression used

to find p constants e.g., a, b, c, d in Eq.(5.l)) form a

set of 1: simultaneous linear equations.



6O

  

(
'
M
V
’
M
)
‘
4
3
=

z(
*2
(
H
T
)

*4
Z

‘
r
v
‘
r
‘
r
z
z
=

'

’
4
3
=

i
s
(
’
x
v
‘
x
)
K

p
+
(
’
x
v
‘
x
)
z
(
‘
r
v
+
‘
r
)
Z

3
+

!
>
l
V
!
)
l
!
f
V
!
f
Z

q
+

5
1
l
e
K
b

(
’
x
v
'
M
)
,
(
'
£
v
+
!
m
Z

p
+

,
(
‘
c
v
+
’
r
)
3
0

+
,
(
‘
c
v
+
‘
n
>
(
’
c
v
i
r
)
3
q

+
,
(
‘
c
v
+
‘
m
z
o

(
‘
x
v
‘
x
x
r
v
'
m
z
p
+

3
(
‘
r
v
+
!
r
)
(
'
r
v
!
r
)
z

o
+

a
(
‘
r
v
‘
m
z

q
+

'
r
v
‘
r
Z
n

,
5
1
V
!
»
3

p
+

z
(
’
f
V
+
"
£
)
Z

o
+

T
V
'
I
‘
Z

q
+

[
3
0
J

 

'
(
u

o
:

|
i
n
c
l
;

5
i
a
n
o
s
u
m
s

u
o
)
‘
(
r
g
)
°
b
3

n
o
;

s
u
o
g
i
o
n
b
e

l
o
u
u
o
N

I
’
Q

G
I
Q
D
l  



61

A1(o-c) = v, -v, (5.3)
obs calc

is computed. The sum of the squares of the A1(o-c) is also

formed for use in statistical analysis.20 If n observations

v1 are used, and p constants determined, then

= Elmo-c )] 2

n-p

 

A2 (5.4)

is an unbiased estimator of the variance of the parent

statistical distribution of the errors in the observations

(50). We 0811

(Ci-0)] 2 %

P

 

s [A

n-

the standard deviation of the points, i.e., of the obser-

vations v1.

In addition, if the generic constant determined is

b3. then the corresponding diagonal element of the inverse

of the normal equation matrix, N3;1, is related to the

Standard deviation of the constants determined as (50)

Aha: $2N351 (5-6)

and the simultaneous confidence interval (50) for the

"true" value F 3 of the constant estimated by b: with a

k

 

20The statistical considerations described in this

ghspter have been taken from a recent Doctoral thesis by
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confidence coefficient (50) of (i—o) is given by

where

s = pFa(p,n-p) (5.8)

p is the number of constants determined, n is the number of

observations used, and Fa(p,n-p) are tabulated values of the

F distribution (62, 63, 64). One interpretation which may

be made regarding the confidence interval b3 i Shh is that

if we consider the data used, i.e. a particular spectrum,

to be a sampling of an infinite sample population, i.e., all

conceivable records of the spectrum obtained by whatever

observer, wherever, whenever, the probability that b: iSA-D

will contain the "true" value of the constant /8 3 for our,

data is (l-a). 21

Furthermore, Doyd (50) points out that the test to

determine whether a particular b, is significant in the fit

Of the data, i.e., whether the data depends significantly

“Pm the term of which a particular b: is the coefficient,

is Performed by comparing the ratio lb3 l/Ab with S. If

, b

El > She significant

b") (5.9)

[1535' ( 13$ not significant

1

21Boyd (50) presents a more detailed discussion of the

use Of simultaneous confidence interVals in the analysis of

SDi:ctra1 data.



then a term is found to be significant it is of course

retained in the fit. If it is insignificant it should be

dropped from the fit.22 In this case there are two possible

interpretations. They are, that no such term should be in

the expression used or that the data used is not sufficient

to determine the constant coefficient of the term.

The foregoing analysis scheme has been programmed for

the Michigan State University digital computer, MISTIC (65).

The program DAEA embodies a flexible symmetric top analysis

scheme patterned after the above discussion. Data is punched

on IBM cards as

AK AJ K,J frequency Av weight

E Q 0,5 0000.0000 .0000 00.00

where weighting (50) may be effected using either the weight

or the Av taken, of course, from the appropriate card columns.

The latter is assumed to be related to the weight w as

m 2

w = $33715)- (5.10)

Equation (5.10) implies the assumption that the errors in

the observations, i.e., in the v1, are statistically random-

1y distributed and all removable or known biases removed.

The N‘orm simply allows one to. obtain an average weight of l

regardless of the quality of observations used in a least

Squares fit.

E

22"For a derivation of these results as well as a more

detailed discussion, of. Boyd (50).
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The polynomial to which the data is to be fit is

specified by the program user. For example, Eq. (5.1) may

be specified with punched tape input to the computer as

FO.= 1.

Pi = 3x5.

F2 = 3x3+3x5+315+5x5. (5.11)

F} = 2x4.

N = 6.

where the indices 1,2,3,4,5,6 refer to 1,K,J,AK,AJ,v,

respe ctively.

Upon input of the polynomial specification tape and

the data cards, the computer executes a least squares fit

of the data, and outputs the least squares estimators of the

constant coefficients,23 the standard deviations of the

constants, i.e., the Ab 's, the calculated v and the observ-

ed V for each point fit,‘ the A1(o-c) for each point fit, and

the standard deviation of the points, i.e., the A.

In addition, provision is made to compare other observa-

tions not included in the least squares fit and also to

calculate additional transition frequencies.

The use of the computer programmed analysis scheme

allows the spectroscopist to take advantage of the generalized

*

23The program employs double-precision floating point

erlthmetic which is equivalent to approximately 20 decimal

d1Sits. Solution of the normal equations is accomplished

by a Grant reduction (66) and round-off error for a well

conditioned set of equations has been found to be insignifi-

cant for a 13x13 normal equation matrix. .
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transition frequency expression in Table 3.1 to analyze

simultaneously, for example, all transitions observed in a

single Perpendicular band. In general, if one were forced

to rely on a desk calculator, it would not be feasible to

attempt to simultaneouslyanalyze all transitions of a

given band, determining for example nine constants from

315 transitions as was done by Boyd (50) in a simultaneous

analysis of both'the parallel and perpendicular components

of 2v), of CD31. In addition, as was pointed out in

Chapter 3, simultaneous analysis insures consistency of

analysis since it prevents one from obtaining and using

several values (however nearly equal these may be) for the

same constant, as happens when one analyzes one subband at

a time (4).

Method of awsig apd ggneralizgd

Tr sition Ire uenc 83-
Suitable {or Emel-

We shall outline the approach we use in the analysis

°f a Perpendicular band vn + ”1: of an axially symmetric

m°leeule of the form ZXY3. The very same approach may be

used for a parallel band or a combination of bands.

The first point to consider is the question of linear

independence of the terms to be fit to the data.24 Essen-

tially, linear dependence, which makes the solution of the

normal equations impossible or meaningless, results when

—._

24For a detailed discussion of linear independence in

reference to 2V4 H and J. of CD31 cf. Boyd (50).
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a given quantum dependence of a constant to be determined

is a linear combination of any of the quantum dependences

of the other constants to be determined. For example,

because of linear dependence it is not possible to determine

individually A0, 01A, (2%. v0, 111.: and D0K from a single per-

pendicular band of the type Vn + vt. One can only obtain

linear combinations of these constants from such an analysis.

Using the generalized transition frequency expression

from Table 3.1, taking care to avoid linear dependence, the

most general transition frequency expression suitable for

analysis of Vn + Vt is given in Table 5.2. The selection

rule Al. :AK, from Table 2.1, is incorporated in the expres-

sion given in Table 5.2. In addition, all sums appearing

in Table 3.1 except the one involving rims are written out

explicitly.

Using the expression in Table 5.2 it is possible to

perform a least squares analysis of the assigned transitions

and frequencies of the band Vn + Vt. We have found that an

efficient way to proceed is to fit the data to a first

approximation to the expression of Table 5.2 to check assign-

ments and measurements of frequencies. The reasoning is

that a "low order fit" of the data will indicate errors of

this sort since there are only a few variables available to

the least squares fit to be adjusted to best represent the

data. On the other hand, if the full expression of Table

5.2 is used in preliminary analyses, there are so many

Variables to be adjusted that errors in assignment or measure-
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ment may easily be concealed.25

Using the theoretical order of magnitude Tables 3.1 -

3.12 for the appropriate types of transitions involved, it

is a straightforward process to obtain a first approximation

to the expression in Table 5.2. Assume that we have transi-

tions up to K5510 and Jzzo and of the type RRKU) and

PPK”). Then, from Tables 3.3, 3.9 and 3.10, taking terms

through third order,26 the appropriate expression to begin

with would be the sum of the terms a,b,c,f,g,h,i from

Table 5.2.

If as mentioned in Chapter 4, good values of the con-

stants Bo’ DE), D3} are available from microwave spectroscopy

studies, these values should be substituted into the

expression from Table 5.2 which is used and the value of

the terms for each transition subtracted from the observed

frequencies.27

‘

2E‘Admittedly, the value of the constants obtained from

8“Ch an erroneous high order fit could indicate the presence

°f errors. Even so, the deviations of the observed and the

calculated transition frequencies would not indicate which

I~‘a.nsitions were in error as readily as in low order fit.

26These are expected to make a contribution to some

t'I‘emsitions of approximately O.O2cm"’1 or greater on the

gasis of the theoretical magnitude of the constants in

able 1.8. .

27In the event that one uses a desk calculator to carry

Out an analysis, the observed frequencies can be modified

in this manner one time only, and the resulting modified

frequencies used in all subsequent calculations.
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whenever, as for many molecules of the 03v family,

J JR
D DO30’ o and are known from microwave work, we shall

assume that the dependence of the observed frequencies on

these constants can be eliminated. Thus, as a first appro-

ximation in the analysis of Vn + Vt the expression given in

Table 5.3 would be suitable.

J
Since we assume Bo’ Do and DJKo to be available, the

first approximation used contains only four variables which

may be adjusted to obtain the best fit, i.e., Vo‘AeCi’

Ao-AeCi, afi-rafi, and ageing. Under these conditions errors

in assignment and measurement have been found to be readily

located by scanning the A1(obs-calc) results.

After all obvious errors have been eliminated, and

the results of a fit to the expression of Table 5.3 have

been obtained, the constants determined should be tested

for significance as indicated by Eqs.(5.9). We shall assume,

as is usually the case, that all constants from the fit

based on the expression of Table 5.3 are significant. (If

any are insignificant, they should be dropped and the data

refit to the remaining expression.)

At this point, one proceeds by fitting the data to the

exDression of Table 5.3 plus each of the remaining terms

in Table 5.2, one term at a time. That is, we would fit the

expression of Table 5.3 plus 6. from Table 5.2, then Table

5.3 plus e, then plus 3, then plus 1:, then plus 1. The

significance of d,e,3,k, and l is then tested with
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Eqs.(5.9)28 and the most significant term (largest

ijl /1lb ) added to the expression of Table 5.3. Assume

that d wasjthe most significant new term and call the

expression of Table 5.3 plus d from Table 5.2, Eq.(x). The

process is now repeated fitting Eq.(x) plus e, Eq.(x) plus

3, etc. Then e,J,k,l are tested for significance, adding

the most significant term to Eq.(x), and repeat the process

uurtil no new significant terms remain after the last fit

performed.

When all significant terms have been included in the

analysis, we may assume that we have gone as far as we can

if the spectrum is unperturbed. In the case of perturbations,

the best procedure to follow is not as straightforward and

will be discussed in the following chapters.

At the termination of the analysis one has the estima-

tors of the molecular constants, their simultaneous confi-

dence intervals, the standard deviation of the points

1Jicluded in the analysis, and a table of the calculated and

observed frequencies and the difference Adobe-calc).

One of the advantages of proceeding as outlined lies in

the fact that a consistent analysis will be obtained in a

BYstematic fashion and that the confidence intervals for

the molecular parameters are obtained in a systematic,-

Statistically based, reproducible manner.

__ A__‘_

28Note that as each new term is added to the fit, p

in Eq.(5.8) increases by 1 and thus the value of S changes.



CHAPTER 6

PERTURBATIONS IN THE SPECTRA OF AXIALLY SYMITETRIC MOLECULES

With the advent of higher and higher resolution of

infrared spectrometers, more and more anomalies have been

noticed in the near infrared spectra of small molecules.

Particularly in the region from about 3000cm"1 up, in which

overtone and combination bands normally occur (12), many

pexrturbations giving rise to anomalous spectra have been

seen (1). A major cause of these anomalies appears to be

accidental resonances between overtone and combination levels.

Since, for the most part, accurate anharmonic constants are

not available for ZSXY3 molecules, and since in general each

of these molecules have severahlow lying fundamentals on

the order of lOOOcm"1 or less, the a priori calculations

rheeded to sort out unambiguously the possible resonances,

are at best difficult to perform satisfactorily.

As a result, one desires a systematic approach to the

PrOblem of anomalous spectra which will allow the maximum

1111‘ormation about the form and cause of the perturbation which

has to be obtained from the meager amount of a priori infor-

mation which is, available.

In this chapter a brief review of rigorous perturbation

treatments applied to axially symmetric molecules is presented,

followed by a description of the method due to Amat (7) of

systematically treating the anomalous, i.e., perturbed,

spectra which are observed.
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Origin of Anomalies in

Observed Spectra

These anomalies are due in general to essential or acci-

dental resonances between energy levels of the molecule. An

essential resonance is a resonance between energy levels of

a molecule due to the symmetry of the molecule. Essential

resonances only occur within a single rotation-vibration

band, i.e., 2: “’5 = o for the matrix element causing the

perturbations. For example, lo-type rotational resonance 29

between the K'=:l:1, 1::t1 levels of a doubly-degenerate funda-

mental of a 2X!3 molecule is an essential resonance. This

resonance can exist for all ZXY3 molecules due to symmetry,

independent of the character of the constituent atoms. An

accidental resonance, on the other hand, is a resonance

between energy levels of the molecule due to the fortuitous

cOmbination of molecular parameters. For example, the Fermi

resonance between v1 and 2v5 of some ZXY3 molecules is an

aJ-“Z‘idental resonance. Accidental resonance may occur within

a Single rotation-vibration band or more commonly between

two or more different rotation-vibration bands.

‘2?evious flag]: on Perturbgd Spectra

There have been many perturbed spectra found and some

have been analyzed in the past. In the spectra of C3w,mele-

cules, one of the more striking perturbations, due to a

Coriolis resonance, has been illustrated by the work of

29This is generally called t-type doubling.
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Nielsen and his co-workers on XY} molecules (8-il,67-69).

Nielsen and co-workers have lately referred to this effect

as giant A-type doubling since it is similar to A-type doubling

observed for linear molecules. The effect manifests itself

in a shift of the RR‘,(J) and RP°(J) lines relative to the

Rnew) lines. An example of this splitting in the K'ztzil

levels of v3 4- v4 of CHEF is discussed in Chapter 8..

Other work on rotational resonances has been done by

Benedict and co-workers on the NH3 molecule (33,70,71 ,72).

In addition,considerable other work. has been done on perturba-

tions both theoretical and in the interpretation of spectra

(7 , 1 8-21 ,24,28-31 .73-84).

Reziew of the Approach to Analysis

of Perturbed Spectm=

The general problem of perturbed spectra is complex

and, although the theory is relatively straightforward, the

application in particular cases is often discouragingly

Cu~1'ficult. At this point we review the general problem of

mOlecular spectra and show in general how one arrives at and

t”Pests perturbations in spectra. Recall that we began with

a classical Hamiltonian (22,23) of the non-rigid vibrating

I'Otor developed from a model of nuclear point masses in an

anharmonic potential field due to the atomic electrons.

The classical Hamiltonian was then transformed into a

quantum mechanical Hamiltonian and subsequently expanded in

a power series of the normal coordinates of the harmonic

vibrator ( l3 ) .



’
3

0
*
.

Then, after collecting terms of the same order of magni-

tude, the Hamiltonian of Eq.(1.1) results. As pointed out

in Chapter 1., this Hamiltonian is diagonal with respect to

J and M but may have elements which are off- diagonal in

vs, ‘s’ The, and K. However, H0 in Eq.(1.1) is diagonal with

respect to all quantum numbers. The first contact transforma-

tion performed on Eq.(1.1) results in Eq.(1.2) such that the

first order Hamiltonian is now diagonal with respect to v8.

The second contact transformation performed on Eq.(1.2)

results in Eq.(1.3) such that the twice transformed Hamil-

tonian h" is diagonal with respect to vs through terms of

the second order of magnitude. As pointed out in Chapter 1,

terms in h; which are eff—diagonal will not be expected to

contribute before sixth order, etc. Thus in the absence of

essential or accidental resonances, the diagonal elements

of the twice transformed Hamiltonian give a good representa-

tion of EVR through third order.

For axially symmetric molecules, h; and h; are diagonal

with respect to all quantum numbers. ha, however, may have

elaments which are off-diagonal with respect to K and ‘s (16)

While higher order Hamiltonians 11; may have elements which

are off—diagonal with respect to vs"s and K. Since the first

part of the twice transformed Hamiltonian in which off-diago-

nal elements occur is h; (as indicated in Chapter 1), the

lowest order to which these may contribute in the absence of

essential or accidental resonances is the fourth order (21).

Thus, in the. unperturbed case, i.e., in the absence of
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essential or accidental resonances, the diagonal elements

of h+ are a good representation of EVR through third order.

However in the event of essential or accidental resonances

this is no longer the case, so that the secular equation

given by Eq.(1.5) must be solved.

There is, however, an important point to consider. In

performing the contact transformation, certain resonance

denominators appear in the transformed Hamiltonian (19,20,24).

These are of the form 1/(CUS-'aé,) and in the event that any

cosaacu§.,-the transformed Hamiltonian "becomes infinite".

In these instances, Nielsen has shown (19,20,24) that the

transformation function used in the contact transformation

may be modified to eliminate the resonance denominator and

preserve the contact transformation. In many other instances

however, these resonance denominators are not the problem

and a resonance results not from we ”ws' but from

EVR(v8,£s,...J,K)2$EVR(vsytac,...J,K+AK). (6.1)

In the latter instance, the secular equation of Eq.(1.5) may

be solved without using a special transformation function to

preserve the contact transformation.

A detailed resume of the exact treatment of accidental

or essential resonances is beyond the scope of this work and

reference is made to the work of Nielsen, Amat and co-workers

(8,11,18-20,24,28-31,67-69,73-77). The exact treatment is

very complex and quite often requires the solution of secular

equations of order three and higher.
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In these instances it is not generally possible to

solve the secular equation in closed form. One may either

substitute approximate (or "guessed") values of the required

constant coefficients into the secular equation and solve

it numerically, and then perform iterative solutions, or as

is possible in some cases, obtain approximate solutions in

closed form by neglecting certain terms in the secular

equation which are assumed to be small. In general, the best

that can be done is to demonstrate that a given off-diagonal

element(s) could produce the effect seen,and an approximate

form of the perturbation may sometimes be found. One notable

exception is the case of a first order Coriolis resonance

which will be discussed in detail in Chapter 8.

S to tic A 0 ch h l

o ngtur ed Spectgg

In 1962 at the Symposium on Molecular Structure and

Spectra, Professor G. Amat presented a systematized approach

to the treatment of perturbed spectra (7) which, while not

possessing the complete rigor of some approaches, makes it

possible to attack the problem of anomalies in the observed

spectra of axially symmetric molecules 30 in an orderly

manner. However, while approaching the problem in this

orderly manner does not guarantee a complete solution of a

perturbed spectrum, it does provide a good method which will

F

3°Parts of the following discussion are the result of

several discussions with G. Amat,and much of this chapter

follows rather closely an invited paper by a. Amat. (7)
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enable an investigator to proceed as far as the available

data will allow. Tor ZXY3 molecules, the lack of good an-

harmonic constants makes a complete solution of a perturbed

spectrum at best a very difficult task.

Consider two energy levels which perturb each other, viz.

621

6b

where E3 and Eb are the unperturbed energies, and 6&3 and

6b are the resulting energies of levels a and b when the

perturbation is taken into account. In order for a perturba-

tion to exist, there must be some matrix element of h+

coupling the two states a and b such that

E: <a|h+|b># 0, (6.2)

Thus, the resulting secular equation, giving the perturbed

energies is

a . __—--_ o (6.3)

is, Eb "’ é

  
which has the solution in closed form.

 1

313' 13-352

6 :: a bi: \/(a b) +l‘l2 (6'4)  

2 2 .

As yet unexplored are considerations regarding the possible
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states a,b,c... which may be coupled by a perturbation, as

well as the form of W as a function of the quantum numbers

of the levels coupled by the perturbation, and any possible

analytical expression for Ea'Eb as a function of the molecular

constants and the quantum numbers of levels Ba and Eb’

In the following, it will be found that from a knowledge

of the form of the unperturbed energy levels, as presented

in Chapter 1, a relatively simple expression, as a function

of the relevant quantum numbers, can be given for the separa-

tion of the unperturbed energy levels, i.e., Ea-Eb. A prac-

tical problem.arises, even though the expression is relatively

simple, since at the present time, very Often the molecular

constants involved in the expression Ea-Eb are not known

with sufficient accuracy. Furthermore, the large number of

accidental resonances possible in the 3000-6000cm" region

complicates the matter further since this means that we do

not know the position of the unperturbed levels and makes

the extraction of the "unperturbed" molecular constants

difficult if not impossible.

The possible couplings of levels which may enter into

a perturbation will be explored so that all those disallowed

by symmetry considerations may be eliminated. This is

especially helpful since without these rules many couplings

would also be considered which in fact are identically zero

due to the symmetry of the molecule. The possible forms of

K as a function of the quantum numbers are also presented

according to the scheme of Amat (7),and an orderly approach
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for obtaining information about perturbed spectra is indicated.

It should be noted, however, that the problem is so complex,

and so many considerations are involved, that each perturbed

spectrum is somewhat of a special case,and that proceeding

in the manner outlined in this chapter does not guarantee

a complete solution.

If [Ea-Ebl << lWI,the resonance is said .to be a strong

resonance, whereas if IEa-Eb|)>lWLthe resonance is said to

be a weak resonance. The order of magnitude of N is said to

be the order of the resonance.* However, the order of magni-

tude of w is not necessarily the order of the Hamiltonian

h; in which the perturbation matrix element occurs (7).

Considerations regarding the order of magnitude of a perturba-

tion are rather intricate and reference is made to the paper

of Amat and Nielsen (18) for a clear presentation of these

considerations. As mentioned above however, an estimate of

the magnitude of the perturbation may be obtained by consider-

ing the magnitudes of 'Ea'Ebl and le in Eq.(6.4).

In the event that three energy levels perturb one

another, the secular equation is more complex, with no simple

solution. Let the levels a,b,c be involved in the perturba-

tion. Then, it is possible that the coupling elements are

(a |h+| b)I
:

I
I

(a |h+| C) (6-5)

W = (b If” e)
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which results in the secular equation

  

Ea—é it] h2

h1 Eb-e w3 = 0. (6.6)

W2 W3 EC‘E

This case will not be pursued further at this time.

Rules Thgt Determine Which Levels

ng Perturb One Another

An important consideration is the question of a parti-

cular coupling of energy levels. For example, if E8 and Eb

are the two levels in question, under what conditions is a

perturbation possible? First, only levels of the same J

value may perturb each other, since h+ (and in fact H and

h') is diagonal in J, i.e., <?a_lh*I J5) = w SJan whore

SJan is the Kronecker symbol. Second, Amat's rule (49)

indicates specifically which matrix elements of h+ are

identically zero due to the symmetry of the molecule, so that

the matrix elements of h+ which may result in a perturbation

are indicated. When applied to a given symmetry group Amat's

rule establishes the conditions on Ka'Kb"a"b in order that

a perturbing matrix element (a lh‘l b)’ may exist. Amat's

rule applied to 03v molecules 3' may be written as

‘t

—A

31Care must be exercised here since the rule takes on a

different form for different point group symmetries.
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where AK 2 K‘-Kb and A‘t 3' ita-‘tb and where P = 091,29390oo

Thus the conditions on the levels E8 and Eb under which

a perturbation is possible are:

Ja = Jb (6.8)

and for 03v molecules

(Kg-Kb)-§(£ta-£tb) = i3p (6.9)

or equivalently

AK'§A‘t = i3p. (6.9a)

In addition, there must be a term in h+ which has

matrix elements corresponding to the coupling conditions.

Method of termin i P ticul

tion E ment E ists n h+

In order to ascertain the possibility of a given

coupling in so far as the terms of h+ are concerned, it is

necessary to have tables of the matrix elements of q8,pB and

Pa as well as tables of the terms in h*. Table 6.1 contains

the matrix elements of q8 and p8 for the one-dimensional

(non-degenerate) harmonic oscillator (85,86), Table 6.2

contains the matrix elements of q8 and p8 for the two-dimen-

sional (doubly-degenerate) harmonic oscillator (86). Table

6.3 contains the‘matrix elements of Pa and PQPP (86).

From Table 6.3 higher order matrix elements of Pa may be

found directly by multiplication.

Chapter 1 contains a partial list of elements in h‘.

Many additional elements which have only off-diagonal ele-

ments are available in the literature (13-17). A list of



Table 6.1 Matrix elements for the one—dimensional harmonic

oscillator.a'

 

 

 

 

 

v operator f element (vl fl v')

v-1 q,p/ih [v/2] it

v+1 q.-P/ih [(v+1)/2]%

v <12 . 132/112 (we)

v-2 <12 , -p2/‘1‘12 [v(v-1 )] 1'/2

v+2 q2.-P2/h2 [0v+1)(v+2l]§/2

v M . -<1P -1f1/2

v-2 pq . qp in [v (v-1 )3 aé/e

v+2 pq . qp -ih[(v+1 ) (v+2 )1 ’é/e

v-3 (13 . -I>3/1f13 [v(v-1 ) (v-2 )/8] %

v-1 q3,p3/ih3 3[v/2]3/2

v+1 q3,-p3/ih3 3[('v+1)/2]3/2

W3 q3,p3/1h3 [(v+1)(v.2>(v+3)/8]*

v q9.p4/54 [3/2(v+%)2+3/83

v p2q2 . q2p2 [% (Hi: )2-3/83112  
aFrom W. Shaeffer, Revs. Mod. Phys.

bFor simplicity the index s (from vs) is omitted throughout

the table o

 



Table 6.2 Matrix elements

harmonic oscillator.a

(v,llflv;t') for the two-dimensional

 

 

    

 

  

 

    

 

 

 

 

 
   
 

 

      
 

Operator 3

v' I t' q1 Q2 121/h pZ/fi

l

{m m shah-2% ecfigtgfi’ +5<3i§33¢ «‘"ffi

Fv+‘1 21...: +%(V"+2)é -§<"——"+2)‘1’ e(V———“*2)% «““fi. 2 .2 2 2

v-1 m eat-2A2 JAM-21f} awed—2&2 ecgifi

v-1 5 M -%(!.t£)* +£(V—+‘)’1’ emflfi .%(v+£)%
‘ 2 2 2 2

Operator f E

' 2 2 2 7
Lv. " Jr; Q1 9.2 Q1QZ 131/112 IDS/112 papa/{12 !

v . l é(v+1) %(v+1) O %(v+1) ‘%(v+1) 0 ;

v . t +2 -B +13 ~13 -B +13 -iB *

v , 1-2 -C +0 +10 -C +0 +10 i

1 i

v+2; t -D -D 0 +13 +1) 0 ;
.

(

v+2' 1+2 +E -E +iE -E +E ~1E j

' v+2 1-2 +F -F -iF -F +F +iF i

v-2 1 -G -G o +G +G o f

v-2 1+2 +H -H +iH -H +11 -iH ;

1

v-2 L-2 +J -J -iJ -J +J J +iJ {    
 

o—J

9‘For simplicity the index 8 has been omitted throughout the

table.



Table 6.2 Continued.
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"operator f

V' " qug/h qug/fi ‘11P1/‘5 p1q1/‘fi rrum/”f1 page/«n

v 1' +%‘ -%£ a: 4: 4% -%

f v 1+2 0 o o o o o

E v z-2 o o o o o g o

3v+2 1 O O +1D +iD +iD E +iD

v+2 1+2 +E +E -iE ~1E .+iE 3 +13

v+2 t-2 -F -F -iF -iF +iF +1?

lv-2 1. o o -iG' -iG -iG f; ~19

f v-2 1+2 -H -H +13 +13 -iH -iH

g‘v-Z 5-2 +J +J +iJ +iJ -1J i -iJ

where

B = §[(v+++2)(v-z)]%

c = :1,-[(v--l:+.’2)(v-I~afi)]é

D = i[(v+£+2)(v-£+2)] 12‘

E = 1/8 [(v+£+2)(v+t+4 )] %‘

F = 1/8 [(v-£+2 > (v-M )1 8

G = {FEW-+1. )(v-1. 3%

n = 1/8[(v-t.-2)(v-1.)]%

J = 1/e[(v+z-2)<v+z)]%

 



Table 6.3.Matrix elements

(K lle KiI)

(K Ihyl Kt1)

(K lel K)

(K (PEI K)

(K Ir?! K)

(K IPEI'K)

(K lPil Ki2)

(K IP21 Ki2)
y

(K IPxPyl Ki2)

(K IPnyl Kt2)

(K lPxPyl x)

(K lele K)
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a
of Pa and P

dp'

 

E7,— (f-K(K¢1)

 

1:123;— Vf-K(Kt1)

5117,- K

§€§§'(f-K2)

hip?

8772 ( K )

.EE_.K2

47/2

 2

h Vf-K KtI

1672 ( )

 

 

-£EL—- f-K167r2 V (K11)

 

2

$172???) Vf-K(Ki1)

1.2...
 

16772 (Emma)

2
-1_h__.K

87f2

+1-hg— K

8772

3For simplicity, f.EE.J(J+1).

 

lt-(Ki1)(K¢2)

 

Vt-(Ki1)(Kt2)

 

Vt-(K:1)(K:2)

 

Vi-(K:1)(Ki2)
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Table 6.3 Continued.

 

 (K 11> le 1m) :1 112 (m1) (Ir-mun

 

 

 

 

 

y 8772

(K lePyl KM) = “83:32 K lit-KOCH)

(K lele K11) = 513—2 K [If-K(Ki1)

(K 'PxPy' K11) = 83:2 (K11) Vf-K(Ki1)

  

(K lPxPy+Pny| K12) = 11513;? Vf-K(K=h1) Vi-(Ki1)(K=t2)

 

2
| = L n(K lePz-q-PzPy Kii) $18772 (21m) Vt mm)

 

2 _

(K (1322+?sz Kan) .-.- 31717-3 (21m) (Ir-mun
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the elements of h+ in the generic form used in Chapter 1 is

given in Table 6.4.

From Tables 6.1-6.4 it is possible to ascertain whether

a given coupling is possible as regards the existence of an

appropriate element in h*. Thus, combining the information

contained in Eqs.(6.8) and (6.9) and the information con-

tained in Tables 6.1-6.4,it is possible to determine whether

a given coupling may possibly produce a perturbation in the

spectra.

Expression for the Se tion

of Unperturbed Energy Levels

Recall again the case of two levels Ba and Eb coupled

 

by some matrix element (a lh+| b) = N such that

 

Ea

Eb .\\

E

’b

where the secular equation, Eq.(6.3), has roots

E +E 2

.. .32.); S .2

where ea is 6 using the + sign, 6 b is G using the - sign

and

8.2-z. Ea’Eb (6.11)

is the separation of the unperturbed levels. Fig. 6.1

illustrates the effect of the perturbation W on the levels

Ba and Eb and indicates certain magnitudes of shifts which
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Table 6.4 Generic form of elements in h+

an accidental resonance.
Capable °f PTOdu01ng
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will prove useful in the following.

It may be shown by considering the differences of the

unperturbed energy levels given (in Chapter 1) as a function

of the several quantum numbers, that through third order

contributions, for Jz 20, K2510, 5 may be expressed as

S =.a+bK+cK2+dJ(J+1) (6.12)

where,for most cases which we will consider,the term cK2

may be neglected.32 The term dJ(J+1) may be important

especially in cases where (a2 - cg) is of the sale order of

magnitude as the resolution of the spectrometer used. This

will become apparent in Chapter 8 where the term dJ(J+1)

plays an important role in the perturbations observed. As

mentioned above, Eq.(6.12) may be obtained as the difference

between the two levels in question, i.e.,

S = Ea(v8‘80ongKa) " Eb(v3"s"°°J’Kb) . (6o13)

for which a particular example is given in Chapter 8. Note

however that since E3 and Eb are functions of the molecular

constants and the quantum.numbers K and J, the differences

will obviously be a function of K,J and the molecular con-

stants. A practical difficulty arises however,because the

molecular constants involved in S are often not known with

A—

32For a AK = 0 coupling, the term 0K2 is negligible in

nearly all cases. For a AK 2 it or greater coupling, 0K2

may occassionally be important.



sufficient accuracy to be useful, so that the required

a priori calculations are very difficult (if not impossible)

to perform effectively. At this time we shall consider only

the form of Eq.(6.12) simplified by neglecting the term 0K2,

i.e.,

S: a + bK + dJ(J+1). (5.14)

Up to this point we have given the rules needed to

ascertain the possible existence of a given perturbation

coupling, the method of ascertaining whether an appropriate

term exists in ‘11+ to provide the perturbation element(s),

and the form of the separation of two levels involved in a

perturbation.

accidental Resonances

First, we consider the problem of accidental resonances

between the energy levels of two different vibration-rotation

bands. Subsequently we shall consider the problem of essen-

tial resonances, since in so far as the approach used is

concerned, essential resonances appear as a special case.

If we again consider two levels E8 and Eb, belonging

to the same J value, with E8 having v8,v8'... excited whereas

Eb has vs 3

Possible couplings exist between Ba and Eb’ we find the

u,v u....excited, and seek to ascertain what

answer given by Amat (7).

Considering only the vibrational portion of the problem,

if the vibrational coupling is expressed as

(vn,...vt,... |h+| Vn+AVn,...Vt+AVt,...> (6o15)
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let us call

g lAvnl = pn (6.16)

and

t lAvtl = Pt (6.17)

and

pt + pn = p (6.18)

so that p is the total number of (differences of ) vibra-

tional quanta involved in the resonance, pn the total number

of non-degenerate quanta,and pt the total number of doubly-

degenerate quanta involved in the resonance. For example,if

we are considering a resonance between v1 + 2v3 + v4 and

v2 + v} + v5 + V6 of CHEF 33 thenlAv1l- = 1, Iszl = 1,

)Av3l = 1, lAv4| = 1, lAv5| = 1 andlAv6) = 1 so that

12:6. pn=3. pt=3o

S st ti A ch t P tu b t n

Cou 1

Using the approach discussed in the beginning of this

chapter, Tarrago and Amat (87) have found the possible

couplings for several values of p,pn and pt. The possible

types of couplings are (7.87):

I W

I' w + w'J(J+1) + w"K2

:1 w V?(J+1)-K(Ke1)

 

A

33For the numbering of the fundamentals of xrz molecules

we follow Herzberg (12) where v , v , and v3 are neg-degenerate

and v , v5 and V6 two-fold degenerage, each3in order of

decreasing frequency.
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III wK .

111 w V3(J+1)-K(Kil) (/J(.1+1 )-(Ka1 )(Kse)

v w VJ(J+1)-K(K11) fi(J+1)-(Ks1)(Ka2) x

 

 

 
 

 

V5(J+1)-(Ki2)(Ki3)

where W is a constant coefficient for terms in h+ through

rnP3 terms. These include all terms through those contained

in h; (14-17). Tables 6.5-6.8 give the principal coupling34

of each type for several values of p,pn,pt (87). The tables

are self-explanatory except for the subscript on the w, i.e.,

H(n),which indicates the estimated order of the perturbation

for stKarl. The column entitled "Order of Magnitude" gives

the order of the perturbation for Jsz3O unless otherwise

indicated. AK is simply the required difference in K Values

between the perturbing levels; §A£t is the sum of Alt for

the degenerate modes involved in the perturbation, i.e., for

those modes which have a Avt f 0; the Z'AL is the sum of
I

t t

Alt for those degenerate modes not involved in the perturba-

tion, i.e., those for which Avt = O. In those instances for

which §Att or E'Alt, is given as 0*, the notation indicates

t zhz' 1. 1. = .that the §IA tl or tl t.l¢ 0 but the EA t or %.A t. o

The heavy box lines enclose the largest effects.

In summary, up‘to this point we have found how to deter-

mine whether or not a particular perturbation coupling is a

—— g

34The author is indebted to G. Tarrago and G. Amat for

these tables. (87)
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Table 6.5 Perturbation couplings for (523, p'ail.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Order of

p Matrix elements AK 2A9 2A2. Cpmg Magmtude

' - 1 1' ' p=3 p=4 p=5

0 sz’s) o o I 1 2 3

w o 0* o I 1 2 3

(1,2,3)

w(“)~/J(J+I)-K(1<t1) :1 $2 a II 2~ 3—-

.1.
2 Wm o _2 $2 I 3

w(5)/J(J+1)-K(Kil) x

:2 t2 0 I! 3..

Juno-(xtmxtm .

w o is o I 1 2 3

(1,2,3)

w(“).fi(:r+11-K(K:1) 11 1:1 0 II 2~3 3—

+ +
3 Wu,” 0 -1 -2 I 3

w(5)J.fiJ+1)-K(Ktll X

:2 ’il 0 m 3‘-

JJ(J+1)-(Kil)(Kt2)

w o 0* o I 2 3
(2,3)

4 r a

W(4)JJ(J+I)‘K(KiI) i1 i4 0 II 3‘-

5 w o :3 o I 3

(3)         
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Table 6.6 Perturbation couplings for p22 , p,=l.

l8'11“ngc

.
ognlu

Motr1x elements AK A5). 24A” Cplng p=2 p=3 p=4

w(é’3’4)JJ(J+I)'K(K+I) :1 :1 o 11 I~2 2*3 3—

{ 0 i3 0 } 2 3

“'12,:1 o .+.1 :2 1

- x

“'14,” ‘Nw‘m “(Kim :2 21:1 0 II 2‘- 3‘-

JJlJ+1)-l1<:l:1)(1<t2)        
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Table 6.7 Perturbation couplings for p=2, p52.

 

 

 

 

 

 

 

 

 

- ' Order of

Motnx elements AK ;A*t 25131,. Magnitude

w(2)./J(J+1)-K(Ki1) :1 $2 0 1~2

w K 0 0* 0 1~ 2

(2) (Kzsotmzn

0 0* 0

we) 0 :2 :2 2

w“) fllJHl-Kmtn X

:2 i 2 0 2 ‘-

filJ+l)-(Kil)(Ki2)
. '

w(6)JJ(J+I)’ Ktxtn X

JJlJ+Il-(Ki1)(1(:2) X :3 0* 0 3°-

Jfinn-(Ktznxisl      
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Table 6.8 Perturbation couplings for p=2, pfO.

 

 

 

 

 

 

 

 

. , Order of

Motnx elements AK ;A2,- Couplmg Magnitude

“'12) 2
| 2 0 O I 2...

w(‘)J(J+|)+W(4)K . (Jgso)

me31J+11-K(Ki1) 11 $2 11 3 .-

w(6)JJ(J+l)*1((Ki'I) x

JJlJ+I)-(Kil)(1<f2) X :3 0 1 3 .-

fi1J+1)-(K:ZXK:3)     
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possible coupling. he have also discussed the form of the

analytical expression, 8 , for the separation of two unper-

turbed levels as a function of molecular constants and J

and K. Additionally, Tables 6.5-6.8 contain the principal

perturbation couplings and their functional form due to

terms contained‘in h+ through hg.

Hypothetical Example of an

Accidental Resonance

At this point we shall consider a hypothetical example

to indicate the relevance of the foregoing. Assume that

v2 + V5 and v4

other. Here, p = 3, p

of CHBX, where X is a halogen, perturb each

n = 1, pt = 2,and from Table 6.5 we

see that the principal coupling is of type I,i.e.,of the

form w, and of first order of magnitude.

The separation of the unperturbed energy levels is given

by

8‘: (v2+v5)-v4+2Ae (Ci-CS)K-(a§ -a,B)J (J+1) (6.19)
MB

+(15

which is obtained by finding the difference between EVR for

v2 + v5 and v4 (neglecting small terms). If in addition,

(Q? + Q? - a2) is negligible, then

8: (V2+V5)-V4+ 2A8(C4-12Z)K ' (6.20)

which leads to a level scheme given in Fig. 6.2 for

(122 + 05) - V43 --10cm"1 and 2Ae(gg - Cg)z3cm-1. we further

assume v2+va is of such a low intensity as to be normally

unobserved, and that, in the absence of the perturbation,

only v) would be observed. From Table 6-5 we “Qt? that the
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Fig. 6.2 Hypothetical perturbation with coupled levels

indicated by dashed lines.
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t

of v4 couple to the K£+ levels of v2 + v5 and the K2" to the

K£-. It is apparent from Fig. 6.2 that the separation of the

coupling is a AK : O, gAt = 0 case so that the K1* levels

unperturbed levels is smallest near the K = 3 levels of

these upper states and the perturbation should be the strong-

est here. These levels correspond, for the case considered,

to the RQ2(J) lines of v4. Fig. 6.3 presents in the top

row the position of the Q lines for v4 (solid lines) and

v2 + v5 (dashed lines) in the absence of a perturbation.

The second row shows the resulting spectrum which would be

observed (drawn for an arbitrary W). Notice that in the

vicinity of the maximum perturbation, the lines of v4 are

not only shifted, but several additional lines appear due

to the mixing of wave functions of v4 and v2 + v5 when the

perturbation is a maximum. The relevant theory involved

in the intensity considerations and the "borrowed" inten-

sity of the extra lines will be discussed below. Chapter 8

contains an actual example of the effect of a perturbation

of type II and is discussed in detail.

Intensities in Perturbations--

Bogrowed Intensity_

When a perturbation is observed, intensities are an

 

important factor to consider. Assume that two levels are

resonating, a and b, with zero order (unperturbed) wave

functions Y: and Y3. Let the matrix element of the perturba-

tion be W. Then in the notation used in this chapter, the

new wave functions are
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Ya = 6112+ (mg (6.20)

Yb = 4311: + cvb (6.21)

where

a = [A +2 8(2]%

A

(6.23)

_. Knifes

P" 2A

and

IE. V82/4 + 112 (6.24)

8 .5. Ba .. Eb.
(6.25)

It has been shown (88) that for the transitions va<—-v"

and vb4P-v" where a perturbation W exists,the intensity of

two perturbing transitions in the perturbed absorption bands

may be given by

H

C

II [a(l‘o’a)% + pugbfir (6.26)

H I
I [naugf + (1(1ng (6.27)

unlere 131 is the unperturbed intensity of a v1 transition.

Thus the intensities in a perturbation may be calculated,

Sidren the information required by Eqs.(6.26) and (6.27).

HoWever, even if all of the information needed to calculate

thfi? intensities is not available, some information may be

elt‘lncacted.

Considering the case where the rotation-vibration band

belonging to level b is not. normally observed. i.e., 13b = O)
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Ivb : p 2 A- 8/2

'1— T A+ 5/2V O.

—1

= 1-5;Bfl§é/4 + h2’+ 6/2].

(6.28)

(
D

 

Thus if W = O, (IVb/Iva) = O,Whereas (Ivb/Iva) = 1 if (S- : O),

i.e., at the position of exact resonance.

Another view is also interesting. From Fig. 6.1 the

magnitude of the shift of the perturbed level from its

unperturbed position is

 

X— -§+1/61/+ HM" (6.29)

which when substituted into Eq.(6.28) results in the

expression

I
v 1
b = 1 - .._—_....-

fg; [It-W6] (6°30)

trhich proves to be helpful in the analysis of perturbed

sPectra.

Eq.(6.30) implies that when the shift of the observed

liJae from its unperturbed position is the greatest, the in-

tensity sharing by the transitions of the unobserved level

318 “the greatest. This is seen in the hypothetical example

illustrated by Fig. 6.3 for the RQ2(J) levels. The intensi-

13343‘s of extra lines is proportional to the shift from the

un-I.>erturbed positions. Eq.(6.30) also indicates that as the

Shduft goes to zero, so does the intensity sharing.
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It is apparent then that in a perturbation, transitions

normally not observed may borrow intensity from the transi-

tions which they perturb. In Chapter 8 an example of this

intensity borrowing will be seen in several instances.

In the event that both levels involved in the perturba-

tion have non-zero intensities in the unperturbed case, the

problem is even more complex and the intensity sharing is

not easily described. However, when applicable, the calcula-

tions using Eqs.(6.l6) and (6.17) are straight-forward.

 
Essential Resonances

Although essential resonances have not been treated in

(detail in this chapter, they can be important in the inter-

pretation of spectra.

In an essential resonance, the resonance occurs between

levels in the same rotation-vibration band. It is necessary

to be clear about the term "same rotation-vibration band"

since it is used here in a broad sense. By the same rotation-

vibration band we mean the entire band which has the same

Vibrtrtional quantum numbers. For example, for ZXY3 molecules,

the same rotation-vibration band is taken to mean the entire

complex for which v‘,v2,...v6 are identical. However, 1.4,

£5 axui *6 may be different, e.g., an essential resonance

may occur between the parallel and perpendicular components

01’ 2V4 of a ZXY3 molecule.

Izi treating essential resonances the same considerations

°f thiss chapter apply with the restriction that the perturba-

t1°n matrix elements satisfy the rule ElAvSIE 0'
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Summary

In general, there are several points which should be

systematically considered when analysing perturbed spectra.

These are:

1) the order of magnitude of W

2) the type of coupling (I,II...)

3) the number of quanta involved in the resonance,

i.e., p, pn, pt

4) the order of magnitude of a,b,c,d (Eq.(6.t2))

5) the number of resonating levels

6) observed intensities.

{the appearance of the perturbation is governed by considera-

‘tiruml,2,4,5, and 6 while 3 presents a systematic approach

tn) the consideration of the couplings possible. In Chapter 8,

these considerations are applied to v3 + v4 of CHBF.

5
5
'

.
,
—
_

—
.
.
.
—
T
.
-
-
—
.



CHAPTER 7

EXPERIMENTAL DETAILS AND CALIBRATION OF RECORDS

Spectrometer

The spectra of CHBF, CHD3 and CH3D were obtained with a

high resolution vacuum recording spectrometer employing an

f/ 5 Pfund-Littrow monochromator of focal length 1 meter (89-91)

and one of two Bausch and Lomb "certified precision" echelette

gratings, a 600 line/mm, 212x158mm, grating blazed at 1.621

and a 300 line/mm, 254x128mm, grating blazed at Ext. The gas

samples were contained in a White type multiple traverse cell

(92,93). Two entrance optics arrangements were used, one em-

,ploying three calcium fluoride lenses and several front surface

znluminized mirrors, the other employing an all mirror system.

The infrared energy was detected using Eastman-Kodak

leaui sulfide detectors, type P and type N. The detectors were

cocfiled to one of two temperatures, -50°C by a circulating dry

leer-acetone mixture and -175°C by a pressure driven liquid

alr' cooling system. The infrared beam was chopped at 90 cycles

pex~ second and the lead sulfide detector outputs amplified

by a Tektronix Type 122 preamplifier followed by a phase sen-

sitive amplifier. The amplifier output was recorded by 2.

Leeds and Northrup Model G two-pen recorder.

Cadibration was effected by interpolation between the

V1~81-bll.e fringes from a Fabry-Perot interferometer following

the method of Douglas and Sharma (94). The Fabry-Perot
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fringes which are equally spaced on the chart with respect

to frequency are calibrated by a least squares fit of the

fringe position of well known standard lines versus their

frequency in cm". The standard lines are normally recorded

simultaneously with the infrared absorption record. Several

types of standard lines are used in the calibration of the

fringes. The best standards available for calibration of

infrared absorption spectra are the carefully measured ab-

sorption lines of CO, N02, HCl and HCN measured by Rank and

co-workers(95-97). These standards are recorded simultaneously

'with the spectra by including the calibration gas with the

sample gas in the multiple traverse cell. In addition, well

lanown Argon emission lines (98) due to the Argon carrier gas

:31 the 300 watt Zirconium arc, which we use as an infra-

:reCI source, provide another source of standards; and an end-

on.]fleon lamp inserted in the entrance optic train by a

movwrble mirror also provides a source of standard lines (98).

Calibpgtion 9f CHEF Bandg

The v; + v4 band of CHBF discussed in Chapter 8 was

calibrated using secondary infrared standards as follows.

Sever) CO lines (95). one Argon emission line (98) and one

Neon emission line (98) were recorded simultaneously with

15116 best infrared absorption lines of v} + v4. Subsequently

the Fabry-Perot fringes of the record CH3F Chart I were

calibrated using these standard lines. The results of this

linear least squares fit are given in Table 7.1. Table 7.1
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Table 7.1 Calibration of Fabry-Perot fringes of

V} 4’ V4 CH3F Chart I.

Std. Fringe Position Frequency Calculated Wto A1(?-c)

cm-of Standard 'cm’ Frequency

cm'

Ne ~134.1973 3903.8008 .7992 2 +0.0016

P(22) 661.2890 4159.5609 .5603 1 +0.0006

P(21) 677.7175 4164.8423 .8423 1 0.0000

P(18) 725.7604 4180.284} .2889 1 -0.0046

P(17 741.3288 4185.297) .2943 1 +0.0028

P(16 756.7080 4190.2424 .2390 1 +0.0034

P(14 786.8532 4199.9298 .9311 1 -0.0013

P(12) 816.1305 4209.3454 .3442 1 +0.0013

V : a + b(f#)

a = 3946.94567cm-1

b = 0.3215154cm-1

s :.-.’c0.0026cm--'1 Std. dev. of points
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Table 7.2 Calibration of CH F Chart II vs frequencies

Fringe Position

Chart II

211.503

212.112

278.657

279.522

280.302

301.133

302.053

306.272

347.422

348.453

349.378

350.230

352.275

352.826

416.372

419.225

420.075

514.786

515.324

515.995

Standard Fr

Chart I cm'

4014,9496

4015.142}

4036.5384

4036.8182

4037.0704

4043.772?

4044.0705

4045.1620

4045.3114

4045.4187

4058.6532

4058.9814

4059.2782

4059.552}

4060.2131

4060.3869

4080.8260

4081.7442

4082.0153 _

4112.4689

4112.6414

4113.1838

v

a

b

s

‘iq'

a + b(f#)

3946.93827cm"

0.3215543om-1

$0.0032cm-1

of absorption lin s from Chart 1.

Calculated Freq.

Chart II cm-1

.9480

.1438

.5416

.8198

.0706

.7689

.0647

.1554

.3085

.4214

.6533

.9848

.2823

.5562

.2138

.3910

.8245

.7419

.0152

.4699

.6429

.1803

3.1-9i“)

+0 .0016

-0.0015

-0.0032

-0.0016

-0.0002

+0.0038

+0.0058

+0.0066

+0.0029

-0.0001

-0 o0034

-0.0041

'0o0039

-0.0007

+0.0015

+0.0023

+0.0001

-0.0010

-0.0015

+ .0035

Std.dev of points
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presents the intemal calibration of CH3}? Chart II against

the frequencies of infrared absorption lines obtained from

CH3F Chart I.

The initial analysis was carried out using Chart II.

Subsequently, the resolution of the spectrometer was improved

by cooling the PbS detectors to -175°C. The CH3F was rerun

in the double pass configuration of the Pfund-Littrow mono-

chromator. A difficulty arose, however, since the Fabry-Perot

fringes were single passed. As a result of the different dis-

persion at which the infrared and fringes were obtained on

Chart III, it was found that a quadratic fit of the fringe

position of the best lines on Chart III vs the frequencies

of these same lines from Chart II was required to obtain a

good calibration of Chart III. The results are given in

Table 7.3. .

Secondary internal calibration was used on these records

due to the difficulty of using primary standards in this

region. As is apparent from Table 7.1, there is a lack of

accurate and observable standards in this region and since

the internal calibrationfits were as good as they turned

out to be, secondary internal calibration was used. The

Principal effect of this approach would be to introduce a

small error in absolute accuracy of frequencies. However,

the relative accuracy should be extremely good.

Table 7.4 presents a summary of experimental conditions

. f°r all usable records of 123 + v4 for CH3F which were run.

Unfortunately, the last three records listed in Table 7.4

.
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Table 7.3 Calibration of CH F Chart III vs.frequencies

of absorption lin s from Chart I.

Fringe Position Standard Fre . Calculated Freq. A.{€-c)

Chart III Chart 11 cm- Chart III cm-1 on

159.219 3989.8449 .8437 +0.0012

200.099 3995.5406 .5437 -0.0031

215.684 4003.0261 .0223 +0.0038

231.132 4010.4369 .4362 +0.0007

265.710 4027.0310 .0348 -0.0038

277.953 4032.9120 .9131 -0.0011

291.014 4039.1807 .1848 -0.0041

300.564 4043.7696 .7711 -0.0015

315.877 4051.1280 .1258 +0.0022

326.836 4056,3899 .3900 -0.0001

335.160 4060.3946 .3887 +0.0059

345.477 4065.3513 .3453 +0.0060

366.376 4075.3857 .3872 -0.0015

372.535 4078.3466 .3470 -0.0004

416.574 4099.5142 .5150 -0.0008

442.#55 4111.9603 .9590 +0.0013

4530489 411702560 .2652 +OOOOOB

474.552 4127.4023 .3957 +0.0066

1485.544 4132.6861 .6833 +0.0028

v = a . b11411 + c1171)?

3 : 3899.61773cm'

b.= 0.1‘l>7896060111"‘l

c = 0.0000021 9cm-1

3 :zt.0040cm' Std.dev;of points
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1‘15

proved to be impossible to calibrate since satisfactory

Fabry-Perot fringes were not obtained.

Cglibrgtion of CHD;

Three high resolution records of v1 + v2 of CHD} were

calibrated and measured. Later, several other records were

run for details not obtainable on a calibrated run. CHD3

charts I and II were calibrated against Neon emission lines

(98) recorded intermittently with the absorption spectrum

while fringes were recorded continuously. The results of

the calibration fits are given in Tables 7.5 and 7.6. Chart

III was internally calibrated against average frequencies

of infrared lines from Charts I and II with a standard devia-

tion for 11 points fit of $0.0014cm’1.

C ibr tion H

Two records of v2 + v3 of CHBD were run. 083D Chart I

Was run for a primary calibration against HCN standards (95).

0331) Chart II is a second high resolution run for second mea-

surement of lines and was internally calibrated against

absorption lines contained on Charts I and II. Table 7.8

preSents the calibration fit of Chart I vs. HCN standards.

Table 7.9 presents the calibration fit of Chart II vs. absorp-

t1011 line frequencies from Chart I. Table 7.10 lists the

eKPerimental conditions for the two ‘records.

Qiaéilgle Preparation CH3§

The CHEF was prepared by transferring 97.6g (0.524 mole)

'
\
3
'
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Table 7.5 Calibration of Fabry-Perot fringes of CHD}

Neon Line

Fringe

Position

Chart I

9.157

80.810

230.051

357.120

616.086

655.142

Standard Calculate

Frcc.cm-1 Freq. cm’

4961.132 .131

4989.930 .930

5049.912 .913-

5100.984 .985

5205.071 .070

5220.768 .768

)1: a + b(f¢*)

a = 4957. 4506m-1

b = 0. 4019239

3‘ :10.001cm"

Chart I vs. Neon emission lines.

AlSO-C)

031

+0.001

0.000

-00001

-00001

+0.001

0.000

m’

1 Std. dev of points
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Table 7. 6 Calibration of Fabry-Perot:fringes of CHD}

Neon Line

Fringe

Position

9.212

80.864

230.098

616.164

655.228

Chart II vs. Neon emission lines.

Standard Calculated 01(0-01

Freq.cm-1 Freq.cm‘ cm‘1

4961.132 .134 +0.002

4989.950 .931 +0.001

5049.912 .909 -0.003

5220.768 .770 . +0.002

v = a + b(f#)

a = 4957.431cm'1

b : 0..4019036cm

s =i0.002cm" Std. dev. of points
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Table 7.8 Calibration of Fabry-Perot fringes of CHBD

Chart I vs.HCN absorption lines.

HCN Line Standard Calculated 4; (o-c)

Fringe Position Freq. cm"1 Freq. cm" cm'l

R(9) 770.899 3339.8843 .8817 +0.0026

12(10) 779.385 3342.6077 .6108 -0.0031

12(18; 844.672 3363.6134 .6065 +0.0069

R(19 852.562 3366.1405 .1438 -0.0033

R(20) 860.350 3368.6455 .6484 -0.0029

R221 ) 868.042 3371.128} .1221 +0.0062

R 23; 883.332 3376.0271 .0392 -0.0121

3(25 898.252 3380.8366 .8373 -0.0007

M26) 905.619 3383.207? .2065 +0.0012

2(27) 912.910 3385.5563 .5512 +0.0051

v = a + b(f#)

a = 3091.9675cm-‘

b = 0.32159116m-l

s ==t0.0060cm-1





Table 7.9 Calibration of CH D Chart II vs. frequencies of

absorption lines Erom Chart I.

Fringe position Standard Freq. Calculated Freq. Ai ( o-c)

Chart II Chart I cm" Chart II cm" cm‘l

937'.l9l .3393.339 .327 +0.012

945 - 347 3395.942 .951 -0.009

9463.173 3396.213 .217 -0.004

952 . 794 3398.345 .346 -0.001

980 . 529 3407.284 .265 +0.019

1012.551 - 3417.559 .565 -0.006

1022. 952 3420.909 .909 0.000

1025 . 281 3421.669 .658 +0.011

1059 .052 3432.511 .519 -0.008

1146.345 3460.576 .593 -0.017

1248.465 3492.459 .437 +0.022

1264.519 3498.602 .600 +0.002

1265.531 3498.926 .925 +0.001

1379 . 838 3535 . 682 . 687 -0 .005

1396.580 3541.066 .071 -0.005

1398.879 3541.814 .811 +0.003

1417.119 3547.687 .677 +0.010

1434.659 3553.311 .318 -0.007

1437. 801 3554. 326 . 328 -0.002

144 1 . 840 3555. 628 . 627 +0.001

1454.526 3559.719 .707 +0.012

495.721 3572.945 .956 -0.011

1497.845 3573. 644 .639 +0.005

V = a + b(f#)

a = 3091.91889 cm-1

b = 0.321610337 cm-1

s = at. 0.0096 cm-1
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of methyl p-toluenesulfonate and 62.7g (1.08 mole) of dehy-

drated potassium fluoride into a flask. The pressure was

reduced to 500mm Hg and the temperature raised to 250°C over

a period of 1% hours and maintained at 250°C for 3 hours.

The reaction product was passed through a dry ice - acetone

cooled trap to remove any water present and subsequently

collected in a liquid air cooled trap. Fig. 7.1 illustrates

the apparatus set-up used for the production of CHEF. Yields

were on the order of 85% with a small amount CO2 contamina-

tion.

CHD3 829 CH3D Samplgs

The samples of CHD3 and CHDD were obtained from Volk

Padiochemical Co. and used without further purification.
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CHAPTER 8

A PEFTURBED PERPENDICULAR BAND v3+v4 0F CHEF

In the past, the infrared spectrum of CH3F has been

investigated in several laboratories. Bennet and Meyer

first reported the spectrum of CH3F (99). Subsequently Yates

and Nielsen analyzed the fundamental bands with resolution

2:0.3cm"(100). The bands v1, v3, v4 and 2v5 were examined

by Pickworth and Thompson with somewhat higher resolution

250.1cm'1(101). Smith and Mills have recently re-analyzed

the rotational structure of v3 and V6 with resolution

230.2cm"(102). A low resolution (211.50m") study of all

perpendicular fundamentals was performed by Andersen, Bak,

and Brodersen (103) who found the G: constants from the

zeta sum rule (12) and thus also obtained a value for A0.

The microwave spectra of CH3F has been reported (52,53,58),

J JK

and excellent values of B0, Do and D0 are available.

Women;
A i ent of th Ob e ed S r

In the region from 3900 - 4500 cm“ the infrared absorp-

tion spectrum of CH3F is very complex, with a number of

overlapping bands. The subject of this chapter is a perpen-

dicular band at 4058cm'1 which we have assigned to v3+v4.

We have also found, overlapping the low wave number end

of v3+v4, numerous transitions belonging to the parallel

band v1+v at 4011cm’1. Another parallel band which may be

3

2V2 + v is observed at 3905cm". We also observe several

3
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0 branches of a perpendicular band near 4138cm'1 which may

belong to v1+v5.

The band v3+v4 spans approximately 230cm'1 and we have

measured approximately 1000 absorption lines in this region.

About 700 have been assigned to v3+v4 and about 200 have

been assigned to v1+v3. v3+v4 is particularly interesting

since individual transitions of the types RRK(J), RPK(J),

RQK(J), PRK(J), PPK(J), and PQK(J) have been resolved.35

Fig. 8.1 is a slow speed "slave" recording of a high resolu-

tion record of the spectrum of v3+v4.

The resolution limit of the spectrometer in this region

isz 0.04.111"1 and 011311 Chart III (of. Chapter 7) was obtained

with this high resolution. Charts I and II were obtained

earlier with an apparent resolution of R: 0.06cm’1. The

working records were approximately 17 meters long and the

Fabry-Perot fringes were separated by as 0.3.2cm"1 which is

x 25mm of chart so that tom‘1237.5cm of chart.

Waltzes

The assignment of rotational quantum numbers to indivi-

dual lines was complicated by the large number of transitions

observed, the relatively large rotational spacing (28:51.7cm'1)

and the rapid quadratic convergence and divergence of

A

35In the perpendicular bands of the other members of

he meth¥l halide family we have not seen Q branches, i.e.,

and QK lines, resolved into individual J transitions.
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series of lines of fixed K. The latter effect is due to

the large CB (530.016111") in this band.

Making use of calculated intensities of the six possible

types of transitions and the criterion of missing lines for

J<IK as discussed in Chapter 5. the Q branch transitions

for several values of K were located. Then, following the

procedure outlined in Chapter 4, calculated values of the

ground state combination differences (using microwave values

J and DOJK) (52.53.58) were used to complete the

36

of Bo, Do

assignment of the unperturbed levels.

It is apparent from inspection of Eqs.(4.2a) and (4.2b)

that, provided the proper K value has been assigned to a

series of RQK(J) (or PQK(J)) lines, the calculated ground

state combination differences unequivocably fix the assign-

ment of the corresponding RR and HP (or PP and PR) lines

for the same K value.

At this point it is convenient to establish a convention

of notation to be used in the following. We shall call the

RRKU), RQKU) and RPKU) lines, the +lKl subband and the

PRK(J), P0K(J) and PPK(J), the -lKl subband, i.e., we shall

designate the subbands by KAK.

In the manner described above, the -6,-3,-2,-1,0,+2,+3,

+4,+5,+6,+7,+8 and +9 subband lines were assigned without

undue difficulty. The assignment of the -9,-8,-7,-5,-4, and

the +1 subband lines, as well as the -3 subband lines above

36The values of the ground state constants used are from

the work of Thomas, Cox, and Gordy (g8):1Bo = 0.851793,

cmDoJ = 1.98 x 10-5, DOJK = 1.48 x 10'
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J = 10, presented a more complicated problem.

The +1 subband was obviously perturbed (as was the -3

subband) by a perturbation which varied in magnitude with

J. The -9,-8.-7.-5. and -4 subbands were more difficult to

locate due to less obvious perturbations and also because

of the overlap of this region by the QRK(J) lines of v1+v3.

The transitions in these subbands were successfully assigned

when it was found that a large empirical K3 term was needed

to fit the subband origins from -3 to +9. The assignments

were then made and verified in the -9,-8,-7.-5. and -4

subbands using the calculated ground state combination

differences.

After all but the -3 and +1 subbands were assigned, it

was possible to assign the transition in these two subbands

from the remaining unassigned lines with reasonable certainty,

again using the ground state combination differences to

verify the assignments.

Fig. 8.2 is a medium resolution record of a large portion'

of the band v3+v4. Assignments of the principal series are

indicated for v3+v4 and also v1+v3. The high resolution

records are considerably expanded (a factor of 5:1) and

show more detail.

All assigned transitions from v3+v4 are listed in

Appendix V. The list contains the assignment, frequency,

fringe number (for which the calibration given in Table 7.2

may be used to obtain the frequency), Av and weight (the

weight = .0001/(dv)2), the observed line height, and line
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number. The observed ground state combination differences

are listed in Appendix VI. This list presents the combina-

tion difference assignment in the notation of Eqs.(4.6),

the observed combination difference, the combination

difference calculated from microwave values of B0, DoJ

and DoJK from Table 8.1, the Av and the A1 (obs-calc).

All assigned transitions from V1+V3 are listed in

Appendix VII,and the observed and calculated combination

differences are listed in Appendix VIII.

AE§%§§i§12£.§£2%EQ_§ia£2

Com gt on Dif egenceg

All of the ground state combination differences which

were observed for v3+v4 and v‘+v3 and which received a

non-zero weight 37 were simultaneously analyzed by the

method of least squares using the method described in

Chapter 4. A single exception is the ground state combina-

tion differences for the zero subband, i.e., the

RQO(J) - RPO(J+I) and the RRO(J-1) - RQO(J) combination

differences. These were not included in the simultaneous

analysis since the K' = L = *1 upper levels have had their

degeneracy removed by a Coriolis resonance and the combina-

tion differences mentioned are not "true" ground state

 

37The ground state combination differences were weight-

ed by using the square root of the sum of the squares of

the AV's assigned to the individual lines as_the Av for

the combination difference.
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combination differences in that they do not go to upper

levels of equal energy. This will be discussed in a later

section. °

The results of the simultaneous analysis are given in

Table 8.1 together with a comparison with the microwave

results (58). A detailed listing of the observed minus

calculated value of each combination difference fit is not

included in this work since the equivalent data is listed

in Appendices VIII and X and we feel the microwave results

are likely to be more accurate. 38

8 ch a Possible P b t on

When it became apparent that the band was perturbed,

it was necessary to investigate the possible perturbation

couplings with'nearby rotation-vibration levels as dis-

cussed in Chapter 6, and to investigate the possible essen-

tial resonances.

Before one begins to look for possible perturbation

couplings it is almost imperative that the results of any

available investigations be gathered for reference since a

search for possible couplings depends largely on a priori

calculation of nearby ratation~vibration levels. Table

8.2 presents a summary of past work on CHBF from a paper

by Smith and Mills (102).

A;

38The difference between our calculated value of B0 and

the microwave value may lie in the calibration of the

spectral record of v3+v4and v ‘+v3. Some difficulty was

encountered due to a lack of suitable calibration standards

over a large portion of these bands. See note added in proof,

p.220.
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Table 8.2 Summary of rotation-vibration constants from

references (58), (101), (102) and (103).

.A3381gno

2v2(?)

,
w

p
-

I
I

M

Vibration

Symmetry

500810m-1

0.8517930m"1

1.98 x 10"6cm”1

1.48 x 10"5cm"1

Ref.

(101)

(103)

(102)

(101)

(103)

(102)

(102)

(101)

(102)

(100)

(101)

-1
vocm

2964.54

1464

1048.60.

3005.8

1466.5

1182.35

1032.76

2081.42

2222.6

2818

2863.22

(103)

(58)

(58)

(58)

B

s
a cm’1

-o.0017

aAcm"

s

(not analyzed)

+0.0113 +OOO‘1

+0.00&

(not analyzed)

+0.0043

+qu223

+000047

-0001}

+00091

'00290

+0.284
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Using the information in Table 8.2, the sums of funda-

mentals were formed forall possible overtone and combina-

tion bands in this region. These frequencies are not very

accurate because they neglect anharmonicity, the effects

of which may be quite large. However, the anharmonic

constants are not available except for a few special cases,

so that we had to use the sums of fundamentals. Table 8.}

lists all nearby rotation-vibration levels as sums of funda-

mentals. Then using Tables 6.5-6.8 a compilation of the

principal perturbation couplings between all of these levels

may be built up. Such a table- is presented in Table 8.4.

Listed in the table are: the formal order of magnitude of

the coupling, the type of coupling described in Chapter 6.

Fig. 8.3 has the levels from Table 8.3 drawn to scale,

and the perturbation couplings of expected order of magni-

tude 1 indicated in the left and right hand columns. The

two. center columns indicate the principal couplings of

1~‘oYpe I and type II between v3+v4 and the nearby bands.

There is some overlap in the information shown in two outer

columns and the two inner columns.

Examination of Fig. 8.} leads to the conclusion that

insufficient vibrational information is available to make pos-

‘a‘ible a rigorous treatment at the present time. However,

the possible couplings are indicatediand some correlation

With observation is possible. We shall return to the

Perturbation considerations a number of times in the

tollowing dis cussion.
W

-
‘
9
—

‘
7
m
‘
‘
m
m
fi
-
fl
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Table 8.3 Overtone and combination levels as sums of

fundamentals in the vicinity of v3+v4.

Level Sum of

Fundamentals (cm"1 )

4v3 ' = 4194.40

v4 + v6 = 4188.15

v1 + v5 = 4146.84

2v5 + v6 = 4115.35

v2 + v5 + v6 = 4112.85

2v2 + v6 = 4110.35

V3 4 V4 = 4054.40

v1 + v} = 4013.14

v} + 2v5 = 3981.6

v2 + v3 + v5 = 3979.1

V3 '1' 2V = 3976.6
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Fig. 8.3 Perturbation couplings near 4|00cm-'.
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Analysis of the Unperturbed

Transitions of vjflh

Once the majority of the perturbed transitions were

found and excluded from the data, the remaining lines, which

are assumed to be either unperturbed or only slightly per-

turbed, were simultaneously analyzed, following the proce-

dure outlined in Chapter 5. The equation !

‘ {(AK)(AJ)K.(J)}°bs-Bo[(J+AJ) (J+1+AJ) - J(J+1)]+

DOJ [(J+AJ)2(J+1+AJ)2 -J2(J+1)2] +

DOJK [(K+AK)2(J+AJ)(J+1+AJ)
-K2J(J+1)] =

(Vo‘Ae C42 'i‘Q4K) + (Ac-A9 CZ $42410 [21am + (A1021 4,

((13A + (1411 _ (1313 _ “4B _(3/2),24K) [41945102] +

(QB+<IB‘=

3 4 , [-(J+AJ) (J+1+AJ)] +

(DOK fill-tag) [-(K+AK)4 + K4] +

”24") [(MJ) (J+1+AJ) (max) ax] (8.1)

was, found to represent the data adequately, and 'no other

terms were found to be significant. The results of the

81multaneous least squares analysis of 156 transitions are

Presented in Table 8.5 with their simultaneous confidence





\
J
l

t
J
‘
)

Table 8.5 Results of a simultaneous least squares analysis

of V} + v4 of CHBF including transitions from

the -3, -2, -1, 0, +1, +2. +3, M. +6’ +7, +8

and +9 subbands (in cm“).

4057.2074 t 0.0074
2 K

Vo -Aec4 -i‘nllr

4.6684 i 0.0018
K

A 'Aeclzl ““240

A A B K -2 -2

(13 + 0.4 - 0'3 - 0.2 -(3/2)’24 103901‘0 * 0.097110

B

3

a, + a2 = 1.0816x10"2 i 0.0980x10‘2

DOK - irz4K = .1.46xio“4 i 0.21x10"4

J 5
4-7x10" t 1.2x10-5

r
:
S

4
:
-

l
l

Std. dev. of observations

included in the analysis $0.01 lam"1

1
"
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intervals (discussed in Chapter 5). The computer output is

contained in Appendix IX which consists of three sections;

the first is a summary of the observed and the calculated

frequencies, the Av (Weight = (Norm)2/(Av)2), and the

A1(obs-calc) discussed in Chapter 5. The second section is

a similar listing for lines which were not included in the

analysis because of perturbations, while the third section

is the same type of listing for all zero weighted lines

(usually badly overlapped with other lines).

Figs. 8.4 - 8.22 are graphs of the observed minus

the calculated frequencies39 based on the results in

Appendix IX. In principle each would be a horizontal

straight line if no perturbations were present. From

Figs. 8.4 - 8.22 it is possible to obtain a qualitative

idea of the nature of several perturbations which are

present in this band. In the following sections we discuss

these perturbations and our analysis of some of the pertur-

bations o

W

An interesting perturbation affects the zero subband

of v3+v4. The effect of the perturbatipn.may be seen in

.Fig. 8.13. The perturbation is ascribed to a first order

-Ccriolis resonance between v3+v4 and v3+v3, although an

appropriate coupling with another vibration band of

L

39 No distinction in Figs. 8.4 - 8.22 is made between

AJ = +1, 0, -1 transitions since this information is contain-

ed in detail in Appendix IX.
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symmetry species A1 would cause a similar effect.

The Coriolis resonance splits the K' = i = at levels

in v3+v4, i.e., the resonance lifts the degeneracy of the

K' =.£ = *1 levels. The effect on the observed spectrum

will be discussed below.

Nielsen has studied extensively the first order Corio-

lis resonance especially as applied to XY3 molecules of

the ammonia type (8-11.67-69). We shall use the results

of these investigations in the following as well as the

results from Chapters 2 and 6.

From the work of Nielsen (as well as from the considera-

tions of Chapter 6) the secular equation for the Coriolis

resonance is given in Fig. 8.23 where X = (rim

From the work of Nielsen, assuming that the perturbing

band is v1+v3,

a = 2(c1§)2382. (8.2)

By using a symmetrized set of wave functions the

secular equation in Fig. 8.24 results. Thus the levels

corresponding to the wave function

. Y
1 +1 -1]

——- Y - Y

re‘in

are unaffected by the Coriolis resonance while the energy

levels described by the wave function

_1__ 1+1 +Y-1] ._._. Y+

VE' +1‘ -1

are affected by the perturbation as are the YJ’ levels of
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v1+v3. The resulting solutions of the secular equation

thus are

1

6 = E1 (803’)

 

e = E11 + E00 1%“ " E9°)2 + 2a(J(J+l)) (8.4)

2 4

where, in the event of a weak resonance, an approximate

solution corresponding to Eq.(8.4) may be used. In the

event that the parallel band is at a lower frequency than

the perpendicular band (as is the case for v3+v4_and v‘+v3),

the approximate solutions corresponding to Eq.(8.4) are

60 E0 OJ

° ° E-E° (8.5)

and

1 _ '1 2aJ(J+1i

6‘ ”E1 U: ° (8.6)

where 611 is a function of J, as are 1311 and E00.

Although, as mentioned in Chapter 2, the complete

symmetry classification of the rotation-vibration levels

for C3v molecules has not been worked out (48),it has been

found that the Room) transitions terminate on the r"

levels while the RR0(J) and RPO(J) transitions terminate

on the Y+ levels. This leads immediately to the level

structure shown in Fig. 8.25 (8,9,119. Only levels of

overall symmetry A2 are shown since these are the only

levels which may be populated due to the fact that the
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Fig. 8.25 Level structure for RiAJlolJ') transitions.

 

 

 

 

 

 

 

 

 

 

 

 

 

   
 

   
 

 

 

J \P’

3‘ \II' 5 t

5 ..

4 _

4 +

3 +

3 _

2 ..

2 +

l +

I _.

K'=.tl R

2 =il Rom
Rays) Rigs)

R

RQO(2) R42)

Rigl2)

5 +

4 ._

3 +

2 _

| +

O _



’381

three identical H atoms cbey Fermi-Dirac statistics~ (38,

39.40).

The + and - indicate the overall inversion symmetry.

Due to the + e—r - selection rule and the existence of

levels of either (but not both) + or - inversion symmetry

for each K”: a level of different J, no doubling of transi-

tions is observed.40

Thus in a Coriolis resonance, the RQO(J) lines are

unaffected while the energy of the RRON) and BPO”) upper

states is given by Eq.(8.6). This is in contrast to E-type

doubling in which both upper levels are shifted by the per-

turbation.

Immediately one may deduce that the observed ground

state combination differences are now given by“

[BROU-l) - Reowm] c .-. [RRO(J-1) - RPO(J+1)] (8.7)

[BR (J-i) - Ra m] = [RR (J-i) - Ra <J)]+2qJ(J+iI <8 8)
o O c O 0 °

[RQO(J) - RPO(J+1)ic = [Raoul - RPO(J+1)]-2qJ(J+l). (8.9)

 

 

4OK”: 0 levels are a special case in this respect since

for all other K values each J level has both «I» and - inver-

sion components. It is interesting to note that even

though inversion doubling is us 11 ible, i.e., the levels

are still degenerate, for CHQFFI37 the inversion symmetry

still plays an important r013

41Equations of the same form also apply for the

1. -type doubling case .
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Iteferring to Appendix-VI it is evident that Eq.(8.7) is

seatisfied. Fig. 8.26 is a plot of the observed Coriolis

<:ombination difference minus the calculated value taken

:from.Appendix II. The resulting function should be

2qJ'(J'+1). It is apparent that through J' = 15 the

expected result is found. The added curvature above J' = 15

they be due to a J6 perturbation discussed in a later sec-

tion.

Fig. 8.2? shows an expanded effective Q branch plot

'vs.J'(J'+l) for the zero subband. The splitting of the

li' =.£ = *1 levels is apparent as a difference between the

<2 branch curve and the R and P branch curve. The rapid

(divergence of both curves to low wave numbers as J exceeds

6 perturbation discussed below.10 is due to the J

A simultaneous least squares analysis was made on the

IRRO(J), RQO(J) and RPO(J) to the equation given as follows:

R(AJ)O(J) - Bo(2J+1+AJ) AJ + DOJK(J+AJ) (J+1+AJ) +

DOJ [{(JwJHJ-i-HAH} 2 - {J(J+I)} 2] = Veub + (8.20)

B
(a3 +a4B)(J+AJ)(J+1+AJ) + 2q (AJ)2(J+AJ)(J+1+AJ) +

f:[(J+AJ) (J+1+AJ)] 3

Where q is the Coriolis resonance constant and f is the

constant coefficient of a J6 perturbation discussed below.

Table 8.6 presents the results of this simultaneous analysis
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Table 8.6 Results of a simultanefius least squares analysis

of 1now), RPO(J) and 00(J) transitions of

V3+V4. '

4060.987 r 0.014 cm"
sub

a3B + a B = 0.01057 a 0.0016 cm"1

q = 2.73 x 10'“ a 0.57 x 10'4 cm"

S" 1.06 x 10'8 a 0.10 x 10"8 on"

S 0.015 cm“1 std. dev.

where q is the.Coriolis resonance constant,

f is constant coefficient of [J'(J'+1)J 3
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with their simultaneous confidence intervals (cf. chapter 5)

and Appendix X contains the computer output from the analysis.

gdditional Observed Perturbations

Accidentally Strong Resonance Affecting

the K'=i2, 121:1 and K':=h2, £=$1 Levels

The perturbation which affects the K'ziZ, Eztt and

the K'=:1:2, 1:31 levels42 is interesting since it is an

‘example of a localized perturbation involving a single,

fixed K' value and showing up as a J dependent shift

of the levels for this particular K. Fig. 8.28 shows a

relatively high resolution record of the RQfiJ) lines.

Included in the figure are a calculated (unperturbed) spect-

rum, and an observed spectrum. The shift of the various

lines from their unperturbed positions is indicated. (The

tails of the arrows mark the unperturbed positions of the

lines, while the heads of the arrows indicate the observed

Position of the line.) Fig. 8.29 presents the same results

for 1DQ3(J). The double transitions, i.e., transitions for

which J has the same value in either one figure or the

other result from the "mixing" of wave functions of the

Observed band and the perturbing band as discussed in

Chapter 6. Fig. 8.30 is a graph of the R(21(J) transitions

Vs. J' (J'+l) after modifying the RQ,I (J) frequencies by

M

L

p 42These are the terminal levels of the R(AJ)1(J) and

(AJ )3(J) transitions.
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Fig. 8.28 Observed transitions of RQ.(J) indicating the effect of

the perturbation.
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Fig. 8.29 Observed transitions of P030) indicating the effect of

the perturbation. ‘
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Fig. 8.30 RQIU) transitions vs. J'(J'+l) indicating the

effect of an accidental resonance.

+— ”Eav"

  
0234 5 6 7 8 9 l0 ll l2 l3 l4 l5 l6

J'(J'+1)



adding 0.01 J'(J'+1)cm'1 to each transition‘3 in order to

expand the scale of the graph. Fig. 8.31 is a similar graph

for the PQ3(J) lines.

The assignments which we have made are fairly certain

since for most transitions among those included, AKPK(J)

and AKRK(J) lines were found which give good agreement with

the calculated ground state combination differences in

Appendix II .

If we now assume that the perturbation involves two

levels, as in Chapter 6, then Eq.(6.3) is the secular equa-

tion and Eq.(6.10), the solution of the secular equation.

Plotting the unperturbed energy levels of two bands

assumed to be in resonance, we have

Ea

Energy

 

Eb 
J(J+1)

‘43rhe AKQK(J) frequencies are equivalent to an expanded

set or upper state energy levels as may be seen by compar-

ing the Q branch line position expression with the upper

state energy level. expression. Since that is the case we

Shall speak of energy levels and Q branch frequencies inter-

Chang e ably .
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is}:

where the slope of the lines is the unperturbed value of

Bo-gagvs if the energy levels themselves are plotted or

—283a2vs if the Q(J) line frequencies are plotted.

Since the two cases are equivalent we shall assume that

it is the Q(J) frequencies which are plotted as is the case

in Figs. 8.30 and 8.31. Below, the levels are redrawn with

the corresponding solution of the secular equation from

EQQ(601O)9 i.e.!

 

E: = Ea"'Eb :t ¢ea-Eb)2+ W2

q
2

01‘
 

G = Eav 3: “82/4 + W2

where Eav is the average energy of the two unperturbed sets

of levels whose individual separations from Eav are given

by 8/2 = (8/2). + (b/2)J(J+1).

Energy

  
313+!)



 

In the diagram above, y is the energy separation of Eav and

either leg of the hyperbole and is given by

=|e~ Eav|= V32/21 . 1:2 (8.21)

while x is equivalent to y but is equal to it only at the

point of exact resonance44'where

X = W (8022)

since at this point 6.: 0.

That 6 describes an hyperbola may be shown as follows.

Consider the case of a type II coupling (cf.Chapter 6) where

 

the perturbing matrix element has the form w VJ(J+1)-K(Ktt).

Then, in order to simplify the following, we assume without

loss of generality, that we have transformed coordinates

such that saw = 0 and is parallel to the J(J+1) axis (identi-

_ 45
cal to the J(J+J) axis since Eav _ 0%

Then

‘ 2 l 2 n2 .2
6 = ‘(a+bJ(J+1)) +h J(J+1)-h K(K+1)

where (8.23)

S =.a + bJ(J+1)

44As we shall see below, this figure must not be taken

too literally, since E and Eb are not always the asymptotes

of the hyperbolae and thus, 8 = 0 does not occur exactly at

the intersection of Ba, Eb and Eav'

45In the event that Bay is not a straight line vs.

J(J+l) we take the J(J+1) axis to be the tangent to Eav at

exact resonance.



which may be written as

2 _ [£(J-1-1) + (a/b)+ 2W2/b2 )2 = ‘ (8.2M
.5.

D (4/b2)D

where

D = 1‘12[(-152/b2) -K(K+1) - a/b]

Eq.(8.24) is the equation of an hyperbola with its origin

at -(a/b + ewe/b2), 0 and asymptotes whose slope is b/2.

For a type I coupling (i.e., w = constant) the center is at

-(a/b), 0 so that for a type II coupling the asymptotes are

not exactly equal to the unperturbed energy whereas for a

type I coupling they are equal to the unperturbed energy.

For a type IV coupling, i.e.,

  

1-1 {J(J+1) -K(K=l:1) Wan) - (K:H)(K:t2)

the asymptotes have a different slope as well as a different

Origin from that of the unperturbed energy levels.

From the expanded version of the graphs in Figs. 8.30

and 8.31 we have obtained values of ( E - Eev) for several

Values of J(J+1). Using these values, the hyperbolae in

Figs. 8.32 and 8.33 were constructed.46

h—n

46The existence of two points for each J value in

Figs. 8.32 and 8.33 does not imply that two lines were actual-

1y observed in all cases. However, from Eq.(8.24) it is

8J’Parent that the branches of an hyperbola are symmetric

about the major axis and those in Figs. 8.32 and 8.33 were

8 0 c onetructe d .
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Fig. 8.32 Perturbation hyperbola for the K'=:t:2, ,Q=:I:l levels.
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Fig. 8.33 Perturbation hyperbola for the K'=:t:2, 1:1“ levels.
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The data used to plot Figs. 8.32 and 8.33 is presented

in Table 8.7.

Figure 8.34 shows an hyperbola in its principal axis

system; the equation of such an hyperbola is given by

l
6 _ f x+1 ]2 ..._2 $1.32.)... -1 (8.25)

c

where c and d are the lengths of the semi-axes of the

hyperbola which has its origin at (x(x+1), 6 ) = (0,0). In

Fig. 8.34) x(x+1) is equivalent to J(J+1) but is measured

from the J(J+1) value at exact resonance, i.e., x(x+1) = 0

at exact resonance. As shown in Fig. 8.34, the equation of

the asymptotes is given by

6 = i (c/d) 1: (1+1). (8.26)

From Figs. 8.32 and 8.33. the value of 0 may be obtained

immediately since it is a well defined quantity. Then using

Eq.(8.25) written as

E; -1 = (1/d2) [x(x+1)] 2 (8.27)

the value of 11 may be found from a least squares analysis

01' several points on the hyperbola. Thus, the asymptotes

01’ the hyperbola are well defined when the perturbation data

is reduced in this fashion. 0n the other hand, the asymptotes

are not well defined in any suple way in Figs. 8.30 and 8.31.

From Figs. 8.32 and 8.33, using the results of the above

cu~8<2ussion, we find the results given in Table 8.8, where
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Table 8.7 (E-Eav) for K.'=i2, L=i1 and K'=i2, 1:;1 levels.

K'ziQ, £=i1 levels

J' 6 -an(cm")

1.38

1.14

9 0.88

10 0.72

11 0.79

12 1.04

13 1.44

lit-J2, 1.1-«i=1 levels

J' 6 -Eav(cm")

16 1.40

17 8 0.96

18 0.61

19 0.54

20 1.50

22 2.09
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Fig. 8.34 An hyperbola with its center at the coordinate

ofigwi
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Table 8.8 Summary of results of the analysis of the

perturbation affecting the K'=:i 2, L = i 1, and

the K' = t 2, t =<¥ 1 levels of v3 + v4.

Equation of the perturbation hyperbola

51-2%?“

x(x+1) = 0 at resonance

for H': :2, t = 11 levels

J'(J'+1) = 117 at resonance

C = 0062 01n-1

d = 30

- -1easym _ 20.0206 1 (1+1) cm (asymptotes)

3:.- 4.82-0.0412 J'(J'+1) cm"

For K’: 22, L :1? 1 levels

J'(J'+1) = 207 at resonance

c = 0.50 cm"1 I

d = 24

6 = $0.0206 x (x+1) cm"1 (asymptotes)

£187!!!

8: 8.52-0.0412 J'(J'+1) em"



c and d are the semi-axes of the hyperbolae,

5 = :1: (c/d) x (x+1) is the equation of the asymptotes, and

5 is the resulting equation for the separation of the two

perturbing levels in each case. Using the information in

Tables 8.5 and 8.8 we obtain the relative energy level

positions of the 2+ and 2" lines of v3+v4 and the perturbing

levels.47 These results are given schematically in Fig. 8.35

and include the symmetry species of the levels under the

rotational subgroup C3 (cf. Chapter 2).

The question of the assignment of the perturbing band

is a perplexing one since there are so many possible

resonances between nearby bands, as depicted in part by

Fig. 8.3 and Table 8.4, so that in this instance we are not

certain of the location of the levels of the unobserved bands.

In fact, as mentioned earlier, for most molecules at present

the anharmonic constants are unknown and thus accurate

Placement of even the unperturbed rotation-vibration levels

is nearly impossible in a majority of the cases.

We have investigated the possibility of the perturbing

levels belonging to the overtone and combination levels

believed to be in the vicinity of 034.04 (of. Table 8.3).

It is indeed unfortunate as well as frustrating that

We have not been able to find a complete explanation for the

Observed data. Several levels have provided interesting

¥
A

47For brevity, the K': :2, L = 11 levels are designated

as 2+ levels and the K': 5:2, I: =$1 levels as 2" levels.
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Fig. 8.35 Level structure of J=0 levels for the perturbation

of the K'=:t2,f=tl and K'=12, £==FI levels of
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possibilities but have not separately been able to account

for the perturbations in the K': 12, l = i1 and the

K': 1:2, I = 11 levels without giving rise to apparent con-

tradictions. From the results of our study of the possible

perturbing levels, it is quite likely that the perturbations

observed in \13-w4 are the result of an interaction between

v3+v and two or more overtone or combination levels. This

is quite plausible since although we do not know the anhar-

monic constants and thus cannot place the vibrational origins

0f the other nearby levels accurately, we can calculate the

=0 levels for the various K values in a given set of

combination or overtone levels quite accurately (to within

7:5 :h 2cm”) if they are unperturbed. Even so, by making

the most favorable assumptions about the vibrational origin

(1 -e., the J=0, K=0 level), we still cannot arrive at a

consistent explanation based on a single perturbing overtone

or combination level. However, a mutual interaction between

V3+v4 and two or more other overtone or combination levels

c0111a easily invalidate the considerations which we have

matde while considering one perturbing overtone or combina-

tion level at a time. However, with the current date avail-

able on the anharmonic constants for CH3F, the problem of

a resonance involving two or more unobserved overtone or

combination levels with V3+V4 is nearly impossible to solve

'5 8111 sfectorily .

At this point we shall describe several other perturba-

tions we have observed and whose effects may be seen in the
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observed minus calculated graphs in Figs. 8.4-5.2;
O

Perturbation of Levels inith

High J and Low K

In Figs. 8.11-8.17 for the -2 through the +4 subbands

the effect of a perturbation on the high J levels is apparent.

We have examined two possible interpretations of this per-

turbation. The first is that an accidental resonance involv-

ing a coupling of type V, i.e., a

 
  

r; {37.1.11 -K(Kt1) 1611.1) -(Ki1l(Kt2) 7.11.1.1) -<K:2>(Ks>

coupling, with nearby overtone or combination levels causes

the rapid divergence to low wave numbers with high J values.

If this is the proper interpretation, it appears that in

351118 case there is no crossing of levels in contrast to the

Situation for the K'=2 levels described in the previous

Section. Under these assumptions, one would expect the

1finding term of the second order non-degenerate perturbation

eXpansion to be a (J+l!lJ)3(J~1»1+AJ)3 term. A least squares

analysis of the subband lines for the -2,-1,0,+2,+4 subbands

including such a term resulted in a good fit of the lines

13or each subband analyzed. The coefficients of the

(J~l-A.J)3(J+1+AJ)3 term ranged. from 4x10"9 to 11x10'9cm".

An example of the "goodness of fit" is given in Appendix X

for the K"=O subband which was mentioned previously in the

Seetion dealing with Coriolis resonance.

A second possible interpretation is that the rapid

divergence to low wave numbers is caused by a crossing of



m 0 \
j
‘
l

unperturbed energy levels in the same manner as for the

K'-:t2,£ = $1 and L = :1 levels discussed in the preceding

section. In these cases the crossing must be for a value

of J above 15. Indeed, we have been able to find partial

sets of lines for the +1 and the -2 subbands which might

represent such an effect. However, since these occur at such

high J values where the lines are very week, we cannot be

certain that the lines observed actually belong to the

subbands in question. However we present the data here for

the sake of completeness and with an eye to further work

on this band.

It should be noted that the +1 subband involves the

K' = 12, 1, .-..- 21 levels where we observed another, more certain,

crossing of unperturbed energy levels. This portion of the

discussion was not mentioned at that point because 'of its

speculative nature. Tables 8.9 and 8.10 list the Q(J)

(and corresponding R(J-1) and P(J+1) where found) transition

frequencies in the region of resonance. Those marked with

an asterisk are of uncertain assignment and are not included

in Appendix V. Figures 8.36 and 8.37 Present the Q(J)

frequencies vs. (J+AJ)(J+1+AJ) for the +1 and -2 subbands

respectively. In Figs. 8.38 and 8.39 the perturbation

IWperbolae for the +1 and -2 subbands are reproduced and

Table 8.11 presents the results of an analysis of these

hyperbolae.

Although we have not been able to find the corresponding

transitions for the -1,0,+2,+3 and +4 subbands, we feel that
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Lower Frequency Brancha

Assignment

R0.1.1)

16

17

18

19

20

Frequency

4065.76

4065.34

4064.82

4064.44

4063.97

Higher Frequency Branch

Assignment

R01(18)

R111(17)

RP,(19)

F01119)

R31(18)

RP1(20)

R0,120)

R12,119)

R13(21)

R0112il

R0,122)

RQ‘(23)

a Corresponding RR1(J) and RP1(J) lines are found

in Appendix V

Frequency

4066.05*

4096.69*

4033.76*

4065.08*

4097.41r

4030.99*

4064.52*

4098.54*

4028.77*

4064.01*

4063.51*

4063.16*

Table 8.9 R(AJ)1(J) frequencies in the region of resonance.

Line

536

563

531

527

520a

Line

5383

6T4

376

532A

677A

362.

529A

681A

3503

527A

S25A

521A
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Table 8.10 P02”) frequencies in the region of resonance.

.P
02(J)

1:2

125

144

155

1(5

1'?

153

1S?

2%)

221

222

223

a

Higher Freq. Branch

Frequency

4044.79*

4044.49*

4044.07*

4043.57*

4043.12*

4042.62*

4041.14«

4041.67*

4041.20*

404'0.76*

4040.24*

4039.72*

Appendix V.

Line

430

428

426 7

424A

4223

419

.417

414A

412A

4103

408A

406*

lower Freq.

Frequency

4044.06

4043.77

4043.44

4043.09

4042.71

4042.28

4041.84

4041.38

4040.76

4040.08

4039.39

Brancha

Line

426

425

423A

422A

420

417B

415

413

410B

407C

404A

Corresponding PR2(J) and PP2(J) lines are found in
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Table 8.11 Summary of results of the analysis of the

perturbations effecting the K = i2, 1 = i1,

and K' 2 it, 1 = t 1 levels of v3+v4.

Equation of the perturbation hyperbole

2

5 x x+ _

For K': r2, 1 = rilevels

J'(J'+1) = 363 at resonance

c = 0.44em-1

d = )3

easym : i0.0136x(x+1) (asymptotes)

8‘ = 9.081 - 0.0272 J'(J'+1)cm'1

For K'- it, t = 4:1 levels

J'(J'+1) = 313

c = 0.1550m"1

d = 66

easym = 10.0023x(x«1-1)cm"1 (asymptotes)

0
9

n 1.44 - 0.0046 J'(J'+1)cm'l





2.

\
N

this second interpretation of the high J low K perturbation

is made plausible by the transitions found for the +1 and

-2 subbands.

In either case, we cannot.at the present time decide

between the two possible interpretations.

Weak Coriolis Resonance in the

Negative Subbands

 
Figures 8.4»8.8 indicate the presence of a weak Coriolis I

 

type resonance, quite likely of the form W {J(J+1)-K(Kt1) l

which if the separation of the perturbing levels is large

enough will give rise to an added term in EVR for the upper

state, of the form

6 ,_. 11'2J'(J'+1) ~112(K'(K':t1)) (8.28)

where, as before, 8' is the energy separation of the per-

turbing levels. In general 8 is a function of J and K as

discussed in Chapter 6. From our analysis it is possible

to obtain approximate values of (112/8 ). We find:

subband (112/8 ) (cm-1 )

(K"AK)

-9 40.0021 2 0.0001

-8 40.0012 r 0.0003

-7 +0.0008 a 0.0001

-5 40.0018 1 0.0004

-4 -0.0002 t 0.0001
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The uncertainties indicated above are the simultaneous

confidence intervals of the type discussed in Chapter 5.

In the list above, no results are given for the -6

subband since it is perturbed quite strongly and the coef-

ficient of (J'(J'+1) is not well defined. This is easily

verified by noting the form of the perturbation of -6

subband lines in Fig. 8.7. It appears quite likely that

the -6 subband is perturbed by the same form of perturbation

as the other negative subbands discussed above but the

 resonance is probably accidentally strong so that the ;

energy levels have the added correction here of

 

6’ = Eav .tW82/4)+112[J'(J'+1)-K'(K'e1)] (8.30)

where S is very small.

At this point we interject a word of caution concerning

the analysis of subband origins.

For the purpose of comparison, the -9 to +9 subband

origins were obtained graphically from expanded graphs of

effective Q branch lines vs.J'(J'+1) (cf. Fig.8.27, for

example). The subband origins were also obtained by a

computer analysis of the individual subband lines using

the equation (for a fixed K and AK):

{AK(AJ)K(J)}obs-Bo[(J+AJ)(J+1+AJ)-J(J+1)]+

DJ[(J+AJ)2(J+1+AJ)2-J2(J+1)2]+

°

(8.31)

DgK[(K+AK)2(J+AJ)(J+1+AJ)-K2J(J+1X]:

vsub(K)-[a 2+0, E-IliMMKMK] (J+AJ)(J+1+AJ),
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J JK iswhere the dependence of the lines on B0, Do , and Do

subtracted off using microwave values of B0,.DoJ and DOJK

(58). In both cases the obviously perturbed high J lines

were ignored (graphical method) or not fit (computer method).

The subband origins (Vsub) obtained in the two methods

agreed to 0.01cm'1.

These subband origins were further analyzed graphically

and those which were thought to be perturbed (+5,+1,-3,-4,

-5,-6,-7,-8,-9) were not included in the subsequent least

squares analysis. The results of a least squares analysis

of the subband origins to the equation

Vsub = a + bKAK + cK2 4 dK3Ak (8.32)

are given in Table 8.12 where the coefficients a,b,c,d

(assuming that the subband origins included in the

analysis are unperturbed) are interpreted in that

order ‘in the table. Table 8.13 lists the results of the

analysis for each subband origin. Those points enclosed

‘in parenthesis were not included in the analysis since they

were thought to be perturbed. We notice particularly that

from -4 to -9 there appears to be a K dependent perturbation

of the subbands. In this respect, remember that the sub-

band origins used here are actually gppggent subband origins

obtained from an analysis based on Eq.(8.31). However

Figs. 8.4-8.9 indicate that the low J lines (J’a‘! K) in the

.4 to -9 subbands do indeed appear near their calculated

values. The apparent discrepancy is due to the use of
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Table 8.12 Subband origin analysis

V

O

2(A0 -Aeg -B°

Std. dev.

- - - A

2AeC +Ao Bo a +a
B K K

+Q4 “Do

’QA + 0B) +3'1E

1‘- K
4&1“ +3414 -63K

0

K K
.4130 +Y(_4

of observations

results (cm'I).

4060.99 i

7.5954 t

-0.0110 i

-0.0089 i

0.0062

0.015

0.0067

0.0029

0.0027
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Table 8.13 Subband analysis results (cm'1).

Vsub(obs) vsub(calc) (obs-calc)

4127.80 .80 0.00

4113.31 .31 +0.00

4105.98 .97 +0.01

(4098.11) .58 {-0.471
4091.14 .14 0.00

4083. 65 .66 “0.01

4076.14 .13 +0.01

(4068.57) .58 (-o.01)

4053.39 .39 0.00

4045.76 .76 0.00

(4022.69) .85 (-0.16)

(not defined) 4015.22

(3999.48) .98 (-o.50)

(3991.64) 2.40 (-0.76)

 ..
"
a
.
.
.

~
,

4
"
!
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extrapolated subband origins in the -4 to -9 subbands.

However, there is no other way of obtaining the subband

origins "accurately" on the basis of an analysis of lines

only from a particular subband. Thus, there is the additiion-

 

a1 effect of a perturbation of the type W V3(J+1)-K(Kt1)

which leads one to false subband'origins, by changing the

coefficient of the J'(J'+1) term in the upper state energy

expression.

Perturbation Affecting

the +5 Subband

The final major perturbation affects the +5 subband

as indicated in Fig. 8.18. Its principal effect is a shift

of the subband lines to lower wave numbers by about 0.55cm"1

at the subband origin, plus a small change in the coefficient

of J'(J'+1) in the upper state energy expression. The

first effect is probably due to a perturbation of type I or

III, i.e., a coupling of the form W or WK while the second

is probably due to a coupling of type II, i.e.,

x: Wan) «(new

 

Qaaalssiaa

we have obtained, under high resolution (€50.04cm'1),

a perpendicular band which has, in addition to the usual

RR, RP, PR, and PP “fine structure", numerous resolved

RQK(J) and PQK(J) transitions. In fact, this is the first

example of such‘highly resolved structure in the molecules

of the methyl halide_family_of which we are aware. We have
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simultaneously analyzed 207 ground state combination

differences according to the method of Chapter 4 and 156

"unperturbed” transitions according to the method described

in Chapter 5 to find the molecular parameters for this

rotation-vibration band.

In addition, we have observed several perturbations in

this band. he have identified one as a Coriolis resonance

which lifts the degeneracy of the K'=ué=ri1 levels. Our ob-

servations are somewhat unique since we have here resolved

the individual RQO(J) as well as the RRO(J) and RPO(J) transi-

tions making possible a full analysis of this perturbation.

Another interesting perturbation is the accidental resonance

which shows up as a crossing of the K': 12, 1 = t1 and

K‘: :2, 2 ==F1 unperturbed energy levels of v3+v4 with those

of another band. Due to our observation of the Q(J) lines

involved in these resonances as well as the R(J) and P(J)

lines, we have well substantiated data on these resonances.

Using the method of Chapter 6 we have searched for a complete

quantitative solution to the perturbation. However, we

have not been able to assign the perturbing levels to a

single rotation-vibration band and have reason to believe

that the actual perturbation may involve the levels of two

or more rotation-vibration bands. We have not been able

to.investigate this possibility due to the non-availability

of.anharmonic constants for CHBF. We have however obtained

some quantitative results because of the manner in which we
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have treated the data from our observations of these perturb-

ed transitions.

Several other perturbations were also observed and some

information obtained from our observations.

We have treated this band according to the methods

outlined in the first six chapters of this work and have

carried the analysis as far as we believe it may be readily

taken at the present time.

The analysis of unperturbed spectra itself is a complex

 

problem when treated properly as described in Chapters 3,4

and 5,due in part to the huge volume of data one observes

and the small effects which must be taken into account

.5

(conservatively, as small as 0.050m"1 or'2=6.2x10 electron-

volts). When one steps into the realm of perturbed spectra

the problem is several times more complex, a point which is

borne out by the large number of perturbed spectra which

have been observed and the very few which have been complete-

ly solved.

Note added in 2:99; - We have been able to recalibrate

v3 +v4 against 17 Neon lines using the 300 li/mm grating.

The results of this calibration indicate that the frequencies

should be corrected according to the formula:

”new = +0498? + 0.9999193 Vold' For the ground state con-

stants, this leaves DoJ and DoJK unchanged and gives the

-va1ue 0.851872cm'“1 for Bo which differs from the microwave

results by 0.000078cm"1 which lies within our simultaneous

confidence interval of eo.ooooe7cm".
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CHAPTER 9

SIMULTANEOUS ANALYSIS OF COMBINATION DIFFERENCES

APPLIED TO v1+v2 OF CHD3 AND v2+v3 OF CH3D

The high resolution spectra of two parallel bands,

v1+v2 of CEID:6 and v2+v3 of CHBD, were obtained as described

in Chapter 7. Upon investigation both were found to be

perturbed and we shall discuss this briefly in this chapter.

However, the principal reason for this chapter is to illus-

trate the application of the results of Chapter 4 to two

molecules whose pure rotation spectra have not been observed

by microwave stpectroscopists because of the extremely small

permanent dipole moments which these molecules possess. As

a result of our work we have found good values for Bo, DoJ

and DoJK for both molecules, even though the upper levels

are perturbed.

v14~2 of CHE1

 

The observed spectrum of CHD:5 which we have assigned

to v1+v2 is shown in Fig. 9.1, with assignment of the

principal transitions indicated. The QQK(J) transitions,

:hn particular, are well resolved on the high resolution

‘womhdng records. Appendix XI lists the observed transitions

:for v1+v2. We observed, upon attempting to analyze the

spectrum, that it is perturbed and have not definitely found

spay large subset of apparently unperturbed lines (as was the

«ease for v3+v4 of CHBF in Chapter 8). The first striking

suspect of'the perturbation, apart from an apparent J

221
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dependent perturbation, is that the J':K' levels in the

upper state appear to be displaced from their expected

position (on the basis of other levels of the same J) by a

nearly constant amount (68 0.2Ocm"’1 higher than expected).

If one assumes that the K'zJ' transitions are perturbed,

while the others are not as strongly perturbed, then

v04: 5135.04cm" whereas if one assumes the K'aJ' are

unperturbed, then ”a” 5134.84cm'1. In addition, an

apparent J dependent perturbation shows up when one attempts

to analyze a single K subband. We have not been able to

find an explanation for the perturbation at this time.

Ground State Combination

Differences of v1+v2

The ground state combination differences of v +v
1 2

were, however, analyzed simultaneously following the method

described in Chapter 4. The perturbation affects only the

upper state of v1+v2 and therefore the ground state combina-

tion differences give good values for Bo' DOJ, and DOJK.

Table 9.1 lists the results of this simultaneous analysis

with the simultaneous confidence intervals 48 for each

constant (cf.Chapter 5) from an analysis of 54 ground state

 

48The more meaningful simultaneous confidence intervals

used throughout differ by the factor S =[pFa(p, n -p)J'/’“£nm +5.“

usually quoted (e.g.reference 107). In this work S ranged

from 2.5 to 3.5. An o of 0.05 was used throughout this work.
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Table 9.1 Ground state constants of CED3

Bo : 3.27944 i 0.00062cm"1

 DOJK=.-4.8 x 10’5 t 1.4 x 10'5em-1

'DOJ = 5.22 x 10"5 e 0.61 x 10'5cm"

s = 0.010cm"1 std. dev.
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combination differences. The comparison of observed and

calculated combination differences is given in Appendix XII.

Table 9.2 compares the results of this study with results

of analyses of several other infrared bands (2,3,104,105).

We believe our values to be the best presently available

for this molecule.

 
v2+v3 of CH D

3

The observed spectrum of v2+v3 of CHBD is shown in

Fig. 9.2. The structure of the band is similar to that of

 

v1+v2 of CHD3 due in part to the similarity of B0 between

the two bands and particularly due to the large a5 and dB

in both bands.

We find that v2+v3 is also perturbed,particu1arly for

J > 10 or 12 and K >’6 or 7. Part Of the perturbation shows

up as a divergence to high wave numbers with large K and J.A9

Ground State Combination

Differences of V2+v3 of CHBD

As with v1+v2 of CHD3 we have simultaneously analyzed

all observed ground state combination differences of v2+v3

of CHBD following the method presented in Chapter 4. The

 

49W.B. Olson (6) of the National Bureau of Standards

(105) has communicated the information that v2+v3 also

shows a perturbation in the K":0 and 1 series of lines. He

adds that the probable perturbing levels belong to 3v6, a

band which is too weak to be observed.
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Table 9.2 Comparison of available results for CHD3

ground state constant3°(cm")

 

 

      

Bo DoJK DoJ v0

v1+v2(a) 3.2794 -z+.8x1o"5 5.2x1o'5 513:;84 *

5135.04b

2v (C) -3.2777 -4 x10'5 3.9x10'5 5865.02

3v'1d) 3.2784 5 x10"5 8623.31

4v‘1d) 3.2787 -3.5x10'5 4.6x10'5 11266.94

v.18) 3.2792 4.6x10'5 2992.3

2v51f) 3.278 . 11 x10“5 2592.6

a This Study.

b of. text ‘

c From an analysis of transitions (2).

d
From an analysis

From an analysis

f From an analysis

of combination

of combination

of combination

differences (104),

differences (3).

differences (1C5).
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The results of our analysis of 108 ground state combination

differences for v2+v3 are given with their simultaneous

Theconfidence intervals (cf.Chapter 5) in Table 9.3.

comparison of observed and calculated combination differences

is given in Appendix XIII. Table 9.4 compares our results

with two other studies of CHBD, one infrared absorption

study (105) and one Raman study (107).

Analysis of Upper State Combination

Differences and Unperturbed

Transitions of vew3

For those upper state levels which are not measureably

perturbed, we have simultaneously analyzed 83 upper state

The methodcombination differences involving these levels.

of analysis is described in Chapter 4. The results are

listed, with their simultaneous confidence intervals

The comparison of the observ-(of. Chapter 5). in Table 9.3.

ed and calculated upper state combination differences are

listed in Appendix XIV.

JK J
Using the values of B0, DOJ, and DC

from Table 9.3) 99 "unperturbed" transitions of vew3 were

malyzed using the expression:

AKAJK (J)}obs-Bo [(J-1-AJ) (J+1+AJ)-J(J+1 )] +

a 3+ Q§)(J+AJ)(J+1+AJ) + Di [(J+AJ)2(J+1+AJ)2-J2(J+,)2]
+‘

'KIKQUMJ><J+1+AJ)-K2J(J+1)] 2(fig+lgg)(dma)2w+1+m)9 ..

PgK+flgK)K2(J+AJ)(J+1+AJ) = V. - (1112 +d§)K"

. m... ”1.111,,reflv_Do Dv

 





Table 9.3 Molecular constants for CHBD (in cm'1 ).

From Ground State Combination Differencesa

Bo 3.88107 i 0.00031

3gK 1.192 x 10"4 a 0.070 x 10"4

0g 5.28 x 10"5 r 0.18 x 10’5

From Upper State Combination Differencesb

Bv 3.74260 : 0.00035

DgK 2.51 x 10-4 a 0.16 x 10"4

D3 ’1.52. x 10"5 i 0.21 x 10-50'

From Analysis of Transition Frequenciesc

v 3499.6291 x 0.0026
0

aA-QB 0.151718 e 0.00020

a Std. dev. = 0.012 cm'1 for 108 points included in the analysis.

3

Std.

’ Std.

dev. = 0.012 cm"1 for 83 points included in the analysis.

dev. = 0.007 cm"1 for 99 points included in the analysis.

 

 



 
Table 9.4 Comparison of ground state constants for

C111 D (in cm'1),

 

 

 

   

3 ..

v2 + V3131) v2(b) v4“)

v0 3499.63 2200.03 3016.59

Bo 3.88107 3.8800 3.877

DOJK 1.192 x 10'4 1.2 x 10"4 3 x 10‘5

DOJ 5.28 x 10"5 5 x 10'5 4.7 x 10"SJ  
 

 

a This study, from 108 ground state combination differences.

b From an analysis of ground state combination differences (105).

c From an analysis of transitions (107),
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The results are given with their simultaneous confi-

dence intervals (of. Chapter 5) in Table 9.3. The comparison

of the observed and calculated frequencies of the lines

included in the analysis make up the first part of Appendix

The second part of Appendix XV is a comparison of theXV.

calculated and observed frequencies of all other lines we

have assigned but which were not included in the least

squares analysis.

The effect of the perturbation may be seen by scanning

the observed minus calculated column of Appendix XV.

Conclnsion

Using the method of Chapter 4 we have obtained statis-

tically favorable values of 30’ DoJ and DOJK. This is

especially valuable for molecules whose pure rotation spectra

has not been observed in the microwave region. This was

the case for the two molecules discussed in this chapter.

In addition, from our results for CHBD, it appears -

although not surprisingly - that if possible one should use

combination differences to obtain the molecular constants

which can be found from combination differences.

 

 

 



CHAPTER 10

CONCLUSION

In this work we have gathered together many facets of

the theory of molecular spectras particularly as applicable

to molecules belonging to the point group C3v’

in have also set down a number of important considera-

tions and practical methods, usable in the analysis of spectra,

which have evolved over the four year period this work was

in pr0gress, particularly, the simultaneous representation

of all possible transitions50 (Chapter 3). the simultaneous

analysis of all observable ground state combination

differences (Chapter 4); and a reasonable approach to the

analysis of the large quantities of data involved in mole-

cular spectra51 (Chapter 5).

he have also attempted to gather together many of the

salient features of the remarkable work of Dr. G. Amat of

the University of Paris on the semi-quantitative study of

perturbations in molecular spectra (Chapter 6). Using all

of the foregoing we have analyzed the perturbed band, 123+”;

of CHBF, (Chapter 8) where we have. found several perturba-

tions and have come to a somewhat better understanding 0-

_¥

50This result evolved from a rather extensive study of

data analysis schemes applied to molecular spectra carried

A similar result,3111: in collaboration with J.i‘.’. Boyd.

11though not carried as far was, obtained independently by

Brodersen and Richardson (61).

51These results are in part taken from a thesis by Boyd

50) and in part the result of the data analysis studies

arried out with J.i.*'. Boyd.
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several of these perturbations. However, the problem

involving this single band is not completely solved although

we feel that we have carried the problem about as far as it

can readily be taken at present. We have found a good

example of a Coriolis resonance which lifts the degeneracy

of K': 12, t = 11 levels. We.have, in this case, resolved

all of the K"=0 transitions involved in the resonance, i.e.,

RPOW). RQO(J). RROM). and have obtained a value for the

Coriolis constant q from a simultaneous analysis of all

observed K"=0 transitions. Additionally, we have observed

several accidentally strong resonances,and for at least

two cases have well substantiated data on the effect of

these resonances on the observed spectrum. These accidental

resonances provide a fine example of applied quantum

mechanical perturbation theory.

In Chapter 9 we have applied the method of Chapter 4

to two parallel bands (CHBD and CHDB) in order to demonstrate

the principle and to obtain good values of 30' DoJ and DoJK

for two molecules whose microwave spectra has not been

observed. The upper states of both parallel bands are

perturbed and we have not yet reached an understanding of

those perturbations.

 

 



1.

2.

3.

9.

10.

11.

12.

LIST 031‘ REFERENCES

T.H. Edwards, Symposium on Molecular Structure and

Spectroscopy, Columbus, Ohio, Invited paper, published

by title only (1962).

Ter Wiggins, EeRe Sh‘lll JeMe Bennett and DeHe Rank,

J. Chem. Phys. g1, 1940 (1953).

D.G. Rea and H.H. Thompson, Trans. Faraday Soc. 5;, 1304

(1956).

I-T.G. Brown and T.H. Edwards, J. Chem. Phys. 31,

(1962).

.G. Brown and T.H. Edwards, J. Chem. Phys. 31,

1962).

I(i.G.81)3rown and T.H. Edwards, J. Chem. Phys. 28,

195 .

G.Amat, Symposium on Molecular Structure and Spectroscopy,

Columbus, Ohio, Invited paper, published by title only

(1962).

J.S. Caring, H.H. Nielsen and K.N. Rao, J. Mol. Spectro-

scopy 1, 495 (1959)-

K.N. Rao, 11.111. Brim, J.M. Hoffman, L.H. Jones, and R.S.

McDowell, J. Mol. Spectroscopy I, 362 (1961).

, H.H. Nielsen and K.N. Rao, J. Chem. Phys.

1029

R 1035

(

384

J.M. Hoffman

1597 (1960).

J.M. Hoffman, H.H. Nielsen and K.N. Rao, Elektrochem.

_6_4_, 606 (1960).

G. Herzberg Molecular Spectra d Moleculg Stmcture II

' foly ’Infrared and Raman Spectra of atomic Molecules (Van

Nostrand, New York, 1951).

M. Goldsmith, G. Amat and H.H. Nielsen, J. Chem. Phay.

23;, 1178 (1956). .

G.. Amat, M. Goldsmith, and H.H. Nielsen, J. Chem Phys.

21. 838 (1957).

G. Amat and H.H..Nielsen, J. Chem. Phys. 22, 665 (1958).

G. Anat and H.H. Nielsen, J. Chem. Phys. 22. 339 (1961).

Mat and H.H. Nielsen, J. Chem. Phys. 36, 1859 (1962).1"

VT .

24c

 

 

 

   



241

19. M.L. Grenier-Besson, G. Anat and H.H. Nielsen, J. Chem.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Phys. 15, 3454 (1962).

H.H.Nielsen, Revs, Modern Phys. 23, 90 (1951).

8. Mass and c. Amat, Cahiers Phys. 1;, 277 (1957).

E.D. Wilson and J.B. Howard, J. Chem. Phys. 4, 262 (1936).

B.T. Darling and D.M. Dennison, Phys. Rev. 51, 128 (1940).

H.H. Nielsen, The Vibration-rotation Energies of Molecules

and their S ectra in the Infra-red, H dbuck a; man,

in, 1959).Vol XXXVII 1 (Springer-Verlag, Berl

0, 532 (1942).

O, 538 (1942).

L.H. Thomas, J. Chem. Phys.

L.H. Thomas, J. Chem. Phys.

R.C. Herman and H.H. Shaffer, J. Chem. Phys. 16, 453.

(1948).

M.L. Grenier-Besson, J. phys. radium 21, 555 (1960).

S. Macs, .Thesis, University of Paris, 1959.

S. Macs, J. Mol. Spectroscopy 2, 204 (1962).

G. Amat and L. Henry, J. phys. radium 2 , 728 (1960).

K.T. Chung, Thesis, Michigan State University,(1963).

17.8. Benedict, E.K. phyler and E.D. Tidwell, J. Chem.

PhyBe 2.2, 829 (1958).

J. Bamadier and G. Amat, J. phys. radium 12, 915 (1958).

G. Amat, Private communication.

D.M. Dennison and K.T. Hecht, 9232M Thfozy: 12], III

Aggregates of Particles, Ed. D.R.Bates, Academic Press,

New York, 1962),. p.247.

C.H. Townes and A.L. Schawlow, Micggngg Spectggscopy

(McGraw-Hill, New York, 1955).

C.H. Gunther-Mohr, C.H. Townes, and J.H. Van Vleck,

Phys. Rev. 2%.! 819‘ (1954)e

G.F. Hadley, J. Chem. Phys. 25, 1482 (1957).

H.H. Nielsen and D.I-i. Dennison, Phys. Rev. I_2_, 1011 (1947).

   

 



242

41. J.T. Hougen, J.Chem. Phys. 31, 1433 (1962).

42. B.P. Wigner, Grogp Theo , tr. by A.J. Griffin. (Academ-

ic Press, New York, . 1959 .

43. v. Heine, ngup Theogy in Quantum Mechanics. (Pereaman
Press, London, 19 O .

t on g; Grou Thgory i344. G. Ya Lyubarskii, Th;

ress, Oxford, 1960).Physics, tr. by S. Dedijer Pergaman

45. L.D. Landau and E.M. Lifshitz, Quantum Mechaniqs, tr.

by J.B. Sykes and J.S. Bell (Pergaman Press, London,

1958).

E.D. Wilson, Jr., J.C. Decius, and P.C. Cross, Holeglgg

Vibrationg (McGraw-Hill, New York, 1955).

47. S.L. Altman, thum Theo : Vol II.

P ticles, Ed. D.E. Bates Academi'é' Press, New York, 1962),

p.87.

 

46.

 

O

48. G. Amat, Private communication.

G. Amat, Compt. rend. acad. sci. 250, 1439 (1960).

J.H. Boyd, Thesis, Michigan State University (1963).

Me Olman, C.De Hause, and Slater DeMe MCNBIIS , Private

0 ommunication.

WeCe King and We Gordy, PhySe Rev. 22’ 407 (1954)e

C.H. Gilliam, HoD. Edwards, and we Gordy, Phys. RGVe 15,

1014 (1949).

J.H. Simmons and J.H. Goldstein, J. Chem. Phys. 29,

122 (1952).

55. S.L. Miller, L.C. Aamodt, G. Dousmanis, C.H. Townes an

J}11Cna1tchman, Jo Chemo Physe g9. 112 (1952). '-

J.M. Mays and B.P. Bailey, J. Chem. Phys. 29, 1695 (1952).

49.

50.

51.

52.

53.

54.

56.

57. J. Kraitchman and B.P. Bailey. J . chemo Physe 22- 1477

(1954).

38. W.J.O. Thomas, J.T. Cox, and W. Gordy, J. Chem. Phys.

£53: 11PL8 (1954). 7

J .W. Simmons, private communication, (1962).



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

243

J.H. Boyd and T.H. Edwards, Symposium on Molecular

Structure and Spectroscopy, Columbus, Ohio, (Contributed

paper) (1960).

S. Brodersen and E

Q. 265 (1961).

H. Scheffe, TheW 9; Variance (Wiley, New York,

1959 .

he tic Methods 0 Statistics (PrincetonH. Cramer, M

University Press, Pr ceton, 194 .

St d d Mathematical T bles, ed. by C.D. Hodgman

(Change s ng Co., Cleveland, Ohio, 1957),

,H. Richardson, J. Mol. Spectroscopy

a1 Rubber Publi

11th Edition.

J.W. Boyd and W.E. Blass, unpublished program descrip-

tion (1962).

F.B. Hildebrand, Introduction ;t_9_ Numerical M5

(McGraw Hill, New York, 195 .

H.H. Nielsen, Discussions Faraday Soc. 9, 85 (1950).

H.H. Nielsen, Phys. Rev. §§_, 181 (‘945)o

H.H. Nielsen, J. Chem. Phys. _2_]_, 142 (1953).

117.3. BenediCt, EoKo Plyler and E.D. Tidwell, Jo ResearCh

Natl. Bus. Standards £19 123 (1958).

111.8. Benedict, E.K. Plyler and E.D. Tidwell, J. Chem.

Phys. 2, 32 (19600

1-:.S. Benedict, Symposium on Molecular Structure and

Spectra, Columbus, Ohio, Invited paper, (1960).

M.L. Grenier-Besson and G. Amat, J. Mol. Spectroscopy

§_, 22 (1962).

H.H. Andrade E. Silva and G. Ana’s, J. Mol. Spectroscopy

. Alana-t and H.H. Nielsen, J. Mol. Spectroscopy g, 152

195 .

(Z? Amat and H.H. Nielsen, J. Mol. Spectroscopy 2, 163

1958).

H. Nielsen, G.

1060 (1957).

Amat, and M. Goldsmith, J. Chem. Phys.

 



244

78. H.H. Nielsen, Phys. Rev. 11, 130 (1950).

79. J.S. Garing and H.H. Nielsen, Proc. Natl. Acad. Sci. 11.3,

51.4. 467 (1958).

80. H.H. Nielsen, J. phys. radium, g_1_, 85 (1960).

81.

82. G. Amat, Cahiers Phys. 1

J. deHeer and H.H. Nielsen, J. Chem. Phys. 22, 101 (1952).

J. deHeer, J. Chem. Phys. 2Q, 637 (1952).

 83.

84. H.H. Nielsen and H.H. Shaffer, J. Chem. Phys. 11, 140

(1943).

H.H.Shaffer, Revs. Mod. Phys. J__6_. 245 (1945).

 

85.

86. G. Amat, Sur le Calcul de l'Ener is d Vibr tion-

Eotation des Molecul s, Unpublished lecture notes,

University of Paris.

87. G. Tarrago and G. Amat, private communication.

88.

89.

90.

91.

B.N. Dixon, J. Chem Phys. 11, 258 (1959).

H.H. Noble, J. Opt. Soc. Am. 31, 330 (1953).

R.G. Brown, Thesis (Michigan State University, 1957).

TOH. Edwards and. ROG. Brown, J. Opt. 8000 Am. (abstraCt)

$8.. 871 (1958).

92. J01}. )fl’iite, Jo Opt. SOC. Am. 2, 285 (1942).

93.

94.

ToHo EdwardS, Jo Opt. SOC. Am. it, 98 (196‘).

11.153. Douglas and D. Sharma, J. Chem. Phys.g_]_, 448 (1953).

95. 13.3. Rank, G. Skorinko, D.P. Eastman and TEA. Wiggins,

J. Mol. Spectroscopy 4, 518 (1960).

96. D.H. Rank, D.P . Eastman, B.S. Rao and T.A. Wiggins,

J. Opt. Soc. Am. 51, 929 (1961).

970 DOHO Rank, WoBo Birtley, D.P. Easman’ BoJo R80, and

Tvo Wiggins, Jo Opt. SOC. A111. 59—, 1275 (1960)

98. erican Institute of P sics Handbook, D.E. Gray,

editor (MoGraw-Hill, New York, 1957).

2, 888 (1928).Bennett and C.F. Meyer, Phys. Rev."1" 0 PI 0\
5

o



245

100. LJL Yates and H.H. Nielsen, Phys. Rev. ll, 349 (1947).

1C”. J. Pickworth and H.N. Thompson Proc. Roy. Soc. (London)

£222. 443 (1954).

102. N.L. Smith and I.M. hills, to be published, J. Mol.

Spectroscopy.

103. F.A. Andersen B.Bak and S. Brodersen, J. Chem. Phys.

21;, 989 (1956).

104. L. Bovey, J. Chem. Phys. 21, 830 (1953).

105. H.C. Allen Jr. and E.K. Plyler, J. Res. National Bureau

of Standards 625, 145 (1959)

106. W.B. Olson, private communication.

107. E.H. Richardson, S. Brodersen, L. Krause, and H.L. Welsh,

J. Mol. Spectroscopy 8, 406 (1962).

 



APPENDIX 1

SYMMENWTSPECIES OF ROTATION-VIBRATION LEVELS OF MOLECULES

BELONGING TO THE POINT GEQEI (33¢.

In the systematic analysis of molecular spectra, it is

helpful to know the symmetry species of the rotation-vibration

levels of‘the absorption bands under study.

A simple, though not fundamental method of determining

the symmetry species of the rotation-vibration levels of

axially symmetric molecules belonging to the point group 03v

is presented in this appendix.

The point group 03v has symmetry species A1,A2 and E1;

the latter is a two dimensional representation and for the

axially symmetric molecule corresponds to an essential de-

generacy of the levels which are of symmetry E1(12). This

degeneracy may only be lifted by a perturbation of lower

symmetry than that of the Hamiltonian of the molecule. Levels

of species A1 and A2 also occur in degenerate pairs; however

the degeneracy of'species A.levels is not essential, i.e.,

the degeneracy may be lifted by a perturbation of symmetry

equal to that of the Hamiltonian, i.e., a term contained in

the Hamiltonian of the molecule may lift such a degeneracy(12).

Since A, and A2 levels occur in degenerate pairs, we

shall only speak of levels of symmetry A and we shall drop

the subscript on the E.

Amat has found a convenient rule (49) that allows one to

determine which matrix elements of the transformed Hamiltonian
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h' or h” are not necessarily zero due to symmetry considera-

tions. Specialized to the case of the C3v axially symmetric

molecule the rule may be written

AK-ztblt = 3p

where p is an interger 0, t1, i2,...and where the matrix

(111.1)

elements may be written as

.5.

(oongoool‘toooIhmloooK+AK,ooo‘t+A‘tooo) (A102)

Since only levels of species A may be split, i.e., may

have their degeneracy lifted, consider a generic segment of

 

 
the Hamiltonian matrix for a given vibrational state as

shown below.

 

 

  

-21 +21

-K t +K t

-K

+21t P(h+) Q(h+)

+K  
 

In the matrix, the Q(h"') elements are the diagonal

elements of h‘” corresponding, in the absence of off diagonal

elements, to the energy of the level with K = K and Ettzzzt.

The two diagonal elements shown form a degenerate pair

either of species B or A. If the level is of species A it

may have its degeneracy lifted by a perturbing term indicated

by P(h"); if the level if of species E, the element P(h")

will necessarily be identically zero due to the symmetry

of the Hamiltonian.

Therefore, if P(ht) is identically zero the level

K, but is of species E, whereas if P(h+) is not necessarin

zero due to symmetry the level is of species A.

 



1
0

L
»

(
0

Applying Amat's rule to the matrix element

(coo-Kooo-zttooolP(h+)'eco+Kooo+zztooo) (A103)

it is apparent that in this instance AK = 2K and Elt:221t.

Therefore if P(h+) is not necessarily zero then

2K-2 ELt =3p =0, i3,i6,i9,i12,...

 or, after dividing by 2 and recalling that K and Lt must

necessarily be intergers,

K-2‘t :31} =O,i3’i6, o o o

where n may take on the values 0,i1,i2,t3,....

 

Quite generally for a 03v molecule the A species level

are those which satisfy the relation

K-ut =3p; p =0,11,i2,... (AI.4)

Consequently the E species levels are those which satisfy

the relation

K-ut =3pi1 (AI.5)

This approach may also be used for molecules belonging

to other point groups and in fact the results obtained here

depend only upon the fact that the top axis is a three fold

axis.

 



APPENDIX II

LIST OF CALCULATED GROUND STATE COMBINATION

DIFFERENCES FOR CHBF

The following pages contain ground state combination

differences (in cm'1) computed on the Michigan State Univer-

sity Digital Computer, MISTIC. The values of the constants

used are (in cm"):

B = 0.851793

DJK = 1.48 I 10-5

DJ = 1.98 x 10'5

These constants are taken from the results of the pure

rotation spectra observed in the microwave region (58).

In order to use the tables one should note that the

designation of the combination differences in this appendix

is that used in Chapter 4. Note also that

QPK,J = RQK,J+1,
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7921

7922

7923

7924

7925

7926

7927

7928

7929

7930

7931

7932

7933

7934

7935

7936

7390510

7694331

7998131

8391909

8695663

8999394

9393099

9696778

13090430

10394054

13697650

11091216

11394750

11698254

12091724

12395161

12698564

13091931

13395261

13698554

2595251

2899264

3293268

3597263

3991248

4295222

4599184

4993134

5297070

5690991

5994897

6298786

6692658

6996511

7390344

7694158

7997950

8391720

8695466

8999189

9392887

9696558

13090203

19393819

13697407

11090965

11394492

11697987

12091450

12394880

 

 



ASSIGN-

MENT

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

7937

7938

7939

7940

89 8

89 9

8910

8911

8912

8913

8914

8915

8916

8917

8918

8919

8920

8921

8922

8923

8924

8925

8926

8927

8928

8929

8930

8931

8932

8933

8934

8935

8936

8937

8938

8939

8940

99 9

9910

9911

9912

9913

9914

9915

9916

9917

9918

9919

9920

9921

CALCULATED

GSCD

12698274

13091634

13394956

13698242

2899188

3293183

3597169

3991145

4295111

4599064

4993005

5296932

5690844

5994741

6298621

6692484

6996328

7390153

7693957

7997741

8391502

8695239

8998953

9392642

9696304

9999940

10393548

10697126

11090675

11394194

11697680

12091134

12394555

12697940

13091291

13394605

13697881

3293087

3597063

3991029

4294985

4598928

4992859

5296776

5690678

5994564

6298435

6692287

6996121

7299936
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ASSIGR- CALCULATED

MENT GSCD

RP 9922 7693730

RP 9923 7997504

RP 9924 8391254

RP 9925 8694982

RP 9926 8998686

RP 9927 9392364

RP 9928 9696917

RP 9929 9999642

RP 9930 10393240

RP 9931 13696809

RP 9932 11090347

RP 9933 11393856

RP 9934 11697332

RP 9935 12090776

RP 9936 12394186

RP 9937 12697562

RP 9938 13090902

RP 9939 13394206

RP 9940 13697473
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APPENDIX III

LIST OF CALCULATED GROUND STATE COMBINATION

DIFFERENCES FOR CHD}

The following pages contain calculated ground state

combination differences (in cm") computed on the Michigan

State University Digital Computer, MISTIC. The values of

the constants used are (in cm“):

B0 = 3927944

pi = 5.22 x 10'5

These constants were obtained from an analysis of v1+v2 of

CHD3 discussed in Chapter 9.

In order to use the tables one should note that the

designation of the combination.dif£erences in this

appendix is that used in Chapter 4. Note also that

QRK,J = RQK,J+1.

265

 



g
i
l
-

.
.
.
9
.
J
fl
l
f
L
9
w
t
l
l
r
I
.
m
g
c
k

u
.
9
9
.
u
‘

 

 



ASSIGN-

MENT

R0 09

R0 09

R0 09

R0 09

R0 09

R0 09

R0 09

R0 09

R0 09

R0 0910

R0 0911

R0 0912

R0 0913

R0 0914

R0 0915

R0 0916

RQ 0917

R0 0918

R0 0919

R0 0920

R0 0921

R0 0922

R0 0923

R0 0924

R0 0925

R0 0926

R0 0927

R0 0928

R0 0929

R0 0930

R0 0931

R0 0932

R0 0933

R0 0934

R0 0935

R0 0936

R0 0937

R0 0938

R0 0939

R0 0940

R0 19 2

R0 19 3

R0 19 4

R0 19 5

R0 19 6

7

8

9

\
O
fi
D
-
x
l
O
‘
U
‘
I
m
e
H

R0 19

R0 19

R0 19

R0 1910

R0 1911
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CALCULATED

GSCD

695587

1391161

1996710

2692222

3297683

3993082

4598406

5293642

5898777

6593801

7198699

7893459

8498069

9192516

9796788

10490871

11094755

11698426

12391871

12995078

13598035

14290729

14893147

15495278

16097107

16698624

17299815

17990668

18591171

19191310

19791073

20390449

23899423

21497984

22096120

22693817

23291063

23797846

24394154

24899972

1391163

1996713

2692225

3297688

3993088

4598412

5293649

5898786

6593810

7198709
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ASSIGN- CALCULATED

MENT 65C

R0 1912 7893470

R0 1913 8498081

R0 1914 9192529

R0 1915 9796802

R0 1916 13490887

R0 1917 11094771

R0 1918 11698443

RC 1919 12391889

R0 1920 12995098

R0 1921 13598055

R0 1922 14290750

R0 1923 14893170

R0 1924 15495301

R0 1925 16097132

R0 1926 16698649

R0 1927 17299841

R0 1928 17990695

R0 1929 18591199

R0 1930 19191339

R0 1931 19791103

R0 1932 20390480

R0 1933 20899455

R0 1934 21498017

R0 1935 22096154

R0 1936 22693852

RQ 1937 23291099

R0 1938 23797883

R0 1939 24394191

R0 1940 24990011

R0 29 3 1996722

R0 29 4 2692237

R0 29 5 3297702

R0 29 6 3993105

R0 29 7 4598433

R0 29 8 5293673

R0 29 9 5898812

R0 2910 6593839

R0 2911 7198741

R0 2912 7893505

R0 2913 8498119

R0 2914 9192570

RD 2915 9796846

R0 2916 10490933

R0 2917 11094821

R0 2918 11698495

R0 2919 12391945

R0 2920 12995156

R0 2921 13598116

R0 2922 14290814

R0 2923 14893236

 



ASSIGN-

HE N T

R0 2924

R0 2925

R0 2926

R0 2927

R0 2928

R0 2929

R0 2930

R0 2931

R0 2932

R0 2933

R0 2934

R0 2935

R0 2936

R0 2937

R0 2938

R0 2939

R0 2940

R0 39

R0 39

R0 39

R0 39

R0 39

R0 39

R0 3910

R0 3911

R0 3912

R0 3913

R0 3914

R0 3915

R0 3916

R0 3917

R0 3918

R0 3919

R0 3920

R0 3921

R0 3922

R0 3923

R0 3924

R0 3925

R0 3926

R0 3927

R0 3928

R0 3929

R0 3930

R0 3931

R0 3932

R0 3933

R0 3934

R0 3935

R0 3936

\
O
C
D
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O
‘
U
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CALCULATED

GSCD

15495371

16097204

16698725

17299920

17990777

18591283

19191426

19791193

23390573

23899551

21498116

22096255

22693957

23291207

23797994

24394305

24990127

2692256

3297727

3993134

4598467

5293711

5898856

6593888

7198794

7893563

8498182

9192638

9796918

13491011

11094903

11698583

12392037

12995253

13598218

14290921

14893348

15495487

16097325

16698851

17390351

17990912

18591423

19191571

19791344

23390728

20899711

21498281

22096425

22694131
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ASSIGR- CALCULATED

MENT GSCD

R0 3937 23291386

R0 3938 23798178

R0 3939 24394494

R0 3940 24990321

R0 49 5 3297761

R0 49 6 3993175

R0 49 7 4598514

R0 4’ 8 52.03766

R0 49 9 5898917

R0 4910 6593956

R0 4911 7198869

R0 4912 7893645

R0 4913 8498270

R0 4914 9192733

R0 4915 9797020

R0 4916 10491119

R0 4917 11095019

R0 4918 11698705

R0 4919 12392165

R0 4920 12995388

R0 4921 13598361

R0 4922 14291070

R0 4923 14893504

R0 4924 15495650

R0 4925 16097495

R0 4926 16699027

R0 4927 17390234

R0 4928 17991102

R0 4929 18591620

R0 4930 19191775

R0 4931 19791554

R0 4932 2039C945

R0 4933 20899935

R0 4934 21498511

R0 4935 22096662

R0 4936 22694375

R0 4937 23291637

R0 4938 23798435

R0 4939 24394758

R0 4940 24990592

R0 59 6 3993227

R0 59 7 4598575

R0 59 8 5293835

R0 59 9 5898995

R0 5910 6594043

R0 5911 7198965

R0 5912 7893749

R0 5913 8498384

R0 5914 9192855

R0 5915 9797151
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ASSIGM- CALCULATED

MENT GSCD

R0 5916 10491259

R0 5917 11095167

R0 5918 11698862

R0 5919 12392331

R0 5920 12995563

R0 5921 13598544

R0 5922 14291262

R0 5923 14893704

R0 5924 15495859

R0 5925 16097713

R0 5926 16699254

R0 5927 17390469

R0 5928 17991346

R0 5929 18591873

R0 5930 19192036

R0 5931 19791824

R0 5932 20391224

R0 5933 23990222

R0 5934 21498808

R0 5935 22096968

R0 5936 22694689

R0 5937 23291960

R0 5938 23798767

R0 5939 24395098

R0 5940 24990941

R0 69 7 4598650

R0 69 8 5293921

R0 69 9 5899091

R0 6910 6594149

R0 6911 7199082

R0 6912 7893877

R0 6913 8498522

R0 6914 9193004

R0 6915 9797311

R0 6916 10491429

R0 6917 11095348

R0 6918 11699053

R0 6919 12392534

R0 6920 12995776

R0 6921 13598768

R0 6922 14291496

R0 6923 14893950

R0 6924 15496115

R0 6925 16097979

R0 6926 16699531

R0 6927 17390757

R0 6928 17991645

R0 6929 18592182

R0 6930 19192356

R0 6931 19792155
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ASSIGN- CALCULATED

MENT GSCD

R0 6932 23391565

R0 5933 269.0574

R0 6934 21499170

R0 6935 22097341

R0 6936 22695073

R0 6937 23292354

R0 6938 23799172

R0 6939 24395514

R0 6940 24991367

R0 79 8 5294021

R0 79 9 5899205

R0 7910 6594275

\0 7911 7199221

R0 7912 7894028

R0 7913 8498686

R0 7914 9193180

R0 7915 9797500

R0 7916 10491631

R0 7917 11095562

R0 7918 11699280

R0 7919 12392773

R0 7920 12996028

R0 7921 13599032

R0 7922 14291773

R0 7923 14894239

R0 7924 15496417

R0 7925 16098294

R0 7926 16699858

R0 7927 17391097

R0 7928 17991998

R0 7929 18592547

R0 7930 19192734

R0 7931 19792545

R0 7932 20391968

R0 7933 20990990

R0 7934 21499598

R0 7935 22097781

R0 7936 22695526

R0 7937 23292820

R0 7938 23799650

R0 7939 24396005

R0 7940 24991871

R0 89 9 5899336

R0 8910 6594421

R0 8912 7894203

R0 8911 7199381

R0 8913 8498875

R0 8914 9193384

R0 8915 9797718

R0 8916 13491864
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ASSIGN- CALCULATED

mENT GSCD

RQ 8917 11995809

R0 8918 11699542

R0 8919 12393049

R0 8920 12996318

R0 8921 13599337

R0 8922 14292393

R0 8923 14894573

R0 8924 15496766

R0 8925 16398658

R0 8926 16790236

R0 8927 17391489

R0 8928 17992404

R0 8929 18592969

R0 8930 19193170

R0 8931 19792995

R0 8932 20392433

R0 8933 20991469

R0 8934 21590093

R0 8935 22098290

R0 8936 22696049

R0 8937 23293358

R0 8938 23890203

R0 8939 24396572

R0 8940 24992453

R0 9910 6594585

R0 9911 7199562

R0 9912 7894400

R0 9913 8499089

R0 9914 9193614

R0 9915 9797965

R0 9916 10492127

R0 9917 11096089

R0 9918 11699838

R0 9919 12393362

R0 9920 12996648

R0 9921 13599683

R0 9922 14292455

R0 9923 14894952

R0 9924 15497161

R0 9925 16099069

R0 9926 16790665

R0 9927 17391934

R0 9928 17992866

R0 9929 18593446

R0 9930 19193664

R0 9931 19793506

R0 9932 20392960

R0 9933 29992013

R0 9934 21590653

R0 9935 22098867

 



ASSIGN-

MENT

R0

R0

R0

R0

R0

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RD

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP '

RD

RP

RR 1

RP

RP

RP

RP

RP

RD

RP

RP

RP

9936

9937

9938

9939

9940

O9

O9

O9

O9

09

O9

\
O
C
D
N
I
O
‘
U
‘
b
U
J
N
I
v
-
‘
O
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CALCULATED

GSCD

22696642

23293967

23890829

24397214

24993111

695587

1996748

3297871

4598932

5899905

7290765

8591487

9892047

11192419

12492578

13792499

15092157

16391527

17690584

18899303

20197659

21495626

22793181

24090297

25296949

26593113

27798764

29093876

30298425

31592385

32795732

33998439

35290484

36491839

37692480

38892383

40091522

41199872

42397407

43594104

44699937

45894880

46998910

48192000

49294126

50395262

1996750

3297876

4598938

5899913
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ASSIGN- CALCULATED

MFNT GSCD

RD 19 5 7290776

RR 19 6 8591500

RD 19 7 9892062

RP 19 8 11192436

RR 19 9 12492597

RR 1910 13792520

99 1912 16391552

RR 1913 17690611

RR 1914 18899331

RR 1915 23197689

RR 1916 21495658

RR 1917 22793215

RR 1918 24090332

RP 1919 25296987

RP 1920 26593153

RP 1921 27798806

RR 1922 29093920

RP 1923 30298471

RR 1924 31592433

RR 1925 32795781

RP 1926 33998491

RR 1927 35290537

RP 1928 36491894

RR 1929 37692538

RP 1930 38892442

RP 1931 40091583

RP 1932 41199935

RP 1933 42397472

RD 1934 43594171

RP 1935 44790006

RR 1936 45894951

RP 1937 46998982

RR 1938 48192075

RD 1930 49294202

RP 1940 50395341

RR 29 2 3297890

RP 29 3 4598959

RR 29 4 5899939

RP 29 5 7290807

RR 29 6 8591538

RR 29 7 9892105

RP 29 8 11192485

RP 29 9 12492652

RP 7910 13792581

RP 2911 15092246

RR 2912 16391624

RR 2913 17690689

RR 2914 18899416

RP 2915 20197779

RR 2916 21495754
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ASSIGN- CALCULATED

mng GSCD

RP 2917 22793316

RD 2918 24090440

80 2919 25297109

RR 2920 26593272

RP 2921 27798931

89 2922 29094051

89 2923 30298607

RP 2924 31592575

RP 2925 32795929

RP 2926 33998645

RP 2927 35290697

RP 2928 36492060

RD 2929 37692709

RP 2930 38892619

RP 2931 40091766

RP 2932 41290124

RP 2933 42397667

RP 2934 43594372

RP 2935 44790212

RP 2936 45895163

RP 2937 46999200

RP 2938 48192298

RP 2939 49294432

89 2940 50395576

RP 39 3 4598993

RP 39 4 5899983

RP 39 5 7290861

RP 39 6 8591601

RP 39 7 9892178

RP 39 8 11192567

RP 39 9 12492744

RP 3910 13792682

RP 3911 15092358

RP 3912 16391745

RP 3913 17690820

RP 3914 18899556

RP 3915 20197929

RP 3916 21495914

RP 3917 22793486

RP 3918 24090619

RP 3919 25297289

RP 3920 26593471

RP 3921 27799139

RP 3922 29094269

RP 3923 30298835

RP 3924 31592812

RP 3925 32796176

RP 3926 33998902

RP 3927 35290963
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4910

4911

4912

4913

4914

4915

4916

4917

4918

4919

4920

4921

4922

4923

4924

4925

4926

4927

4928

4929

4930

4931

4932

4933

4934

4935

4936

4937

4938

4939

4940

[
‘
0

O
‘

CALCULATFD

GSCD

36492336

37692995

38892915

40092071

41290438

42397992

43594706

44790556

45895517

46999564

48192671

49294815

50395969

5990044

7290935

8591689

9892280

11192683

12492873

13792825

15092514

16391915

17691303

18899753

20198139

21496138

22793723

24090870

25297554

26593749

27799431

-9094574

33299154

31593145

32796522

33999261

35291336

36492722

37693395

38893329

40092498

41290879

42398446

43595174

44791037

45896012

47090072

48193194

49295350

50396518

 



ASSIGN-

MENT

RP 5

RP 5

RP 6

.903

PD 5

RP 5910

RP 5911

RP 5912

RP 5913

RP 3914

RP 5915

RP 5916

RP 5917

RP 5918

RP 5919

RP 5920

RR 5921

RP 5922

RP 5923

RP 5924

RP 5925

RP 5926

RP 5927

RR 5928

RP 5929

RD 5930

RP 5931

RP 5932

RP 5933

RP 5934

RP 5935

RP 5936

RP 5937

RP 5938

RP 5939

RD 5940

RP 69 6

RP 69 7

RP 69 8

RP 69 9

RP 6910

RP 6911

RP 6912

RP 6913

RP 6914

RP 6915

RP 6916

RP 6917

RP 6918

RP 6919
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CALCULATED

GSCD

7291031

8591802

989241"1

11192831

12493038

13793008

15092714

16392133

17691238

18990006

20198410

21496426

22794028

24091193

25297894

26594106

27799896

29094966

39299563

31593572

32796967

33999723

35291816

36493219

37693909

38893861

43093048

41291446

42399030

43595775

44791657

45896649

47090726

48193865

49296039

50397224

8591941

9892570

11193012

12493241

13793232

15092960

16392399

17691526

18990315

20198740

21496777

22794401

24091587

25298309
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ASSIGN- CALCULATED

MENT GSCD

RP 6920 26594543

RP 6921 27890264

RP 6922 29095446

RP 6923 30390064

RP 6924 31594094

RP 6925 32797510

RP 6926 34090288

RP 6927 35292402

RP 6928 36493827

RP 6929 37694538

RP 6930 38894511

RP 6931 40093719

RP 6932 41292139

RP 6933 42399744

RP 6934 43596511

RP 6935 44792413

RP 6936 45897427

RP 6937 47091526

RP 6938 48194686

RP 6939 4929688

RP 6943 50398087

RP 79 7 9892759

RP 79 8 11193226

RP 79 9 12493480

RP 7910 13793496

RP 7911 15093249

RP 7912 16392714

RP 7913 17691866

RP 7914 18990680

RP 7915 20199131

RP 7916 21497193

RP 7917 22794842

RP 7918 24092053

RP 7919 25298801

RP 7920 26595060

RP 7921 27890805

RP 7922 29096013

RP 7923 30390656

RP 7924 31594711

RP 7925 32798153

RP 7926 34090956

RP 7927 35293095

RP 7928 36494545

RP 7929 37695281

RP 7930 38895279

RP 7931 40094513

RP 7932 41292957

RP 7933 42490588

RP 7934 43597380

RP 7935 44793308
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ASSIGN- CALCULATED

MENT GSCD

RP 7936 45898346

RP 7937 473.2470

RP 7938 48195655

RP 7939 49297876

RP 7940 50399108

RP 89 8 11193473

RP 89 9 12493756

RP 8910 13793801

RP 8911 15093583

RP 8912 16393078

RP 8913 17692259

RP 8914 18991101

RP 8915 20199581

RP 8916 21497673

RP 8917 22795351

RP 8918 24092591

RP 8919 25299367

RP 8920 26595656

RP 8921 27891430

RP 8922 29096667

RP 8923 30391339

RP 8924 31595423

RP 8925 32798894

RP 8926 34091726

RP 8927 35293894

RP 8928 36495373

RP 8929 37696139

RP 8930 38896165

RP 8931 40095428

RP 8932 41293902

RP 8933 42491562

RP 8934 43598383

RP 8935 44794339

RP 8936 45899407

RP 8937 47093560

RP 8938 48196774

RP 8939 49299024

RP 8940 50490285

RP 99 9 12494069

RP 9910 13794147

RP 9911 15093962

RP 9912 16393489

RP 9913 17692703

RP 9914 18991579

RP 9915 20290092

RP 9916 21498216

RP 9917 22795927

RP 9918 24093200

RP 9919 25390010

RP 9920 26596331
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ASSIGN- CALCULATED

MENT GSCD

RP 9921 27892139

RP 9922 29097408

RP 9923 30392113

RP 9924 31596231

RP 9925 32799734

RP 9926 34092599

RP 9927 35294800

RP 9928 36496312

RP 9929 37697111

RP 9930 38897170

RP 9931 40096466

RP 9932 41294973

RP 9933 42492665

RP 9934 43599519

RP 9935 44795509

RP 9936 45990609

RP 9937 47094796

RP 9938 48198043

RP 9939 49390325

RP 9940 53491619





APPENDIX IV

LIST OF CALCULATED GROUND STATE COMBINATION

DIFFERENCES FOR CH3D

The following pages contain calculated ground state

combination differences (in cm'1) computed on the Michigan

State University Digital Computer, MISTIC. The values of

the constants used are

B 3.88107
0

DgK = 1.192 x 10’4

pi 5.28 x 10'5

These constants were obtained from an analysis of v2+v3 of

0333 discussed in Chapter 9.

In order to use the tables one should note that the

designation of the combination differences in this appendix

is that used in Chapter 4. Note also that

QPK,J = RQK,J+1.
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ASSIGN-

M. E M T

R0 09

R0 09

R0 09

R0 09

R0 09

R0 09

R0 09

R0 09

R0 09

R0 0910

R0 0911

R0 0912

R0 0913

R0 0914

R0 0915

R0 0916

R0 0917

R0 0918

R0 0919

R0 0920

R0 0921

R0 0922

R0 0923

R0 0924

R0 0925

R0 0926

R0 0927

R0 0928

R0 0929

R0 0930

R0 0931

R0 0932

R0 0933

R0 0934

R0 0935

R0 0936

R0 0937

R0 0938

R0 0939

R0 0940

R0 19 2

R0 19 3

R0 19 4

R0 19 5

R0 19 6

7

8

9

\
o
m
x
l
m
m
b
m
m
n
—
a

R0 19

R0 19

RD 19 ‘

R0 1910

R0 1911

f
\
)

(
D

CALCULATED

GSCD

797619

1595226

2392807

3190350

3897843

4695272

5492624-

6199888

6997051

7794099

8591020

9297802

10094432

10890896

11597183

12393279

13099173

13894850

14690300

15395508

16190462

16895150

17599559

18393676

19097488

19890983

20594148

21296970

21999437

22791536

23493255

24194580

24895499

25595999

26296067

26995692

27694859

28393558

29091773

29699494

1595221

2392800

3190341

3897831

4695257

5492608

6199869

6997029

7794075

8590994
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ASSIGN- CALCULATED

MRNT GSCD

R0 1912 9297773

R0 1913 10094401

R0 1914 10890863

80 1915 11597147

R0 1916 12393241

R0 1917 13099132

R0 1918 13894808

R0 1919 14690254

R0 1920 15395460

R0 1921 16190412

R0 1922 16895098

R0 1923 17599504

R0 1924 18393618

R0 1925 19097428

R0 1926 19890921

R0 1927 20594083

R0 1928 21296903

R0 1929 21999368

R0 1930 22791465

R0 1931 23493181

R0 1932 24194503

R0 1933 24895420

R0 1934 25595918

R0 1935 26295984

R0 1936 26995606

R0 1937 27694771

R0 1938 28393467

R0 1939 29091680

R0 1940 29699399

R0 29 3 2392779

R0 29 4 3190312

R0 29 5 3897795

R0 29 6 4695214

R0 29 7 5492558

R0 29 8 6199812

R0 29 9 6996965

R0 2910 7794004

R0 2911 8590915

R0 2912 9297688

R0 2913 10094308

R0 2914 10890763

R0 2915 11597040

R0 2916 12393127

R0 2917 13099011

R0 2918 13894679

R0 2919 14690119

R0 2920 15395317

R0 2921 16190262

R0 2922 16894940

R0 2923 17599339



ASSIGN-

MENT

R0 2924

R0 2925

R0 2926

R0 2927

R0 2928

R0 2929

R0 2930

R0 2931

R0 2932

R0 2933

R0 2934

R0 2935

R0 2936

R0 2937

R0 2938

R0 2939

R0 2940

R0 39

R0 39

R0 39

R0 39

R0 39

R0 39

R0 3910

R0 3911

R0 3912

R0 3913

R0 3914

R0 3915

R0 3916

R0 3917

R0 3918

R0 3919

R0 3920

R0 3921

R0 3922

R0 3923

R0 3924

R0 3925

R0 3926

R0 3927

R0 3928

R0 3929

R0 3930

R0 3931

R0 3932

R0 3933

R0 3934

R0 3935

R0 3936

\
O
m
x
l
O
‘
U
1
F
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CALCULATED

GSCD

18393447

19097249

19890735

23593890

21296703

21999161

22791250

23492959

24194275

24895184

25595675

26295734

26995349

27694507

28393195

29091402

29699113

3190264

3897735

4695143

5492474

6199717

6996858

7793885

8590784

9297545

10094153

10890596

11596861

12392936

13098808

13894464

14599892

15395079

16190012

16894678

17599065

18393161

19096952

19890425

20593569

21296370

21998815

22790893

23492590

24193893

24894791

25595269

26295317

26994920



ASSIGN-

MENT
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CALCULATED

GSCD

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

3937

3938

3939

3940

49 5

49 6

49 7

49 8

49 9

4910

4911

4912

4913

4914

4915

4916

4917

4918

4919

4920

4921

4922

4923

4924

4925

4926

4927

4928

4929

4930

4931

4932

4933

4934

4935

4936

4937

4938

4939

4940

59 6

59 7

59 8

59 9

5910

5911

5912

5913

5914

5915

27694066

28392742

29090937

29698636

3897652

4695043

5492357

6199583

6996708

7793718

8590601

9297344

10093936

10890362

11596611

12392669

13098524

13894164

14599575

15394745

16099661

16894311

17598682

18392760

19096534

19799991

20593118

21295903

21998331

22790392

23492073

24193359

24894240

25594702

26294733

26994319

27693449

28392109

29090286

29697969

4694914

5492207

6199412

6996515

7793503

8590365

9297087

10093657

13890062

11596289
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ASSIGN- CALCULATED

MENT GaCD

R0 5916 12392326

R0 5917 13098160

R0 5918 13893778

R0 5919 14599168

R0 5920 15394316

R0 5921 16099211

R0 5922 16893839

R0 5923 17598188

R0 5924 18392246

R0 5925 19095998

R0 5926 19799434

R0 5927 23592539

R0 5928 21295302

R0 5929 21997709

R0 5930 22699749

R0 5931 23491408

R0 5932 24192673

R0 5933 24893532

R0 5934 25593973

R0 5935 26293982

R0 5936 26993547

R0 5937 27692655

R0 5938 28391294

R0 5939 28999450

R0 5940 29697111

R0 69 7 5492024

R0 69 8 6199202

R0 69 9 6996279

R0 6910 7793241

R0 6911 8590077

R0 6912 9296773

R0 6913 10093316

R0 6914 10799695

R0 6915 11595896

R0 6916 12391907

R0 6917 13397714

R0 6918 13893306

R0 6919 14598670

R0 6920 15393792

R0 6921 16098660

R0 6922 16893263

R0 6923 17597585

R0 6924 15391616

R0 6925 19095343

R0 6926 19798752

R0 6927 20591831

R0 6928 21294568

R0 6929 21996949

R0 6930 22698963

R0 6931 23490595
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ASSIGN- CALCULATED

MENT GSCD

R0 6932 24191834

R0 6933 24892667

R0 6934 25593082

R0 6935 26293064

R0 6936 26992603

R0 6937 27691685

R0 6938 28390297

R0 6939 28998427

R0 6940 29696063

R0 79 8 6198954

R0 79 9 6996000

R0 7910 7792931

R0 7911 8499736

R0 7912 9296401

R0 7913 10092913

R0 7914 10799261

R0 7915 11595431

R0 7916 12391411

R0 7917 13097188

R0 7918 13892748

R0 7919 14598081

R0 7920 15393172

R0 7921 16098010

R0 7922 16892581

R0 7923 17596873

R0 7924 18390873

R0 7925 19094568

R0 7926 19797947

R0 7927 20590995

R0 7928 21293700

R0 7929 21996051

R0 7930 22698033

R0 7931 23399635

R0 7932 24190843

R0 7933 24891645

R0 7934 _25592028

R0 7935 26291980

R0 7936 26991488

R0 7937 27690539

R0 7938 28299120

R0 7939 28997219

R0 7940 29694823

R0 89 9 6995678

R0 8910 7792574

R0 8912 9295972

R0 8911 8499343

R0 8913 10092449

R0 8914 10798761

R0 8915 11594895

R0 8916 12390839
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ASSIGN- CALCULATED

MENT GSCD

R0 8917 13096583

R0 8918 13892105

R0 8919 14597402

R0 8920 15392457

80 8921 16097259

R0 8922 16891795

R0 8923 17596051

R0 8924 18390015

R0 8925 19093675

‘ R0 8926 19797017

80 8927 20590030

R0 8928 21292700

R0 8929 21995014

R0 8930 22696961

R0 8931 23398526

R0 8932 24099699

R0 8933 24890465

R0 8934 25590813

R0 8935 26290729

R0 8936 26990201

R0 8937 27599216

R0 8938 28297762

R0 8939 28995825

R0 8940 29693393

R0 9910 7792169

R0 9911 8498897

R0 9912 9295486

R0 9913 10091922

R0 9914 10798193

R0 9915 11594287

R0 9916 12390191

R0 9917 13695891

R0 9918 13891376

R0 9919 14596632

R0 9920 15391647

R0 9921 16096408

R0 9922 16890903

R0 9923 17595119

R0 9924 18299043

R0 9925 19092662

R0 9926 19795964

R0 9927 20498936

R0 9928 21291565

R0 9929 21993839

R0 9930 22695745

R0 9931 23397271

R0 9932 24098402

R0 9933 24799128

R0 9934 25499435

R0 9935 26199311
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ASSIGN- CALCULATED

MENT GSCD

R0 9936 26898742

R0 9937 27597717

R0 9938 28296222

R0 9939 28994245

R0 9940 29691773

RP 09 0 797619

RP 09 1 2392845

RR 09 2 3898033

RP 09 3 5493157

RP 09 4 6998193

RR 09 5 8593114

RP 09 6 10097896

RP 09 7 11692513

RP 09 8 13196939

RP 09 9 14791150

RP 0910 16295119

RP 0911 17798822

RR 0912 19392234

R9 0913 25895328

RP 0914 22398079

RP 0915 23990462

RR 0916 25492452

RP 0917 26994023

RR 0918 28495150

RP 0919 29995808

RP 0920 31495970

RP 0921 32995612

RP 0922 34494799

RR 0923 35993234

RR 0924 37491163

RP 0925 38898471

RP 0926 43395131

RP 0927 41891118

RP 0928 43296407

RP 0929 44790974

RP 0930 46194791

RP 0931 47597834

RP 0932 49090078

RP 0933 50491497

RR 0934 51892066

RP 0935 53291759

RP 0936 54690551

RP 0937 55998417

RP 0938 57395331

RP 0939 58791268

RP 0940 60096202

RP 19 1 2392838

RR 19 2 3898021

RP 19 3 5493141

RR 19 4 6998171



N \
1
’
)

(
)

ASSIGN- CALCULATED

MENT GSCD

RP 19 5 8593088

RR 19 6 13097865

88 19 7 11692477

RP 19 8 13196899

RP 19 9 14791104

RP 1910 16295069

RP 1912 19392174

RR 1913 20895263

RP 1914 22398010

RR 1915 23990388

RP 1916 25492373

RP 1917 26993940

RR 1918 28495062

RP 1919 29995715

RR 1920 31495872

RP 1921 32995510

RP 1922 34494602

RP 1923 35993122

RP 1924 37491047

RP 1925 38898349

RP 1926 40395004

RP 1927 41890987

RP 1928 43296272

RP 1929 44790833

RP 1930 46194646

RP 1931 47597684

RP 1932 48999923

RP 1933 50491338

RP 1934 51891902

RP 1935 53291590

RP 1936 54690377

RP 1937 55998238

RP 1938 57395147

RP 1939 58791080

RR 1940 60096009

RP 29 2 3897985

RP 29 3 5493091

RP 29 4 6998107

RR 29 5 8593009

RP 29 6 10097772

RP 29 7 11692370

RP 29 8 13196777

RP 29 9 14790969

RP 2910 16294919

RP 2911 17798603

RP 2912 19391995

RP 2913 20895070

RR 2914 22397802

RP 2915 23990167
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ASSIGN- CALCULATED

MENT GSCD

R 2916 25492137

RP 2917 26993689

RP 2918 28494797

RP 2919 29995436

RP 2920 31495579

RP 2921 32995202

RR 2922 34494283

RP 2923 35992786

RP 2924 37490696

RP 2925 38897984

RP 2926 43394625

RR 2927 41890594

RP 2928 43295864

RP 2929 44790411

RP 2930 46194210

RP 2931 47597234

RP 2932 48999459

RP 2933 50490859

RR 2934 51891408

RR 2935 53291082

RP 2936 54599855

RP 2937 55997702

RP 2938 57394597

RP 2939 58790515

RP 2940 60095430

RP 39 3 5493007

RP 39 4 6998000

RP 39 5 8592878

RP 39 6 13097617

RP 39 7 11692191

RP 39 8 13196574

RP 39 9 14790742

RP 3910 16294669

RP 3911 17798329

RP 3912 19391697

RP 3913 20894748

RP 3914 22397457

RP 3915 23899797

RP 3916 25491744

RP 3917 26993272

RP 3918 28494356

RP 3919 29994971

RP 3920 31495091

RP 3921 32994690

RP 3922 34493744

RP 3923 35992226

RP 3924 37490112

RP 3925 38897377

RR 3926 40393994

RP 3927 41799938
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ASSIGN- CALCULATED

MENT GSCD

RP 3928 43295185

RP 3929 44699708

RP 3930 46193483

RP 3931 47596483

RP 3932 48998684

RP 3933 50490060

RP 3934 51890586

RP 3935 53290236

RP 3936 54598985

RP 3937 55996808

RP 3938 57393679

RP 3939 58699573

RP 3940 60094465

RP 49 4 6997850

RP 49 5 8592695

RP 49 6 10097400

RP 49 7 11691941

RP 49 8 13196291

RP 49 9 14790425

RP 4910 16294319

RP 4911 17797945

RP 4912 19391280

RP 4913 20894298

RP 4914 22396973

RP 4915 23899280

RP 4916 25491194

RP 4917 26992689

RP 4918 28493739

RP 4919 29994320

RP 4920 31494407

RP 4921 32993973

RP 4922 34492993

RP 4923 35991442

RP 4924 37399295

RP 4925 38896526

RP 4926 4C393110

RP 4927 41799021

RP 4928 43294234

RP 4929 44698724

RP 4930 46192465

RP.4931 47595432

RP 4932 48997600

RP 4933 50398942

RP 4934 51799435

RP 4935 53199052

RP 4936 54597768

RP 4937 55995557

RP 4938 57392395

RP 4939 58698255

RP 4940 63093113



ASSIGN-

ME N T

R P 59 5

RP 59 6

RP 59 7

RP 59 8

RP 59 9

RP 5910

RP 5911

RP 5912

RP 5913

RP 5914

RP 5915

RP 5916

RP 5917

RP 5918

RP 5919

RP 5920

RP 5921

RP 5922

RP 5923

RP 5924

RP 5925

RP 5926

RP 5927

RP 5928

RP 5929

RP 5930

RP 5931

RP 5932

RP 5933

RP 5934

RP 5935

RP 5936

RP 5937

RP 5938

RP 5939

RP 5940

RP 69 6

RP 69 7

RP 69 8

RP 69 9

RP 6910

RP 6911

RP 6912

RP 6913

RP 6914

RP 6915

RP 6916

RP 6917

RP 6918

RP 6919

293

CALCULATED

GSCD

8592459

10097121

11691619

13195926

14790018

16293868

17797452

19390744

23893719

22396351

23898615

25493486

26991938

28492946

29993484

31493527

32993050

34492028

35990434

37398244

38895432

43391973

41797841

43293011

44697458

46191157

47594081

48996206

53397505

51797955

53197529

54596202

55993948

57390743

58696561

60091376

10096781

11691226

13195481

14699520

16293318

17796849

19390089

23893011

22395591

23897802

25399621

26991020

28491976

29992462



ASSIGN-

MENT

RP 6920

RP 6921

RP 6922

RP 6923

RP 6924

RP 6925

RP 6926

RP 6927

RP 6928

RP 6929

RP 6930

RP 6931

RP 6932

RP 6933

RP 6934

RP 6935

RP 6936

RP 6937

RP 6938

RP 6939

RP 6940

RP 79 7

RP 79 8

RP 79 9

RP 7910

RP 7911

RP 7912

RP 7913

RP 7914

RP 7915

RP 7916

RP 7917

RP 7918

RP 7919

RP 7920

RP 7921

RP 7922

RP 7923

RP 7924

RP 7925

RP 7926

RP 7927

RP 7928

RP 7929

RP 7930

RP 7931

RP 7932

RP 7933

RP 7934

RP 7935

294

CALCULATED

GSCD

31492452

32991923

34490848

35899202

37396959

38894095

40390583

41796399

43291517

44695912

46099558

47592429

48994502

53395749

51796146

53195668

54594288

55991982

57298725

58694490

59999253

11690761

13194954

14698931

16292667

17796137

19299314

20892175

22394692

23896842

25398598

26899936

28490829

29991253

31491182

32990591

34399454

35897746

37395441

38892515

40298941

41794695

43199751

44694084

46097668

47590477

48992488

53393673

51794008

53193468



ASSIGN-

9.].

mE

RP

RP

RP

RP

RP

RP

RP

PP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

PP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

PP

RP

RP

RP

RP

RP

RP

PP

RP

RP

RP

RP

RP

RP

RP

PP

PP

RP

RP

RP

NT

7936

7937

7938

7939

7940

89 8

89 9

8910

8911

8912

8913

8914

8915

8916

8917

8918

8919

8920

8921

8922

8923

8924

8925

8926

8927

8928

8929

8930

8931

8932

8933

8934

8935

8936

8937

8938

8939

8940

99 9

9910

9911

9912

9913

9914

9915

9916

9917

9918

9919

9920

295

CALCULATED

GSCD

54592027

55899659

57296339

58692042

59996743

13194346

14698252

16291916

17795314

19298420

20891209

22393656

23895734
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25396082
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APPENDIX V

LIST OF ASSIGNMENTS AND FREQUENCIES OF OBSERVED

TRANSITIONS FOR v3+v4 OF CH3F

The following pages contain a list of the observed

transitions of v3+v4 of CH3F. The columns of the list,

left to right, are: the assignment (AK,AJ.K,J); the observed

frequency (in cm"); the observed fringe number (from which

the frequency may be calculated - of. Chapter 7); the Av

(weight = (NORM)2/(Av)2); the weight; observed line height;

and the line number.
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ASSIGN-

MENT

PP 99 9

PP 9910

PP 9911

PP 9912

PP 9913

PP 9914

PP 9915

PP 9916

PP 9917

PP 9918

PP 9919

PP 9920

PP 9921

P0 99 9

P0 9912

P0 9913

P0 9915

P0 9916

P0 9917

P0 9918

P0 9919

P0 9920
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PR 9910
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PP 89 8

PP 89 8

PP 89 9

PP 8910

PP 8911

PP 8912

PP 8913
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PG 8912
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FREQUENCY
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395895740

395696220

395496280

395296370

399099020

399093650

399091840

398997250

398994280

398991880

398898710

398896090

398893020

400797510

400992680

401097750

401696630
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402292300
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397798700
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399898380
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402193310

402298340
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NUMEER
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7890510
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1797230
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13494910

13390610

13291390
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13094050

12995930
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13991223
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ASSIGN-

MENT

PP 79 7

PP 79 8

PP 79 9

PP 7910

PP 7911

PP 7912

PP 7913

PP 7914

PP 7915

PP 7916

P0 79 7

P0 79 8

PO 7910

0 7911

PO 7912

P0 7913

PO 7914

P0 7915

PR 79 8

PR 7910

PP 69 7

PP 69 8

PP 69 9

PP 6910

PP 6911

PP 6912

PP 6913

PP 6914

PP 6915

PP 6916

PP 6917

PP 6918

PP 6919

PP 6920

PP 6921

PG 69 6

P0 69 8

P0 69 9

PO 6910

P0 6912

PO 6913

P0 6914

P0 6915

P0 6916

P0 6917

P0 6918

PO 6919

P0 6920

PR 69 7

PR 69 8

OBSERVED

FREQUENCY

399499820

399391480

399192950

398994280

398795260

398596180

398397050

398197930

397997830

397798700

400697690

400696130

400692430

400690280

400598010

4005.5980

400592870

4005.0950

402197430

402497560

400390220

400191710

399993010

399794220

399595440

399396510

399197530

398998440

398799340

398690300

398491220

398292340

398093740
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397697650
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401494420
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401392310
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401295340
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NUMBER

14994120

14397070
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12092900

11493420

10893930

10291430

9691930

18690670

18595820
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ASSIGN-

MENT

PP 39 9

PP 3910

PP 3911

PP 3912

PP 3913

PP 3914

PP 3916

PP 3915

PP 3917

PP 3918

PP 3919

PP 3920

PP 3921

P0 39 3

P0 39 4

P0 39 5

P0 39 6

P0 39 7

P0 39 8

P0 39 9

P0 3 10

P0 3911

P0 3912

PO 3913

PO 3914

P0 3915

PR 3913
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PO 3915

P0 3916
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19

19

19

1910

1911

1912

1913

1911

1912

1913

1914

1915

1917

1918

1919

1920

1921

\
O
C
D
x
I
O
‘
U
‘
i
-
L
‘
U
)

9
.
9

O

~
0
0
)
4
(
b
u
1
b
L
n
k
)

OBSERVED

FREQUENCY

407593920

407698840

407698840

407893470

407997900

4C8192073

408296070

408399640

403592930

408695860

408798150

408899520

408999720

409098480

406393910

406498580

405998680

405890260

405691960

405493270

405294190

405094670

404893710

404599480

404299430

404996190

404790840

404499740

404299433

404099630

403698240

403497350

403294990

402992970

402698500

406895160

406894550

406893630

406892570

406891170

406799460

406797490

406795110

406791180

406693630

406590520

406893630

406795110

406791180

406697890

305

P

.—

I

~
'
9
.

F
“

C
)

X
1
m

1

\'R

Uu—w
I'IDZ

39994790

40491180

40491180

40896670

41391540

41795620

42199150

42691360

43092690

43492910

43891110

44196490

44498200

44795450

36291550

35697180

35192000

34594730

33997970

33399690

32890350

32199630

31594460

30799110

29895640

31993260

31194440

30498300

29895640

29294080

27995350

27390400

26690860

25892390

24895180

37890950

37799030

37796170

37792880

37698520

37693220

37597100

37499700

37397450

37193970

36793210

37796170

37499700

37397450

37297240

DELTA

NU

90200

90140

90140

99999

90140

90200

90140

90100

90140

.0100

90140

90200

90100

90100

99999

99999

99999

90140

99999

99999

99999

99999

90200

90200

90200

.0140

99999

.0200

90200

90200

99999

99999

99999

99999

90230

99999

90200

90200

90200

90200

90140

.Gl/LO

90200

90200

90200

99999

99999

90200

90200

99999

WEIGHT

925

950

950

900

950

925

950

1900

950

1900

950

925

1900

1900

900

900

900

950

900

900

.00

900

925

925

925

950

900

925

925

925

900

900

900

900

925

900

925

’75;
94/

925

925

950

950

925

925

925

900

900

925

925

900

LINE

N0

579

589

594

599

600A

611

619

624

630

635

642

646

552

524

516A

506

497

488

480

469

459A

449

437A

4218

455

442

431A

4218

410E

391

381A

3703

357

339

552A

552

551

550

549

548

547

545

543

540

532

551

545

543

542



ASSIGN-

MENT

R0

R0

R0

R0

R0

R0

R0

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RP

RP

RP

RP

RP

RR

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

R0

R0

R0

R0

R0

R0

1914

1915

1916

1917

1918

1919

1920

19

19

19

19

19

19

19

19

19

1911

19 9

1910

1911

1912

1913

1914

1915

1916

1917

1918

1919

29 4

29 5

29 7

29 8

2910

2911

2912

2913

2915

2916

2917

2918

2920

2921

2922

2924

29

29

29

29

29

29

w
>
m
~
4
0
~
u
u
p
u
a
m
n
~

m
x
l
O
‘
U
1
9
L
x
)

OFSERVED

FREQUENCY

406694960

406691400

406597590

406593440

406498150

406399680

406295260

407199250

407395730

407591820

407697700

407893470

407998720

408193830

408298250

40849 260

408594920

408594150

408692530

408795540

408899520

409492750

409594380

409692860

409695320

406992090

406794080

406397640

406199170

405891590

405692010

405493270

405293450

404893710

404693620

404493210

404292120

403799490

403597380

403395220

402990100

4076.0200

4075.9250

407598190

407596900

407595460

407593920

306

FRINGE

JUMBER

37198130

37097060

36995200

36392280

36695850

36399490

35994670

38896950

39398200

39898240

40397640

40896670

41394100

41891100

42295930

42696390

43098870

43096490

43392450

43792990

44196490

44599080

45990320

45492160

45892020

46198180

464.4400

46592220

38092520

37496490

36393160

35795720

34598850

33997970

33399690

32798050

31594460

30992000

30298490

26992910

28390340

27691590

26992650

25592340

401.4300

40191360

400.8070

43994290

39999560

39994790

DELTA

NU

.0140

90140

90140

90140

.0140

90200

99999

90100

90100

90200

90140

99999

90200

90200

90140

90140

90200

99999

90200

.0140

.0140

.0140

90100

.0200

.0200

90140

90200

99999

99999

99999

90200

.8148'

99999

99999

90200

90200

90140

90200

99999

90200

99999

99999

99999

90200

99999

90140

AHAQ

/9999

.0100

.0140

99999

WEIGHT

950

950

950

950

950

925

900

1900

1900

925

950

900

925

925

950

950

925

900

925

950

950

950

1900

925

925

950

925

900

900

900

925

950

900

900

925

925

950

925

900

925

900

900

.00

925

.00

950

.00

1900

950

900

INT LINE

NO

541

538C

536

533

531

527

5204

566

571

578

588

594

600

6058

6128

620

626

625

628

634

642

647

655

659

663

668

6718

673

555

5448

526

518

498

488

480

4683

449

439

427

417A

397

386

375A

352

584

583

582

581

580

579



ASSIGN-

MENT

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

29 9

2910

2911

2912

2913

2914

2915

2916

2917

2918

2919

2920

2921

2922

2923

29

29

29

29

29

29

29

2910

2911

2912

2913

2914

2915

2916

2917

2918

2920

2921

39

39

39

39

3910

3911

3912

3913

3914

3915

3916

3917

3918

3919

3920

3921

3922
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J
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‘
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N

«
J

U
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\
0

C
D

OBSERVED

FREQUENCY

407591820

407499500

407497530

407494910

407492060

407398920

407395730

407392250

407298260

407293710

407199250

407194210

407098930

407093470

406997930

408191510

408297390

408493340

408599180

408794740

408899970

409199640

409394790

409499150

409693370

409797360

409991060

410094460

410197460

410299980

4104.2330

410695830

410797360

407499500

406795500

406596880

406397640

406198270

405998630

405799020

405599240

405399170

405198960

404998850

404797390

404596510

404394770

404191340

307

FRINGE

NUMBER

39898240

39891040

39794950

39696740

39597900

39498120

34398200

39297370

39194960

39090340

38896950

38791290

38594870

38397370

38290650

41793380

42293250

42792870

43292000

43790500

44197880

45190150

45597260

46091910

46496140

46899650

47392250

47793730

48194350

48593280

8991690

49694780

50090650

39891040
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O
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DELTA

NU

90200

99999

90140

90200

90140

99999

99999

90100

90140

99999

90100

90200

90200

90200

90200

99999

90200

90100

.0140

90140

90140

90140

90140

90200

90140

90140

90140

90200

.0140

90200

99999

90200

99999

99999

90200

90200

99999

99999

90200

90140

99999

99999

90140

99999

90140

99999

90140

99999

99999

99999

925

900

950

925

950

900

900

1900

950

900

1900

925

925

925

925

900

925

1900

950

950

950

950

950

925

950

950

950

925

950

925

900

925

900

900

925

925

900

900

925

950

.00

900

950

900

950

900

950

900

900

900

LINE

N0

578

576

575

574

573

572

571

570

569

568A

566

564

562

560

5554

605

612A

621

627

633

642A

656A

661A

6655

672

676

663

689

695

699

704A

714

7193

576

5635

556

545A

535

526

517

506

496

487A

478

466

456A

444

436

424

412



ASSIGN-

MENT

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RP

RP

RP

RP

RP

RP

39

39

39

39

39

39

3910

3911

3912

3913

3914

3915

3916

3917

3918

3919

3920

3921

3922

39 3

39 4

39

39

39

39

39

3910

3911

3913

3914

3915

3916

3917

3918

3920

49 9

4911

4913

4914

4916

4917

\
O
G
)
Q
(
F
U
‘
F

0
(
D
\
J
O
K
fi

R0 49

R0 49

R0 49

R0 49

6
7

8

9

R0

R0

R0

R0

R0

4910

4911

4912

4913

4914

OBSERVED

FREQUENCY

408394400

408393370

408392120

408390620

408298880

408297010

408294910

408292630

408290120

408197330

408194630

408191510

408098200

408095000

408090870

407996560

407991700

407895310

407794940

409092563

409198650

409394320

409499790

409695320

409890350

409995150

410099910

410294710

410502760

410696720

410890440

410994260

411096690

411199590

411492250

407590540

407192530

406793400

406593440

406191420

405990920

409096900

409095400

409093740

409091840

408999720

408997250

408994620

408991630

408898140

308

FRINGE

NUMEER

42495050

42491860

42397960

42393290

42297900

42292090

42195540

42098470

42090660

41991970

41893570

41793880

41693590

41593630

41490790

41297380

41192260

40992390

40690140

44597030

45097080

45595810

46093920

46592220

46998940

47494970

47990870

48396890

49294150

49697550

50190213

50593200

50991860

51391970

52392430

39894250

38696050

37494360

36892280

35591630

34897870

44790530

44695850

44690700

44594800

44498200

464.0530

44392330

44293030

44192200

DELTA

NU

90140

90140

90140

90100

90100

90140

90140

90140

90140

90140

99999

90200

90100

99999

99999

90140

90140

99999

99999

90100

90200

90100

90100

90200

99999

90140

90100

99999

90100

90140

90140

99999

99999

90100

.0100

99999

99999

90200

99999

99999

90140

90140

99999

90140

90140

90200

90200

99999

90140

90100

950

950

950

1900

1900

950

950

950

950

950

900

925

1900

900

900

950

950

900

900

1900

925

1900

1900

925

900

950

1900

900

1900

950

950

900

900

1900

1900

900

900

925

900

900

950

950

900

950

950

925

925

900

950

1900

WEIGHT INT

10

14

17

17

21

25

19

18

19

19

23

25

8

14

15

16

13

12

p

9

20

21

20

24

24

23

21

22

30

19

16

16

21

15

14

12

11

6

8

14

4

7

7

15

14

13

16

9

12

13

10

LINE

N0

617

616

615

614

613

612

610

609

608

607

606

605

604

603

601A

598

597

595

591

648

656

661

666

673

679

686

692

697

710

715

721

728

732

737

745

577

563A

544A

533

515

502

651

650A

649A

647

646

645

644

643

641



ASSIGN-

MENT

R0 4915

R0 4916

RR 49 4

RR 49 5

RR 49 6

RR 49 7

RR 49 8

RR 49 9

RR 4910

RR 4911

RR 4912

RR 4913

RR 4914

RR 4915

RR 59 6

RR 59 7

RR 59 8

RR 59 9

RR 5910

RR 5911

RR 5912

RR 5913

RR 5914

RR 5915

RR 5916

RR 5917

RR 5918

RR 5919

R0 59 8

R0 59 9

R0 5910

R0 5911

R0 5912

R0 5913

R0 5914

R0 5915

R0 5916

R0 5917

R0 5918

R0 5919

R0 5920

RP 5915

RP 5917

RP 5919

RP 69 8

RP 6910

RP 6914

RP 6916

RP 6919

RP 6920

OBSERVED

FREQUENCY

408893560

408799690

409993470

410099090

410294710

410399910

410595020

410699950

410894590

410999120

411192920

411296440

411398760

411591990

410994260

411099730

411294850

411399420

411594130

411698490

411892710

411996610

412190440

412293890

412397350

412590390

412693030

412796060

407993670

409791410

409699250

409696380

409694300

409691489

409598480

409595290

409591800

409498040

409494170

409490060

409395730

407093470

406692560

406291060

409197300

408799690

408090870

407690200

406997930

406796600

309

FRINGE

NUMBER

43997930

43895920

47399740

47898340

48396890

45394160

49391163

49797590

50293110

53698320

51191240

593260
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53791500

54194490

54596330

54998200

55398730

55798060

56198560

46798180

46791140

46694440

46597050

46499030

46490270

46390950

46291030

46190170

45998480

45896430

45793640

45690180

38397870

37190670

35891600

45092860

43895920

41490790

40194300

38390650

37594310

.0140

90100

90140

.0100

99999

.0140

90100

90100

90100

.0140

90100

90200

90200

90140

99999

.0200

99999

90140

99999

90140

90100

90200

99999

90200

99999

99999

.0200

90200

90200

99999

90140

90140

90200

90140

90200

90140

90200

90200

90140

90200

.0200

99999

99999

99999

90200

90200

99999

99999

99999

99999

925

950

925

925

.00

900

.00

925

925

.00

900

.00

.00

INT

10

21

LINE

NO

638

636

685

691

697

703

711

716

723

729

734

740

744

748

728

733

739

744A

749

753

758

762

766

769

773

780

785

788

677

676

675

674

672A

671

670

669

667

665

664

662

661A

560

539

519

655A

636

601A

584

558A

546A



ASSIGN-

MENT

RP

RP

RP

RR

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0
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RR
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RR
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RR
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6921

6922
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6926
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69 8

69 9
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6916

6917

6918

6919
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6921
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6923
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6926

6927

69 6

69 7

69 8

69 9
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6911

6912

6913

6914
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6916
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6923
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ASSIGN- OESERVED FRINCE DELTA WEIGHT INT LINE

MENT FREOU'EHJC NUMBER N0 N0

RR 7911 413199590 575.3943 .0140 .50 12 797

RR 7912 413393620 579.7590 .0140 .50 13 799

RR 7913 41349743'1 584.0540 .0200 .25 11 801

RR 7914 413501340 595.2850 .9999 .00 13 835

RR 7915 413794263 59293963 90140 950 10 807

RR 7916 413897380 59694780 .0200 .25 19 811

RR 7917 414090223 6339471‘3 .0230 .25 8 8144

RR 7918 4141.2980 694.4393 .0200 .25 6 817

RR 7919 4142.543? 608.3090 .9999 .00 10 821

R0 79 8 4112.4850 214.8330 .9999 .00 8 739

R0 79 9 4112.3310 514.2610 .999 .00 7 738

R0 7910 411293620 313.5163 .25 5 7374

R0 7911 411198150 51297503 .50 5 7365

R0 7912 4111.5550 511.940J .25 10 735

R0 7915 4110.6010 50899747 .50 11 7314

R0 7916 411092263 53798070 925 8 7304

R0 7919 4109.0090 504.024J .00 5 7254

R0 7923 413894910 50294110 .00 10 7234

R0 7922 4107.5890 49996060 .50 7 709

R0 7923 4106.9953 497.7590 .00 16 716

RR 8915 4092.6760 453.23C3 .00 4 6580

RR 8917 408896500 44097090 950 5 640

R0 8911 411990940 535.3570 .00 5 7614

R0 8915 4117.8610 531.5520 .25 4 7573

R0 8916 411795 040 530.2740 .00 5 756

R0 8917 4117.1250 529.2640 .00 7 754

R0 8918 411697110 527.9740 .25 8 752

R0 8919 4116.2940 52696780 .00 7 751

R0 8920 411508263 525.223'3 .25 5 7508

RR 89 8 4134.8760 584.4680 1.00 - 802

RR 89 9 413693510 589.0540 1.00 806

RR 8910 4137.7980 593.5530 1.00 809

RR 8911 4139.2270 597.9980 .50 11 812

RR 8912 4140.6273 60293510 .25 7 815

RR 8913 414290020 606.6290 .25 8 820

RR 8914 414393600 61J.8520 1.00 7 823

RR 8915 4144.7080 615.0430 .00 7 825

RR 8916 4145.9970 619.0520 .25 5 828

RR 8917 414793220 62391710 .25 4 833

RR 8’21 415291250 638.1C80 .25 9 838

RP 9914 410199630 484.6260 .00 3 6958

RR 9918 409397350 45695210 .00 4 6618

RR 9920 408995160 443.4C’30 .00 8 6448

R0 9910 412695370 558.5330 .50 8 786

R0 9911 4126.303u 557.,060 .25 10 785

R0 9912- 412690240 556.9380 .00 19 783

R0 9913 412597300 55690233 .25 4 7823

R0 9914 _412594200 555.0660 .00 5 782

R0 9915 4125.0660 55399590 .00 12 7804

R0 9916 4124.6860 5529776C .00 11 779
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APPENDIX VI

LIST OF OBSERVED GROUND STATE COMBINATION

DIFFERENCES FOR v3+v4 OF CH3F

The following pages contain a list of the observed

ground state combination differences for v3+v4 of CHBF.

The columns of the list, left to right, are: the assignment

(cf.Chapter 4); the calculated combination difference (in cm'1)

from Appendix II; the observed combination difference (in cm");

the Av (weight = (NORM)2/(Av)2); and the observed minus the

calculated difference.

313



ASSIGN-

MENT

R0 9012

R0 9016

R0 9017

R0 9020

RP 9010

RP 9011

RP 9012

RP 9016

RP 9017

RP 9020

GP 90 9

GP 9012

GP 9013

GP 9015

GP 9016

GP 9017

GP 9018

GP 9019

GP 9020

RP 8013

RP 8014

RP 8015

R0 8013

R0 8014

GP 80 8

GP 80 9

GP 8010

GP 8012

GP 8013

GP 8014

RP 70 9

RP 7011

R0 7011

GP 70 7

GP 70 8

GP 7010

GP 7011

GP 7012

GP 7013

GP 7014

GP 7015

R0 60 8

R0 60 9

R0 6012

R0 6016

R0 6017

RP 60 8

RP 60 9

RP 6012

RP 6016

CALCULATED

GSCD

200401

270187

280881

330960

350706

390103

420499

560068

590456

690612

170039

220098

230795

270187

280881

300575

320268

330960

350652

450906

490300

520693

220105

230802

150309

170009

180708

220104

230802

250499

320327

390125

180713

130613

150313

180713

200412

220110

230808

250505

270202

130616

150317

200416

270208

280904

280933

320334

420532

560112

314

OBSERVED

GSCD

2004100

2702350

808510

3309280

3507050

3901010

4205100

5601040

5904650

6905930

1608940

2200800

2308240

2702160

2808690

3006140

3202490

3309810

3506650

4509030

4902240 .

5206670

2201210

2307340

1503060

1609940

1807150

2200940

2308240

2504900

3203150

3901380

1807280

1306210

1503180

1807170

2004100

2200960

2308050

2505040

2702150

1306080

1503410

2004160

2702040

2809060

2809270

3203610

4205260

5601140

DELTA

NU

09999

09999

09999

09999

00245

09999

09999

09999

09999

09999

09999

00245

00283

09999

09999

09999

09999

00283

00283

09999

09999

09999

09999

09999

09999

09999

09999

00283

09999

09999

09999

00245

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

00283

09999

09999

09999

09999

085-

CALC

0009

0048

“0030

‘0032

‘0001

-.002

0011

0036

0009

-0019

‘0055

‘0018

0029

0029

“0012

0039

-0019

0021

0013

'0003

-0076

-0026

0016

-0068

-0003

‘0015

0007

'0010

0022

‘0009

-0012

0013

0015

0008

0005

0004

-0002

'0014

“0003

‘0001

0013

-0008

0024

0000

-.004

0002

-0006

0027

‘0006

0002



ASSIGN-

MENT

RP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

RP

RP

RP

RP

RP

R0

R0

R0

R0

R0

R0

R0

R0

RP

RP

RP

RP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

6017

60 6

60 8

60 9

6010

6012

6013

6014

6015

6016

6017

6018

6019

6020

50 5

50 6

50 8

50 9

5010

5012

5013

50 7

50 8

50 9

5010

5013

50 8

50 9

5010

5013

40 7

40 8

4011

4013

40 7

40 8

4011

4013

40 6

40 7

40 8

4013

30 3

30 4

30 5

30 6

30 7

30 8

30 9

3010

CALCULATED

GSCD

590503

110915

150317

170017

180717

220115

230813

250511

270208

280904

300599

320294

330987

350680

100215

110917

150320

170020

180721

220120

230818

250536

280938

320340

350741

450938

130619

150320

170021

220120

110919

130621

180724

220123

250540

280943

390147

450945

110919

130621

150322

230822

60813

80516

100218

110921

130623

150324

170025

180726

315

OBSERVED

GSCD

5905060

1109220

1503190

1700200

1807130

2201100

2308090

2505080

2702010

2809100

3006000

3203050

3309760

3506830

1002120

1109060

1503370

1700140

1807210

2201300

2308410

2506350

2809310

3203610

3507530

4509310

1305940

1503470

1700320

2200900

1109570

1306550

1808250

2201770

2505660

2809480

3901920

4509700

1108870

1306090

1502930

2307930

608100

805170

1002160

1109260

1306230

1503330

1700420

1807350

DELTA

NU

.0283

.0173

00173

00224

00224

00173

00141

00173

00245

.0200

00283

00245

09999

00245

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

00283

00245

09999

09999

00283

09999

09999

09999

00283

00283

00173

00200

00245

00173

00245

00173

00200

OBS-

CALC

0003

0007

0002

0003

-0004

'0005

'0004

'0003

'0007

0006

0001

0011

~0011

0003

~0003

~0011

0017

‘0006

0000

0010

0023

0099

‘0007

0021

0012

'0007

‘0025

0027

0011

“0030

0038

0034

0101

0054

0026

0005

0045

0025

‘0032

-0012

“0029

-0029

-0003

0001

‘0002

0005

0000

0009

0017

0009



ASSIGN-

MENT

OP 3011

OP 3012

OP 3013

OP 3014

OR 3015

OP 3016

OP 3017

OP 3018

OP 3019

OR 3020

R0 30

R0 30

R0 30

R0 30

R0 30

R0 30

R0 3010

R0 3011

RO 3012

R0 3013

R0 3017

RO 3018

RO 3019

R0 3020

RP 30

RP 30

RP 30

RP 30

RP 30

RP 30

RP 3010

RR 3011

RP 3012

RP 3013

RP 3017

RP 3018

RP 3019

RR 3020

OR 20

OP 20

OP 20

OP 20

OP 20

OP 20

OP 20

OP 20

OP 2010

OP 2011

OP 2012

OP 2013

o
c
n
~
0
0
\
n
£
~

\
O
G
D
Q
C
F
U
‘
?

m
n
n
~
0
0
x
n
$
~
w
r
v

CALCULATED

GSCD

200426

220126

230825

250523

270221

280918

300614

320309

340003

350697

60813

80517

100218

110920

130622

150324

170025

180726

200426

220126

280918

300614

320309

340003

150328

180734

220139

250543

280947

320349

350751

390152

420552

450951

590531

620923

660312

690700

50110

60813

80516

100219

110922

130945

150325

170027

180728

200428

220128

230827

316

OBSERVED

GSCD

2004240

2201300

2308260

2507720

2702170

2809070

3005950

3203280

3400570

3507030

607930

805090

1002110

1109230

1306260

1503430

1700150

1807270

2004180

2201270

2809150

3006330

3202980

3309860

1503100

1807250

2201370

2505460

2809590

3203850

3507500

3901510

4205480

4509530

5905100

6209610

6603550

6906890

501060

607890

805210

1002160

1109330

1309300

1503350

1700280

1807310

2004460

2201330

2308310

DELTA

NU

09999

09999

09999

09999

09999

.0245

00283

09999

09999

09999

09999

00245

00245

00200

00173

09999

.0245

09999

09999

09999

00283

09999

09999

09999

09999

00245

00200

.0173

00245

09999

00245

09999

09999

00283

00283

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

00283

00173

00173

09999

.0245

085-

CALC

-0002

0004

0001

0249

-0004

-0011

‘0019

0019

0054

0006

-0020

-0008

‘0007

.003

0004

0019

"0010

0001

‘0008

0001

-0003

0019

“0011

‘0017

“0018

-0009

-0002

0003

0012

0036

-0001

-0001

‘0004

0002

-0021

0038

0043

-0011

‘0005

‘0024

0005

'0003

0012

'0015

0010

0001

0003

0018

0005

0004



ASSIGN-

MENT

OP 2014

OP 2015

OP 2016

OP 2017

R0 20 3

R0 20 4

RO 20 5

R0 20 6

R0 20 7

RO 2010

RO 2011

R0 2013

RO 2014

R0 2015

R0 2016

RO 2017

RO 2018

RP 20 3

RP 20 4

RP 20 5

RP 20 6

RP 20 7

RP 2010

RP 2011

RP 2012

RP 2013

RP 2014

RP 2015

RP 2016

RP 2017

R0 10 5

R0 10 6

R0 10 7

R0 10 8

R0 10 9

R0 1010

R0 1013

R0 1014

R0 1015

R0 1016

RO 1017

R0 1018

RO 1019

RO 1020

OP 10

OP 10

OP 10

OP 10

OP 10

OP 10 O
L
D
$
>
m
t
h
a

CALCULATED

GSCD

250525

270223

280920

300616

50110

60813

80516

100219

110922

170027

180728

220128

230827

250525

270223

280920

300616

110924

150330

180735

220141

250545

350754

390156

420556

450955

490352

520748

'560143

590536

80517

100220

110922

130624

150326

170028

220129

230828

250527

270224

280922

300618

320313

340008

30407

50110

60814

80517

100219

110922

317

OBSERVED

GSCD

2505150

2702160

2808900

3006210

501450

608010

806360

1002130

1109300

1700320

1807360

2201280

2308500

2505360

2702480

2809290

3006220

1109340

1503210

1808520

2201460

2505380

3507620

3901670

4205410

4509590

4903640

5207520

5601370

5905500

805220

1002230

1109250

1306290

1503300

1700300

2201400

2308250

2505330

2702420

2809180

3006260

3203090

3400020

304150

501160

608140

805230

1002270

1109240

DELTA

NU

09999

09999

09999

09999

09999

09999

09999

09999

00245

00245

00224

.0200

09999

00245

09999

09999

09999

09999

09999

09999

00283

09999

00224

00245

09999

00245

00224

09999

09999

00283

00224

00173

.0245

.0245

09999

09999

09999

09999

00173

09999

00173

09999

09999

09999

09999

00200

09999

09999

09999

09999

OBS-

CALC

-0010

'0007

-0030

.005

0035

“0013

0120

-0006

0008

0004

0009

0000

0023

0011

0024

0009

0005

0010

‘0008

0117

0005

-0007

0008

0011

“0015

0004

0012

0004

‘0006

0014

0005

0003

0003

0005

.004

0002

0011

-0003

0006

0018

‘0004

0008

~0004

0012

0008

0006

0000

0006

0008

0002



ASSIGN'

MENT

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

OP

OP

10 7

10 8

10 9

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

10 5

10 6

10 7

10 8

10 9

1010

1013

1014

1015

1016

1017

1018

1019

1020

00

O0

O0

O0

00

00

O0

00

0010

0011

0012

0013

0014

0015

0016

0017

0018

0019

0020

0021

10 2

10 3

0
C
D
~
J
O
t
h
w
x
n
0

CALCULATED

GSCD

130624

150005

170028

180729

200429

220129

230828

250527

270224

280922

300618

320313

340008

350702

180736

220142

250547

280629

320354

350756

450957

490354

520751

560146

590540

620960

660322

690709

80518

110924

150331

180737

220142

250547

280951

320354

350757

390158

420559

450958

490356

520752

560147

590541

620932

660323

690711

730097

50110

60814

318

OBSERVED

GSCD

1306110

1500210

1609890

1807210

2004380

2201300

2308310

2505300

2702160

2809320

3006140

3203160

3400130

3507240

1807490

2201470

2505370

2806500

3203190

3507530

4509700

4903520

5207430

5601580

5905320

6209410

6603220

6907460

804910

1108690

1503380

1807430

2201330

2505600

2809680

3203640

3507510

3901630

4205610

4509630

4903570

5207650

5601360

5905740

6208990

6603230

6907060

7300970

501250

605970

DELTA

NU

09999

09999

00283

09999

09999

09999

00224

00245

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

00141

09999

09999

09999

09999

00224

00173

00245

00283

09999

09999

00224

00283

00245

09999

00245

09999

09999

00224

00245

.0173

09999

00245

00173

.0173

09999

09999

OBS-

CALC

‘0013

0016

'0039

‘0008

0009

0001

0003

0003

-0008

0010

0004

0003

0005

0022

0013

0005

‘0010

0021

'0035

-0003

-0013

-0002

"0008

0012

‘0008

-0019

0000

0037

-0027

‘0055

0007

0006

'0009

0013

0017

0010

‘0006

0005

0002

0005

0001

0013

‘0011

0033

-0033

0000

-0005

0000

0015

“0217



ASSIGN-

MENT

QD

OP

OP

OP

QD

OP

OP

OP

QP

OP

OP

OP

OP

OP

OP

OP

OP

OP

QD

RP

RP

RP

RP

RP

RD

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RO

R0

R0

R0

R0

R0

R0

R0

R0

R0

RO

RO

RO

10

10

10

10

10

10

1010

1011

1012

1019

1011

1012

1013

1014

1016

1017

1018

1019

1020

10

10

10

10

10

10

10

10

1010

1012

1010

1012

1013

1014

1016

1017

1018

1019

1020

10

10

10

10

10

10

10

10

1010

1012

1010

1011

1012

\
o
m
q
o
m
b
w
m

0
\
(
D
N
I
O
‘
U
‘
P

\
O
G
J
Q
C
F
U
T
P
K
H
R
J

CALCULATED

GSCD

80517

100220

110922

130624

150326

170028

180729

200429

220129

180729

200429

220129

230828

250527

280922

300618

320313

340008

350701

80518

110924

150330

180736

220142

250546

280951

320354

350756

420558

350756

420558

450957

490355

560146

590540

620931

660321

690710

30407

50110

60814

80517

100220

110922

130624

150326

170028

200429

170028

180729

200429

319

OBSERVED

GSCD

804950

1002310

1109160

1306190

1503300

1700440

1807470

2004150

2201090

1807440

2004270

2201440

2308460

2505330

2809350

3006090

3203160

3404700

3506760

805340

1107150

1503140

1807440

2201460

2505450

2809640

3203580

3507550

4205490

3507960

4205800

4600090

4903590

5601690

5905400

6209390

6607820

6906820

304090

501180

608190

805130

1002300

1109260

1306340

1503140

1700080

2004400

1700520

1807390

2004360

DELTA

NU

09999

.0245

09999

09999

09999

09999

00283

00283

09999

09999

09999

00283

09999

00245

09999

09999

09999

09999

09999

09999

09999

09999

00200

09999

09999

09999

09999

00245

00283

09999

00245

00245

00245

09999

09999

09999

09999

09999

09999

00224

00283

00245

09999

00245

00245

00245

00245

09999

09999

00283

00245

085-

CALC

-0022

0011

'0006

‘0005

0004

0016

0018

-0014

'0020

0015

-0002

0015

0018

0006

0013

-0009

0003

0462

‘0025

0016

'0209

‘0016

0008

0004

~0001

0013

0004

‘0001

‘0009

0040

0022

0052

0004

0023

0000

0008

0461

‘0028

0002

0008

0005

‘0004

0010

0004

0010

~0012

-0020

0011

0024

0010

0007



ASSIGN‘

MENT

R0 1013

R0 1014

R0 1015

R0 1016

R0 1017

R0 1018

R0 1019

R0 1020

RP 20 3

RP 20 4

RP 20 6

RP 20 7

RP 2010

RP 2011

RP 2012

RP 2014

RP 2015

RP 2016

RP 2017

RP 2019

RP 2021

GP 20 3

GP 20 4

OR 20 6

OR 20 7

OP 20 9

OP 2010

OR 2011

0P 2012

OR 2014

OR 2015

GP 2016

0P 2017

OP 2019

0P 2020

OP 2021

OR 2023

R0 20

R0 20

R0 20

R0 20

R0 20

R0 20 8

R0 2010

R0 2011

R0 2012

R0 2013

R0 2014

R0 2015

R0 2016

\
I
O
‘
U
i
-
b
w

CALCULATED

GSCD

220129

230828

250527

270225

280922

300618

320313

340008

110924

150330

220141

250545

350754

390156

420556

490352

520748

560143

590536

660318

730092

60813

80516

110922

130624

170027

180406

200428

220128

250525

270223

280920

300616

340006

350700

370392

400783

50110

60813

80516

100219

110922

130624

170027

180728

200428

220128

230827

250525

270223

320

OBSERVED

GSCD

2201630

2308260

2505240

2702340

2809310

3006230

3203120

3400060

1109410

1503290

2201500

2505560

3507630

3901510

4205690

4903650

5207430

5601190

5905340

6602840

300610

608100

805170

1109340

1306290

1700230

1804270

2004270

2201450

2505200

2702100

809040

3006140

3309760

3506830

3703720

4007830

501310

608120

805150

1002160

1109280

1306050

1700140

1807240

2004240

2201310

2308440

2505330

2702150

DELTA

NU

09999

00200

00173

.0245

00245

00200

00283

09999

09999

09999

00245

00200

09999

00245

00283

00200

00245

09999

00245

09999

09999

09999

09999

00224

00200

09999

09999

00245

00283

09999

09999

09999

.0245

09999

09999

09999

00283

09999

00245

09999

00173

.0200

09999

09999

00200

00283

00200

09999

09999

00224

OBS-

CALC

0034

~0002

'0003

0009

0009

0005

'0001

-.002

0017

“0001

0009

0011

0009

-0005

0013

0013

-.005

-0024

-0002

'0034

‘0031

-.003

0001

0012

0005

‘0004

'0021

‘0001

0017

‘0005

'0013

“0016

'0002

-0030

‘0017

-0020

0000

0021

‘0001

‘0001

‘0003

0006

-0019

-0013

-.004

‘0004

0003

0017

0008

‘0008



ASSIGN-

MENT

R0 2017

R0 2018

R0 2019

R0 2021

R0 2022

RP 30 4

RP 30 6

RP 30 7

RP 30 8

RP 30 9

RP 3010

RP 3011

RP 3012

RP 3014

RP 3015

RP 3016

RP 3017

RP 3018

RP 3019

RP 3021

R0 30 4

R0 30 5

R0 30 6

R0 30 7

R0 30 8

R0 30 9

R0 3010

R0 3011

R0 3012

R0 3014

R0 3015

R0 3016

R0 3017

R0 3018

R0 3019

R0 3021

OP 30 4

OR 30 6

OR 30 7

0P 30 8

OP 30 9

OP 3010

OR 3011

OP 3012

0P 3013

OR 3014

OR 3015

OR 3016

GP 3017

OR 3018

CALCULATED

GSCD

280920

300616

320312

350700

370392

150328

220139

250543

280947

320349

350751

390152

420552

490348

520744

560138

590531

620923

660312

730085

60813

80516

100218

110921

130623

150324

170025

180726

200426

230825

250523

270221

280918

300614

320309

350697

80516

110921

130623

150324

170025

180726

200426

220126

230825

250523

270221

280918

300614

320309

321

OBSERVED

GSCD

2809200

3006420

3203080

3506900

3703900

1503060

2202480

2505470

2809830

3203460

3507510

3901630

4206020

4903520

5207550

5601490

5905410

6209300

6603080

7300910

608160

805280

1002210

1109180

1306440

1503330

1700240

1807270

2004580

2308140

2505210

2702233

2809260

3006070

3203030

3506940

804890

1109270

1306290

1503380

1700130

1807270

2004360

2201440

2308310

2505380

2702340

2809260

3006160

3203230

DELTA

NU

00200

09999

09999

00283

09999

09999

00224

00224

09999

09999

00245

00173

09999

00173

09999

.0200

09999

09999

09999

09999

00173

00245

00173

.0141

00224

09999

00200

00173

09999

09999

00245

00173

09999

09999

00173

09999

09999

00245

00224

09999

09999

00245

00200

09999

09999

09999

09999

00173

09999

09999

OBS-

CALC

0000

0026

-0004

-0OIO

‘0002

-0022

0009

0004

0036

~0003

0000

0011

0050

0004

0011

0011

0010

0007

‘0004

0006

0003

0012

0003

‘0003

0021

0009

-0001

0001

0032

‘0011

‘0002

0002

0008

-.007

-0006

-.003

‘0027

0006

0006

0014

-0012

0001

0010

0018

0006

0015

0013

0008

0002

0014



‘
0

1
0
‘

.
I
.

.
0
.
0

 



ASSIGN-

MENT

OR 3019

OP 3020

0P 3022

OR 40 8

GP 4010

GP 4012

GP 4013

GP 4015

GP 4016

R0 40 6

R0 40 7

R0 40 8

R0 40 9

R0 4010

R0 4011

R0 4012

R0 4013

R0 4014

R0 4015

R0 4016

RP 40 8

RP 4010

RP 4012

RP 4013

RP 4015

RP 4016

R0 50 8

R0 50 9

R0 5010

R0 5011

R0 5012

R0 5013

R0 5014

R0 5015

R0 5016

R0 5017

R0 5018

R0 5019

R0 5020

RP 5014

RP 5016

RP 5018

OR 5014

0P 5016

GP 5018

R0 60 7

R0 60 8

R0 60 9

R0 6010

R0 6011

CALCULATED

GSCD

340003

350697

370389

150322

180724

220123

230822

270217

280914

100217

110919

130621

150322

170023

180724

200424

220123

230822

250520

270217

280943

350747

420547

450945

520737

560131

130619

150320

170020

180721

200420

220120

230818

250516

270213

280910

300605

320300

330994

490334

560123

620905

250516

280910

320300

110915

130616

150317

170017

180717

322

OBSERVED

GSCD

3400050

3506930

3703970

1503200

1807190

2201220

2308190

2702140

2808770

1002190

1202320

1306170

1503180

1700230

1807340

2004500

2201290

2308300

2505200

2702300

2809370

3507420

4205720

4509480

5207340

5601070

1306060

1503440

1700170

1807250

2004190

2201230

2308130

2505150

2702090

2809310

3006220

3202970

3400330

4903140

5601330

6209330

2505010

2809240

3109000

1109890

1306110

1503130

1700200

1807170

DELTA

NU

09999

09999

09999

09999

09999

09999

09999

09999

00173

00173

09999

00200

00173

00224

00224

09999

00173

00224

00245

00173

09999

09999

00245

09999

09999

00200

00283

09999

00200

09999

00245

00173

00283

09999

00283

09999

09999

00283

00283

09999

09999

09999

09999

09999

09999

09999

00200

00141

00212

00173

OBS-

CALC

0002

‘0004

0008

-0002

‘0005

-0001

-0003

‘0003

'0037

0002

0113

‘0004

~0004

.000

0010

0026

0006

0008

0000

0013

‘0006

“0005

0025

0003

-0003

'0024

‘0013

0024

'0003

0004

‘0001

0003

-0005

-0001

-0004

0021

0017

‘0003

0039

“0020

0010

0028

'0015

0014

-0400

0074

-0005

‘0004

0003

0000



ASSIGN-

MENT

R0 6012

R0 6013

R0 6014

R0 6015

R0 6016

R0 6017

R0 6018

R0 6019

R0 6020

R0 6021

R0 6022

R0 6023

R0 6024

GP 60 7

OR 60 9

OR 6013

GP 6015

OR 6018

OR 6019

GP 6020

OR 6021

OR 6024

0P 6025

RP 60 7

RP 60 9

RP 6013

RP 6015

RP 6018

RP 6019

RP 6020

RP 6021

RP 6024

R0 70 8

R0 70 9

R0 7010

R0 7011

R0 7012

R0 7015

R0 7016

R0 7019

R0 7020

OR 70 9

OP 7019

RP 70 9

RP 7014

RP 7019

R0 8011

R0 8015

R0 8016

R0 8017

CALCULATED

GSCD

200417

220115

230814

250511

270208

280904

300599

320294

330987

350680

370371

390062

400751

130616

170017

230814

270208

320294

330987

350680

370371

420440

440127

250531

320334

450929

520719

620893

660281

690667

730051

830191

130613

150313

170013

180713

200412

250505

270202

320286

330979

170013

330979

320327

490313

660266

180708

250499

270195

280890

323

OBSERVED

GSCD

2004190

2201250

2308150

2505120

2701930

2809340

3005950

3202910

3309770

3506730

3703710

3900540

4007450

1305460‘

1609920

2308120

2702250

3202960

3400020

3506870

3703550

4204510

4401490

2505350

3203050

4509370

5207370

6208910

6602930

6906640

7300280

8301960

1306270

1503050

1700230

1807150

2004040

2505030

2702000

3202890

3400520

1700270

3309550

3203320

4903280

6602440

1808900

2504990

2702040

2808720

DELTA

NU

00173

09999

00141

00224

00173

09999

00173

00224

00173

00245

09999

00245

00200

09999

00224

09999

09999

09999

09999

09999

09999

09999

09999

00212

00224

09999

09999

09999

09999

09999

09999

09999

09999

09999

.0245

00245

00245

09999

00245
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APPENDIX VII

LIST OF ASSIGNMENTS AND FREQUENCIES OF OBSERVED

TRANSITIONS FOR v1+v3 OF CH3?

The following pages contain a list of the observed

transitions of v1+v3 of CHBF. The columns of the list,

left to right, are: the assignment (AK,AJ,K,J); the observed

frequency (in cm"); the observed fringe number (from which

the frequency may be calculated - of. Chapter 7); the Av

(weight = (NORM)2/(Av)2); the weight; the observed line

height; and the line number.
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APPENDIX VIII

LIST OF OBSERVED COMBINATION DIFFERENCES

FOR v1+v3 0F CHEF

The following pages contain a list of the observed

ground state combination differences for v1+v3 of CH3F.

The columns of the list, left to right, are: the assignment

(cf.Chapter 4); the calculated combination difference

(in cm") from Appendix II; the observed combination

difference (in cm“); the Av (weight = (N0RM)2/(Av)2); and

the observed minus the calculated combination difference.
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ASSIGN-

MENT

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

RP

PP

RP

R0

R0

R0

R0

R0

R0

oP

QP

GP

0.9

OP

0P

RP

RP

RP

RP

RP

09

O9

O9

09

09

O9

O9

O9

0910

0911

0912

0913

0914

0915

0916

0920

19

19

19

19

19

19

19

1910

1912

1913

1914

1915

1916

1918

1919

1920

1921

19 3

19 4

19 6

19 8

1910

1916

19 3

19 4

19 6

19 8

1910

1916

29

29

29

29

29

x
o
o
o
u
o
m
b
w
w

\
O
C
D
x
l
O
‘
U
I
-
U
-
‘
U
’

m
x
l
O
‘
J
-
‘
w

CALCULATED

GSCD

59111

119924

159331

189737

229142

259547

289951

329354

359757

399158

429559

459958

499356

529752

569147

699711

119924

159331

189736

229142

259547

289951

329354

359756

429558

459957

499355

529751

569146

629931

669321

699710

739096

59110

69814

109220

139624

179028

279224

69814

89517

119922

159326

189729

289922

119924

159330

229141

259545

289949

331

OBSERVED

GSCD

591140

1199210

1593380

1897350

2291390

2595580

2899570

3293650

3597600

3991560

4295550

4599710

4993500

5297440

5691120

6996460

1199190

1593350

1897440

2291460

2595580

2899490

3293660

3597510

4295510

4599540

4993710

5297540

5691320

6299210

6693190

6996880

7390750

591010

697870

1092080

1396010

1790290

2792210

698180

895480

1199380

1593480

1897220

2899110

1199363

1593130

2291400

2595450

2899550

DELTA

NU

90245

99999

90283

90283

99999

99999

90245

90245

99999

99999

99999

90245

.0245

99999

90245

99999

99999

99999

90283

99999

99999

.0173

90224

99999

90283

90283

99999

99999

99999

99999

99999

99999

99999

99999

99999

99999

90224

99999

99999

99999

90283

99999

90245

99999

99999

99999

99999

99999

99999

90245

085-

CALC

9003

‘9003

9007

-9002

-9003

9011

9006

9011

9003

-9002

-9004

9013

“9006

-9008

‘9035

‘9065

‘9005

9004

9008

9004

9011

‘9002

9012

-9005

-9007

r9003

9016

9003

‘9014

'9010

-9002

'9022

'9021

~9009

9073

-9012

-9023

9001

‘9003

9004

9031

9016

9022

‘.007

-9011

9012

-9017

-9001

9000

9006



ASSIGN-

MENT

RP 29 9

RP 2910

RP 2911

RP 2912

RP 2913

RP 2915

RP 2916

RP 2919

R0 29 5

R0 29 8

R0 29 9

R0 2911

R0 2912

R0 2914

GP 29 2

GP 29 8

GP 29 9

GP 2911

GP 2912

GP 2914

RP 39

RP 39

RP 39

RP 39

RP 39

RP 39

RP 3910

RP 3911

RP 3912

RP 3913

RP 3914

RP 3915

RP 3916

RP 3917

RP 3919

RP 3920

R0 39 4

R0 39 5

R0 39 6

R0 39 7

R0 39 8

R0 39 9

R0 3912

R0 3913

R0 3914

R0 3915

R0 3916

R0 3917

R0 3918

R0 3919

\
o
o
o
\
I
O
~
m
.
p

CALCULATED

GSCD

329352

359754

399156

429556

459955

529748

569143

669318

89516

139624

159325

189728

209428

239827

59110

159325

179027

209428

229128

259525

159328

189734

229139

259543

289946

329349

359751

399152

429552

459951

499348

529744

569138

599531

669312

699700

69813

89516

109218

119921

139623

159324

209426

229156

239825

259523

279221

289918

309614

329309
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OBSERVED

GSCD

3293580

3597850

3991560

4295440

4599600

5297360

5691300

6692890

895300

1396300

1593160

1897180

2094040

2399590

591170

1593250

1790420

2094380

2291400

2595070

1593180

1897350

2291340

2595410

2899450

3293520

3597580

3991520

4295550

4599560

4993350

5297380

5691300

5995590

6693190

6996880

698110

895230

1092310

1199340

1396400

1593360

2094540

2291700

2398320

2595160

2792470

2899740

3096120

3292910

DELTA

NU

90200

99999

99999

90224

90173

90283

99999

99999

99999

99999

99999

99999

99999

90283

99999

99999

99999

99999

99999

90283

99999

90283

90245

99999

90173

99999

99999

99999

99999

90200

99999

90283

90283

99999

99999

99999

90245

90283

90283

99999

99999

99999

99999

99999

90245

99999

99999

99999

99999

99999

OBS-

CALC

9006

9031

9000

'9012

9005

'9012

'9013

-9029

9014

9006

-9009

-9010

‘9024

9132

9007

9000

9015

9010

9012

‘9018

‘9010

9001

‘9005

-9002

‘9001

9003

9007

9000

9003

9005

'9013

'9006

~9008

9028

9007

-9012

‘9002

9007

9013

9013

9017

9012

9028

9014

9007

‘9007

9026

9056

-9002

-9018



ASSIGN-

MENT

RO

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

3920

39

39

39

39

39

39

39

3912

3913

3914

3915

3916

3917

3919

3920

3921

\
O
C
D
x
I
O
‘
U
‘
k
U
J

CALCULATED

GSCD

349003

69813

89516

109218

119920

139622

159324

179025

229126

239825

259523

279221

289918

309614

349003

359697

379389
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OBSERVED

GSCD

3399650

698070

895070

1092120

1199030

1396070

1593050

1790160

2291010

2397860

2595030

2792220

2898830

3095850

3490280

3597230

3794320

DELTA

NU

99999

99999

99999

90283

90245

99999

99999

99999

99999

99999

99999

99999

99999

99999

99999

99999

99999

088-

CALC

-9038

‘9006

-9009

-9006

'9017

-9015

‘9019

-9009

-9025

‘9039

'9020

9001

-9035

“9029

9025

9026

9043'



APPENDIX IX

COMPARISON OF THE OBSERVED AND CALCULATED

FREQUENCIES OF V3+V4 0F CHEF

The following pages contain a comparison of the observed

and calculated transition frequencies of v3+v4 of CHBF. The

analysis of 156 ”unperturbed" transitions resulted in the

following constants (in cm"):

190 -A'8C£ 9115f = 141.757.2074

A0 -Aecfi 411% = 4.6684

(1% +02 «1133 «12 -(3/2) 11% = 1.390 x 10"2

a; +a£ = 1.0816 x 10'2

DE 49111; = 1.46 110‘4

_ . '5
ng — 497 x ‘0

5(8td. dev.) = 09011

In the following list, the columns, from left to right,

are: the assignment (AK,AJ,K,J); the calculated frequency

(in cm"); the observed frequency (in.cm’1); the Av

(weight = (NORM)2/(Av)2); the observed minus the calculated

frequency; the observed line height; and the line number.

The first part of the list contains the transitions

included in the least squares fit, the second contains the

comparison of transitions not included in the analysis due

to perturbations, the third contains a comparison of transi-

tions not included in the analysis since they were assigned

a zero weight (i.e.. Av 80.9999).
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ASSIGN-

MENT

PR

PR

P0

P0

P0

PO

PP

PP

PP

PP

PR

PR

PR

PR

39

39

39

39

39

39

39

39

39

39

29

29

29 ,

2910

(
)
0
W
fi
x
l
O
k
fi
D
<
)
U
‘
b
\
»
U
fl
h

PO 29

P0 29

PO 29

P0 29

P0 29

4

5

7

8

9

P0

P0

P0

PP

PP

PP

PR

PR

PR

PR

PR

P0

P0

P0

P0

P0

P0

P0

P0

P0

P0

P0

P0

P0

RP

RP

RP

RP

R0

Pc

R0

2910

2911

2912

2910

2911

2912

19 4

19 5

19 6

19 7

1914

19

19

19

19

19

19

19

1910

1911

1912

1913

1914

1915

09

O9

09

09

09

09

O9

0
(
D
~
J
®
\
fi
u
n
v

‘
N
R
)
H
C
D
O
‘
W
L
Q

CALCULATED

FREQUENCY

404692743

404798491

403799503

403798651

403797587

403796309

403191375

402993495

402795404

602597104

405595144

405790667

406195928

406390577

404595313

404594240

404591452

404499736

404497805

404495661

404493301

404490727

402797538

402598385

402399022

406195836

4C6391568

40649708

406692376

407693251

405393261

405392613

405390668

405299372

405297860

405296132

405294187

405292027

405199651

405197059

405194250

405191226

405097985

405598341

405292754

405094638

404697761

406099382

406099447

406098794

U
.
)

W U
‘

OBSERVED

FREQUENCY

404692735

404798404

403799491

403798684

403797629

403796288

403191383

402993504

402795468

402597034

405595198

405790803

406195952

406390570

404595449

404594281

404591506

404499738

404497886

404495635

404493207

404490670

402797610

402598329

40239890

4061959

4063916

406497217

406692549

407693273

405393242

405392567

405390734

405299396

405297962

405296261

405294258

405292084

405199795

405197190

405194332

405191258

405397946

405598510

405292625

405094669

404697954

406099782

406099322

406008640

4

2

81
\
)
H
I

DELTA

NU

90200

90140

90200

90140

90140

90200

90200

90100

90140

90140

90200

.0140

90200

90200

90140

.0100

90200

90100

90200

90140

90100

90200

9020

.0100

90140

90200

90140

90200

90200

90140

90140

90140

90100

90100

90140

90140

90200

90200

90100

90100

90100

90140

90100

90200

90140

90200

90200

90140

90100

.0100

085- INT

CALC

"90008 5

'90086 7

'90012 9

90033 16

90043 18

‘90020 19

90007 23

90009 25

90064 17

-90070 18

90054 4

90136 9

90024 9

”90007 7

90136 11

90041 13

90055 14

90002 19

90080 18

‘90026 14

‘90094 17

‘90057 16

90072 13

-90055 14

‘90118 16

90116 9

90060 5

90135 8

90173 11

90021 8

"90018 15

“90046 17

90066 13

90024 15

90102 13

90130 15

90071 23

90057 18

90144 12

90132 18

90082 15

90032 14

‘90040 15

90169 11

"90130 21

90031 24

90193 18

'90100 16

‘90125 18

‘90154 20

LINE

NO

438A

445

397

3968

396

395

363

354

343

333

485

493

516

522A

435

434

432

431A

430

429

427

426

344

334

323A

516

523

530

539

586

475

474A

473

472

471

470

469

468

467

465

464

462

460

487

468A

459A

441

514A

514

513



ASSIGN-

MENT

R0

R0

R0

R0

R0

RR

RR

RR

RR

RR

R0

R0

R0

RR

RR

R0

R0

R0

RR

RR

RR

RR

RP

RR

RR

DD

R0

R0

RQ

R0

R0

"3
.«r

| \

RR

RR

RR

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

n

! \T

09

09

09

09

O9

09

09

O9

09

09

19

19

19

19

19

29

29

29

29

29

29

29

39

391

39

39

39

39

39

39

39

49

49

49

49

49

49

69

69

6910

6911

6912

6914

6915

6916

6918

6919

«
3
0
0
(
1
9
m
e
m
e
c
o
u
c
h
m
o
m
s
-
4
4
x
!
)
\
l
o
m
x
o
\
1
0
~
m
m
m
b
w
4
\
m
m
w
O
O
O
N
O
U
T
b

CALCULATED

FREQUENCY

406097924

406096836

406395531

406094008

406092267

406296918

406493518

406599899

406796062

406992005

406894680

406893803

406892708

407395784

407591941

407596926

407595381

407591630

408599117

408794597

408899853

409199692

407192887

06397279

409394275

409499743

408393426

408392093

408390537

408298760

408296760

409993347

4100.9029

410399712

410594712

409096859

409093503

410591649

410499608

410497340

410494845

410492124

413396901

410392599

410298970

410291033

410196724
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OBSERVED

FREQUENCY

406097830

4060.6734

406095438

406093888

406092167

406296882

406493423

406599861

406796003

406992100

406 94546

406893627

406892569

407395728

407591819

407596980

407595459

407591819

406599141

408794736

408899971

409199641

407192843

406397641

409394323

409499793

408393371

408392117

408390616

408298883

408297014

409993467

410099094

410399906

410595019

409096901

409093740

410591655

410499610

410497340

410494758

41.04.1993

410395812

4103.2446

410298931

410290886

410196625

DELTA

N U

.0100

90100

.0100

.0070

90070

90200

90100

90140

.0200

.0200

.0200

.0200

.0200

90100

90200

.0100

.0140

90200

90140

.0140

.0140

.0140

.0200

90200

.0100

90100

.0140

90140

90100

.0100

90140

90140

90100

.0140

.0100

90140

90140

90140

90100

90200

90140

.0140

.0100

90100

90140

90100

.0200

CALC

‘90094

‘90102

'90093

"90120

’90100

‘90035

-90095

~90039

‘90059

90094

-90133

‘90177

“90139

‘90056

'90122

90054

90078

90189

90024

90139

90119

-90050

-90044

90362

90049

90051

‘90054

90025

90078

90123

90254

90120

90066

90194

90307

90042

90237

90007

90002

90000

“90087

'90131

”90188

'90153

‘90039

‘90147

'90099

INT

21

21

21

20

22

5

8

14

18

16

16

20

19

21

17

11

11

17

16

14

18

11
7

9

20

24

14

17

17

21

25

18

21

20

14
7

14

8

11

15

15

13

12

15

12

14

11

LINE

N0

512

511

510

509

508

521

528

538

546

555

552

551

550

571

578

581

580

578

627

633

642A

656A

5638

526

661

666

616

615

614

613

612

685

691

703

711

651

649A

709

708

707

706

704

701

700

698

696

694



ASSIGN-

ME

R0

R0

R0

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

R0

R0

R0

R0

RP

RP

R0

RR

RR

RR

RR

RR

RR

RR

RR

R0

R0

R0

R0

RR

RR

NT

6920

6921

6923

69 6

69 7

69 8

69 9

6910

6911

6912

6913

6914

6915

6916

6917

6918

6919

6920

6922

6923

69 8

79 7

79 8

79 9

7910

7911

7912

7913

7915

7916

7917

7918

7910

7911

7915

7916

7910

7915

8915

89 8

89 9

8910

8911

8912

8913

8914

8916

9910

9911

9913

9919

99 9

9910

CALCULATED

FREQUENCY

410192188

410097426

409997221

411792612

411897810

412092777

412197513

412392017

412496290

412690329

412794136

412897710

413091349

413194154

413297025

413399660

413592059

413694222

413897837

413999288

409197302

412691111

412796061

412990777

413095261

413199511

413393527

413497309

413794166

413897242

414090030

414192682

411290643

411198132

411095802

411092149

409592792

408594174

411798465

413498799

413693496

413797958

413992185

414096177

414199932

414393452

414599778

412695593

412693048

412597263

412394355

414395633

414590073

337

OBSERVED

FREQUENCY

410192172

410097461

409997380

411792653

411397766

412092744

412197542

412391932

412496180

412690241

412793959

412897573

413090863

413194053

413296842

413399533

413591939

413694187

413897924

413999490

409197297

412691116

_412796055

412990853

413095297

413199587

413393623

413497434

413794258

413397384

414390224

414192983

411290616

411198153

411096011

411392258

409592736

408594154

411798611

413493765

413693512

413797978

413992271

414096269

414290025

414393604

414599972

412695370

412693032

412597299

412394713

414395511

414590039

DELTA

NU

90140

90200

90140

90070

.0140

90100

90070

90100

90100

90140

90100

90500

90100

90140

90140

90100
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90140

90200

90140

90200

90100
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90140

90200

90140

90140

90200
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90200
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90200

90200
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‘90017

90035

90160

90041
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90029

‘90086

-90110

-90088

-90l78

‘90136

-90186

'90101

‘90183

“90126

-90120
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90087

90202

‘90005
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90076

90036

90076

90096
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90092

90142

90143

90300

'90027

90021

90209

90109
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“90020

90146
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'90223
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755
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764
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778

783
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789
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795

798
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803

806A

811A

814

6554

784

788

790

793

797

799

801

807

811

814A

817

737A

7368

731A

730A

625

625

7578

802

806

809

812

815

820

823

828

786

785

7828

772

824

826



ASSIGN-

MENT
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RR

RR

RR

9911

9912

9913

9914

9915

9916

EXCUDED

PP

PP

PP

PP

PP

PP
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PP
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PP
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PP
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P0

P0

P0

P0

PP

PP

PP
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PP

PP

P0
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99 9

9910

9911

9912

9913

9914

9915

9916

9917

9918

9919

9920

9921

9912

9913

9919

9920

99 9

89

89 8

89 9

8910

8911

8912

8913

8914

8915

8916

8912

79 7

79 8

79 9

7910

7911

C
D

CALCULATED

FREQUENCY

414694277

414798244

414991973

415095464

415198716

415391730

397597558

397398734

397199711

397098489

396891069

396691452

396491638

396291627

396091420

395891018

395690420

395399627

395198641

399092050

398999401

398799231

398795157

400796776

398593395

398593395

398394753

398195910

397996867

397797623

397598180

397398538

397198697

396998658

399799226

399499052

399390596

399191938

398993077

398794013

338

OBSERVED
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414694200

414798213

414991989

415095455

415198877

415391890

397597650

397399177

397290456

397091677

396892654

396693605

396494373

396295086
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DELTA
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90100

90100

90140

90200
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FROM LEAST SQUARES ANALYSIS DUE

90140

90200

90140

90140

90140

90200

90140

90140

90140

90140

90200

90200

90200

90200

90200

90200

90200

90200

90200

90200

90200

90100

90140

90140

90200

90140

90200

90200

90200

90140

90140

90200

90200

90140

088- INT

CALC

‘90077 11

-90030 13

90016 13

‘90008 11

90161 10

90161 9

90092

90443

90745

91188

91584

92153

92735

93459

94173

94726

95799

96655

97731

91605

92443

96863

97864

90737

90320

90889

90565

90716

90962

91073

91473

91835
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829

832
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TO PERTURBATIONS

90

83

75

68

62

54

46

Q

J

32

26

19

15

164

163A

155

154

236A

139

139A

130

119

109

100

91

84

754

68

195C

182

174

168

160

150



ASSIGN-

MENT

PP

PP

PP

PP

PP

PR

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

P0

P0

PC)

PC

P0

P0

PC

PC)

P9.

P0

.923)

PO

P0

PR

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

PP

99

PG

PO

7912

7913

7914

7915

7916

7910

69 7

69 8

69 9

6910

6911

6912

6913

6914

6915

6916

6917

6918

6919

69 6

69 8

69 9

6910

6912

6913

6914

6915

6916

6917

6918

6919

6920

6916

59 6

59 9

5911

5912

5914

59 6

49 6

49 7

49 8

49 9

4910

4912

4913

4914

49 9

4911

4913

CALCULATED

FREQUE NCY

398594749

398395283

398195616

397995749

397795683

402495997

400296222

400097752

399899077

399790198

399591116

399391830

399192342

398992652

398792760

398592666

398392372

398191878

397991184

401495372

401492246

401490371

401398288

401393496

401390787

401297870

401294745

401291412

401197870

401194120

401190161

401095994

404096909

401291589

400696136

401998573

401890283

401691785

401493080

401294168

400895723

400696192

400496456

402994400

402899960

402894674

339

OBSERVED

FREQUENCY

398596181

398397055

398197925

397997828

397798696

402497557

400390222

400191707

399993012

399794220

399595438

399396511

399197527

398998436

398799339

398690300

398491216

398292340

398093738

401499438

401496203

401494422

401492570

401398628

401396534

401394418

401392312

401590 319

[LC'12.;8 344+

401296794

401295399

401294479

404197415

401292113

400697689

400390222

403191707

399793130

402293425

401998559

401890391

401691744

401492953

401293881

400895468

400696130

400‘496075

DELTA

NU

90140

90200

90140

90200

90200

90200

90100

90140

90140

90200

90100

90140

90140

90100

90100

90200

90140

90200

90200

90140

90100

,0100

90200

90100

90100

.0140

90140

90140

90200

90140

90140

90140

90200

90200

0200

90100

9C14O

90200

90200

90140

90200

90140

90100

90140

90200

90200

90200

90100

90200

90200

088-

CALC

91432

91772

92309

92079

93013

91560

94000

93955

93934

94022

94322

94681

95185

95784

6579

97633

98843

190462

192554

94067

3957

94051

94282

95132

95747

96548

97567

98907

190474

192675

195238

198485

190506

90524

91553

92083

92873

93520

90942

“90014

90108

“90041

‘90128

“90286

‘90255

"90062

"90381

‘90374

‘90822

‘90675
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LINE

N0

140

131

120

109

100

327

216

208

201

193

184

176

169

162

151

142

134

123

112

281

279

278

276A

275

273

272

271

270

260

259

258

257

414A

256

231

216

208

192

316A

303

295A

288

277

256A

240A

230A

222

354A

351

349



ASSIGN-

MENT

PR

PR

PR

PR

PR

PR

PR

PP

P0

P0

P0

P0

P0

P0

P0

P0

PP

PP

PP

PP

PP

PP

A9 6

4912

39 6

39 7

39 9

3912

3916

3917

39 7

39 8

39 9

3910

3915

3916

3917

3919

39 8

39 9

3910

3911

3917

3918

EXCUDED

PR

PR

PR

PR

P0

P0

P0

PP

PP

PP

PP

PP

PP

PP

PR

PR

P0

P0

2912

2913

2914

2916

2913

2915

2918

29 3

29 4

29 7

2914

2915

2917

2918

1915

1916

1917

1918

CALCULATED

FREQUENCY

404197184

405095905

404994023

405099339

405399321

405392659

406397374

406590501

403794818

403793114

403791198

403699068

403595226

403591819

403498199

403490319

402398593

402199873

402090945

401891809

400692644

400492363

406599216

406793204

406896971

407193841

404397939

404391719

404290779

404595712

403898037

403393738

401999671

401799683

401399086

401198478

407796773

407990072

405090856

404996968

340

ORSERVED

FREQUENCY

404197415

405095772

404993684

405099090

405398394

405890266

406395107

406498153

403794655

403792835

403790761

403698240

403594304

403499349

403495959

403397564

402398425

402199499

402090344

401890886

600690281

400490010

FROM LEAST SQUARES ANALYSI'

406598993

406792864

406896264

407192158

404397712

404390904

404198062

404095949

403398617

403394078

401999405

401799221

401397988

401196659

407796611

407899608

405090428

404996170

DELTA

NU

90200

.0200

90140

90140

90200

90200

90200

90200
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90100
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90140

90140

90140
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9C200

90140

90140
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90200

90100

90200

90200

90100

90140

90200

90100

90140

90100

90140

‘90223

“90340

"90708

‘91682

-90227

‘90814

-92718

90236

90580

90340

-90266

~90462

'91099

‘91819

‘90163

'90464

‘90429

‘90798

LINE

N0

414A

4598

453

461

477

497

525A

531

394

393

392

391

385

382A

381

376

323

314

305

296

228

220A

T0 PERTURBATIONS

537

544

553

563

425

422A

415

410

402

374A

304

295

274

253

592

596

457

455





ASSIGN-

MENT

P0

RP

RP

RP

RP

RD

RP

RP

RP

RP

RP

RP

RP

RP

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RP

RP

RP

RP

RP

RP

RP

RP

RP

R0

1919

09 4

09 9

0910

0911

0912

0913

0916

0917

0918

0920

0921

0922

0922

0913

0911

0912

0913

0914

0915

0916

0917

0918

0919

0920

0921

09 7

09 8

O9 9

09 9

0911

0912

0913

0914

0915

0916

0917

0918

0919

0920

19 6

1911

1912

1913

1911

1913

1914

1915

1921

19 6

CALCULATED

FREQUENCY

404992863

405490656

404499002

404190844

403991447

403791837

403191742

402991290

402790628

402298678

402097391

401895896

401895896

405998133

405995740

405993129

405990301

405897255

405893992

405890511

405796812

405792896

405698762

405694411

405599842

407398513

407593574

407698413

407698413

407997423

408191593.

408295540

408399262

408592760

408696032

408799079

408991900

409094494

409196861

405890512

404896658

404697244

404497616

404896658

404497616

404297776

404097723

402892970

406891393

341

OBSERVED

FREQUENCY

404991533

405491172

404499246

404390293

404191538

403991848

403792295

403191990

402991568

402790118

402296287

402092659

401797507

4017975C7

405997997

405995518

405992884

405899865

405896652

405893038

405799016

405794658

405699639

405693902

405597243

405499587

407398918

407593925

407698842

407698842

407997898

408192072

408296069

408399642

408592932

408695865

408798148

408899524

408999721

409098483

405890266

404893713

404599484

404299428

404996190

404499738

404299428

404099634

402698503

406891167

DELTA

NU

90140

90200

90100

.0140

90200

90140

90200
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90140
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90100
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.0200
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90140
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90200

90200

90140

90200

90200

90200

90200

90200

088-

CALC

‘91330

90516

90244

90264

90494

90402

90458

90248

90278

‘90511

‘92392

‘94732

‘98390

'98390

‘90136

-90222

-90245

‘90436

-90603

‘90953

‘91495

-92153

‘93257

‘94860

-97168

”190255

90405

90351

90429

90429

90475

90479

90529

90380

90172

‘90168

'90931

-92376

'94773

‘98378

-90245

-92945

‘97760

‘198188

99531

92122

91653

91911

‘194466

-90226

INT
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LINE

N0

452

479

431

422

412

403

392A

363A

353

340

317

306

294

505

504

503

501

500

499

496

495

492

489

486

483

572

579

589

599

600A

611

619

624

630

635

642

646

552

497

449

437A

4218

455

431A

4218

4105

339

549



ASSIGN-

MENT

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RR

RP

RP

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

R0

RR

RR

RR

RR

19 7

19 8

19 9

1910

1911

1911

1912

1914

1915

1916

1917

1918

1919

19

19

19

19

19

19

1911

1910

1911

1912

1913

1914

1915

1916

1917

1918

2912

2913

2915

2916

2918

2924

29 4

2911

2912

2913

2916

2917

2919

2920

2921

2922

2923

29 3

29 4

2910

2911

\
o
o
o
x
l
m
b
r
—
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CALCULATED

FREQUENCY

406799860

406798107

406796135

406793944

406791534

406791534

406698905

406692989

406599702

406596197

406592472

406498525

406494365

407199408

407697876

407999081

408194351

408299397

408494220

408793194

408598820

408793194

408897345

409091269

409194968

409298441

409491687

409594706

409697498

405492718

405293072

404893139

404692852

404291639

402992926

407599353

407496997

407494349

407491481

407391552

407297801

407199638

407195225

407190592

407095738

407090663

408297486

408493413

409394273

409498629

342

OBSERVED

FREQUENCY

406799463

406797495

406795115

406791176

406693626

406795115

406791176

406694964

406691404

406597591

406593436

406498153

406399677

407199249

407697704

407998721

408193834

408298249

403491259

408594919

408692501

408795537

408899524

409093219

409196641

409299934

409492751

409594379

409692810

405493275
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APPENDIX X

COMPARISON OF THE OBSERVED AND CALCULATED FREQUENCIES OF

K"=0 SERIES OF v3+v4 OF CH3F

The following page contains a comparison of the observed

and calculated RRO(J), RQO(J), and RP°(J) transitions. The

analysis of this subband including a Coriolis resonance

constant q. and a J6 term whose coefficient is f resulted

in the constants (in cm"):

sub = 4060.987

ag+ag = 0.01057

q = 2073 x 10""4

y = 1.06 x 10-8

S (std. dev.): 0.015 cm"1

The columns of the list. left to right, are the

assignment (AK,AJ,K,J); the calculated frequency (in cm");

the observed frequency (in cm'1); the Av (weight =

(NORM)2/(AV)2), the observed minus the calculated frequency;

the observed line height; and the line number.
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APPENDIX XI

LIST OF ASSIGNMENTS AND FREQUENCIES OF OBSERVED TRANSITIONS

FOR v1+v2 OF CHD3

The following pages contain a list of the observed

frequency (in cm"), together with the assignment (AK,AJ,K,J,)

and weight, of the observed transitions of v1+v2 of CHD}.
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OBSERVED

FREQUENCY

506306030

506404700

506502130

506602700

506902690

506903980

506907000

507002030

507007540

507102970

507108270

507204500

507303890

507709340

507801150

507803680

507806670

507900900

507906190

508004650

508506320

508507610

508509900

508602950

508607430

508704660

509300640

509300640

509302160

509304420

509308320

509403760

510003970

510003970

510005580

510008560

510103810

510706150

510706150

510708350

510802130

511406830

511407630

511500170

512107680

512107680

512508610

512600100

512606180

512607200

WEIGHT
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050.

050

025

025

050

050

050

050

050

050

025

000

000

050

1000

050

050

025

012

.00

050

1000

050

050

025

.00

.00

050

1000

050

012

000

000

1000

1000

012

.00

.00
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050

025

050

025

.00

.00

025

025

025

025
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00 39
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00 49

00 89

00 59

OO 79

OO 39

00 49

00 39

00 69
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00 59

00 29
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OR 09

OR 19

OR 29
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OBSERVED

FREQUENCY

512609250

512701190

512706580

512708510

512802540

512805050

512807600

512900450

512902630

512905980

513001940

513003500

513006560

513007270

513100660

513103700

513004790

513104580

513107170

513106200

513108220

513200190

513201580

513203150

513206080

513208540

513207680

513301570

513306340

513303310

513308750

513307260

513400769

513401640

513404390

513500890

513408770

514104250

514704800

514705410

515305120

515305120

515307360

515903850

515903850

515905480

515908570

516501490

516501490

516502980

WEIGHT

050

050

.00

050

025

050

025

012

025

025

025

1000

050

050

1000

050

012

025

1000

010

025

1.00

050

1000

050

050

050

050

050

1000

012

050

025

050

1000

050

025

012

025

025

000

000

012

000

.00

025

025

000

.00

050
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ASSIGN- OBSERVED WEIGHT

MENT FREQUENCY

OR 39 4 516505340 050

OR 49 4 516509220 050

OR 09 5 517007840 000

OR 19 5 517007840 000

OR 29 5 517009380 050

OR 39 5 517101460 1000

OR 49 5 517104700 1000

OR 59 5 517109090 025

OR 09 6 517601420 000

OR 19 6 517601420 000

OR 29 6 517603290 050

OR 39 6 517605850 1000

OR 49 6 517609000 025

OR 59 6 517703230 050

OR 69 6 517708770 050

OR 09 7 518005270 025

OR 19 7 518006400 025

OR 29 7 518009590 012

OR 39 7 518104610 1000

OR 49 7 518200250 1000

OR 59 7 518205780 1000

OR 69 7 518301180 1000

OR 79 7 518307630 050

OR 59 8 518606640 012

OR 69 8 518709060 025

OR 79 8 518808660 012

OR 89 8 518906230 012



APPENDIX XII

COMPARISON OF THE OBSERVED AND CALCULATED GROUND STATE

COMBINATION DIFFERENCES OF v1+v2 OF CHD}

The following pages contain a comparison of the observed

and calculated ground state combination differences of

v‘+v2

of these ground state combination differences. The constants

of CHBD from a simultaneous least squares analysis

determined are (in cm"):

B0 = 3.27944

DgK =-4.8 x 10-5

pg = 5.22 x 10'5

The columns, left to right, are the assignment (cf.

Chapter 4); the calculated combination difference (in cm");

the observed combination difference (in cm"): the Av

(weight = (NORM)2/(Av)2); and the observed minus the cal-

culated combination difference.
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ASSIGN-
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CALCULATED

GSCD

1906722

2602237

4508433

5203673

4508959

5809939

7200807

9802105

11102485

2602256

3207727

3903134

4508467

5809983

7200861

8501601

9802178

11102567

2602256

3207727

3903134

7200935

8501689

9802280

11102683

3207761

3903175

4508514

3207761

3903175

8501802

9802410

11102831

4508575

5203835

5808995

4508575

5203835

9802570

11103012

12403241

4508650

5203921

5809091

4508650

5203921

11103226

12403480

5204021

5809205
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OBSERVED

GSCD

1906702

2602412

4508595

5203638

4509017

5809896

7200814

9802145

11102590

2602255

3207777

3903254

4508318

5900008

7200923

8501556

9802165

11102574

2602231

3207668

3903238

7200907

8501745

9802330

11102714

3207833

3903254

4508631

3207652

3903114

8501657

9802330

11102807

4508651

5203683

5808971

4508647

5203835

9802575

11102915

12403030

4508651

5203996

5809003

4508579

5203912

11103124

12403958

5203892

5809192

DELTA

NU

00245

00224

00316

00316

00300

00224

00200

00200

00316

00173

00173

00173

00224

00224

00173

00140

00140

00173

00245

00200

00224

00200

00173

00245

00173

00316

00200

00200

.0200

00173

00245

00200

00173

00200

00245

00245

00245

00224

00245

00173

00245

00224

00224

00200

00173

00173

00245

00316

00316

00245

085-

CALC

'00020

00175

00162

“00034

00059

-0OO44

00007

00040

00105

-00001

00050

00120

"00149

00025

00062

"00045

‘00013

00006

‘00025

-00058

00104

-00029

00056

00050

00032

00073

00080

00117

”00108

-00061

-00146

-00080

'00024

00076

‘00153

-00024

00072

00000

00005

-00097

‘00211

00002

00076

‘00088

'00071

'90009

-00102

00478

‘00130

‘00012



ASSIGN-

MENT
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R0

GP

79

89
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99 \
O
\
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\
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C
D

CALCULATED

GSCD

5204021

12403756

5809336

6504585
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OBSERVED

GSCD

5203932

12404107

5809675

6504477

DELTA

NU

00200

00316

00316

00224

055-

CALC

'00090

00351

00339

'00109



APPENDIX XIII

COMPAFISON OF THE OBSERVED AND CALCULATED GROUND STATE

COMBIKATION DIFFERENCES 0F v2+v3 OF CHDD

The following pages contain a comparison of the observed

and calculated ground state combination differences of

v2+v3 of CHBD from a simultaneous least squares analysis

of these ground state combination differences. The constants

determined are (in cm"):

B0 = 3.88107

DgK = 1.192 x 10"4

D3 = 5.28 x 1075

The columns, left to right, are: the assignment

(of. Chapter 4); the calculated combination differences

(in cm"); the observed combination difference (in cm“);

the Av (weight = (NORM)2/(Av)2); and the observed minus the

calculated combination difference.
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ASSIGN-

MENT
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OR 39
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7

8
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OP 3912

RP 49
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5

6
7

9

RP

RP

RP

4910

4911

4912

R0 49

R0 49

OP 49

6

9

6

CALCULATED

GSCD

5403091

6908107

8503009

10007772

11602370

13106777

14700969

19301995

2302779

3100312

3807795

5402558

6109812

6906965

7704004

3100312

3807795

4605214

6109812

6906965

7704004

6908000

8502878

10007617

11602191

13106574

14700742

17708329

19301697

3100264

5402474

. 6109717

6906858

7703885

9207545

3807735

6109717

6906858

7703885

10004153

8502695

10007400

11601941

14700425

16204319

17707945

19301280

4605043

6906708

5402357
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OBSERVED

GSCD

5403210

6908068

8503030

10007837

11602351

13106792

14700972

19302103

2302878

3100454

3807733

5402605

6109508

6907161

704039

3100331

3807614

4605296

6109746

6907283

7703811

6908039

8502888

10007641

11602052

13106602

14700891

17708232

19301749

3100418

5402409

6109721

6906901

7703962

9207434

3807621

6109643

6906881

7703991

10004315

8502846

10007551

11601817

14700399

16204631

17707418

19301174

4605100

6906576

5402451

DELTA

NU

00122

00122

00122

00122

00100

00100

00212

00292

00122

00300

00212

00212

00212

00292

00346

00100

00292

.0224

00212

00158

00346

00141

00141

00122

00122

00122

00158

00212

00300

00173

00141

00173

00100

00173

00173

00173

00122

00158

00158

00316

00122

00122

00100

00212

00292

00300

00245

00158

00122

00173

OBS-

CALC

00119

‘00039

00020

00065

‘00018

00015

00003

00108

00100

00142

‘00062

00047

'00304

00196

00035

00019

'00181

00082

'00066

00318

‘00193

00039

00010

00023

‘00139

00028

00149

‘00097

00052

00154

-00066

00004

00043

00077

'00111

‘00115

~00073

00024

00106

00162

00152

00150

-00123

‘00026

00312

“00527

-00107

00057

"00132

00093
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OP 49

RO 59

R0 59

R0 59

R0 59

R0 5910

R0 5911

R0 5912

R0 5914

RP 59 6
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OR 59 9

OP 5910
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RP 69 7
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RP 6910
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R0 6910
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RP 7912

R0 79 8
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GSCD

7703718

4604914

5402207

6109412

6906515

7703503

8500365

9207087
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10007121

11601619

13105926

1470 018

16203868

17707452

5402207

6109412

6906515

7703503

8500365

9207087

11601226

13105481

16203318

1770 849

19300089

5402024

6109202

7703241

10003316

6109202

6906279

7703241

8500077

13104954

14608931

16202667

17706137

19209314

6108954

6906000

7702931

8409736

9206401

6906000

7702931

8409736

9206401

10002913

16201916

OBSERVED

GSCD

7703823

4604901

5402270

6109306

6906518

7703399

8500296

9207039

10800296

10007071

11601615

13105817

14700023

16203872

17707450

5402171

6109344

6906512

7703505

8500473

9207154

11601190

13105409

16203286

17706881

19209607

5401830

6109158

7703122

10003530

6109360

6906251

7703396

8500164

13104885

14608997

16202778

17706299
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6108904
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7703090
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00063
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00003

-00104

“00069

‘00049

00234
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00114

‘00486

‘00154
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EXCLUDED FROM LEAST SQUARES ANALYSIS DUE TO

ZERO WEIGHT
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OP

OP

OP

0P

RP
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R0

OP

RP

OP

RP

RP

R0

R0

OP

OP

R0

2910

2912

2910

3910

39 6

39 6

3910

49 8

49 5

49 7

4910

4912

49 5

49 7

4910

4912

5912

5912

6911

6914

6911

8912

8912

9911

9912

9912

9915

9911

9912

7915

16204919

9207688

8500915

16204669

4605143

5402474

8500784

13106291

3807652

5402357

7703718

9207344

4605043

6109583

8500601

10003936

19300744

10003657

8500077

10709695

9206773

19208420

10002449

17704383

19207408

9205486

11504287

9205486

10001922

11505431

16204808

9208949

8500769

16204656

4604901

5402746

8500695

13106441

3807624

5402209

7703061

9207090

4605222

6109608

8501570

10004084

19301084

10004045

8500318

10709598

9205984

19208524

10002559

17704353

19207774

9205476

11503356

9205624

10002299

11503562

09999

09999

0999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

00346

'00112

01261

-00147

-00012

‘00242

00272

“00090

00150

'00028

-00148

‘00656

‘00254

00179

00025

00969

00148

00339

00388

00242

‘00097

‘00789

00103

00110

-00029

00367

-00010

-00931

00138

00377

‘01870



APPENDIX XIV

COMPARISON OF THE OBSERVED AND CALCULATED UPPER STATE

COMBINATION DIFFERENCES OF v2+v3 0F 083D

The following pages contain a comparison of the

observed and calculated upper state combination differences

of v2+v3 of CHD3 from a simultaneous least squares analysis

of these upper state combination differences. The constants

determined are (in cm"):

Bv = 3.74260

ngK = 2.51 x 10'“+

D3 =—1.5 x 10-5

The columns, left to right, are: the assignment

(of. Chapter 4); the calculated combination differences

(in cm“); the observed combination difference (in cm");

the Av (weight = (NORM)2/(Av)2); and the observed minus

the calculated combination difference.
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RP 4910

RP 4911

OP 49 6

R0 49 6

R0 49 9

RP 59 6

7

8

0
0
0
:
)
4
0
m
b
o
o
m
x
l
k
j
1
b
U
J
~
0
0
)
\
j
m
p
m
x
o
m
~
J
O
~
m
p
w

\
O
m
fl
-
D

RP 59

RP 59

CALCULATED

USCD

5203879

6703603

8203360

9703157

11203001

12702900

14202861

2909367

3704236

4409124

5908968

6703932

7408929

2204512

2909367

3704236

5204333

5908963

6703932

7408929

6703377

8203084

9702830

11202624

12702473

14202384

15702365

3704111

5908767

6703706

7408678

8203687

2909267

5203857

5908767

6703706

7408678

8908735

8202697

9702373

11202097

12701876

15701627

17201614

4408762

5203611

7408327

9701786

11201420

12701108

364

OBSERVED

USCD

5203688

6703616

8203458

9703206

11202964

12702963

14202881

2909348

3704390

4409187

5909031

6703693

7409066

'2204339

2909226

3704271

5203932

5909269

6703815

7408838

6703311

8203094

9702788

11202719

12702451

14202351

15702388

3704235

5908819

6703709

7408661

8203699

2908995

5203900

5908742

6703690

7408690

8908814

8202583

9702315

11202198

12701885

15701591

17201702

4408688

5203627

7408294

9701678

11201301

12701146

DELTA

NU

00122

.0100

00100

00122

00122

00100

00212

00122

00292

00212

00212

00158

00346

00100

00292

00212

00224

00158

00292

.0346

.0141

00121

00141

00141

00100

00121

00158

00173

00141

00158

00122

00158

00173

00141

00158

00100

00200

00245

00122

00121

00121

00100

00224

00316

00173

00158

00122

00100

00122

00122

OBS-

CALC

'00192

00013

00098

00049

"00037

00063

00020

-00019

00154

00063

00064

-90239

00137

‘00173

‘00141

00035

'00101

00302

-00117

'00092

'00067

00010

-00043

00095

'00022

-00034

00023

00125

00052

00003

'00018

00012

'00272

00043

'00025

“00016

00011

00079

-00114

“00059

00101

00009

-00036

00089

'00074

00015

-00033

‘00108

'00119

00038



ASSIGN-

MENT

RP 59 9

RP 5910

RP 5911

RP 5912

R0 59 6

R0 59 7

R0 59 8

R0 59 9

R0 5910

R0 5911

R0 5912

R0 5914

OR 59 6

OP 59 7

OP 59 8

OP 59 9

OP 5910

OP 5911

OP 5912

RP 69 7

RP 69 9

RP 6910

RP 6911

R0 69 7

R0 69 9

R0 6910

R0 6913

R0 6914

OP 69 7

OP 69 8

OP 69 9

OP 6910

OP 6913

CALCULATED

USCD

14200858

15700678

17200575

18700555

5203295

5908125

6702983

7407875

8202803

8907772

9702784

11202955

4408491

5203295

5908125

6702983

7407875

8202803

8907772

11200591

14109809

15609518

17109305

5907683

7407323

8202196

10407071

11202126

5202908

5907683

6702486

7407323

9702066

365

OBSERVED

USCD

14200871

15700767

17200667

18700605

5203302

5908073

6703008

7407869

8202792

8907698

9702791

11202153

4408376

5203202

5908137

6703002

7407976

8202969

8907814

11200333

14109897

15609841

17109660

5907478

7407249

8202319

10406793

11201815

5202855

5907681

6702648

7407522

9701742

DELTA

NU

00212

00173

00292

00158

00158

90122

.0100

00292

00173

00158

00158

00400

00158

00141

00122

00346

00141

00316

00200

00200

00173

00224

00224

00245

00173

00122

00173

00200

00245

00316

00141

00212

00346

OBS-

CALC

00013

00089

00092

00049

00007

'00052

00025

-00005

"00011

‘00073

00007

‘00801

'00115

‘00093

00013

00019

00101

00166

00042

‘00258

00088

00323

00356

‘00205

‘00074

00123

~00277

-00311

-0OO54

-00002

00162

00199

‘00324

EXCLUDED FROM LEAST SOUARES ANALYSIS DUE TO

PERTURBATIONS OR ZERO WEIGHT OR BOTH

RP 2911

RP 2912

RP 2913

RP 3911

RP 4912

RP 49 9

RP 3913

17202999

18703191

20203474

17202422

18701685

14201717

20202796

17202400

18702624

20201466

17202249

18700598

14201949

20201321

09999

09999

09999

09999

09999

09999

00245

‘00599

'00566

-02008

‘00173

‘01087

00232

-01475



ASSIGN-

MENT

RP 3912

OP 39 6

R0 39 6

R0 3912

RP 4913

OP 49 5

OP 49 7

OP 49 8

OP 49 9

OP 4910

OP 4911

OP 4912

R0 49 5

R0 49 7

R0 49 8

RO 4910

RO 4911

R0 4912

RP 5913

RO 6911

R0 6912

OP 6911

OP 6912

RP 6912

RP 6913

CALCULATED

USCD

18702563

4408973

5203857

9703828

20201847

3703935

5203611

908486

6703390

7408327

8203300

8908314

4408762

5908486

6703390

8203300

8908314

9703371

20200627

8907109

9702066

8202196

8907109

18609175

20109136

366

OBSERVED

USCD

18701666

4409225

5203562

9703141

20201540

3704017

5203813

5908134

6703655

7409056

8203104

9000242

4408566

5908488

6703751

8202535

8908599

9702672

20200437

8907495

9702373

8202165

8907248

18609724

20108536

DELTA

NO

00212

09999

09999

00158

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

09999

00200

00224

OBS-

CALC

'00897

00252

”00295

'00687

“00308

00082

00202

'00352

00265

00729

“00196

01928

-00196

00002

00361

~00766

00285

'00699

‘00191

00387

00307

'00031

00139

00549

'00601



APPENDIX XV

COMPARISON OF THE OBSERVED AND CALCULATED TRANSITION

FREQUENCIES 0F v2+v3 OF CH3D

The following pages contain a comparison of the observed

and calculated transition frequencies of v2+93_of CH3D from

a simultaneous least squares analysis of these transition

frequencies. The constants determined (of. Chapter 9) are

(in cm"):

v0 3499.6291

as +d§ -ag -a§ = 0.15718

The first set of transitions are those which were

included in the least squares analysis. The second set

contains those excluded due to perturbations or zero

weight, (i.e., Ava 0.9999).

The columns, left to right, are: the assignment

(AK,AJ,K,J); the calculated transition frequency (in cm");

the observed transition frequency (in cm"); the Av

(weight = (NORM)2/(Av)2); and the observed minus the

calculated frequency.

367



‘ASSIGN-

MENT

OP 29

OP 29

OP 29

OP 29

OP 29

OP 29

OP 29

OP 29

OP 29

OP 39

OP 39

OP 39

OP 39

OP 39

OP 39

H O
~
0
m
\
I
O
‘
U
‘
-
D
U
~
)

12

\
O
O
O
N
O
‘
U
T
-
D

OP 3910

OP 49

OP 49

OP 49

OP 49

OP 49

6
7

8

10

OP 4911

OP 4913

OP 59

OP 59

OP 59

OP 59

6
7

8

9

OP

OP

OP

5910

5911

5912

OP 69

OP 69

OP 69

7

8

9

OP

OP

OP

OO

00

OO

00

OO

00

00

OO

6910

6911

6912

29

29

29

29

29

29

2910

39 4

\
O
C
D
N
U
T
D
U
J

OO 39

OO 39

OO 39

7

8

9

OO 3910

00

00

3912

49 6

CALCULATED

FREQUENCY

347601485

346705685

345807257

344906278

344002844

343007064

342009067

341008995

339003282

346803513

345905044

345004011

344100510

343104650

342106559

341106380

346005945

345104837

344201242

343205269

341206719

340204445

338104777

345208757

344305040

343308923

342400533

341400013

340307522

339303238

344501905

343505611

342507015

341506260

340503506

339408929

349805997

349705052

349601492

349206876

349006031

348802997

348507922

349802779

349304366

349103416

348900263

348605056

348009147

349603599

368

OBSERVED

FREQUENCY

347601674

346705681

345807293

344906268

344002937

343007122

342009108

341009113

339002932

346803580

345905034

345004003

344100482

343104738

342106599

341106298

346005972

345104767

344201108

343205210

341206696

340204182

338104711

345208789

344304995

343308852

342400478

341309975

340307478

339303292

344502053

343505547

342506977

341506229

340503587

339409189

349806013

349704908

349601564

349206869

349006392

348802924

348507951

349802655

349304382

349103480

348900289

348604988

348008979

349603455

DELTA

NU

00070

00070

00070

00010

00100

.0070

00070

00100

00200

00100

00100

00100

00100

00070

00070

00140

00100

00100

00100

00070

00200

00283

00200

00070

00100

00100

00200

00100

00283

00140

00140

00140

00100

00200

00200

00140

00700

00283

00200

00200

00140

00283

00283

00140

00100

00140

00070

00140

00140

00140

OBS-

CALC

00189

"00004

00036

“00010

00093

00058

00042

00119

-00350

00067

-00009

“00009

“00028

00088

00040

‘00082

00027

“00071

'00134

‘00060

-00024

‘00262

'00066

00032

-00046

'00071

'00055

“00038

‘00045

00054

00148

“00064

-00038

'00031

00081

00260

00016

‘00144

00072

-00007

00361

“00073

00029

-00124

00016

00064

00025

‘00068

‘00168

"00144



ASSIGN-

MENT

OO

00

OO

00

00

OO

00

00

OO

00

00

00

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

49

59

59

59

59

5910

5911

5912

69 7

69 8

69 9

0
0
0
4
0
0

0
‘

C 5
.
0

N o

\
O
W
N
I
O
‘
k
fi
L
‘
W
O
L
D
Q
O
‘
K
fi
k
L
M
N
(
D

5910

5911

5912

69 6

69 7

69 9

6910

CALCULATED

FREQUENCY

349000436

349707247

349508334

349307047

349103515

348807886

348600323

348301007

349704813

349503293

349209500

349003581

352108775

352805364

353409287

354100615

354609433

355205842

355709961

356301924

352903043

353506889

354108126

354706840

355303132

355807120

356308940

356808740

357306690

353607532

354208641

354807209

355403337

355907143

356408761

356908342

357406053

354402161

355000541

355506458

356100028

356601388

357100687

357508092

358003787

355106836

355702494

356706821

357205775
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OBSERVED

FREQUENCY

349000519

349707165

349508197

349306990

349103480

348807951

348600447

348301106

349704908

349503228

349209625

349003751

352108891

352805361

353409297

354100751

354609474

355205900

355800085

356301990

352903074

353506891

354108129

354706790

355303201

355807189

356308949

356808686

357306413

353607613

354208555

354807027

355403306

355907095

356408813

356908286

357405885

354402066

355000467

355506296

356009998

356601350

357100742

357508145

358003897

355106737

355702386

356706874

357206070

DELTA

NU

00100

00140

00100

00700

00283

00100

00140

00140

00200

00283

00100

00070

00100

00100

00700

00070

00070

00070

00070

00200

00100

00100

00070

.0100

00100

00070

00100

00070

00100

00070

00070

00070

00070

00070

00070

00100

00140

00070

00070

00070

00070

00070

00140

00070

00070

00070

00140

00140

00100

OBS-

CALC

00083

*00082

-00138

-00057

‘00035

00065

00123

00099

00095

'00065

00125

00170

00115

‘00002

00010

00136

00041

00058

00124

00065

00030

00002

00002

-0OOSO

00069

00069

00010

-00054

‘00276

00081

‘00086

“00182

-00031

‘00048

00053

‘00055

-00168

'00095

-00074

”00162

‘00030

“00038

00056

00053

00110

-00098

'00109

00053

00296



8ASSIGR‘

MENT

CALCULATED

FREQUENCY

370

OBSERVED

FREQUENCY

DELTA

NU

OBS-

CALC

EXCLUDED FROM LEAST SQUARES ANALYSIS DUE TO

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OP

OO

00

00

00

OO

00

00

OO

OO

00

00

00

OO

00

PERTURBATIONS OR ZERO WEIGHT OR BOTH

2913

4912

6913

O9

O9

O9

O9

O9

O9

09

09

0910

0912

2911

3911

49 9

5913

79 8

79 9

7910

7911

7912

7913

8911

8912

8913

9911

39 6

49 7

49 8

4912

5914

6911

6913

6914

79 8

79 9

7910

7911

7912

7913

‘
O
C
D
Q
O
‘
U
‘
I
J
-
‘
U
J
N

337908010

339200400

338402721

348308299

347505201

346609423

345801027

344900092

343906711

343000996

342003073

341003086

338907576

340007008

340104273

342207047

338207352

343705334

342706495

341705462

340702396

339607473

338600885

340904192

339808870

338801844

341108895

349502983

349404852

349203754

348108711

347607913

348705700

348104784

347802158

349702493

349408392

349202130

348903872

348603796

348302099

337907479

339200868

338403640

348309249

347506229

346700381

345801964

344901045

343907588

343001838

342003770

341003524

338907728

340007182

340104293

342206865

338207061

343705838

342706788

341705658

340702678

339608029

338602560

340904921

339809931

338803388

341200289

349503228

349404818

349203344

348108795

347607202

348705752

348105382

347802578

349702769

349408616

349202366

348904544

348604988

348303409

00283

00283

00283

09999

00200

00140

00140

00140

00200

00140

00140

00140

00200

09999

09999

09999

09999

00200

00140

00100

00140

00140

00283

00200

00200

09999

00200

09999

09999

09999

09999

00283

09999

00200

00140

00200

00070

00200

00100

00200

00283

-00531

00469

00919

00950

01028

00959

00937

00953

00877

00842

00697

00437

00152

00174

00020

'00183

-00291

00504

00294

00196

00282

00556

01675

00728

91061

01544

01394

00244

‘00034

-0O410

00084

‘00711

00052

00599

00420

00276

00224

00236

00672

01192

01309



ASSIGN-

MENT

OO

00

00

OO

00

00

OO

OO

00

OO

00

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

7915

89 9

8910

8911

8912

8913

8914

9911

9912

CALCULATED

FREQUENCY

347604709

349700190

349403533

349104840

348804289

348502079

348108420

349308603

349007515

348704722

348704722

351403233

352102580

352709220

353403206

354004606

354603508

355200011

355704234

356206312

356706396

357204651

357701263

358106430

358600368

357300002

357706467

357802971

358207785

358701346

357902078

358709884

359202114

358407972

358900862

359302691

357702806

358108098

358601850

359004280

359405618

355901447

356404391

356905060

357403606

357900195

358305010

358708252

359200136

359600896
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OBSERVED

FREQUENCY

347604298

349702769

349404818

349105834

348805947

348504600

348108795

349309916

349007955

348705752

348800380

351404313

352103571

352800174

353404232

354005653

354604434

355200767

355704598

356206345

356706874

357206070

357701636

358105423

358507255

357209582

357705557

357802121

358205985

358607939

357901467

358707678

359107860

358407498

358809355

359209354

357703247

358108913

358602176

359004394

359404595

355901673

356404655

356905456

357404328

357901467

358306251

358800012

359107866

359600740

DELTA

NO

00200

00200

00140

00100

00100

00140

00283

00100

00140

09999

00200

.0140

00140

00140

00140

90140

00140

00140

90140

.0200

00140

00200

00200

.0200

09999

90070

00200

00070

00200

00140

09999

.0140

00200

00140

00283

00200

.0100

00140

09999

00140

00140

00100

00140

00100

00140

00200

09999

.0140

00283

00200

085-

CALC

“00411

02579

01285

00995

01658

02521

00375

01313

00439

01030

05658

01079

00991

00954

01026

01047

00926

00756

00364

90033

00478

01419

00374

“01006

“03113

“00419

“00910

“00851

“01800

“03407

“00611

“92207

“04255

“00474

“01507

“03337

00442

00815

00326

00114

“01023

00226

00264

00396

00722

01272

01241

01760

“02270

“00156



ASSIGN-

MENT

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

OR

80 8

80 9

8010

8011

8014

8015

90 9

9010

9011

9012

9013

9014

9015

CALCULATED

FREQUENCY

356605867

357106105

357604180

358100259

359308433

359708524

357309957

357807498

358302998

358706641

359108626

359509169

359908502

372

T
I
C
)

m
a
y

n
1
m

O
{
‘
1
1

[
7
1
<

4
.

I
n

R D

U PCY

6607341

7106683

7605223

3 8101911

359402604

359801625

357401353

357808646

358303430

358802942

359107860

359602335

360004852

\
J
J
U
)

U
)

U
1

U
]

U
1

U
7

DELTA

NU

00200

00070

00200

.0140

00200

00283

00070

00100

00140

00200

00200

00140

00140
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