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CHAPTER I

INTRODUCTION

Because of its relative simplicity, the ethane molecule,

%» wa0 an early target for research into the structure of

polyatomic moleculese The accumulation of basic spectroscopic

data began about twenty years ago with the investigations of 
1

the infra-red absorption by Levin—and Meyer and the Raman

effect by Daure8. This early data revealed over one-half of 

the twelve fundamental vibrational frequencies, and, through 

the fine structure of the bands, gave direct proof that ethane 

is a symmetric top moleculee Analysis of these observed fre­

quencies led to the construction of simplified potential func­

tions3*4 which gave information about the restoring forces and 

also greatly aided the later assignment of the other fundamental 
frequencies. In 1937, Howard5 proved that the observed fine 

structure of the pe r pencil ou la r bands was incompatible with tine 

existence of free axial rotation of the two methyl groups with 

respect to one another and concluded that there must exist a 

potential barrier, hindering torsional motion, with a height of 

at least 700 cm"1. Shortly thereafter, specific heat measure­
ments led to a value of 965 cm"1 for this barrier height6*7.

By 1938, Crawford, Avery, and Linnett were able to give a com­

plete summary of the fundamental frequencies which found gen— 

er al acceptance . The next year, Stitt observed the infra-red 

and Raman spectra of the isotopic molecule, C^Dg, and deteralned 
its fundamental frequencies^. This work nearly doubled the 

anx>unt of data capable of giving information about the potential 

1
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function of ethane. In order to pr edict this new data quanti­

tatively, it was found necessary to add several new Interaction 

terms to the previo usly constructed potential funetione . Thus 

Stitt determined nine characteristic force constants which In­

dicated the magnitudes of the mutual Interactions between re­

mote parts of the molecule as well as the forces directly giving 

the bond bendings and bond stretchings.

Throughout this period, the equilibrium configuration of 

ethane remained uncertain. The rotational fine structure showed 

ethane to be a symmetric top and the distribution of the activity 

of the fundamental vibrations in the infra-red absorption and

Raman spectra disclosed that it possesses dihedral symmetry, 

in other words, that the two methyl groups are of the same size 

and shape. However, the spectroscopic evidence was insuf­

ficient to decide between the " staggered" model, (center

of symmetry) and the "eclipsed" model, (reflection plane 
. \8,9 

perpendicular to the symmetry axis) .

The classification of the normal vibrations of ethane is 

well known and will be described in detail later. The notation

employed by Herzberg1 finfra-red and Raman Spectra") will be

used and is the following g, and denote the sym<

metrical parallel frequencies (carbon atoms move along the

syme try axis) which are Kainan active but infra-red inactive

4 is the torsional vibration which is inactive in both the

Raman and infra-red spectra. 7^ and 7^ are the unsymne tri cal 

parallel vibrations which are infra-red active but Raman 
inactive. XL jV , and 7^ are the perpendicular vibrations 

(carbon atoms move perpendicular to the symmetry axis ) 

which are active in the infra-red but absent 



from the Kaman spectra, while V> Vw , and Vu are the perpen­

dicular vibrations which are Raman active but infra-red in­

active e The last named six vibrations are each doubly de­

generate and hence may exhibit the phenomena of internal 

angular momentum»
In 1942, Smith10 completed high resolution observations 

on ethane over a large range of the infra-red region, deter­

mining with high precision the centers and rotational spacings 

of man-* fundamental and combination bands. The rotational 

soachgs -yielded an accurate determination of the principal 

moments of inertia and these, together with the less accurate 

value of the carbon-carbon distance obtained by electron dif­

fraction, permitted the calculation of the dimensions of 

ethane. The observed combination bands gave direct evidence 

for the D-a or "staggered" equilibrium configuration. Also, 

from the rotational spacings associated with the degenerate 

vibrational Lands, Smith determined a set of < values. These 

zeta values give a measure of the internal or vibratj.onal 

angular momentum along the symmetry axis. The notation is due 

to Teller who introduced the concept in his explanation of the 

anomalous rotational spacings found in all symmetric top 

molecules.11 As was first shown by Johnston and Dennison 

the zeta values serve as powerful aids in the determination of 

potential constants.

Of the possible potential constants permitted by the . 

symmetry of ethane, nine of the more important ones have al­

ready been determined. Strictly speaking, these latter con- 



s tanta are 11 effective” force constants since their numerical 

values not only depend on the adopted form of the simplified 

potential function but also include enharmonic contributions* 

After Smith1 s work^ it appeared that the total information 

either available or at least readily obtainable would be 

sufficient to make a more complete determination of these 

force constants* -

We may formulate the present problem as that of a precise 

determination of the potential constants of ethane*

The .justifications for this precision determination are 

manifold* For example, all further calculations on ethane or 

any of its isotopes require a knowledge of these constants* 

One may cite two instances where such calculations have been 

made and applied to the ammonia molecule : (1) the observed
14 

convergence in the pure rotation spectrum of ammonia has 

been quantitatively explained by the effect of centrifugal 

stretching on the moments of inertia , and (2) the anomalous 

values of certain of the microwave lines of NH$ have been 

successfully computed on the basis of a K-type doubling In­

duced by the combined effect of the Coriolis and harmonic re­

storing forces * The potential constants are well known only 

for a very few polyatomic molecules, namely water vapor, carbon 

dioxide, gumonia, acetylene, and methane* An extension of 

this list is desirable for comparisons between typical poly­

atomic molecules.

There are a number of difficulties associated with the 

determination of the so-called potential constants of a 
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molecule. These constants are defined as the coefficients of 

the quadratic terms in the representation of the potential 

energy as a power series in the relative nuclear displacements• 

Since these relative nuclear displacements are quite email for 

a vibrating molecule, the quadratic terms essentially control 

the motion and the higher order or enharmonic terms may be 

treated as small perturbations. (The nuclear displacements 

are measured from equilibrium positions and hence there are no 

linear terms. ) The number, N, of these potential constants is 

dependent upon the number of distinct fundamental vibrations 

and its decomposition in terms of the symmetry classes associ­

ated with the geometrical configuration of the molecule. The 

explicit expression is N ■ Sum n^ (n^ l)/2 where n^ is the 
th number of distinct fundamental vibrations belonging to the 1 

symmetry class. Thus ethane has 22 potential constants as 

compared with 12 distinct fundamental vibrations. Neglecting 

for the moment any effects due to anharmonicity, it might seem 

that a measurement of the 24 fundamental frequencies of ethane 

and heavy ethane would constitute a basis for the determination 

of these 22 constants, but actually there are five relationships 

among th^se 24 frequencies as embodied in the Teller product 
rule. If one designates the 1^ fundamental frequencies of 

two Isotopic molecules by and then this rule states 

that for each symmetry class the product ratio v ^/V* depends 

only on the masses and dimensions and not on the force con­

stants . It is only with the addition of the zeta values that 

the number of independent measurements equals, and in fact
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exceeds, the number of potential constants♦ One could determine 

then, using the theory of vibrations of infinitesimal amplitude, 

the potential constants as functions of the fundamental fre­

quencies and zeta values. This determination would only be 

approximate since the vibrations do take place with appreciable 

amplitude and the enharmonic potential terms produce a shift 

"in the vibrational frequencies. One may thus consider the 

fundamental frequencies as composed of two parts, the one part, 

termed the normal frequency, being produced by the quadratic 

terms of the potential energy, and the second part, termed the 

anharmonicity shift or correction, being produced by the higher 

order or enharmonic potential terms. in order to determine 

the potential constants, one requires a complete knowledge of 

the normal frequencies. In principle, these normal frequencies 

may be determined from the observed fundamental frequencies 

together with the frequencies of all simple combination bands*. 

For ethane, this procedure is impractical as there is a total 

of over 150 simple combination bands most of which have not 

been observed. This is a real difficulty but the saving 

feature is the relative ;S rial Ine ss of the difference between 

the fundamental and normalfrequencies. It has been shown 

that the relations among tne normal frequencies given by the 

product rule can often serve to estimate this difference. _ 

This method of estimation is not rigorous but its use is 

necessitated by a lack of information which has not been and 

probably cannot be obtained experimentally. Another difficulty 

arises in connection with the accuracy to which the fundamental
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frequencies of ethane and heavy ethane have been determined. 

This accuracy is limited by the resolution of the spectro­

meters employed, by distortions in the fine structure which 

confuse the positions of the band centers, by Fermi resonances 

which cause anomalous shifts of the vibrational frequencies, 

and finally through the estimation from combination bands of 

the several fundamental frequencies which have not been ob­

served directly.

In ethane as well as other symmetric top molecules, there 

are slight deviations between the observed and predicted zeta 

values for various combination bands. There are numerous 

perturbations not considered in these predictions which may 

contribute to these observed deviations. However it does not 

appear possible at present to introduce systematic corrections, 

and the measured zeta values are interpreted on the basis that 

these perturbations are absent or at least negligible. 

Summary of Results

The values obtained for the general valence force con­

stants are listed below. The symbolism is defined on pages 

IDS-108. The indexing code is r ■ C-H stretching, R G-C 

stretching, = H-C-C angle bending, 6 = H-C-H angle bending, 

and the use of primes indicates that the interaction is between 

the two methyl groups.
Simple valence force constants. (In units of 10$ dynes/cm.) -

(1) k = 5.35 r
(2) k0 « .51

(3) ky - .63

(4) k% - 4.57



Valence force constants involving interactions between adjacent 

bonds.

(5) k . - -1.89 ±,.20

(6) « 0.60 ± .04

(7) k . = -0.20 ± .02 / ;
Tv

(8) kQ4, « -0.07 ± .02

(9) k , - -0.07 ± .15 Tr ■

(10) k = -0.04 ± .04 rr

(11) k^ = 0.03 ± .04

(12) k^ « 0.00 ± .20

Valence force constants involving remote coupling.

(13) k^,^' s 0.11 .02

(14) es 0.07 .03 ■

(15) ^re* « -0.03 ± .02

(16) kee» a -0.02 .02 '

(17) k . —0.08 .04 .
rr^ » »

(18) k__ 0.08 ± .04
rr1

(19) k , s 0.35 .20r^
(20) ^r^^ -0.13 ± .15

(21) at 0.00 ± .05

The Torsion constant. .

(22) a ■ 0.055
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The spectrum of heavy ethane ,CgD^,was examined expert— 

mentally to obtain data necessary for the evaluation of the 

potential constants. The results of these observations are 

listed In the following table:

Assignment
Frequency 

on?1
Rotational Spacing

cm?1 _ . Value

^5 1077 *

/ 2087.3 O.922o eMew
^6 ( 2139^7

^7 2236°

1082 2.76 -0.423

^9 593.7 1.197 0.182

The rotational spacing of the low frequency component of
*40"V _ establishes the large moment of inertia as 60.7- x 10 

gm.om^ (for the vibrational ground state) and combined with 

Smith’s results gives the following dimensions for ethane.

C-H distance « 1.102 Angstroms / 

C-C distance ■ 1.544 Angstroms

H-C-C angle = 109° 37»

H-C-fi angle = 109° 19»

° The value 2236 cm^ was also obtained by Stitt. The present 
work served only to verify this result. .



CHAPTER II

INFRA-RED ABSORPTION BY C_D. o Q

The purpose of reinvestigating the infra-red spectrum of 

heavy ethane, first measured by Stitt using a prism spectrometer, 
* ■

was to obtain (1) more accurate positions of the fundamental 

frequencies, (2) the zeta values associated with the degenerate 

vibrations, and (3) the large moment of inertia*

The absorption measurements were made by means of a high 

resolution grating spectrometer and automatic recording system
18 such as described by W. E. Andersen • The CgDg was prepared

by the deuteration of heavy acetylene in the presence of a
9 

platinum black catalyst . The deuterium and heavy acetylene,

in turn, were produced by the reaction of heavy water® with 

calcium metal and calcium carbide. The complete preparation

is schematically diagrammed in Figure 1*

Before giving the experimental results, it seems well to 

give a few definitions and qualitative features concerning the

vibrational infra-red spectra of symmetric top molecules.

Those vibrations of a symmetric top molecule for which 

the electric moments are parallel to the symmetry axis are 

called "parallel vibrations" while if the alternating moments 

are perpendicular to the symmetry axis, the vibrations are 

called “perpendicular vibrations"* The rotational fine 

structures of parallel and perpendicular vibrational bands 

are quite different and qualitatively this is easily understood*

° The heavy water was obtained through the permission of the 
Atomic Energy Commission*

10
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In the case of pai*allel vibrations, rotation of the molecule 

about its symmetry axis does not affect the vibrational electric 

moment, and the spectrum of frequencies as so elated with such 

a vibration consists of a strong central line, called the "% 

line% whose frequency is that of the vibration, and two "wings" 

produced by the modulation of the vibrational electric moment 

by rotations of the molecule perpendicular to the symmetry axis# 

In the case of-^perpendicular vibrations, rotations about as 

well as perpendicular to the symmetry axis modulate the 

vibrational electric moment and the associated spec tram of 

frequencies is considerably more complicated. This spectrum 

may be considered as composed of a series of incomplete parallel 

bands uniformly displaced with respect to each other. -The 

set of equally spaced Q lines of these parallel 'bands is the 

characteristic feature of a perpendicular band. The line 

positions are given by the well known equations (see Herzberg)• 

/ — o , a J - o —* V = = Ut bvationa L frequency
Pav aile I ban j : i ÛK-.O, AT:1 V - 14 + as ( J + U i " R" brane b

( ÛK =o , ÛJ = -L —» V = - z B J = “ P“ tovantVk

Q lines a ar : i» 1 ,ûr.i -■» V = 4 + [Au a J r

where A and B are called the rotational constants and depend 

on the principal moments of inertia.

A. Absorption at 17 microns.

The absorption by C 2D 6 in this region results from the

perpendicular vibration Two spectrograms of this region

are—given in Figures 2 and 3. The first spectrogram (Figure 2)
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was obtained using an absorption cell 2 cm. In length and 

filled to a gas pressure of 25 cm. Hg. and served to determine 

the background absorption due to the presence of atmospheric 

water vapor. The second spectrogram (Figure 3) was obtained 

using a 10 cm. absorption cell filled to 50 cm. of pressure, 

and in this case the effect of the water vapor was fairly well 

masked through the strong absorption by CgD^. The presence 

of a small amount of heavy acetylene as an impurity in the 

heavy ethane prevented the safe extension of the measurements 

below 530 cm”1. (G D has an absorption band at 540 cm .) 

The criteria used for the determination of the band 

center and t ne quantum number assignments of the rotational 

lines were the customary ones that the band center lies be­

tween the two strongest^ lines and in the vicinity of minimum 

absorption by the unresolved sub-structure. In table I is pre­

sented the measured positions of the Q lines together with 

the rotational quantum numbers K and K1 of the initial and 

final states. After the moments of inertia were established,

the band center was computed to lie at

-1 
= 593.7 cm .

and t e rotational spacing of 1.197 cm?1 gives a computed

valuu = .1:2.

Absorption at 9.2 microns. 
~

Two vibrational bands contribute to the absorption in

this region - the parallel band

e upper of the two 

was obtained using a 10 cm. cell 

\ and the perpendicular 

spectrograms shown in Figure 4 

and a pressure of 50 cm. while
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Table I

Wave numbers of the lines shown in Figure 3»
■1

Line No. K ____KI

1 10 9 582.3

2 9 8 583.6

3 8 7 584.7

4 7 6 585.9

5 6 5 587.1

6 5 4 588.1

7 4 3 589.3

8 3 2 590.6

9 2 1 591.8

10 1 0 593.0

11 0 1 594.3

12 1 2 595.3

13 2 3 596.5

14 3 4 597.7

15 4 5 593.9

16 5 6 600.2

17 6 7 601.3

18 7 8 602.5

19 * 8 9 603.8

20 9 10 605.1

21 10 11 606.4

22 11 12 607.8

25 12 13 609.1

24 13 14 610.4
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the lower one was obtained using a 2 cm. cell and a pressure 

of 25 cm. Hg. Eight of the Q lines of the perpendicular band 
are clearly visible above 1080 cm"1, but their normal inten- 

cities are obscured by the presence of the parallel band.

The broad absorption peak just under 1080 cm"1 is interpreted 

as the strongly broadened Q wline” of this parallel band and 

with this interpretation, the vibrational frequency of is 

established at

iZ = 1077 cm"1.
6

The band center of the perpendicular vibrational band is 

estimated to lie between the lines 2 and 3 and the vibrational 

frequency and assignments of the Q lines are established on 

this basis. The measured positions of the absorption lines 

and their rotational quantum number assignments are given in 

table II. The vibrational frequency and rotational spacing 
)* ■ 

of are computed to be

-, )* -1 ■ T/ = 1082 cm v 8
A Vo ” 2.76 cm”1. ’

C. Absorption at 5.2 microns.

The lower of the two spectrograms shown in Figure 5 gives 

the background absorption by water vapor while the upper one 

establishes the frequency of the parallel combination band 
12* c - 1902.5 cm"1.

D. Absorption between 4.2 fuin 5 microns • /

Tlie general character of the absorption in this region is
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Table II

Wave numbers of the lines shown in Figure 4,

Line no. J J*
•1 cm

1 0 0 1077,1

K K»

2 1 0 1080,4

3 0 1 1083,2

4 1 2 1086,2

5 2 3 1089,0

6 3 4 1091,6

7 4 5 1094,2

8 5 6 1096.9

9 6 7 1099,7
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shown by the spectrograms in Figure 6. (The lower spectrogram 

gives the background absorption. ) The strong parallel band at 
2087*3 cm~l and the weaker parallel band at 2139*7 are 

the result of the parallel vibrations and between

which there is presumed to exist a weak resonance interaction* 
The broad absorption band centered at 2236 cm^ is caused by 

the perpendicular vibration ]/** This recording was obtained 

using a 10 cm* cell and a gas pressure of approximately 10 cm. Hg
The parallel band at 2087*3 cm^ was chosen for the deter­

mination of the large moment of inertia. Since the resolution 

of the spectrometer was only slightly better than the spacing 

of the rotational lines, this band was scanned several times 

using 3600, 4800, and 7200 lines/inch gratings. A typical 

spectrogram is given in Figure 7, and the measured positions 

and assignments of the rotational lines are given in Table III* 
g

The rotational constant Bo « h/8tr cl for the ground vibrational 
» X

state was determined using the "method of combination differ­

ences" given by Herzberg. Specifically, designating the dif­
ference IJ (Je) (H branch) - (J1) (P branch) by X( J*),

the theoretical relationship is

X(J') - 4^' + 1/2)

and the least squares solution for B. is

2
45.= Sum (J'+ 1/2)X(J» )/3um (J* + l/2)

The Bovalues obtained from four separate sets of measure-
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Table III

Wave numbers of the lines shown In^Figurê 7 •

Line no. J____ J* -l cm

23 22 2066,98

2 22 21 2067,52

3 21 20 2068,51

4 20 19 2069,40

5 19 18 2070,05

6 18 17 2071.15

7 17 16 2072,03

8 16 15 2072,83

9 15 14 2073.67

10 14 13 2074.65

13 IB 2075.66

12 12 11 2076.48

13 11 10 2077,34

14 10 9 2078.28

15 9 8 2079.03

16 8 7 2080.21

17
9

7 6 2080.88

18 6 5 2082.10

19 5 4 2082.93

20 0 0 2087.3

21 7 8 2094,59

22 8 9 2095,73

23 9 10 2096.62

10 2097.51
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Table UI (cont. )

Line no. J____ J* -1 om

25 11 12 2098,53

26 12 13 2099,58

27 13 14 2100,58

28 14 15 2101.47

29 15 16 2102,51

30 16 ' 17 2103,40

31 17 18 2104.20

32 18 19 2105,04

33 19 20 2105.97

34 20 21 2107.20

35 21 22 2108.07

36 22 23 2109.02

37 23 24 2109.70

38 24 25 2111.07
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monta are:
(1) Be = 0.460 ± .001 cm?1 (from values given in Table III)

(2) Bo= 0.461 ± .001 » (3600 lines/inch grating; 1st order)

(3) Bo= 0.461 ± .001 (4300 linea/inch grating)

(4) 3O» 0.462 ± .001 (7200 llnes/inch grating)
° 6 -1 

. Adopted value: Be= O.461ocm.

Tills value for the rotational constant, B, leads to the value
-40 2I a 60.7 x 10 gm, cm. .

x 1
Attempts to resolve the rotational fine structure of the 

broad absorption band at 2236 cm?1 were unsuccessful. However, 

certain characteristic features are evident from the spectro­

grams given in Figure 8. (The lowest tracing gives the back­

ground atmospheric absorption.) Thus, the absorption by C2D6 
is apparently due to more than just the perpendicular vibration^

The combination band _ lies in this region ( 1/ ♦ // =
2^6 6 o

1158 + 1077 = 2235 cm?^) and could well contribute to the 

absorption pattern either through it normal infra-red activity 

(the equivalent band in ethane is moderately intense) or by 

Coriolis interaction with or a cor ination of both.

The existence of such a Coriolis interaction between the parallel 
2* -, *band 1/ and the perpendicular band 1/ „ is su^ested by 

k2 + 6 . 7
the presence of ti e two prominent absorption peaks at about

2222 and 2238 cm”*. Qualitatively, such en interaction would
be dependent upon the quantity (J$ — K^) and would be most

pronounced when the interacting rotational levels ( A K = ±1, ]

A J ® 0) were of equal energy. The effect on the spectrum

would be a broadening of the Q line of the parallel band g
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and a broadening of the Q lines of the perpendicular band

in such a way that there would be an apparent 

lines at the resonance position. This may be

bunching of these

illustrated by

the following type diagram where the no mal Q line positions

are riven together with arrows which give the direction of

. ^broader

»
24-6 u

Cm? -,

Q

The proceeding diagram could have been drawn equally well with

1/* on the high frequency side of the bunched Q lines, 
^2 + 6

The exact interpretation is obscure and it is felt that the

present observations of this band

a change in the* value 7 * - 2236 
7

are not such as to warrmt 

cm"^ reported earlier by

Stitt,

The program set forth at the beginning of this section 

has been successfully accomplished except for the determination 

of the normal rotational spacing of the perpendicular band 

The measurement of this spacing would have been most welcome 
since it, together with the spacings of \ , ]/ *, and "V »

5 8 9
would have permitted the direct spectroscopic determination of

the small moment of inertia of CD, Since the su all moments 
2 6

for and CgHg stand in the ratio of the known masses of

the deuteron and the proton, this would have given a direct



check on the validity of the perturbation scheme through which 

the value of the small moment of C-H was determined (see

Chapter However, such a determination of the rotational

spacing T 7*of ? would also require the use of a perturbation

scheme probably with 6 but possibly also with

_ = 1158* 1082 - 8 2240 cm. )• The broadened Q line

of the parallel band 1077 cm x is also presumably due6
to Coriolis interaction with the perpendicular band ]/* and 

0
the observed spacing of the Q lines may differ slightly from

the normal or unperturbed spacing*



CHAPTER III

THE GENERAL PROCEDURE 
- • . K
The great number of variables associated with a poly­

atomic molecule makes it necessary to utilize any properties 

which enable one to investigate the molecule in a stepwise 

fashion. One of these properties is the approximate separability 

of electronic, vibrational, rotational, and nuclear spin motion®* 

Up to the present time, most of the investigations of poly­

atomic molecules have been concerned with the vibrational and 

rotational motions associated with the electronic ground states 

of these molecules. The methods of observaticn_have generally 

been such that the hyperfine structure produced by the nuclear 

spin motions is not resolved and the existence of the spin 

variables is made known only through their effect on the 

statistical weights of the rotational states. (Microwave 

techniques represent an exception*) Another property of a 

molecule, which enables one to subdivide and classify these 

motions further, is its symmetry. It is the theory of groups 

and group representations that formalizes the methods for this 

additional simplification.
It can readily be shown that the normal coordinates (those 

coordinates along whose axes the motions of the noxnal vibra­

tions can take place) are the bases for irreducible represent­

ations of the point group which ci aracterizes the symmetry of 

the equilibrium configuration of the molecule. The activity 

in infra-red absorption and Raman effect of any vibration de­

pends on its symetry type, that is, on the irreducible re­

30
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presentation which it generates, and it is by the use of these 

predicted activities or selection rules that one determines 

from the spectroscopic data the equilibrium configuration of 

a molecule.

The collection of normal coordinates having the same 

symmetry type generate a characteristic subspace of the con—  

figuration space of internal coordinates. If the vibrations ,

are non degenerate, then any (non-singular) linear transfor­

mation or these normal coordinates will generate a new set of 

coordinates which again will have thls same symmetry type. 

If the vibrations are do ably degenerate, any linear trans­

formation of the associated pairs of no m.-al coordinates will 

generate e rew set of associated pairs of coordinates with the 

same syr^^etry type. dimliarly for htgher orders of degeneracy. 

When expressed in terms of sym etry coordinates, both the 

kinetic energy and tl e quadra': ic terms o^ the potential energy 

appear in a co- siderably simplified fc rm in. wh.ich there are no 

erose prn, nets involving sgvunctry coordinates belonging to 

different syrcmetry types . The ham il te ni ar. for the harmonic 

vibrations thus appears separated bite a sum cf Hamiltonians, ■ 

one for t' e vibrat ic es of each SjU.eor; class ( type ) • fhe 

use of sy.. ctr; -v ^rlinat^ s, t- en, permits one to investigate 

the vibrations of a s ingle symmetry class withe at con® 

sideratlms of the remaining vibrations. This is the 

separation given by the symmetry conditions. Any further 

separation requires detailed knowledge of the forces.

Under the operations of the point group (1.e. 3-fold 
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rotations about a symmetry axis, reflections, etc.), each of 

these characteristic sub spaces is mapped onto itself. More­

over, if the vibrations are non degenerate, each symmetry 

coordinate will either remain unchanged or change sign only. 

If the vibrations are doubly degenerate, the two dimensional 

space of each associated pair of symmetry coordinates is 

mapped onto Itself while the individual components of each 

associated pair undergo a linear transformation characteristic 
<

of the particular point group operation. The transformation 

properties (with respect to the point group operations) of 

the symmetry coordinates for a given symmetry class are 

identical and in general these properties are sufficiently 

well expressed by the set of traces or characters of the trans 

formation matrices.

The character table for the irreducible representations 

of the point group D^, presumably the point group to which 

ethane belongs, is given in Table IV (character tables for 

this and various other point groups are given by Herzberg).

For ethane, there are two classes of fundamental vib­

rations in which the carbon nuclei move along the symmetry * 

axis, and two classes in which these nuclei move perpendicular 

to this axis. It is convenient to generalize the earlier 

definition of parallel and perpendicular vibrations, letting 

parallel and perpendicular refer to the motion, relative to 

the symmetry axis, of the carbon nuclei rather than the 

electric moment. In this manner A_ and A„ are called 2u 1g 
respectively "parallel active" apd "parallel inactive" vibra—



tiens, while E and E vibrations are called respectively 
8 .

"perpendicular active" and "perpendicular inactive" vibra­

tions. The "active" or "inactive" refers to the presence or 

absence of an electric moment and thus indicates whether or 

not these vibrations will emit and absorb infra-red radiation. 

A list of the symmetry types of the normal vibrations of ethane 

and their spectral activity is given in Table V and the normal 

vibrations themselves are schematically pictured in Figure 9.

The outline of the general procedure for determining the 

potential constants of ethane may be expressed as follows :

I Collection of the data associated with a given symmetry 

class of vibrations.

(a) Fundamental frequencies,

(b) S’ values •

II Definition of the force constants and the determination 

of the equations which relate these force constants to this 

data. ,

(a) Relations between the force constants and the 

---- normal frequencies.

(b) Relations between the normal frequencies and 

the fundamental frequencies. '

(c) Relations between the Ç values and the force 

constants.

Ill Solution of these equations for the force constants. 

It is the present purpose to give a brief description of 

the general relations between the force constants, the funda­

mental frequencies, and the zeta values.
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Table IV

Character table of ^d*

236 2C3 1 3C2 3^

111

-] 1 -1

11 1

-1 1 -1

1 1

1 -1

-l -1

-1 1

.0 o

o o

The operations of the point croup have the following

definitions :

I « the identity operation.

S « rotation by 2u/6 about the symmetry axis (a-axis) 
6

followed by the reflection through the xy plane.

C = = rotation by 2n/3 about the symmetry axis.
3 6

1 = inversion.

Cg ~ rotation by n about one c f the three 2-fold axes per­

pendicular to the %—axis.

- reflection through one of the three planes of symmetry.
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Table V

Symetry types of the normal vibrations of

Classification Vibration

e thane*

Activity

Parallel inactive vibrations

w,
Raman, 
polarized

Alu Torsional vibration inactive

A : Parallel active vibrations Infra-red, 
parallel

E : Pezmendicular active 
u vibrations

E : Perpendicular inactive
6 vibrations

Mo
, )

Infra-red, 
perpendicular

Raman, 
depolarized

ps
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The vibrational energy associated with a given symmetry 

class of normal vibrations may be expressed as :

T\ V*= 72 E X fit + 7jl.au fit- ^orCxOt

where £ and are the i^ symmetry coordinate and its time 

derivative. the and //* are known functions of the

masses and dimensions of CgH^ and C2D^> and tfe define the 

potential constants to be determined. (In order that the 

potential energies of CgHg and snail have the same ex­

plicit form, it is necessary thar the symmetry coordinates

Vi represent definite geometrical distortions of the con- . 

figuration of the molecule. The coordinates must also (1) 

give displacements from equilibrium, and (2) conserve linear 

and angular momenta. )

The relations between the potential constants and the 

normal frequencies for and for CgDg are given by 

the roots of the secular determinants
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It is the relations between the normal frequencies and 

the fundamental frequencies which present certain difficulties• 

As was mentioned in the introduction, one is unable to give 

rigorous relations, but, with the aid of the Teller product 

rule, can make plausible estimates. This procedure, due to 

Dennison13, involves a generalization of the known relations 

between the fundamental and normal frequencies of isotopic 

diatomic molecules. Thus, for a diatomic molecule, the normal 

vibrations and fundamental vibrations are governed by the 

respective energy expressions

I Normal Vibration: \ u

H Fundamental Vibration: V

5
For the second equation, by neglecting terms in and higher, 

and treating the cubic and quartic terms by perturbation theory, 

one predicts the fundamental frequency

v = (1)

where ok is a function of the coefficients k, kg and kg and 

not of the reduced mass Hence for the isotopic diatomic 

molecule, one obtains

V* = (2)

Finally, the product rule gives a third equation

(3 )
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From these equations one may determine the normal fre­

quencies to and to* In terms of the observed fundamental fre­

quencies V and V" and the known reduced masses and p," • 

The quantity «no lg called the anharmonicity factor and will 

be designated as x. 'i'he content of the first two equations 

Is incorporated in trfe single equation

X‘=
The similarities between the vibrations of two isotopic 

polyatomic molecules (belonging to the same point group) leads 

to the very plausible "first" assumption that, if is the 

anharmonicity factor associated with the fundamental vibration

' , then the anharmonicity factor ^or the similar vibra 

tien of the isotopic molecule will be given approximately by 

the equation 

in order to establish the normal frequencies from the funda­

mental frequencies, it is necessary to know each one of the

The use of the above set of relations re­

duces thls pro bleu to the determination of the x^ alone. The

product rule gives only one relation among these anharmonicity

factors, namely

Of course, if there is only one vibration associated with

the particular symmetry class, this condition is sufficient, 
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but such a case is exactly equivalent to the case of diatomic 

molecules. Thus, in general, further conditions are required 

to specify the x^ values.
For the few polyatomic molecules where the values are 

known, these anharmonicity factors are generally positive and 

of the order of magnitude of two to five percent. If, for a 

given class of vibrations, one defines the average anharmonicity 

factor,x, by the equation

then the %est apriori estimate of the value of x± is obtained 

by setting x^ « x. However, many of the vibrations of ethane 

are similar to those of methane for which the anharmonicity 

factors are known13, and this information permits closer 

estimation of the values for ethane. Thus, the C-H 

stretching and H-C-H bending frequencies of ethane agree with­

in a few percent of the corresponding frequencies in methane. 

One might expect the agreement between the associated anhar­

monicity factors to be intermediate between this few percent 

and the agreement between the bond energies. The procedure 

adopted is to choose the x^ values for ethane to agree as 

closely as possible with the corresponding values for methane 

and still be consistent with the requirements of the product 

rules. This partly constrained choice constitutes the "second" 

and last assumption required to determine the normal frequencies 

It is unfortunate that the differences between the fundamental 
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and normal frequencies cannot be rigorously determined, but 

the estimations as obtained by means of the above assumptions 

should be considerably better than ignoring these differences 

altogether. ’

We may summarize the method by which the fundamental 

frequencies are utilized in the detennination of the potential 

constants :

I The fundamental frequencies Vj_ serve to determine a 

sot of normal frequencies w, through the defining equations

and the two

(1)

(2)

II The determine relations among thenomaj.

potential cons tan through the roots of the secular deter-

For the parallel active and parallel inactive vibrai ions, 

there are no additional data beyond the fundamental frequencies 

For the parallel active vibrations, the fundamental frequencies 

are sufficient tc determine the associate it set of potential 

constants but in tr e case of the parallel inactive vibrations, 

the data rmft be supplemented by me additional condition»

For the perpe ulc;lar active and perpendicular inactive
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vibrations, the additional data, required for the determination 

of the associated potential constants, are supplied by the Ç 

values, It is the purpose now to give the relations between 

the force constants and these zeta values. 

The Hamiltonian generally used for the rotational energy 
17 

of a symmetric top molecule may be expressed as

H = ( - * ( R -

where P , P , P , and p , p , p arc the components of the x y z x y z .
total and vibrational (or. Internal) angular momentum and Ix 

and I are the principal moments of inertia, 
. z

To the first order of approximation, the energy spectrum 

, 4 12is riven by

E = ÙUd) +L- 2 \ It lx/ 1%

where Ç is the expectation value of and the rotational 

quantui.i number, X, is considered positive or negative depend­

ing on whether the rotational ana vibrational phases advance 

in the same or in opposite senses, (The fundamental perpen­

dicular bands are generated by transitions KK + 1; ground 

vibrational state —♦ 1st excited vibrational state.)

For a riven symmetry clas j of de generate vibrations, tne 

z-copponent of the internal an -nlar mor.c.iturn has tie form 
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where ,*2* are the pair of normal coordinates associated with 

the ithnormal vibration.and » are their conjugate momenta.

If the ftb normal vibration is singly excited, the expectation 

value of p2 is

The value of , determined from the rotational spacing of _ 
th °"

the 1 fundamental vibrational band, is related to the 

potential constants through their dependence on the trans­

formation matrix between the normal coordinates and the 

symmetry coordinates ? Thus, one can construct as a function 

of the symmetry coordinates, their conjugate momenta, and a 

known set of constant coefficients, and then by re—express ion 

in terms of the normal coordinates, solve for the in terms 

of the known set of coefficients and the components of the

transformation matrix. '

For both the perpendlcu1^r revive and perpendicular in­

active classes of ethane, we have chosen symmetry coordinates 

such that the kinetic energy expression contains no cross 

product terms and each of the square terms have the same 

coefficient. By normalizing the symmetry coordinates so that 

this constant coefficient is unity, then the transformation 

matrix between these normalized symmetry coordinates arid the 

normal coordinates is a unitary matrix. In terms of these 

normalized coordinates,

% ' Z Z A
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The unitary transformation matrix , defined by the equations

J = 2 StK f® » is determined from the equations (slnoe = W

is unitary, , and one obtains the

equat ions for the .

(1) and (2) give the desired relations between the 

zeta values and the potential constants. This, t han., 

the general procedure for determining the potential 

Since S^ 

following

Equations 

observed 

concludes

constants of ethane.

The above relations between the measured zeta values and 

the potential constants are "first order" equations. These 

equations neglect the effect upon internal angular momentum of 

the anharmonicity of the vibrations as well as the terras in­

volving the . Although usually these effects are small, „ 

it is occasionally necessary to make allowance for their pre­

sence as will be done in the cases of Vg and Vjq* Certain 

of the qualitative features of these higher order contributions 

to the zeta values will be presented in the next chapter*



CHAPTER IV

HIGHER ORDER CONTRIBUTIONS TO THE ZETA VALUES

The first order expression for the rotational energy of 

a symmetric top molecule was given on page 40 and is of the 

form

E - J ( J + * (3 + Y K whert Y - - Ej?
•

When the energy 1 a calculated to second order, the above ex­

pression is modified in two ways ; (1) small terms proportional 

to quartlc powers of J and K occur, and (2) the coefficients 

o< , ^3 , and Y now contain small terms proportional to the 

vibrational quantum numbers e These new values for the coef­

ficients will be designated o</ , , and Yz • By the higher

order contributions to the zeta values is meant those con­

tributions to the energy which are linear in the quantum 

number K and cause the inequality X * Y' • (In the special 

case of resonance, the energy is not expressable as a power 

series in the rotational quantum numbers and the meaning of Y' 

is ambiguous•) The present purpose is to determine those 

contributions to X' which arise from the interaction terms

T = - ( Rpx + Pp) - fir 
lx ------ IT-" ‘

Thie operator T* has no diagonal m atrix elements in the re­

presentation based on the first order wave functions, and the 
2 2g o energy contributions are proportional to Px~Py~ J — a and 

~ , Thus the contributions of T1 alone do not affect the

zeta values. However, due to the first order vibrâtion-

46
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rotation interaction energy, the term

4 i.
has matrix connections in common with the relatively large 

enharmonic terms and "interference" occurs which produces an 

energy correction linear in K. The physical picture of how 

the zeta values are changed by this interaction is rather 

simple. In the actual symmetric top molecule undergoing de­

generate vibrations, an individual nucleus moves in a small 

elliptic orbit inclined at some angle, to the symmetry 

axis. The resultant internal angular momentum, due to the 

sum of t^ese nuclear contributions, lies along the symmetry 

axis ar g bas the value , where ç is a weighted average of 

ti e cos G. . If t: e reste ring forces are harmonic, then as 

the vinraci ns become more energetic and the elliptic orbits 

become larger, the tilt or pitch angles, 6^ do not change. 

However, in the presence of anharmonic forces, the angles G^,, 

in general will depend on the size of the orbits. The first 

order values are based on infintesimal amplitudes of 

vibration and hence on limiting values of the e± as the al* 

llptic orbits are shrunk to zero. By determining the "inter­

ference” between anharmonicity and vibration rotation inter­

action, one is thus determining the modification in the pitch 

angles which occurs due to the finite size of the actual 

nuclear orbits.
Star the actual calculation of this "interference” con­

tribution to the energy, It is convenient to use the polar
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normal coordinates rather than the cartesian normal

coordinates , y^* ♦ In terms of these polar coordinates

it ' '

If n^, 1^ represent the vibrational quantum numbers of the 1th 

two dimensional oscillator, then the matrix connections for

the above (i, j ) terms are of the fonn

, n. , nK , 
, A , «—» ± i f

The lowest order enharmonic terms

1 ’ * where K4 LJ 

having these same connections

are quartic terms of the form

II L + e

The interference energy contribution to the vibrational state, 

(n,l) is

L 2^C^v'C>
E’a>^ -

The evaluation of this sum requires the matrix elements of

the following operators

(a) p e
(b) PV*

(c)

The wave functions for the two dimensional harmonic oscillator
are19 *

Ka = ( 5 "

L 1

i
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where p» le related to the normal coordinate,^ , and the 

vibrational angular velocity, by the equation

From the above expression for , one may obtain the

following recursion formulae which give directly the required 

matrix elements^

(a) e + +

(b) /oVX -

For the general vibrational state (n,l), the energy contri­

bution given by equation III' may then be computed as 

IV

acting „ r ,
A l ûi uX)1 [ L^l_J — P vj

then the contribution to the zeta value is

△ 8 = L /3^-^M
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The coefficients of the quartic potential terms are not known 

for ethane and hence one cannot make a direct numerical cal­

culation of . However, an estimate can be made of this

correction• Thus, barring near resonances, /% 1» of the 

order of the ratio of the energy contributions of the quartic 

potential terms to the quadratic potential terms. Foj COg, 
13 

some of the quartic terms have been determined and the cor­

responding ratio is about 1^. The magnitude of ZXÇ for low 

quantum number vibrational states is tuen about

A C - «01

Although relatively small, this correction Is a factor ten 

larger than the uncertainty of-high resolution measurements. 

Specializing equation V to the cases of fundamental and simple 

combination vibrations one obtains

Case 1. Fundamental vibrations: ~ ~ n^ " 0.

AÇi = L 2 ( Ar 
J .

If one designates the measured zeta value by Z and the theo­

retical first order zeta value by Ç , then

(1) Z.= £ +

From the form of , it Immediately follows that

and hence the Teller Zeta Sum rule should hold for the as 

well as for the A .

Case 2. (A) First harmonic vibrations: - 2; ■ 0

J j
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and since Z = 2. Ct + △ Cut

one obtains

(2)

Case 2, (B) Simple combination bands : n^ ” ■ 1»

«k - = :: "j " "

= £ a^Su-At) + £ " KA»*AO

ZX ÇL * — 2

Zt + K = C +CK v ,

' (5)

The question arises whether one may determine the from 

measurements of the rotational spacings of the fundamental 

and simple combination vibrational bands and thus be able to 

"measure" the theoretical first order Ct values without 

knowing the coefficients of the quartic potential terms, 

(assuming of course that the values are the result of the 

above interference mechanism.) If there are N fundamental 

vibrations belonging to the same degenerate symetry class, 

then in principle one can measure N rotational spacings oi 

the funadmentals and N (N + l)/2 rotational spacings of the 

harmonic and simple combination bands. In order that these 

measurements suffice to determine the N first order values 

and the N (M - 1) unknown /3£j , the number N must satisfy the 

condition
N ♦ N (N*ù/2 - N * NIN-'l or N 3



For ammonia, there are two degenerate vibrations and hence the 

rotational spacings could serve not only to determine the 

and /3w values but also to check the predicted behavior of 

the values. With ethane N * 3 for both the perpendicular 

active and the perpendicular inactive vibrations and a com­

plete set of combination band spacings would »be required for 

determining the higher order corrections to the zeta values. 

Unfortunately, when there is a large number of fundamental 

and simple combination bands, there are invariably cases of 

near resonance. In such cases, the rotational spacings of . 

the interacting vibrational bands tend to become equal, and 

the corrections to the first order zeta values are not of the 

same form as given.by equation V. The effects of resonance 

on the zeta values of I^q and T^q of ethane will be con­

sidered individually as the occasions arise.



CHAPTER V

THE " ZX, PROBLEM" o

The fine structure of the vibrational band as measured 
8

by Smith (Figure 10) has a ragged appearance suggesting the 

presence of resonance interaction with another vibrational 

band. The determination of the fundamental frequency and the 

unperturbed rotational spacing requires the detailed inter­

pretation of this fine structure.

The problem consists of two parts. First, the assignment 

of a quantum number K to each Q line, and second, the deter­

mination of the unperturbed rotational spacing and perturbation 

parameters which quantitatively predict the observed positions 

of the Q lines.
As guides to the assignment of quantum numbersone -

utilizes the analyticity of the unknown function V(K) in 

order to obtain relative assignments as well as any recogalz- 

able characteristics of the spectrum which can lead to the 

absolute assignment of the lines. Fortunately, the fine 

structure of becomes regular at the high frequency side 8 __
of the band indicating that the influence of the local per­

turbing forces vanishes in this direction. By coincidence, the 

spacings associated with the J = 11 trans it ions are almost xj

exactly 1/4 of the Q line spacings and the usually broad 1
i 

background associated with these transitions becomes bunched 

into clearly resolved "lines". Using the Q line spacing at 

the high frequency side of the band in order to determine a 

rough value for the small moment of inertia^ one may calculate

53



54

s

§
in

o
•t

c •v
CD



a theoretical intensity distribution for the equivalent un* 

perturbed band. This predicted intensity distribution is 

pictured in Figure 11 and includes t^e statistical effect of
20

nuclear spin which enhances by a factor 6/5 the intensity 

of those Q lines identified with K (ground state) equal to a 

multiple of three. A comparison of the observed and pre­

dicted fadings of the Q lines into the substructure gives an 

identification of these lines with their proper quantum 

numbers.
9

From his examination of the 1/ band, Smith concluded that 
o .

two distinct regions of perturbation were present and sug­

gested that these perturbations were the result of Fermi and 

Coriolis Interactions with the combination band which

presumably lies in this region. The general nature of reson­
ance curves, ?V( K), is well known, and forewarned that two 

such curves may be present in the 17g band, one can proceed 

with the stepwise assignment of the Q lines starting from the 

high frequency side. The results of this procedure do indeed 
give two resonance like curves for the function 7/^(K). How­

ever, all of the observed Q lines are not accounted for by 

this procedure and these ”extra" Q lines do not fall on the 

resonance curves. Yet, as will be shown, the existence and 

position of these "extra" lines are actually a consequence of 

the interaction scheme suggested by ami th. If this Inter­

action scheme is correct, two interesting conclusions immedi­

ately follow. First, this scheme is permitted only if the 

equilibrium configuration of ethane is the staggered form
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and hence the presence of these perturbations gives an alter­

nate proof of this equilibrium configuration. Second, since 

the torsion frequency, is known, the value for the fre­

quency 2% , often called the "uncertain frequency" of ethane, 

can be estimated from the calculated position of the combina­

tion band 7/ ,
4 + 12

If the line assignments, given in Table VI, are Correct, 

then without any perturbation calculât Ions, the unperturbed 

rotational spacing can be determined. These assignments 

moreover, indicate that the resonances occur near the middle 

of the band, and hence the line positions at the high and low 

frequency limits are approaching asymptotically the hypothetical 

positions of the resonance-free band. From the measurement 

of these' two asymptotes (one at each limit of the band), one

can determine the normal band center, and the spacing and 

convergence of the resonance-free Q lines associated with

This procedure gives

"V = 1472,2 cm^ o
△V = 5,565 cm^ at the band center 

3
For the quantitative determination of the structure of

^8» one has three essential perturbation parameters, (1) the

vibrational frequency of (2) the strength of the

Coriolis coupling term, and (5) the strength of the Fermi 

coupling term. These parameters enter in the following way.

(a) The lowest order enharmonic term which can couple

the vibrational states ^8 md 12 18
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Table VI

Line Assignments for the 8 band.

line position0 observed° predicted
Line no.° K K’ cmTÀ__ _ r(K)- 8(K>

55 10 9 1413<71 -.39 -.41

60 9 8 1424.56 -.33 — .43

65 8 7 1430.34 -.31 -.46

69 7 6 1435.65 -.74 — .49

72 6 5 1439.63 , -2.47 -2.04

73 6 5 1441.36 -^74 -.26

75 5 4 1446.38 -1.41 -1.19

77 5 4 1448.52 »73 .36

78 4 3 1452.41 -1.04 -1.07

79 3 2 1457.91 -1.13 -1.05

80 - 2 1 1463.48 -1.21 -1.45

81 1 0 1468.45 -1.84 -1.90

82 0 1 1472.95 -2.90 -2.74

83 0 1 1475.87 .02 .17 .

84 1 2 1477.78 -3.91 -3.95 ]

( 1 2 .14 .97 \
85 ( 2 3

1481.49
—5.41 -5.93 )

86 1 1485c64 4.25 4.34

87 2 3 1488.28 1.38 1.66

88 3 1489.29 2.39 . 3.21

89 3 4 1493.68 1.29 1.62

90 4 5 1498.90 1.05 1.38

° From the data of Le G « Smith



Table VI (Gond* )

Line nd. K K*
line position 

_cm. ,
observed _ 

g(K)cm.
predicted . 

g(K)— g(K)am.

91 5 6 1504.13 .84 1.09

92 6 7 1509.47 .77 .90

93 7 8 1514.65 .56 .78

94 8 " 9 1519.85 .40 »67

95 9 10 1525.14 .35 • 59

96 10 11 1530.51 .41 ; . .53

97 11 12 1535.30 .41 .48
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2.1

Where b la an unknown coefficient and 1 a the toreional 

normal coordinate, etc. As this is a purely vibrational 

coupling, the matrix connections of this -term obey the selection 

rules △J » △ K « 0. Designating the two components of the 
vibrational state Vg by Vg and Vg» tlwn^ the matrix con­

nections between 1/Q and io of the form

The pure imaginary number △ la taken as the Fermi coupling 

parameter.

(b) The general Coriolis interaction terms are

(i) /1.

(2) Rfl /lt

These two terms would in general give two perturbation para­

meters. However, the selection rules for the second term 

are the same as for the Fermi interaction and although its 

interaction strength is dependent upon the quantum number K, 

its presence would be somewhat masked by the Fermi interaction.
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Thus the combined actions of the Fermi coupling term and this 

Coriolis coupling term can be characterized fairly well by 

the single parameter A • The selection rules for the matrix 

connections of the term (P p -t- P p )/l are x x y* y x

; aj=o

Tlie form of the matrix elements for these connections is 

d VÏJ7KÏÜHMÎj ; - A

in the harmonic oscillator approximation of the vibrations, 

there is no coupling between and + and the non­

vanishing of the coupling coefficient d depends on the an— 

harmonic potential energy terms* Althouthe interaction 

strength depends on the quantum numbers J and K, we shall 

use a value obtained by averaging over the J values* Since , 

near the band center, J > > K, this average value is essentially 

J d a f, a pure imaginary number independent of K* This pro­

cedure focuses attention on the centers of the Q lines and 

the number f is the strength parameter for the Coriolis inter­

action*

The energy car tributions due to the Fermi and Coriolis - 

interactions are determined as the eigenvalues of the 4x4 

matrices o
ZX* r Q

O f A*

r 0
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where E%(K) is the energy of the Kth rotational level of the 
o .

state Vq in the absence of the perturbing terms A and fe 

Thus, . ,

Eg W = Eg(O) + y ( I." ij ' T,

E,(0> +

- U” + V

(c) The third and last perturbation parameter gives the 

position of the vibrational frequency of + 12 relative to 

I^q and is defined as
a = [44^°) - Ejo)

Starting with Smith’s initial values for the moments of
21 -

inertia and zeta values "

V\/4vrc Ie « 2O524 cm.
-2

= 0.563 cm.

= -.238

* .330

one obtains fairly good agreement between the observed and

predicted fine structure of

number units)

V with the choice (in wave— 
8

*7.0 cm"1

= 1 cm"2

= 16 cm”2

Letting (K) represent the positions which the Q lines would

have in the absence of the resonance interacMons, the difference
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functions

are given In Figure 12.

As an example of the calculations, consider the Inter­

acting quadruplet of states

Relative to the energy of ^(S), the unperturbed energies

are
(3)

(3)

(4)

(4)

= 0 cm?!
-1

« -3.12 cm.
—1= f.35 cm.
-1

= 23.34 cm.

r?he eigenvalues cf tie corresponding 4x4 matrix and t e 

compos itl ci is c f the j erturoed states are

ground state

State

1.

Er.er tv

43.0

^4+12^^/

3.21 cm 7“ 25.4 31.0 0.6

II. -5.93 cm?1 31.0 68.1 0.8 0.0

m. 1.66 cm 7^ 25.8 6.6 64.6 2.9

IV. 24.13 cm’1 0.0 0.0 3.5 96.5 *

Since the :selection rules for transitions to the vibrational

7^(K) are



Predicted versus Observed Line Positions ot the
B an 8

%10

2

K-*
i I J__ i___ I___1 I— 6 -4____________ O



65

I above can

either 

or

K-0 

V"

one can conclude, for exanç)le, that the perturbed level labelled 

make transi tions to

2^(2) 43% relative intensity

^7(5) - 30% relative intensity

The absorption line l/o f 2) —► I • will lie

3.21 c-nT* above the normal position of the unperturbed Q line 

77 ( 23  * (3) . The absorption line l/(5) —* 1

will lie 3.21 - 2.85 = 0.36 cnT^ above the normal position of 

the unperturbed Q line 7% ( 5) —* 7^ . It is these

shifts which constitute the difference functions plotted in 

Figure 12.

The agreement between the predicted and observed line 

positions of the 1/L band might be improved somewhat by a 

more careful determination of the perturbation parameters. 

However, the values chosen are such as to show the essential 

correctness of the perturbation scheme. The result of the 

Fermi and Coriolis coupling is not equivalent to the simple 

superposition of these two interactions. The "extra” Q lines 

are one of the characteristic features of the spectrum and 

these may be thought of as arising from a self resonance be­

tween the rotational levels of caused by the combined

action of the Fermi and Coriolis Interactions. (Two different 

rotational levels of are coupled to one another via a 

third level of jV .) 
4+12



CHAPTER VI

SCLUTICK Or THE GENERAL POTENTIAL CONSTANTS

The definition and solution of the general potential

ires ented for each a^metry class in the follow

E ; Ine perpendicular active vibrations '

- « Thg rerpondicular inactive vi hrations

Api, : The parallel active vibrations

A1... : The parallel inactive vibrations

tors lor: al vibration

class, the i s (1 ) to def Ine tne symmetry

tea and tc establish the required relations between

potential courtay is a;

?s), :c fièrent, t

. .erica j fro que c e s , f

th e normal frequencies ( and zeta

:r 3 y h s 3 op’ : data and estimate

'”) co _1ve toe calculated value

al

-;2uù ts and the predicted values for the

66
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The perpendicular active vibrations <

The three pairs of symmetry coordinates were chosen as 

follows :
(1) The distortion of the "hydrogen triangle*.

The displacements of the nuclei of

hydrogen triangle are specified by

dicated. By convention, the eqi al

the opposing or "primed" 

the symmetry conditions 

not be schematically in­

magnitude vector displace­

ments shown above correspond to positive values of and

*7 For normalization purposes, the units of and 

are chosen so that the magnitude of any hydrogen displacement

is given by V ( V »7?)/k

We shall adopt the more brief presentation

scale factor: 6 4082= 
5
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(2) decking of the hydrogen triancles :
i

) —Tr ana la t ion of the hydrocon triangles :

'1

scale factor: . .4571^

?or 3 positive, the hydrogens nove out on the y axis.

It will be no tec that these coordinates uniquely sped 

fy the configuration of the molecule whatever the ratio of 

carbon and hydrogen nasses may be. Tney are tn us geometric 
12 coordinates in the sense used by Johnston and Dennison • 

in terms of these coordinates, the expressions for the 

kinetic energies are

ZT = rn ) ( egt) U&Mb H tug1) \

2T* M

where r - - i.zoio
3 m v th

for C2Hc

for C2*^5
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The i:io at encrai form of the quadra Die potential 
?

energy function la
i ' .

= 2V* “ a" I

+ 2alt( ^^.<1 *

opponent of vl-.rational anjnlcr nomen tom alony the

«- y-> - q V ■* n q
y x ' cl/» X -x. u

'(^h vh)

t

a

3
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orc trio and 3^ are the unitary Iran a f or ma t i on matrices 

fr.eô in Ch» III.

The spectroscoplc data available f 'c r tie perpendicular 

tlve vit rat io:/a le quite complete and unamtiyuous (the ex- 

11ons have already tee/ discussed in Chapters III and V). 

in: ‘ in c l the observe : fu: .elemental freq cncies and zeta 

J cs in . 1 ven in Table VII.

_ . r tl. ' es *. I: .a c i en c f the normal f r e in one les we have

. *’ ■ :\ 111 • " i . a o t of ar Jumoalcl t;r fact or s :

n,. - . h / O

X-, ~ 30- J
X.) = .0904

.. -nd .L ?» c 1 Xc and xo wore o' os.cn, In accordance with the 

' : I - o • t lined tn Chapter III , to ayree rouyhly wl th

u- u r: : 1 ? 11 y far tors .913 and .939 of the corrcspovdinp 

.. • v. - i - ' ire ne . c i e a oï ho thane . The value of Xg

' ' . . : :. cw r/.: . 0350 so t at tiic Teller product

1 v- u : oai 11 c value for x . •

• 'n„ :/n st a:x a Java de termincd usine least 

- ■ : • a wed J,t.< scheme based on the estimate

.' - " ‘ a nor/.y] fre-y ■ • :cy ’ a oqui valent to an

. " ' . a zeta ”al.c. A list ln_ of the calculated

_ • . - j It i'x/ in la' le ' J111 to other with the

o . at : . r.a tr'ccs, To ; lo 2 X 1 ve 3 a listin'
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ruble VII

Spectroscopic Data for the perpendicular active vibrations

damer'.tai frequency
Vibration cm"^ zeta value Reference

^7 2J95.5 .095 (10)

li 1472.2 -.531 (10)

(10)

v:
— — — (0)

,* ■
13..2 -.423 Ch. II

1 op Ch.II
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Table VIII

Fc-î.sn-isl for the perpendicular active vibrations

: in units of 10° dynes/cm.)

sT. = 2.i-13 a12 = 1.1G1S

= l. -u 7 a15 = 1.7900

syy ■ 1.2:22 • a25 = 1.6934

n " ’ te7 copponents of the zeta matrices :

»
—

- -—--- — O
 

C) 

ii 

(hr lio

B
^,9 = 9,3 =- '315

•

*

o 
o

G
) 

-0
M 

03

II 
It

L- 
t>*

G
> 

« 
..

UIl 
H 

o 
a

 
% 

*

9 '

x

-i * r
>

• 
V

O
 Q 1 1 II 

C * 
r?

 » 
• 

*
<3

 
O

Il 
II

« 
•

b3
 

to
-2

 
to

tO
 

CP

i n nouent s of tho unitary transformation matrices

02 
Cl 

IIJ 
to S73 e . 673 m c IV\

s -, = 3 5 3.5 " . 540 j - s

CO 
4 

1II

1 
to

2
SJ- " . 139

♦ _ ___ 3^~ . < 94 to -o
 * u ii o 725 c*

. 1 93 .529 = 5 &
. - —

- . ”94 So 3 - .442 \ 7/ I V
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Table IX 

predicted versus "observed" normal frequencies and zeta values 

for the perpendicular active vibrations,

Normal frequencies 
( emT^- )

Zeta values

Vibration Predicted• ■<** * Observed Predicted Observed

^7 3136.9 5139.9 .098 .095

---- 1526.9 1525.6 — .334 -.331
8

9 825.1 821.8 .236 .236

7 2321.5 2315.5 .213 — —

1109.3 1110.5 — a 103 -.423

595.2 593 • 9 . 190 .182
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Hie perpendicular Inactive vibrations•

Hca three pairs of symnetry coordinates were chosen as

follows:

% distortion of the hydrogen triangle 
I

ï"

_e_

Scale factor: 6 4082 o
e opposing or primed hydrogen triangle undergo

governed by the condition ; y^t * -y^

ri:. 3 of the hydrogen triangles (also could be

distortion of tho hydrogen cylinder)
-

Scale factor I, 2207^

e nonent of inertia of the hydrogen cylinder about 

to tho symmetry axis. For positive values

of the center of the hydro gen triangle (1,2,3) is displaced

ent alm. y me positive y- direction (by an amount ,2270g g cm* ) 

Hocking of the hydrogen cylinder•

-T

Scale factor: XF™ #3096c
V 2ICM 5
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The displacement of the hydrogen triangle (1,2,3) Is In the 

positive y direction for positive values of V?3«

In term3 of these coordinates, the expression for the 

kinetic energies are .

where T = Ix/Lx = 1 «4372^

Tie most general form for the potential energies is

2V- 2V* - +

T: o c noront of the vibrational angular momentum along 

the symmetry axis is

for C2Hg: R = * j

With the ncrrialized coordinates £ = f, ; fx = ’

the expression for the vibrational angular momentum of Cgi g 

is the same as above but with all quantities starred.

In these coordinates, the components of the zeta matrices are 

thus
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- 1

^33

1^ - Ztl - o 
Z.L

z: - -1
Zk- -2123
Z‘„’ .9857

The zeta sum rules are E <• = Ii/alx - .128 ; E £ - .178

The fundamental frequencies and zeta values for Uie per­

pendicular inactive vibrations are listed in Table X. Unlike 

the case of the perpendicular active vibrations, some of these 

adopted values require additional explanations. The values 

in quest 1er are (1) the fundamental frequency and zeta value

for 1/^2» and (2) the fundamental frequency and zeta value for

10
The frequency, 13613 136013 termed the "uncertain

frequency" of ethane since it has consistently avoided direct 

detection by Raman effect. The localization of the region in 

which tris frequency must lie has been established by a series 

of indirect methods, and Herzberg reports an average value of 

1155 cm7\ However, Smith* s recent data suffices for a more 

accurate determination. The value ^44-12 * 1480 cm. obtained 

from the analysis of the band together with the value
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Table X

Fundamental Frequencies and zeta vaiuoa for tire

perpendicular inactive vibrations »

Fundamental frequency
CmT^ zeta value reference, ♦ -* ■* • •—-

2955 ( p ; . o
^10
^11 1460 -.554 (3,10)

^12 1190 .490 t " 3 . ' - ~

/* (9)^10
V* 1055 O)

ii
970 (9)
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90

As farther

10^ -Ives tne adopted value = 1190 omT^ 

support for this val e, there are the hi^ly

plausa'le as sl foments

^12+? = -0C1.C crT1 712 ~ ^12 4- 9~^ 9 “ om

^12 e - ” 2 "- 2 ' “ • 7 12 — 12 * 8 8 ” 1121 Cr
^2.7 " 41-.9 or ": -, 2/^ _

T* c; zeta values for ^ig - 

tatiu. h sp^ iuf s of the bands 
, » ’ ret atr al structure h2t £

a Fer .1 c d Coriolis intvracric 

also by the overlapping of 7z-t

lay be determined from trie ro-

7'12 4- 9 + 7 • tie
. is complicated presumably by

•"■ -Ctb possibly
X 

. # • »

A^2+ 9 “ 7,60 : -<12 + C " •72S ^12 -

A;12v 7 = 6.89 onT1 ; - f 12,7 = ' < 12 " «492

Adopted Value : ^12 = «490

T]Æ Information corcerr.lrc 7^ Is abundant yet at first 

s l.-pt rather paradox! cal. It Is exacted aprlorl tiiat the 

- equal to that of the 

analogous perpendicular active vit rat ion 7^, namely 2995 cm. 

The observed Roman dis-If.cements, in this rerlon are riven

below

O gj,, ü’-; r er or z d these s ac 1 ny s as 7,64 and , • OC cm. respeC" 
tively, 1 zt recxanh.at ic;. of lis data seems to indicate che 
above"listed value a to be preferable.

odi nolo co' i r ll oe twecr a combli1 a t xo n level and the 
viuratirnsl .^rcund state is such that if X„ represent the
azimuthal quantum numbers, tie apparent < value for the com­
bination band is ; = -p( m f ) Ov — < I- h ) as - 'i'n+i or ïn-u
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Lewis and Houston 
22 Ethane gas

2899.2 cm?l (strong)

2939.5 cm?l (weak)

2955.1 cm^l (strong)

2969.5 cmT^
2979.0 cmT^- , Stokes2989.5 cm.l ( lines
2999.4 cm?l
3003•3 cm?1

Glockler and Renfrew 
Ethand liquid^ 

2844 cm7^ (strong) 

2922 cm?1 (diffuse) 

2941 cmT1 (strong) 

2963 cm?1 (diffuse)

The strong lines are polarized and have been assigned as 
g

parallel inactive (symmetric) vibrations . Glockler and Renfrew 

considered the diffuse pair of lines at 2922 and 2963 cm. as 

a resonance doublet involving and,in their 1938 summary,

Crawford, Avery, and Linnett adopted the value “ 2963

Lewis and Houston attempted to correlate the Stokes lines 

with the strong line at 2955.1 cm.~, but pointed out that the

initial spacing was inconsistent with theory. .

If the vibration /1Q is in resonance with some combination 

band as suggested by Glockler and Renfrew, then tie fundamental 

frequency of 1 1Q should lie somewhere between the limits of the 

resonant doublet. That such a resonance exists is clearly 

shown by Smith’s data on rotational spacings. We hence postulate 

an interaction between 7and the harmonic vibration q+ g 

and will sHot that this interaction is consistent with the

observations.

First it is necessary to develop a simple formula in­

volving the behavior of zeta values for resonant vibrations. 

Designating the higher and lower of the two unperturbed
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energies of the resonant doublet by E (K) and E (K), then H L
perturbation theory gives the relations

%. CK) - El+ Bh +

2Bt„ (K) - E f B -
«U Li 11

where A is the interaction constant. The high frequency com­

ponent of the resonant doublet involves the energy levels 

E^K) and its rotational spacing is characterized by a 

defined by the relation

' i, i K h‘K

Expressing teisns of Ç y and ,

. <L. (h^a-2 -

The qualitative features desired from these relations are :

(1) At complete resonance, Ey - E^ , the values for 

the resonant doublet are the same and equal to the average of 

the S values for the unperturbed bands.

(2) At incomplete resonance, ( has a value between

$ K and (S H A L 2 •

(3 ) If the fine struct ire of only one component of the 

doublet is observed, it can be recognized as the high or low 

energy component depending on whether the A values increase 

or decrease in going towards the lower frequency limit of the 

band.
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Utilizing the zeta sum rule and the already assigned values 
for / and £ *, one obtains the calculated value, ^jo *

•«008 for the unperturbed vibration. Similarly the zeta 

value for the unperturbed harmonic vibration 18

f - -2^ » .662. One concludes then, that any inter- 
8+8 8

action between 7and Va a wlH result in a perturbed XU o*o •

10*
value lying between the limits .008 and- .327 *

(.662 — •008)/2.
A list of band centers and zeta values obtained by SmlOi

and presumably involving ? are

4 4-10*
< 4 4-10*

*

e

3258 cm?1

..164

^10* 

10*
A

2968 cm7^ 

.164

^6 r 10*
■ 4334 cm?1 ^10* — 2955 cmT1

6 + 10*
a .147 10* — .147

8+ ÎO*
■ 4416 cm?1 P10* — 2944 cmT"^

C 8 + 10* a -.039 10’ .370

7 + 10*
85 5950 ©nT1 ^10* 2955 cm^

s 7+10* 58 -.228 10* — .135

The vibrations listed above as Ko* may be considered

as composed of X# Z10 and (100-X)# ^8+ 8 where X is defined

by the equation

C
x> -

Thus the vibration

S6^ ^8 v (3+ 8) and

7g Is composed of 44# VQ » ^O 

hence should preferably be labelled
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"a + (8+8)
forent combination

variation of the values between the dlf

is just what one should expect since

the 1 ef:ect cl anha 121ty Is to cause the

ir.qs between n ti- !.s levels 1+10
Shirt S.: once va the resonant 11

Of course rcrccnta ,e onl

at the t or here the above were measured

Onl ' i n h e band was t c

ue torn. 2 or ve co. Tn

and hence the

the low f re quo limit

o m i-c listed previously

l les ■ liai 1 13

com m re d hence that

f re O'

! >O

o.

as

-1 c;.. ai id 10
l

/ _ is less thaï; 4+10
As a lowe las

10

9 .

i s .

1

t

0 *4

c .u'O' :

8

be:

2x147 2944 c The mean cl

h o R-aman

line

o he.

0 : 71

c

IQ = 29b5 cm

r

bo nton it will

ft h to a serie

two

As s um ir

line

of

a

lines, one

which

at

tn at the former

exist

lien the Stokes

2939.5 line

(8+8) ese

■ % iqjcr.mlcular bard which originate from the
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transitions AK = ±2, AJ » 0). The theoretical line positions 

are .-riven by the formula (Herzberg pg. 443)

From the observed, positions and. spacings of trio stokes lines 

plus the line at 2939.5 cm?1 one obtains

7 = I „ = 9^41.1
. ! . 2 -| , 

/ - ( . = .AAA —* s J noS i, y
Thus with this interpretatlcn of the Stokes lines, the itaman 

data also ini’ cates the presence of a resonance Interaction 
between and . Q, and gives a lower limit for Z^o of 

2947.2 cuT" in need agreement with the infra-red data.

7ge value ^10 « -.008 has been omitted from Table X 

since it is _at directly observed but calculated from the zeta

sum rule.
an alternate interpretation

of one i<-3 considered above. The simplest

re luit perpendicular inactive vibrations

One ma

IC

= 3257.8 c
10 10

164 10
164

11
= 1747.1 CM

consider the band

hence'* that the

164 the

re

3 54

+ 10
resonance inter

zeta value of /

s urn r u 1 e
10

may then calculate

lar ]G
—1

3 of the 3257.8 era.

4
1

4

4 +
354 * <

12
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band and the anomalous variations of the (values in the 

different combinations bands remain unexplained.»

(2) . The spacing of the S to he s lines is unexplained.

(3) The very large spacings of the combination bands

and 12 are unexplained. (These spacings are in­

consistent with the value d « .312. This inconsistency 
I*' .

cannot be removed by reassignment or by postulating some 

resonance interaction with neighboring bands since there are 

no neighboring bands with the requisite zeta values more 
negative than the respectively observed values -.725 and -.537).

To summarize, it is felt that the adopted interpretation

of the rotational spacings ( = -.00B; = -.334;

Ç — .490) permits a simple explanation of the available

data whereas the alternate interpretation does not.

The normal frequencies for the perpendicular inactive 

vibrations were estimated from the following set of anharmonicity 

factors.
0694 

0590 

0450

These values are the consequences of the listed fundamental 

frequencies, the product rule and the two assumptions

(1) the ratio, x^/x^ is equal to the ratio of the an- 

harmonlclty factors for the analogous triply degenerate 

vibrations of methane; .039/.046 — .85.

(2) x_o = .045.
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The second assumption is based on the following sequence cf

C-C-H bending vibrations®

Acetylene

Vibration:

Frequency: 611.8 cm.

Anhan-onioity : •032

Ethylene

7/(B2i ) 

943 cm^

.036

Ethane

1
1190 cm?1 

(.045)

As allowance for the uncertainties In the ^1Q and 12 values, 

the potential constants for the perpendicular Inactive vibrations 

were determined so as to give (1) exact agreement between the 

predicted and "observed" normal frequencies, (2) exact agreement 

between the predicted and observed (value, and (3) the 
closest agreement between the predicted and observed f12 value 

consistent with the first two conditions. The values for these, , 

potential constants are listed in Table XI together with the 

calculated values for the components of the zeta and trans­

formation matrices. Table XII gives the predicted and 

"observed" normal frequencies and zeta values for the perpen­

dicular inactive vibrations. The agreement between the pre­

dicted and observed values of is not very good. However,

this should not be taken as evidence that the resonance scheme

° The data requisite for 
been taken directly from

the construction of this table has
Herzberg except for the n bending 
frequency is listed by Herzberg asip. This _ _

e obtained as the difference of U + 4 ■ .
1044 cm7- and V = 539 cm?1. We have used the value 513 cm” 
obtained as the difference of V- = 2440 cmT^ (determined as 
a GOD- impurity band in the present measurements of 0and 

2 2 * 1927 cm?l .

frequency of 
505 cmT*e a
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for is incorrect. The "observed" 12 value was determined

from the rotational specings of combination bands and in such 

bands the deviations from first order theoretical predictions 

are considerably greater than for fundamental bands.
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Table XI

Potential constants for the perpendicular inactive vibrations 

(In units of 10 dynes/cm.)

a^ = 3.2438 a^2 - 1.7778

a22 = 3.1594 a^ = 1.4010

a^g * 1.9345 »23 ” 1-4563

I

Compone;.ta of tiio zeta matrices

_ = .069 $ _ _ _ - — .750
10,10 10,11

11,11 = *-354 ( 10,12 * ~ .544

12,12 = •«* 11,12 * - .012

10,10 = •19° 10,11 “ .804

/ * = -.395 ♦/ — •= • .445s 11,11 5 10,12

s 12,12 * «383 5 11,12 = ~ .027

CoMponent s of the unitary trans format i on matrices.

S = .536 • 3 _ « .630 ; 3 = .446
10,1 * 10,2 10,3

Sll,l « -.734 = hi,2 “ •672 ; S « .097
Xl| o

312,1 = .239 ; S32^2 = .389 * S12,3 3

= .596 ; .593 ; S' , = .542
10,1 ' 10,2 10, 3

Sll, 1 » -.7u3 : 3ii,a " : 311,3 "

s‘ = .1^8 ; 3 = .550 ; S* = -.209
12,1 * 12,2 12,3

1
<

z
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, Table XU

predicted versus "observed" normal frequencies and zeta values 

for the perpendicular inactive vibrations•

Normal frequencies Zeta values

Vibration
(cm^ 

Predicted
L)

Observed Predicted Observed

^10 3175.6 3175.1 .069 (-.008)

1551.6 1551.6 -.354 -.354

U 1246.0 1246.0 .413 .490
12

, * 
^10 2347.8 2347.8 .190

KI 1102.0 1102.0 -.395 ww

1006.9 1006.9 .383
12

»
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Q, The parallel active vibrations.

The two symmetry coordinates were chosen as follows?

(1) Stretching of the hydrogen triangle.

scale factor:
6*1/2 „ e4082

5

The displacements of the hydrogen nuclei of the opposing or 

primed triangle are governed by the conditions x^, * $

*!• ■ yr
(2) Axial translation of the hydrogen cylinder.

- -77-'------------- scale factor:
4 .4571.b ' rot ' o

1 ^2 - -45716(^-^1)

The kinetic energy for this class of motions is

2T » m( tb

2T*= vn*( ♦- i*/v)

where = = 1.20093m t- 1.1 4
The most general expression for the potential energy is

2V -



90

T Vie fimdcnental frequencies of t.n e parallel ac uive vibra* 
tiens are listed in Table XIII. The vibrations 7^ and 7^ 

are in resonance presumably with the parallel active components 
-1 *

of the combination vibrations + 8 >11*

values lie between the limits of the" observed doublets

_ . ( 2895.3 cm?1 ....
T' . 7 ~_ (deference 10)

5 ’ 8> 11 ( 2954.0 cmT1

. _ ( 2087.3 cni1 '
P * . -* )

L 5 * 8+11 I 2139.7 cmT- (Chapter II )

In eacn rase, the low frequency component is more intense, 

with the eus ternary assumption that the Intensities of fundamental 

bands are greater than those of combination bands, one can con­

clude that the fundamental frequencies of 7^ and Llie be­

tween the lower limits and arithmetical means of the doublets.

2895.6 < V < 2924.3 
5

2087.3 < V* < 2110.5 5

Press in u the -r;nme-t still further, the nearly equal inten­

sities of thu ethane doublet suprests that is closer to 

the mean doublet frequency than to the lower limit, while the 

quite diffère t intensities of the heavy ethane doublet 

suggests that Z * is closer to the low frequency limit than 

to the mean doublet frequency. In view of ttese intensity 

considerations, we have used the 2:1 weighted averages—
V = (2895.6 > 2 x 2924.3)/o = 2915 cmT1 

5 -1
TV” = (2 x 2087.3+ 2113.4)/3 = 2095 cm."
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Table XIII

Fundamental frequencies, normal frequencies, and the potential 

constants of the parallel active vibrations.

Vibration Fundamental frequency Reference Normal frequency
__________ ( cr-1 )________ _ ("• ) -

2915 (pgs.9O,9Z) 3061.0^5

>6 1379.2 (10) 1437,5

2095 (pcs.90,92) 2169,4

1077 Ch.II 1112,2

Pot
5;ential constants (In units of 10 dynes/cm,)

a11 « 5.4342

a„ = 1.3051 /

a_ ■ 0.5775 oo

»
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These valves of and have been estimated using only the 

positions and intensities of the doublets. One may check these 

values by another method. Since the action of resonance dis­

places the upper and lower components symmetrically from a 

mean position, the frequency may be determined from the 
frequencies 7^ and the doublet components ( H and V 

by the equation

5
V *

8+11

Approximating the frequency of ‘ 8 as the sum + '"'n' 
one obtains the values « 2917 omT1 and P ’ ~ 2090 cmT1 In 

o
good agreement with the values obtained above.

The normal frequencies were estimated from the following 

set of anharmonicity factors.

X_ - .0477 
U

X- * .0405 o

These values are consequences of the rroduct rule and the 

assumption that the ratio x/x^ is the same as the ratio of 

the anharmonicity factors for the triply degenerate vibrations 

of methane, namely 0.85.' The three independent normal frequencies 

just suffice to 'determine the three potential constants. The 

predicted aid "observed" normal frequencies are the same and 

these together with the calculated potential constants are A

listed in Table XIII.
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D. The parallel inactive vibrations•

The symmetry coordinates were chosen as follows 8 

(1) stretching of the hydrogen triangle

V-
z 1

/ Scale factors
6*1/2- .4062g

The displacements of the hydrogen nuclei in the opposing tri­

angle are governed by the conditions x^e e * 71* * ^1*

(2) Stretching of the hydrogen cylinder.

Scale factors 
6*^2- .4082 

o

(5) Carbon-Carbon Stretching.

Scale factors 
(m/SU)1^2- .204^

o expression for tne kinetic energies are

2T - where T - m*/m - 1.9985
- . * 2 \2t «
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The general form for the potential energies is

2 V - 2. V* = fa + a3^ +
The fundamental frequencies for the parallel Inactive

vibrations are listed in Table Xiv The values adopted for

, and as well as T-h? require 1 1
The high frequency vibrations

some explanations

are in resonance

presumably with the ssymmetric components of the harmonic vibra­

tions of either 2^ or The observed doublets are tabulated

below :

0^6 

gas

(2093 cm?1)

(2157 cm?1)

9 
liquid

2083 cnn^

2147 cm?1

(The "gas“ values for CoDr liave been estimated on the basis 

that in going from as to liquid, the percentage frequency shift 

for C^Dg should be the same as the corresponding shift for CgH^. 

This t;qie of frequency shift has an empirical basis in the work 

o fewest and Edwards^. According to these autiiors, Kirkwood 

has shovai that a percentage frequency shift is also a theoretical 

conséquence of a molecule interacting with a dielectric medium. )

The intensities of the doublet components are very nearly equal

for both ChLh and C_D_ and this fact suggests2 6 2 6
that in each case

the resonance is nearly complete and that the fundamental

frequencies
1 7 *L and / should lie

resonant doublets. The magnitudes

near the mean values of the 

of the doublet separations.

however, indicate ul at the resonance should not be complete for
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Table XIV

Fundamental frequenc. es, normal frequencies, and potential 

constants of the parallel inactive vibrations.

Vibration
Fundamental frequency

(cmT1) _ Reference
Normal frequency

(cm"-) _

1 2915 (pgs• 94-98) 3042.8

^2 1400 (pgs.94-98) 1449.3

^3 993 (8) 1015.8

2100 (9) 2165.5

i; 1158 (9) 1191.5

3 852 (9) 868.8

Ado: ted values for the potential constants 
(in units of 105 dynes/cm.)

D
a = 5.3295 a, _ « 0.7047

11 12

a22 » 1.2380 0.4311

a33 = 0.7886 ^3 = 0.3310
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For if "V* is in complete resonance, then on the basis

that and are similar vibrations, perturbation theory 

gives the following inequality relation between the doublet 

separations 64 cm7^ of CgDg and of CgSg

zxV * - I ^VtA 2aV =35 cm? 
L ^xi

The difference between the observed ZXV and the upper

limit given by the inequality relation represents an argument 
/* ' 9that the vibration 1/ is only slightly perturbed. Stitt 

has used the value * 2100 cm 7^ and this is the value given 

in Table XIII. The adopted value = 2915 cmT1 is based on

the value of // and the similarity between the resonant doub— 
5

lets of the parallel active and the parallel inactive vibrations. 

(A rather unsatisfactory check on this value for la given 

by the fact that certain of the potential constants become 

imaginary if the frequency is chosen hear the upper limit 

of the resonant doublet.)

The frequency of the vibrati
8 -7/

Crawford has used the value 1/

ot observed directly

1 based on the
2

combination band 7/ = 2753 cm. and as a consequence
2 v 6

assigned the Liam an lines at 2744 and 2778 cn.“ to g g

has

and

7z respectively. The addition to 
6*6*

infrared band at 221' cm7 observed by

the aoove data

Smith favors a

the

higher

value for L

band is 0.22,

From the fact that the

it must almost certainly

zeta value for

be interpreted

this

as

Also on the basis that the frequencies of combination
9

bands
it is

are generally less than the cds of the component frequencies 
preferable to reverse the above Raman assignments for

2 and
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The following data are available for the determination of

10
o 1379.2 cm.

cm^^
10

n 821.5
10

» 2218 an J
-1 10

a 2753.3 cm.
-1 8

» 2744 cm.
-1 8

« 2778 an.

/* -1 9 
• 1158 cm.

2

2300 cm?1
2 V 2

The simple differences give

J , 7 -1
1/ ~ 7/ - ° 1374 cm.

2 2+6 6
" 1396

7/ - 1/2 pg 2 - 1389 cm:

These values for will tend 

The following estimates of J/ 

they roughly take into account

to be low due to anharmonicity. 

should be preferable in that 

the presence of this anhaimonlclty

(1) Using the approximate isotope relations

(2)

= 2 T (1-X)
4- 2

one obtains the value 7^ * 1401 cm.

Using "che same anharmonicity factor for analogous

vibrations
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one obtains the value V ” 1396 cm.

We have adopted the average value //g = 1400 cm. .

no mu al frequencies were estimated from the following 

set of anharmonicity factors:

xT = .042

Xg * .034 -

y = .0225 -

The values of the anharmonicity factors for the triply de­

generate vibrations of methane were employed for the esti­

mation of xx and Xg and the value x^ then determined by means 

of the oroduct rule. (The physical condition that the potential 

cor s tants be real imposes the two mathematical conditions

%! < .062 and > .010.)

The five inferencent normal freyue ncies are not sufï1clent 

le termine he r lx potential c^stuts d tie parallel ln- 

ri c - v e vi ru : ' c ns . In < r > r if esV- lish a set of values for

those notent loi constants, wo are forced to make one assumption 

re andin, ' the specific valence force coupling constants. It is 

n re baric that the coupling constant wl rich couples the 

carbon-carbon and carbon— hydro gen stretch? ms is small and may 

re chose-* to be zero. 'fhe five relations among the potential 

constants -Ivev by the normal frequencies permits the expression 

of these constants in terms of 1-^,. As an indication of how
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the calculated potential constants depend on the value of this 

one parameter, Table XV gives three sets of potential constants 

in the vicinity of the point where the value of vanishes. 

Table XV also includes the variations of the calculated C-C 

stretching constant, k%, and the coupling constant k^ which 

couples the CyC stretching and H—C*C angle bending. The normal 

frequencies and the adopted set of potential constants for the 

parallel inactive vibrations are listed in Table XIV.
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Table XV

Parametric tabulation of possible potential constants for the
parallel inactive vibrations (in units of 105 dynes/cm. ).

a_ - 5.2412 a12 « 0.9220 

® 0.4125

- 4.570

*22 = 1.3262 = 0.552

*33 = 0.7886 *23 - 0.3538 ■ 0.303

*11 = 5.3295 a = 0.7047 
Im ■ 4.574

*22 = 1.2380 &13 = 0.4311 nV 0.597

*33 = 0.7886 & = 0.3310
wO

*v= 0.049

a11 - 5.4179

a^g = 1.1497

a^g = 0.3568 = 4.662

*13 * 0.4570 “ri " 0.717

a^ * 0.7386 *23 = 0.2940 -0.332



101 

E. The torstonal vibration.

. The coordinate specifying the torsonal motion is chosen 

as follows î
/T- ? 

/ \

/ \

/ \ Scale factors
K / i/oV------------------g—1/2 —

The expressions for the kinetic and potential energies 

are :
• o 

t = 1/2 m

T * 1/2 s

v- v‘= 1/2 a

and the secular equations become :
m u)2-cl - o 

\ 2 *'m'uJ* cc o

From specific heat measurements, Kistiakowsky, Lacher, 
7and Stitt have obtained the values ;

// = 275 cm?1 ; = 200 cmT1

The ratio /^/ % * and the product rule give an anhar­

monicity factor x4 = .0 935 and this leads to the results:

d) e 303.3 cm7™ 5
4 a = 0.0546 x 10 dynes/cm.

u)4 « 214.6 cm.“ 

The torsional vibration is both Kaman ana infra-red in­

active ana the spectroscopic determination of its fundamental
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frequency can be obtained only from combination bands.

C 2H6' Smith has determined

from the two bands

observation 4+10

^4 + 11

= 2415

the average value 7^ ” 290 

and 3/ while for CODA> 

cm7~ gives "V * 190 cm. .

For
■1 cm.

Stitt’3

For

these two values, the ratio « 1.52G differs so markedly

from the product rule ratio \mVm = 1.414 as to indicate

a real inconsistency. Although in general, spectroscopic

methods are the more accurate, in this case the specific heat

measurements give the more concordant results.

To sum arize, in this chapter we have evaluated the gen­

eral potential constants of ethane corresponding to a symmetry 

coordinate expression of the potential energy function. j.nis 

svm -etr" coordinate formulation has a minimum of complexity 

and also possesses the advantage that uncertainties in the 

data associated with one symmetry class are not propagated to 

the calculate.. potential constants of any other symmetry class. 

Pop ho doteimiinn11cn of those jot^ntlal constants associated 

with the parallel inactive vibrations, it was necessary to 

supplement the data wit.. an assumption concerning tne nature 

of the ccuplir. . between the different parts Ox tne molecule. 

Although the data does not establish each of the listed 

potential constants with the same precision, each value is 

given to four fijures beyond t e decimal point. This insures 

best agreement between predicted and observed frequencies and 

zeta values and gives the best basis.lor further calculations 

on ethane or any of its isotopes. -he discussion of uncertainties 

n calculated values will be reserved for the valence force
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constants 

loadin- i

where an improperly claimed accuracy could be mls­

. the correlations between ethane and other molecules



CHAPTER VII

THE VALENCE FORCE CONSTANTS

With the general set of potential constants determined 

in the last chapter, it is now possible to calculate the re­

storing forces associated wlth arbitrary small distortions 

of et: ane such as the stretching of one of the C-H bonds or 

the bending of one of the H—G—H bond angles. The force 

constants for such specific distortions are required for com­

parisons with other molecules which posse® similar elements.

When, for example, one of inese oonds is stretched, the 

other bonds will deform in such a as to minimize the 

potential energy. These distortions are characterized by the 

"coupling force constants" which indicate the strength of 

the coupling forces between the various parts of the molecule• 

It is well known that the vibrational spectra of many 

inolocales may be explained quite accurately using simplified 

expressions for the potential functions in which most of the 

nossible coupling terms are absent. One thus expects, apriori, 

that many of the coupling terms for ethane will be very small, 

exoeclolly those terms which represent coupling between remote 

parts of the molecule. In fact, one may consider it a requisite 

pronerty of t e general set of potential, constants to yield 

values in accordance with these expectations.

These bond stretching, bond angle bending, and coupling 

force constants are the potential constants associated with 

a "valence coordinate" expression of the potential energy

104
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function • may o© dsi?©1 n©dtlion, in tonns of oui*

general set of potential constants and the transformation 

matrix between the valence coordinates and the symmetry 

coordinates. The symmetry coordinate for the torsional 

vibration is also a valence coordinate, and the dependence 

of the potential energy on this coordinate will be unchanged 

by the above transformation. The single valence force con­

stant associated with the torsional motion as thus already 

’ oon evaluated a:\d we may locus our attention on the re- 

malu iu unde terr lined constants.

For the determination of these valence force constants, 

the following procedure is used.

I. The general form of the potential energy is ex­

pressed in terms of the valence coordinates and the unknown 

valence force constants.

U. The valence coordinates are determined as functions 
«

of the sum. retry coordinates anci tries e functions substituted 

into the energy expression. The resulting constant coef­

ficients are equated to the known potential constants and 

the values of the valence force constants determined.

The 19 bond distances and bond angles of ethane give 

rise to 19 valance coordinates having the definitions:

(1) R = t. e 3—3* distance minus the equilibrium 
3-d' distance (Rq).

(2-7) r,= L.e G-H. distance minus the equilibrium
3-H< distance (ro ) .

(û-15) t e H.—3-3’ angle minus the equilibrium
H^-G-3’ ai gle ( Q).

(14-19) = the H, . .-G-H,. , angle minus the
equilibrium 1 fl0 (6O ) •
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The3o coordinates are' not all independent but satisfy the 

two conditions:

(a) (6^62 Sln0o =

(b) (er*er*e,Y>ine. =

These two oquations are equivalent to tno conditions that 

there be (1) no not rotation about the symmetry axis, and (2) 

no rotation of one methyl group relative to the otner. Thus, 

the 1.' valence coordinates possess the 17 degree of freedom 

required to express t'e vibrations ci etnane (exclusIve of 

torsion).
Excluding torsion, the 21 valence force constants per­

mitted by the symmetry of ethane may be divided into tnree 

categories.
Stretching and bending force constants (4 inde-

pendent constants). • - .

(B) Force constants coupling adjacent parts of the 

molecule (3 independent constants).

(0) Force constants coupling remote parts of the 

molecule (9 independent constants).

The redundancy of the coordinate system permits a certain 

labtitude in the expression of the potential energy. 21

independent force constants may be deflned as follows : 

(A) Stretching and bending force constants.

Nature c f the constant Symbol Co » -1 ri but ion to t ne Poten tlol
‘_ _____________ Eher^iy _ , ,

( 1 ) C-H^ stretching kp ‘h^rC < v )

(2 ) H-C-C bending
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(3) H-O-H bending

(4) C-C stretching

7% V ( et f 8% t et- *6t * e, )

VikRRl

(B) Force constants ce-..plir.„ adjacent parts of the molecule.
g

(5 ) [C-" être tenir/ 
t C-Ï st re tel i in;

( jt-C-C bending
( beni n^

(9) 1 n,-C stretching
( -J-'l, , bendi;i;1 "i+l 1-1

( ^8. +Y? G'- +^ 61+^ 6,-)

(10)1H,-G stretching 
(H4-O—3 bonding

(11 11-0
C—0

strotchin, 
stretching

C-C strotchir
H-C-C bend:ng

Contribution to the potential

re:/?to parts of the molecule

benax.ig

s

i

1’
Hl”
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Nature of the constant Contribution to the potential
ener gr

(17)
H^-C stretching

H(i.i)--°-H(vi)ibendlns
V2 kre-5 ( *:e' ^e,- * r e. 'rs. ►S6,

(-C-C* bending 
(18)} 1

(G-C ’ -H bending
W. +4-,4",)

(19)^^"'' **.44-
(C-C»-Htl^i bending

(20) j

IH, . , —G—H. -j bending 1*1 1-1.
C-C’-H^, bending

One may think of other coupling constants such, as

C-C stretching to

bending coupling
72 R vGi‘

However, the quadratic form ^evtR( e. vex >o, vev -t

is proportional to (^ j

This indicates that, due to the redundancy of the valence 

• coordinate system, one can characterize the same distortion

by either of two coupling constants. Thus, in this case, when

the carbon—carbon bond is stretched, the methyl groups will

tend "to open or close somewhat like umbrellas depending on the 

sign of the interactions between these distortions. This 

openin * or closfnr of the methyl groups can be expressed either

as ■
( tuû; te. *■ 6.- v reÇ\ —» coupling constant kRe 

or { * 'h * % *'k- *'h *—* coupling constant



109

We have arbitrarily chosen the second of these equivalent ex­

pressions. It suffices to say that since the 21 listed 

quadratic foras in the valence coordinates are independent 

and satisfy the symmetry requirements, their 21 coefficients 

represent a complete set of force constants.

The 21 potential terms listed above constitute the 

quadratic terms in a power series expansion of the potential 

energy function. The sum of these quadratic terms represents 

the total potential energy for infinitesimal distortions of 

the molecule. By the transformation from valence coordinates 

to symmetry coordinates, one means V e linear transformation 

which relates infinitesimal values of the valence coordinates 

to the infinitesimal values of the symmetry coordinates In 

this sense, the valence coordinates are linear functions of 

the symmetry coordinates. The linear functions of the symmetry 

coordinates of each symmetry class are given separately in 

the order (A) A^, (B) A^, (C) (D) E_.
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A. Dependence of the valence coordinates on the

A-, _ (parallel inactive) symmetry coordinates 

- ( fl 1

StnS^c»^ 
" SLnê7

Su.,-3111 ; „ 1 n; these expressions for the valence coordinates 

in the potential energy function (consisting of the 21 terns 

listed ce pa os 106-10%), one obtains the following six 

equal i^ ns a iT ' the force constants.
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= .83721^4- . 1123Kg - .31ô3K^

a = .1128 IC + .B872K + .3133 TC 
22 1 2 °

. 31G3 T 2 — * 31'53Kg + . 30721^

s .0284IIj"h .223^K^4- .0797?^+ .1380kR -.Î392k^ - .4746k^^

8^5 » .15881^ -.15831%+ .19441^ -.47281^+ .16851%^

a = .05661%+ .44531%+ .15881% -.16851%^ - .4728%%*

wne ro î% ° 4- 4-r'"

Kg = k*. + k^,+ k^* (3 a’-n*. cos 4/. /sln So^^o+^e'5

+ (3 sln 44 cosq/ /sln k^^, )

1% = kyy+ k^^+ kr^ k +(3 sln 44 cos 44/sln eQ) (k,^ kre, ) 

and the are the general po t on 11 al constants for trie parallel 

inact ive vibrât ions.



112

B. Dependence of the valence coordinates on the 

(parallel active) symmetry coordinates ( )«

Vfe Sin 0g

R =0

Substituting these expressions for the valence coordinates 

in the potential energy function, one obtains the following three 

equations au org the force constants.
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a11 * .8872^-b .U28Lg -.31631^ -

= .14121^+ 1.1107L2-t- .39601^

= .35391^ - ,3539Lg+ .43321^

where

4 “ kr* krr " krr' " kr^

Lg - kT+ (3 sin+i oos>k /aIn eo)8(k,-ke6)

-V (3 sln^cosVsin - kg^. }

L3 " ~ <3 /si* GoX^e"kre.)

and the alj are the general potential constants for the

parallel active vibrations.
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. Dépende' ce of the valence co :rdlnatea on tne Eu (per­

pendicular active) syrmetry coordinates

+ 3,2

Stn O» V
3YY\^- M

GM

= -rr t is obtained frou r^ by substi tnt lap ( ' )

for . Similarly for rQ( ' %' ) æd )"

= »r4 ta o' tained fixm r, by substituting )
O u -•

for . SimilarIv for r^( ) mû r^(Gg =

Substitutif" these exi resslo:..s . r t: - valence coordinates 

in the potentlui energy function, one outairs -he fol-owing six 

equations amcnr t: u force constants.
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*11 c .44361L 4- .0564M2 -.1532M_+ 1 • 337911.V “
-.7347M- o

4..2798M- o

*22 a .11231^ + . 837211g + .3163 IL + .2243ÎL u *
4- .1590M- 4 o

h .4461M- o

^3 .55541^ .07031^ -.1980^^+ 1.1046M.O T 4- .7833M, o
-.2792M- o

^2 e « 2 23 -.22371^ + . 27331^ - .557 9114 -,0401M5 -.6110M6

^3 .49631.^ .0631?^ -.177011, -1.2382LL o
-, 089Œ! -D h .0317M, o

,2503It -. 25031g 4- .3063M, 4- .49771Ü O “ 4- .35291^ 4H .4321M o

where

J6 “ ke«p”

and the alj are t^e general potential constants for the per-

ponrtlc'ular active vibrations.
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D. Dependence of the valence coordinates on the Eg (perpen­

dicular inactive) symmetry coordinates (

( 9» - 9,')

R =0

r^ r , is o’ tai-ted from r^ oy subs titu ting ( - 1 . c-- *'i^ *?; ) 
for . Similarly fcr r ( ) and r (9^ * ).

r_ = r3, is obtained fixera r^ by substituting ( - )

for . Similarly for r^ ( ) and r^(6^ = 9g, ).

Substituting these expressions for the valence coordinates in 

the potential energy function, one obtains the following six 

equations among the force constants.
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all as .4436N1 .0564N_ -.1582Ng+ 1.3879N4 -.7347N5 4- .2798IC o

*22 as .4130^ 4- .4409N2 +■ .4267N3 .8213N4V .3264Ng ¥ .6013N6

*35 s .25521^ 4- .8944N2 -.4778N„ 4- .5077N.4- .3600N5 U Tt U
-.6738N6

*22 as «428011T -.1577N2 + .1448N3 -1.0677N4* «O897^ —•4987N6

*13 s .3o65N ,2246N2 -,3749N3 - .3394N4 -.0603^ * .47251%

*23 sc . 3247^ -.628ONg -.1O62N3+ . 6457N4 + .4720N5 -,1920N6

where

No 3 kv - l/2kn+

N3 " kr v'

«4 ° "e + kee'

n5 ' ^e1" kre- '

Ns “ W kev-

and t^.e are the 

penn 1er liar Inactive

general potential constants

vibrations.

for the per-
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The valence force constat ts may now be expressed in terms

of the "secondary" force constants K , L,, M., and N defined1 * jl 2
In the previous pages.

k = ( K + L r 2LL + 2N, )/6 r 1 1 11

Î - V K1 -

k9 " h'/*
keo< - )/2

V3 • <V+ m5>/“

Ve- “
k04- ° V/2

ks^ = ‘^6+
k_ = (Ko+ Lo> 4- 2ho-1.0112f .-1.01121/+1 .OO56N> 1.0056:,' ’ & 6 <5 t: ï O v

= (K. 4- L - % - Th -1.0112?: -1.0112”+1.0056N*1.0055LI)/3

- ( "2 -b2-2?.^ + 2H -1.001.■:?•■■ ^1.0112’^+1.0056M6—1.0056Lig)/6

= (k -T + K - M -1.001" ?h+ 1.0112’5 + 1.005GM„—l.00561!- )/3
' ü % 2 Ü 4 4 o o

1: = CL+ L_+ %'_+ 2ï\+ 1.00::!\+ 1.0056:.'c )/6
y o o o u u

k , a (k.4- r - h- - N„ * 1.0056% + 1.005Gh^)/5 o o o 5 5 '
k = (%- % --1' + :% + 1.3G5:i„ - 1.0056% )/6r xp7 o b 5 3 c 5

= (rl > % + % - r-t- 1.J0. ’?h - Î.OO5 Î- )/5* /3 O O ù O= k;i I
hr

.e n\derlcol val f r t/.ese force constants are listed in 

*i'le XVI. f e " .nicortainty" values for these force constants,
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Table XVI

The valence force constants of ethane, 
(all constants are expressed in units of 10$ dynes/cm.)

Stretchin" and bendlnr force constants

(1) k = 5.35 ± .05 r -
(2) k = 0.51 ± .02

(5) = 0.63 ± .02

(4) k= 4.57 ± .03

for adjacent componentsCoupllnr constts

(5) k «5 -1.89 + .20

(6) B 0.60 ± .04

(7) ^6 » -0.20 ± .02

(8) ke^ S3 -0.07 ± .02

(9) 9 -0.07 ± .15

(10) ^r — -0.04 ± .04

(11) C 0.03 .04

(12) 0.00 ± .20

2 our-line constants for remote components

(13) 0.11 4 .02

(14) ke^' a 0.07 ± .03

(15) krC* -0.03 .02

(16) kQG ’ a -0.02 .02
(17) ^^3 -0.08 .04

(18) ^23*1 a 0.08 ± .04
(19) a 0.3b .20

(20) k , -0.13 ± .15r
(21) = 0.00 ± .05
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which are also listed in this Table, have been defined by the

following recipe (there does not exist a statistical basis

for the calculation of probable errors). Letting repre­

sent the deviation of the value of the 1^ datum from the

adopted value, th en we have chosen limiting values of the /3

for several of the least well established datum and in each

case determined the associated set of valence force constants.

Letting represent the change in the

changes from zero to {3 i (max. ), then

in the value of the jforce const ant

force constant

the "uncertainty"

has been defined

when (3i

by the equation
△ Wj = J L (AWnf ] 71

The chosen and their assigned limiting values are as 

follo ws :

( 1 ) 1'he limiting range of the parallel inactive potential 

constants which satisfy the five normal frequency equations 

and the Inequallt condition

Ik ! — 0.2 x IO® dynes/cm. 
» Rr»

is associated with the symbolic uncertainty parameter (3^ •

This uncertainty is concerned with the sup lament ary assumption 
that k, = 0. (The assumed limit values of ±0.2 x 10® dynes/cm. 

are large compared to any of the C-E to C-H stretching coupling 

constant values.)

(2) Due to its determination from the positions of a 

resonant doublet, the fundamental frequency 2^ was assigned
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the limiting values 2915 ± 15 cmT1. In order to obtain normal 

frequencies which satisfy the Teller product rule, it was 

necessary also, to change the anharmonicity factors » xhus the 

upper limit of the uncertainty parameter fl % was chosen to 

correspond to t he values

7^ *■ 2930 cm?1

= x2 " = 0.0267

(The above choice of e pi al anharmonicity factor was adopted 

since thè imore customary ratios with > Xg > lead to

non-roal values for the potential constants.)

(3) The third 
a 10 cm?1 change in 

which like was

parameter, fl

the fundamental

determined

was chosen to represent 
frequency "1V ■ 2915 cm.1, 

u
from the limits of a resonant

doublet.

(4) For the perpendicular active vibrations, the six 

fundamental frequencies and four independent zeta values 

should îe expected to yield reliable values for the six 

associated potential constants. However, in the least squares 

method used for the solution of these potential constants, it 

is fours that there is a path along whic'n the sum of the 

squared devint lens remains very close to its minimum value. 

In one direct'on along this path, the agreement between the 

predicted a.:d "observed” normal frequencies becomes better 

while the agreet ent between the predicted and observed zeta 

values becomes worse. (In the opposite direction along this 



path, the reverse is true. ) As the upper limit of the fourth 

parameter, /3 , we have chosen that "distance" alone the path 

which results in a doubling of the sum of the squared deviations 

of the zeta values. The values for the were doubled as 

partial c on n e u s a 11c n for a similar condition exist in 5 —n the 

case of the perpendicular inactive vibrations.

This recipe for estimating the uncertainties in the cal­

culated values of the valence force constants is admittedly 

very crude. It does ,lvo Infor; nticn, however, on the sen­

sitivity of the calculated values with respect to the values 

of the initial data.

As was expected, many of the coupling constants listed 

in Table XVI are small, and, within the estimated limits of 

precision, may be assumed as zero. This result, then, tends 

to confirm the interpretations of the spectroscopic data of 

ethane and heavy ethane.



CHAPTER VH I

CORRELATION OF THE FORCE CONSTANTS OF ETHANE AND METHANE

T^'.e potential function of methane has been determined by 
son^ gj-jâ is characterized by a set of five potential 

ants. In terms of valence coordinates, these constants

;e- iven as follows : 

Symbol and valu, 
( tic units of 10 

dynes/cm«) Contribution to the energyNature of constant

(1) C-H stn tchlng K r-
s 5.394

(2) H-C-h bunding & 0.420

(5) C-H. to C-H^ 
1coupling

hl 0.037

(4) G-H^ to Hj-C-Hy 
coupling

K
4

= -0.276

(t) ■»G”h < t o 
coupling Kr -0.075

As in tne case of e t ■ .a- ,e, these

7%V^V?( ^X*^*^*

•/ 2 ( v;x + n/ + *■

valence coordinates for

me that; c comprise a redundant sot h.avin^ the one relat ion

+ dy + dv + vD e 0 • Aya in tn is redundancy
12 y13 If T 2b ^24 34
nits mi? to express the potential energy in numerous 

equivalent wa m, and tlie values of the coupling constants such

as K donend or. f e pacific expression in order to establish 
4 *

the corvul-. 4 1 o-t hetwocn these force constants of methane ana 

t e hr?û ^cr.stæJ-s of c h.aue, we rcrihrase tne a? eve expression 

of the pc/ mmial function of met ane in the asymmetrical 

notation (whlcu emphasizes the hydrogen nucleus indexed 4)



CHAPTER VIII

CORRELATION OF THE FORCE CONSTANTS OF ETHANE AND METHANE

The potential function of methane has been determined by 
13Den: Ison and is characterized by a set of five potential

cons carts. In terms of, valence coordinates, these constants

may be iron as follows :

Symbol and value 
(in units of 105 

dynes/cm,) ,No F : re of constant

(1) C-H strttching K = r 5.394

(2) H-d-h bunding 0.420

(3) C-H to C-H^ 
1coupling

0.037

(4) 0—H^ to Hj —C—Hy 
c ou 2^1 mg

K =
4

-0.276

(b) -G-H, to H^-G-H^ 
coupling Kr = -0.075

Contribution to the enerpy

72^ ( v; rx

As in tne case of et'.a-.e, these valence coordinates for 

methane comprise a redundant sot ■ saving the one relation

■ 0. Again this redundancy J,** IO X - <50 oil vl
pen Etc. o:io t ? empress the potential energy in numerous 

equivalent wa., e, and the values of the coupling constants such 

as K depend o: t' o sp, ocific expression in order to establish 

the cornu le ‘Eon between these force constants of methane and

t" v force constants c f c t.-.aue, we rop^hrase the above expression 

of the pote: tial nmctien of mot ane in the aaymetrlcal

notation (wEco emphasizes the hydrogen nucleus indexed 4)

123
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412 - *3 14 1 - -

413 " *2 424 " 42 r = R 
4

423 “ ®1 434 “ 4 3 -

By direct substitution, one obtains

kv(4C4-^) -t-k^ v;2( e? tei-te-s)

+ kr + Vtr, arr^kbVi^

2V = 4

+ +^x+©3^ + ^v-oRte^e^ei) -s

This expression is not analogous to the expression chosen for 
ethane due to the presence of the last term h R ( 9. +61+83). 

The analogy can be restored, however, by replacing ^4^0R * 

( 9X 4- Ôxv©3 ) by the equivalent term 4- U< + ) • Aa

a further illustration, if we had chosen to represent the C-H 

to E-C-H coupling by the suitable term

-ien there would have appeared, in the asymetrical expression 

? t .e potential function, the two terms

- vnce.+e^+Sie.+exÿl -

Al tho u :■. t-e latter term appears in the expression for ethane

(coupling constant ), the 

must. be reexpressed using the

former term does hot and hence

relations ^^^3 - -^-^-^-^3 »

etc. This rephrasing, of course, always leads to the same

result. It should be noticed, that as a consequence of expressing
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the r-e coupling In methane as ^3^1 )

the potential energy function does not include a term of the 

form . One may attribute

this fact to the equivalent nature of the angles 6 and ip and 

consider that the coupling constant k y^ vanishes because of 

this equivalence. Thus, for ethane, the non-vanishing of the 

coupling constant ^ytp indicates the non-equivalence of 

6 (II-C-H angle) and 'p (h-C-3 angle).

Treat in , the hydrogen nude as 4 of methane as formally 

analogous to the rrimed carbon nucleus (or the primed methyl 

group) of ethane, then the correlations between the two sets 

of force constants is established. Table XVII gives a list­

ing of these correlations together with the numerical values 

of the force constants. The nine remote coupling constants 

of ethane have no analogues in the set of methane force con­

stants and hence do not appear in this table.
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Table XVII

orralatKr of the valence force constants of ethane and methane 

(force constats expressed in units of 10a dynes/cn.)

Nature o .force 
constant . Etr are MolT". ane

C-H stretcl Liu; . k =5.bb —
r Kr = 5.394

n*C-H benT*ro . k = 0 « 51 - - K»*, ■ 0.420

K = 0.0370“H^ to ouu.7±xi4, '"rr rr

C-H. tc ;1 -S-r oourllnn kre=-°-20 " K4 = -0.276

Formal Correlations

1 o a r o - ►•
;

t

4 
t-j

O
 

'

o

Value

Ko t liane

Nature of force
Value _ constant '' _ -

C-J street 1.1/

H-C-C uencilco 5 Il 
11

c 
•>

Ci
 

Cl
O
I 

-a K = r
5.394

0.420

C-H stretching

H-C-H bending.

C-H to 5 —C 
cc upline

k = 0.09 K = 0.037 C-H.to 0-H^ coupling

. 
4 rdo

C 
0

-r 
e 

r n
 

r- 
i 

f 
n

 
c 

I
i re k = -^107 6^

* —' 1 - 43.075 ' kH -C-H. to I' 1 V * l ,
H, - C-H- coupling

(C-H. to H -C-C1 1-1
couplirr

k =—1.99 
r

2K —0.552 
4

C-n, to 

coupling

ioio 
:

p 
-fr(

1 
r.

k “ ^3 • 0^ T
— * ' k •* 0.000

to H^-C-H^^ 

coupling

(D-? to H^-?-3 

' co ipllnp
k^ = 0.90 — — 0.276

to Hra--'i.s

(coupling

jV'-’ 5,1"'

'coju1‘at
k = 0.03 

ww.
— — 0.000

U^-C-Ti,^ to

\coupling



CHAPTER IX

SUIûMARY

Tlie precision de ternir at ion oi the genoral po u e nt ial 

function of ethane has been completed and presented both in 

terms of a symmetry coordinate system and a valence coordinate 

system. The fundamental frequencies and zeta values of ethane 

and ’’.eavy ethaï.6, which have ; otcqu the basis for thxa cal« 

culnt'on, have been recons icerod and best values selected. In 

t o <; L3^ r ' C analysis of the perturbed fine structure of 

the vibrat al l and has lot in 'reliable values for the 

: ':ni .sit d fron"enclcs of 12 and 2^04- 4 as well as xor tne 

unteriurvn1 rotat1 nal spacing of this band. These results 

ne:^! Ie: T 1 more accurate determinations of (1) the

3 ial.. moment t' 10 values serpen

li s io "uncertain frequency

fo "uncertain frequency”

n e c t i a

a 3. 1 ”ut

7. .1 Hi iriijm Ox oc D

' used exnlai.a t i on oi tn.w fine structure 8

i: ole cl:

:ence

ration

tit : tes an

t: appropriate

3tokos been shown

c

ar.;. 10

hlc 1 so the vi racions

in a ?

- failure le for

cm

e

127
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condlnation bands, the value 

has been established at 1400

of the fundamental frequency

cm7^ as compared to be previously

acceuted value Oa 137o en

in the case of CgDg, hl^h resolution observations of the

red spectrum were made. This work has given (1) more

precise values for the fundamental frequencies of the parallel 

and perpendicular active vibrations, (2) the zeta values 

associated with the vibrations and 7/^, and (3) the value 

for the large moment of inertia of and hence has completed

e co o i c determination of the dimensions of ethane .

e enharmonic contributions to the ihndamental frequencies

were empirically subtracted out,_ using a method devised by 

Dennison, aru t". e “ cor^e c ted" or normal frequencies have been 

emu iced in the secular equations for the potential constants.

possibility of making higher order corrections to the zeta 

values also, was briefly investigated and it has been shown 

that under favorable conditions (i.e. in the absence of re- 

so/.ance interactions) these corrections may be estimated either 

ti-ro - ch information on certain quartic potential terms or by 

measurements of the zeta values associated with simple com- 

bina^icn bands. For the ethane molecule, the requisite data 

for these corrections was not available. However, the mag­

nitude of these corrections was estimated to be of the order 

± .01 an_ is uncertainty was taken into account in the

weighting scheme for the least squares solution of the 

pot enol al constants for too degenerate vibrations.

fie expression of the potential energy function in terms 
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Qf valence coopHnaisc3 lias establIslied a set of valence force 

constants vt ich permits a comparison between ethane and other 

molecules for which similar force constants are known. "Un­

certainty" values have been assigned to each of these force y 

constants. These values give a measure of the precision with 

which the fundamental frequencies and z^a values have been 

determined and yl ve a limit to the me anin ^ful correlation of 

these results with similar results for other molecules. Due 

to th e redundaucv of the valence co ordinale system, it nas oeen 

shown that one car. construct numerous equivalent sets of 

valence force constants and hence that an individual valence 

force constant may not have an intrinsic physical moaning» 

w g3 redundancy makes it necessary to correlate sets of force 

constants rainer than individual lorce constants, and as an 

illustration, the correlation table between the constants of 

ethane and w thane has been given.

The single table of the valence force constants and 

their estimates uncertainties may be considered as containing 

the results ana the evaluation of the results of this thesis. 

Because of the nature of their origin, the uncertainty values 

cannot be reduced by more precise measurements of already 

available spectroscopic data. In principle, a substantial 

reduction of these uncertainties may be secured only through 

observations and analyses of the several hundred simple com­

bination ha nos of cthane and heavy etnane, and only then pro— 

video that there is a minimum of resonance interactions be­

tween these bands.
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