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GHAPTER I
IN TRODUCTIQN

(rz." .

Because of its relative simpliclty, the ethane molecule,
02Hg9 wae 8n early target for research into the structure of
polyatomic moiecules. The accumulation of basic spectroscoplc
data began about twenty years ago with the investigations of
tﬁe infra=-red absorption by Levin and Meyerl and the Raman
effect by Daureze This early data revealed over one-=half of
the twelve fuandamental vibrational frequencles, and, through
the fine structure of the bands, gave direct proof that eti.ane
is a symuetric top molecule. Analysis of these observed fre-

quencies led to the construction of simplifiled potential funce

tion33’4'wh1ch gave information about the restoring forces md

also creatly alded the later assigment of the other fundauen tal

frequencies. In 1937, Howard5 proved that the observed fine
structure of the perpendicular bands was incompatible with the
existence of free axial rotation of the two methyl groups with
respect to one another and cencluded that there must exist a
potential barrier, hindering torsional motion,with a helght of
at least 700 cm'l. Shortly thereafter, specific heat measure-

ments led to a value of 965 om~t for thls barrier heights’v.

B& 1938, Crawford, Avery, and Linnett were able to give a come
plete sumnary of the fundamental frequencies which found gen-

eral acceptances. The next year, Stitt observed the infra-red

and Raman spectra of the 1sotoplc molecule, CZDS’ and determined

its fundamental frequenciesg. This work nearly doubled the

amount of data capable of giving information about the potentlal

1 -
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function of ethane. In order to mredict this new data quanti-
tatively, it was found necessary to ;dd séveral new interaction
terms to the prevlioisly c&nstrﬂcted potential functionl.-Thus
Stitt determined nine characteristic forcé constants which 1lne
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.

Throughoﬁt this period, the équilibrium confilzsuration of
ethane remalned uncertain. The rotational fine structure showed
ethane to be a symmetric top and the distributlon of the actlvity
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 s8ize
and shape. However, the spectroscopic evidencé was insuf-
ficient to declde between the “stagsered" model, Dad’ (center
of symmetry) and the "eclipsed“ rodel, zh (reflection plane
perpendicular to the stmetr" axis) 9

The classification of the normal vibrations of ethane 1s
well lmown and will be described in detail later. The notation
employed by HerzbergI Infra-red and Raman Spectra") will be
used and 1s the followling: 'Li, o9 and 14; denote the syme
metrical parallel frequencies (carbon aﬁomsaﬁove along the
symetry axis) which are itaman active but infra-red lnactive.

Z/; is the torsional vibration which i1s inactlve 1n both the
Ramen and infra-red spectra. 2/ and 'L/ are the unsymmetrical

5
parallel vibrations which are infra-red active but Raman

inactive. 'I/ '7// -and 1/’ are the perpendicular vibfations
(carbon atoms move perpondicular to the symuetry axis)

which are active in the 1n:ra-red but absent
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from the Zaman spectra, while Vio., 1/“ , and V.z are the perpén=

dlcu;ar viorations which are Raman active but infra-red in-
active., The last named six vibrations are each doubly de=-
generate and hience may exhibit the phenomena of internal
angular momer.tum,

In 1942, Smithlo completed hish resolution observations

on ethene over a large range cof the infra-red region, deter=

miniang with kich »nrecision the centers and rotational spaclngs

of nman: Tundermontal and combination bands. The rotatlonal
épaci:;s -1eided an accurate determination of the principal
morients o inertla and these, together with the less accurate
value ol tiie carbon-cérbon distance obtained by electron dif=-
frecticn, permitted the. calculation of the dimensions of
ethone., The ocuserved combination bands gave direct evidence
for the Dgy or "staggered" equllibrium configuration. Also,

" Prom the rctational spacings assoclated with the degenerate

vibratioral rands, Smith determined a set of G values. These

zeta values give 2 measure of the internal or vibrational

angular‘nn:entum alon: tie symmetry axis. '[he notation 1s due

to Teller wic irtrcduced the concept in his explanation of the

anomalous rotationel spacings found In all Symmetric top

molecales.11 As was first shown by Jommston and Dennisonl2

the zeta values serve as powerful alds in the determination of

+erntia}l co:istants.

8

8~ the possitle potentiel constants permlitted by the

sTr—etry of etianey, nine of the more important ones have ale=

ready Teen -determined. 3Strictly speaking, these latter cone=

1
3

P
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stants are.“effective" force constantsls since their numerical
values not only depend on the adopted form of the simplified
ﬁoﬁential function but also include anharmonic contributions.
After Smith's work, it appeared that the total Information
eitharvavaiiable or at least readily obtalnable would be
sufficient to make a more complete datermination of these

force constantse. _ }

We may formulate the present problem as that of a precise
determination of the potential constants of ethane.

The jusﬁificatioms for this precision determination are
manifold., For example, all further calculations on ethane or
any of its 1sotopes require a lnowledge of these constanta,
One may cite two instances where such calculations have been
made and applied to.the ammonia molecule: (1) the observed
convergence in the pure rotation spectrum of ammonia14 has
been quantitatively explained by the effect of centrifugal
/ stretching on the moments of 1nert1a15, and (2) the anomalous
' values of certain of the microwave lines of'NHS 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 forceals. The potential constants are well known only

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

dioxide, ammonia, acetylene, and methane, An extension of
3 _this 1ist is desirable for comparisons between typlcal poly=-

1 atomlc molecules,

There are a number of difficulties associaeted 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 representaticn of the potential
energy as a power serles I1n the»relative nuclear displacements,
Since these relative nﬁclear displacements are quite small for
a vibrating molecule, theAquadratic terms-essentially control
the motion and the higher order or anharmonic terms may be
treated as small perturbations., (The nuclear displacenents
are measured from equilibrium poslitions and hence there are no
linear terms,) The number, N, of these potential constants 1s
dependent upon the number of distinct fundemental vibrations
and i£5“decomposit10n in terms of the symr.etry classes associle
ated with the geometrical configuration of the molecule. The
explicit expression is N = Sﬁm ny (n1+ 1)/2 where n, is the
number of distinct fundamental vibrations belonging to the 1th
symmetry class. Thus ethane has 22 potential constants as
compared with 12 distinct EUndamental vibrations, Neglecting
for the moment any effects due to anharmonicity; it might seem
that a measuremerrt 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 flve relationships
among thése 24 frequendies as embodied in the Teller product
rule, If one designates the ith fundemental frequencies of
two 1sotoplc molecules by l)i and 1);,Ht£en this ruié states
ﬁhat for each aymmetry class the product ratio n %j\( depends
only on the masses end dimensions and not on the force cone

stants., It 1is 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, ﬁsing the theory of vibrations of igfinitesimal amplitude,
the potential constants as funcéions of the fundamental fre-
guencles and zeta values. Thils determination would only be
approximate siace the vibratlons do take place}with appreciable
amplitude and the anharmonic potentlial terms produce a shift

*in the vibrational frequencies.' One may thus consider the
fundamental frequencies as composed of two parts, thne one part,
térmed the normal frequency, belng produced by tkhe quadratic
terms of the potential energy, and the second part, termed the
anharmonicilt:; shift or correction, being produced by the hlgher
order or anharmonic potential terms, In order to determine

the potential ceonstants, one requires a complete knowledge of
the normal fraquencies, In principle, thése normal frequencies
nay be determined from the observed fundamental frequencies
torether with the frequencies of all simple combination bands..
For ethane, this procedure 1s Impractical as thére is a total

of over 150 simple combination bands most of which have not

been observed. This-1s a real difficulty but the saving

feature 1s the relativa:smallﬁ;;;.of the difference between

the fundamental and normal frequencles, 1t has been shownls
that the relations among tiie normal frequencies glven by the

N

product rule cun often serve to estimate thlis difference. .

This method of estimation 1s not rigorcus but 1its use 1is

necessitated by a lack of informatlicn whiich 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 Ferml rescnances
which cause anomaious shifts of the vibrational frequencies, -
and fiﬁally tirough the estimation from combination bands of
thé sevé}al fundemental frequencies which have not been ob-
soerved directlye.

| In ethanq a8 well as other symmetric top moleéules, 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 1t does not
appear bossible at present to Ilntroduce systematlc corrections,
and thé measurod zeta values are Interpreted on the basis that

these perturbations are absent or at least negligible.,

Sumnmary of Results

The values obtained for the general valence force cone

‘stants are 1listed below. The symbolism 1s defined on pages

~

 10G-108. The indexing code 1s r = C-H stretching, R = C-C
stretching, ¥ H=C-C angle bending, © = H=-C-H angle bending,

and the use of primes indicates that the Interaction is between

the two methyl groupse.
Simple valence force constants. (in units of 10° dynes/cm, )

(1) k* = 5,35
(2) ky, = 61 B
(3) k, = .63

(4) kh - 4,57




Valence force constants involvinz interactions between ad acent

bonds .
(5)
(6)
(7)
(8)
(9)
(10)
(11)

(12)

Valence force constants involving remcte coupling.

=1 .89
0.60
=0.20
0,07
=0.07
-0,04
0.03

0.00

i' .20

I+ I+ + 34 + +

H+

.04
.02
.02
.15
.04
Ne

(13)
(1¢)
(15)
(18)
(17)

(18)

(19)
(20)
(21)

2}
I

K

rq;
k , =

Kywy

The Torsion constant.

(22)

O.1l1
0.07
=0.03
=0.02

- -0.08

0.08
0.35
-0.13
0.00

a = 0,056

L O L S

-+

.02
<03
.02
.02
.04
.04

.15

.05
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The spectrum of hea&y qthane,CéDs,was examined experie .
mentally to obtaln data necessary for the evaluation of_the
potentilal constants. The results of these observations are

listed In the followihg table:

Frequeneyh - Rotational Spacing ’ (’ _
Assi-nment cm:1 Cm. value
* . c ' .
7/5 1077 - ——— ——
Y 2087.3 0.922¢ -
6 { 2139.7 -—— -

'1/,; 20236° ——— ——
Vg . 1082 2.76 «0.423
124 | 593.7 1.197 0.182

The rotational spacing of the low frequency component of
r©
1/6 establishes the large moment of inertia as 60.71 x 10-40
gm;cm? (for the vibraticnal ground state) and comblned with

Smith's results gives the following dimensions for ethane.

C-H distance = 1.102 Angstroms !
C=C distance = ]1.544 Angstroms

B-C~C angle = 109° 37!
H-C=E angle 109° 19?

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




CHAPTER IX

B!FRA-RED-ABSORPTIGN BY C2D6

-2

The purpose of reinvestigating the infra-red spectrum of
heavy ethane, first measured by Stitt using a prism spectrometer,
was to obtaln (1) more accurate positioﬁ;.of the fundamental
frequencies, (2) the zeta valucs associated with the degenérate
vibrations; and (3) the large moment of inertia,

The absorptioh measurements were mnade by means of a high
resolution grating spectrometer and autouatic recording system
such as described by W. E, Andersanla. ‘The 02D6 was prepared
by the deuteratlion of heavy acetylene in the presence of a
platinum black catalystg. The deuterium and neavy acetylense,
In turn, were produced by the reaction of heavy water® with
calcium metal and calecium carblde. ‘the complete preparation
1; schematically diagrammed in Fisure 1. )

Before giviné the experimental results, 1t seems well to
giveﬂa few definlitlons and gqualitative features concerning the
vibrational infrze-red spectra of symmetric top moleculeas,

Thbse vibratlions of a symrietric tor molecule for which
the electric moments are parallel tc the symmetry exls are
called "parallel vibrations" while 1f the alternating moments -
are perpendlicular to the symetry exis, the vibratlons are
called “perpendicular vibrations", The rotational fine

structures ol parallel and perpendicular vibrational bands

are quite different and qualitatively tils 1s easlly understood.

° The heavy water was obtained through the peraission of the
Atomic Energy Commission,

-

10
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In the case of parallel vibrations, rotation of the molecule
about its symmetry axls does not affect the vibrational electric
Vmoment, end the spectrum of frequencies as@o clated with such

a vibration consists of a stroﬁg central line, called the "Q
;1ne“; whose frequency 1s that of the vibration, and two “winga"
produced by the modulation of the vibrational electric moment
by rotations of the molecule perpendlcular to the symmetry axis,
- In the case of-perpendicular vibrations, rotatlions about as
wel} as perpendicular to the symzetry axis modulate the
vibrational electrlic moment and the assoclated spectrum of
frequencies 1s considerably mcre ccpplicatéd. This spectrum
nmay be consildered as conposed of‘a series of Iincomplete parallel
bands uniforml s displaced ﬁith respect to each other, -Yhe

set of egually spaced Q lines of these parallel ‘bands is the
characteristic feature of a perpendicular band, The line
positions are iven by the well known equations (see Herzberg).

LKk=0 4 AT=0 - y) = 1{ z vibrational -Fvec‘venr.u‘

Pavallel band: AK=z0, 8T:1 = V3 +28B(T+1) : “R" branch
AX:osaT:=- 4 -3 - 287 : “P" brvandh

Q Lines ot a Feviend vlar bard @ av.1,87:0 -2 V=) +[AG 29 8] EEA(\—G')—B}K
where A and B are¢ callod the roctational constants and depend

on tle principal moments of 1lnertia.

A, Absorption at 17 mliecrons,

The absorptlon by CQDG in this resion results from the

perpendicular vibration L/g. Two spectrograms of this region

are lven in Figures 2 and 3, 20 Tirst Spectroéram (Figure 2)
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was obtained using an absorption cell 2 cme In length and
f£11led to a gas pressure of 25 cm. Hg. and served to determine
the backgrounc absorption due to the presence of atag#pheric
water vapor. The aecohd spectrogram (Figure 3) was obtained
using & 10 cme. absorption cell filled to 50 cr. of pressure,
and ir thi1s case the oftect of the water vapor was fairly well
masked through the strong absorption by C2D5' The presence

of a small amound of heavy acetylene as an impurlty in the
heavy etha::e prevented thé safe extonsion of the measurements
below 530 e . (02D2 has an absorption band at 540 cmfl;)

The crite=ia used for the determination of the band

conter znd tre cuantum number assiznments of the rotational

ines were tie cusiomary ones that the hand center lies be-
tween tre twe strongest’q lines and in the vicinity of minimum
absorptior by the unresolved sub-structure. In table I 1s pre-
s?ntod t.:e measured positions of the Q llnes together with
the rotaifcnal quantum numbers K and K' of the initial and
final states, Aftor the moments of inertia were established,
the ba-.c center was computed to lie at

* -
Z/é = 593.7 on 1'.

. -1
and * .2 potaticnal spacing of 1.197 cm.” glves a computed
»

valu: C‘, = ,1:2,

1, Abscrrt®os at 9,2 microns,

o,

Twe vidbrational bands ceongrlute to tae absorption In

28 re~ion - “ne parallel band L ;, and the perpendicular

x
vand | g° T.e upper of the two spectrograus shown 1in Figure 4

was obtzined usinz a 10 ca, cell and a pressure of 50 cm, whlle
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Table I

Wave numbers of the lines shown in Figure 3. °
- ’ =

Line Mo. K K? en

1 10 9 532.3

2 9 8 533.6

3 8 7 ' 584.7

4 7 6 58549

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 o 1 504,35
12 1 2 5953

13 2 3 59645

14 3 4 597.7

15 4 5 59349
16 5 6 600,2

17 6 7 60143

18 7 8 602.5

19 8 9 603.8

20 9 10 605.1

21 10 11 6064

o2 11 12 607.8

25 12 13 609.1 -

610.4

o
L8
=
(¢}
’-l
»
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the lower one was obtained using a 2 cm. cell and a pressure
of 25 eme Hge Elght of the Q lines of thg perpendicular band
are cléarly visible above 1080 cm-l, but-gheir normal inten-
sltles are obscured by the presence of the parallel band.

The broad absorption peak just wnder 1080 cm~t 1is interprated
as the strongly broadened Q@ "line" of this parallel band and

’ *
wilth thls interpretatlon, the vibrational frequency of L)

1
6 ™

establlished at

»* -1
V6 = 1077 cm .

The band center of the perpendicular vibrational band 1s
estimated to lie between the lines 2 and 3 and the vibrational
frequency and assismmonts of the Q lines are established on
thls basis, T measured positions of the absorption lines
and tielir rotztlional quantum number assignments are glven in
table II. Tho_vibrational frequency and rotational spacing
of Z/: are computed to be

- -1
1)8 = 1082 cm

[51/% B 2,76 cm'ltu_“v K

C. Absorotion at 6.2 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

L)“ = 1902.5 ca*
34+ 6 P Cr .

D. Absorptlon betweor. 4,2 anz 5 microns. 7

The general character of the absorption in this region 1is
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Table II

Wave numbers of thie lines shown in Flpure 4.

Line no. J Jt . g_rv_x.:]_'.
1 o) o) 10774
X X!
2 1 o 1080,.4 B
3 o 1 1083,2
4 1 2 108642
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 Pigure 6. (The lower spectrogram

gives the background absorption.) The strong parallel band at

-l

' 2087.3 e~} and the weaker parallel band at 2139.7 cm™* are

the result of the parallel vibrations _L)%~and -Lézll betwaep
which there 1s preéumed to exist a weak resonance interaction,
The broad absorption band centered at 2236 cm.l is caused by
the perpendicular vibration L) This recording'iaa obtained
using a 10 cm, cell and a gas pressure of approximately 10 om, Hg.
The parallel band at 2087 ,3 cmml was chosen for the detere
mination of the large moment of lnertia. Since the resolutlion
of the spectrometer was only slichtly better than the spacing
of the rotational lines, tris band was scanned several times
‘using 3600, 4800, and 7200 lines/inch gratings. A typical
spectrogram is given in Filgure 7, and the measured positions
and assigmments of the rotational lines are given in Table III,
The rotational constant B, = h/Buchx for the ground vibrational
state was determined using the ;method of combination differe
ences" given by Herzberg. Specifically, designating the dif-
ference l//(J') (R branch) = ]/)(J') (P branch) by X(J'),

the theoretical relationship 1is
X(J') = 43(J*+ 1/2)
and the least squares solution for B, is

4B,= Sum (J'+ 1/2)X(J*)/3un (J* + 1./12)2

The B, values obtained from four separate sets of measure-
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 pable III

Wave numbers of the lines shown in Figure 7.

Line no.

© ® T O ;O b N M

S B L B e o
P38 LbbhbSHEERERES

& 83

J I
23 22
22 21
21 20
20 19
19 18
18 17
17 16
16 15
15 14
14 13
13 1e
12 1
1 . 10
10 9
9 8
8 7
7 " 6
6 5
5 4
0 o
7 8
8 9
9 10
10 1

-1
cm

2066498
2067,52
2068;51
2069,40
2070.05
2071.15
2072 .03
2072,.85
2073 .67
2074 .65
2075.66
2076 .48

- 2077 34

2078.28
2079.08
2080,21
2080,.88
2082,10
2082,93
2087.3

209459
2095,73
2096.62
2097.51




Line no;
25
26
27
28
29
30
31
32
33

356
36
37
38

Table ITI (cont.)

25

J!
11 1e
12 13
13 14
14 15
15 16
16 ' 17
17 18
18 19
19 20
20 21
21 22
22 23
23 24
24 25

o §
om

209%&?3
26&9.58
2100;58
2101;47
2102;51
2103;40
2104 .20
2105;04
2105;97
2107;20
2108;07
2109;02
2109;70
2111;07

S

. e
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Amants are:

(1) B = 0.460 £ ,001 cm-' (from values given in Table III)

(2) B,= 0,461 % ,001 ¢ ‘(:saoo lines/inch grating; 1lst order)
(3) B,= 0,461 * ,001 (2800 1lines/inch grating)

(4) D, = 0.462 + ,001 (7200 lines/inch grating)

14

Adopted wvalue: Bo= O 4619cm.l

This wvalue for the rotational constant, B, leads to the value
=40 2

Ix = 60.’71 x 10 g, cme .
Attempts to resolve the rotational fine structure of the
broad absorpticn band at 2236 cm:l wers unsuccessful. However,
certain characteristic features are evident from the spectro-
grams glven in Figure 8, (The lowest tracing gives the bacik-
ground etiospheric absorption.) Thus, thoc absorptlion by 02 6
is apparenulj due to more than just the perpendlcular vibrationl%j
The combination band 'Léf; 6 lies in this region ( 'L/* l/*
1158 + 1077 = 2235 qm. ) and could well contribute to the
absorption pattern elther through 1t normal Infra-red activity
(the equivalent band in etiane is moderately Intense) or by
Coriolis interactlon with L/:; or by a cor 1anatlon of both.
Tho existence of such a Coriolls interaction between the parallel
band 'L/* and the perpendicular band 'L/; 1s sugcested by

+
the pres:ncz of tlre tﬁo prominent absorption peaks at avout
2222 and 22383 cm.l. Qualitatively, such an interactlion would
be dependent upon tie quantity (J2 - Kz) and wonld be riost
pronounced wlhien the interacting rotational levels ( A K = %],

DN T = 0) were of equal eneryy. The effect on tne spectrum

wonld be a broadening of the @ line of the paral1el band Z/)*_s
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and a broadeniné of the Q lines of the perpendicular band 12;
in suci a way that there would be an appérent bunching of»tﬁese
lines £t the resnance position. Thls may be 11lustrated by

the following type diagram where the normal Q line positions .f

R

are rlven torether with arrows which give the directlon of
gbroadening.

I/#:.G . [———bbunching ot the \),: Q Lincs

A I

cm, —»

The preceeding dlagram could have been drawn equally well with
]/éie on the high frequency side of the bunched § lines.

The exact interpretation 1s obscure and 1t 1is felt that the

present observations of this band are not such as to warrax t

1

. * -
a change in the value 1/7 = 2236 o — reported earlier by

Stitt.

The program set forth at the beginning of thls section
has beon successfully accomplished except for the determination
of the normal rotational spacing of the perpendicular band 1/;.
The measurement of thils spacing would have b;en most welcome
since 1t, together with the spacings of Lf;, L/;, and l/;,
would have -permitted the direct spectroscopic determlnation of
tihe small moment of inertia of CzDG. Since the anall moments
for GZDG and C_H,K stand in the ratlio of the known masses of

26
he deuteron and tl.e proton, thls would have given a direct
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check on the wvalidity of the perturbation scheme through which
the value of the small moment of C286 was determined (see )
Chapter V). However, such a determination of the rotational
spacing of 1/¢ would also require the use of a perturbation
.scheme, probably with 7/;+ g Put possibly also with 7/2: 8
( 1/; v LJ*& = 1158+ 1082 = 2240 cm.'). The broadened Q line
of the parallel band 1/';5 = 1077 cm~Y 1s slso presumably due
to Coriolis interaction wlth'gie perpendicular band l/; and
the observed spacing of the Q lines may differ slightly from

the normal or unperturbed spacinge.




CHAPTER ITI
THE GENERAL PROCEDURE - .
] - , _ o |
The great number of variables associated with a poly-
atomic riclecule nmakes it necessary to utlilize any propérties
which enable one to Investigate the molecule 1n a stepwlise
rashion. One of these properties is the approximate separabllity
of electrculc, vibrational, rotational, and nuclear spln motiona.
Up %tc the preéent time, most of the investigatlons of POly=-
atomic moiecules have been concerned wlth the vibrational and
rotzationzl mctiqns associated with the algctronic ground states
of these mclecules., “he methods of observaticn have generally
been.such t.at the hyperfine structure producea by tie huclear
spln motioas 1s not resolved and the exlistence of the spin
variavles is made lnown cnly through thelr effect on the
statistical weights of the rotationa;.States. (it crowave
techniques represent an exception.,) Another property of a
molecule, wrich enacles one to subdivide and classify these
moticns furtner, 1s its symuetry. It 1s the theory of groups
and z-oup representations that 1nrinlizes the methods for thils
additional simplification.

t can readily be shown that the normal coordinates (those
cocrdinates alonz whose exes the motions of the normal vibra--
tfons can toke place) are the bases for irreducible represente=
aticns of *le moint group which ciaracterizes ti:e syﬁmé%ry of
the equllibrium conrisjuraticn of the molecule. The activity
in Infra-rcd absorption and Bamah offect of eny vibracicn de=-

pends cn 1ts symmetfy type, that 1ls, on the 1rreducible re-

S0
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presentation which 1t generates, and 1t 1s by the use of these
predlcted activitlies or selection rules that one determines

from the spectroscoplc data the equlllbrium configuration of

a molecule,

The collectlon or noraal cocordlnates having tle sane

syrmmetry tyoe generate a characteristic subgnace of tle cone
figuratihﬁ sp-co of Internal coordinates, If the vibrations
are non de-enerate, then any (non-slngular) linear transiore
matlicn ot these normal coeordlnates will generatc a new set of
coordinates witlch v oln willl hevo t:.13 same symmetry type.

If tio vibratlic::s are deatl; deenerats, any linear traise-
formatlcen ol ti.e assoclated palrs or ncn%nl cooralinates will
generate o new set of assocliuated palrs ol coordinates with tr.e
same Sytﬁatry tine. Oimitarly tor Niigher orders of depeneracy.
When expressed ir. terms of 8ym etLry cocrdiinates, botl: the
kinetlic enecr ;- wand tie guadratic terre o th.o poten:tlel enersy
appear in a ce.siderably sinrililed lfcrm in whiich there are no
croars orovicts fovolvly ) gnmetyrrs cencrdinates helongling to
differont syrmetry types., o farmliltconlar. for the harmonic

.

vibrati-nas thas aprears seraratsd ‘nic oo 323 cf Hamlltorlanrs,
orie £or tle vibratlcas ol oach spu.etr; clrass (type)e <Lhe
use ol syT. et o ~prlirates, then, permits one to investljate
the vibratlons of a slin~le symrmetry class withcut cone
silderatliniis of the remeining vibrations. This 1s the
sepcraticn glven by the syrvwt:y corditions. Any furtler
separation requlres cdetaliled knowled_ e ¢f the forces.

Under tie operatici:s of ti.e point :roup (1.8 3=fcld
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rotations aboﬁt a symetry axis, reflections, etc.), each of
these characteristic sub spaces 1s mapped ontd itself. MkoOroee
over, 1f the vibrations are non degenerate, each symmetry
coordinate will elther remain unchanged or change sign only.
If the vibrations are doukly degenerate, bthe two dimensional
space of eacn assoclated palr of syruietry coordinates 1s
mapred onto 1tsclf while the 1Individual components of each
assoclated palr undergo a linear transformation claracteristilc
of the particuler point group operation, éhe transfdrmation
propertics (wlth rcspect to the point group operations) of

the symmetry coordlnates for a glven symmetry class are
ldentlical and in general these properties are sufficlently
well expressed by the set of traces or characters of the traas-
formatlion natrices, - '

The character table for the 1lrreducille representations
of the volint group Dﬁd' presumably the point group to which
ethane belongs, 1s ziven in Table IV {echaracter tables for
this and various other point groups are given by Herzberg).

"or etiane, there are two classes»of fundamental vibe
ratlicns In whici:. the carbon nuclel move along the symmetry
axis, enc two classes in which these nuclel move perpendicular
to thils axis, It is convenlent to generallze the earlier
definition of parallel and pervendicular vibrations, letting
parallel and perpendicular refer to the motion, relative to
the symmetry axls, of tlie carbcn nuclel ratl:er than the
electric monont.,. In tl:is manner A2u and A are called

1lg .
respectively "parallel active™ and "“parallel inactive' vibra-
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tions, while Eu and Eg ;Lbratiqns are called respectively
"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 emlt and absorbd infra-red radlation,
A 118t of the syrmetry types of the normal vibrations of etharne
and their apeétral activity 1s given in Table V and the normal
vibrations thamseives are achemaﬁiéally plctured 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 glvon symmetry
class of vibrations.
(a) FPmdamental freguencies,
(v) €’ values,

II Definition of the force ccnstants and the determination
of the egquations which relate these force constants to tiils
data, _ ,

(a) Relations betwe=n the force constants and the
- normal frequencies,
(b) Relations between the normal frequencies and
the fundamental frequencles. )
(c) Relations between the [ values and tho force
cnnatants,
IIT Solutionn of t:ese equations for the force constants,
It i1s the present purpose to give a brlef description of
the genersl relaticns tetween tre force constants, the funda=

mental frequencies, end ti:e zets values.
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Table IV

' Ct 2] -ab T -
1aracter table of Dﬁd

23 T
I . 2c, 1 3c,, 30
Ay ! 1 1 1 1 1 1
A, 1 -1 1 -1 1 -1
1lu

g 1 1 1 1 -3, -1
Ay, 1 -1 1 -1 -1, 1
E 2 -1 = 2 0 o
g

E 2 1, = -2 0 0
u

The operations c¢f the polnt group have the following

definiticns:
I = the identilty operatlon,

Sg = rotatlion by 21/6 about the symmetry axls (z-axis)

followed by the reflection through the Xy plane,

c, = 32 = rotation by 27/3 about the symuetry axis.

3 ()
1 = inversion,

5 = rotatlon by w about one cf the tiree 2=fnld axes pere

Q
i

peniicular to tie z-—axis,

. = reflection through one ol trhe three planes of sy trye.
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Table V
Symetry types of the normal vibrations of ethane,

rd

Classification Vibration " Activity
)
Ll
Al ¢ Porallel Inactive vibrations ‘pé Raman,
& polarlzed

A,, @ Torsional vibration 1ﬂ} - inactive
L] _!/'5
A2u ¢ Parallel active vibrations 1) Infra-rod,
b parallel
Va
E t: Perpendicular active Lé Infrae-red,
U yibrations | y perpendicular
q

E_ : Perpendlcular inactive LAL Raman ,
&  vibratlons depolarized
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The vibrational energy associasted with a glven symme try

class of normel vibrations may be expressed as:

-T +Vv= 32 L',Uu g'..g.i + L iy §5;  for Cate

s v'= V2 Z/U:; f.,-_f..- + ‘L aa_j {;fj for C2D¢

where f;and f’; are ti.e g &0 symietry ccordinate and 1ts time

derivative. the A/, and /U: ere kmowvn func'lons of the
masses o-d Gimersicrs ol CoHg ard CoDs, ar.c the @;; define the
pbtential corstsnts to be cdetermined. (Ir order that the
potential enexrcles of CQHG ard CzDG snall have the same eX-
plicit forr:, it 1is necessary that the symmetry coordinates
f,-_ represent definite g;eometrica). distortions of the cone
figcuration of tie molecule. The coordinates must also (1)
cive displacements from eiuilllbrium, and (2) conserve linear
and angulsr romenta.)

The relations between the potentlal 60nstants and the

*
normal freguencies u)_‘ for C,Hg and W, for C,oDg are given by

the roots of the secular determlnents

2
/U:sl«): - A&

X
&
»
S
|
0
I
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It is the relations between the normal frequencies and
the fundamental frequencies which present certaln difficulties,

As was mentioned in the Introduction, one 1s unable to glve

rizorous relatlcas, bui, with the ald of the Teller product

rule, can make plausible estluntes, Thils procedure, due to
Dennisonls, jnvolves a generalization of the known relations
between the fundamental and nornal frequencies of isotoplc
diatomic molecules. ‘<t1hus, for e dlatoriic molecule, the normal

vitrations and fundamental vibratlions are governed by the .

reapective energy expressions

I Normal Vibration: 1 +V = vV § + 2 RS — W \J v
- e k e k L, k§4
ITI Fundamental Vibration: T+ =%V ¥ RE YR, ETH 4aRsY e

, 5]
For the secord equation, by neslecting terms iIn § and higher,
and treatins thie cublc and guartic terms by perturbation theory,

one predicts the fundamental freguercy

Vo= Wit-aw) | (1)

where ok is a function of the coefficionts k, kz and ks and

no: of the reduced mass ., Hence for the 1sotoplc diatonlec

molecule, one obtalns
K \* »
Vo= wWi(-ald) (2)

Finally, the product rule zlves a third equation

Q/u)* - \//"7/; (3)
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From these equations one may determine the normal fre-
quencies w and «* in terms of the observed fundamental fre-
quencles V and V' and the lmown reduced masses u and p" .
The quentity «® 1s called the anharmonlcity factor and will

be designated as x. <The content of the flirst two equetions

1s incorporated in tHe single egquation

X" = 2%

The similarities between the vibrations of two lsotoplc
polyatomic molecules (belonging to the same peint group) leeds
to the very plausible “"first" assumption that, 1if X, is the
enharmonicity factor associlated with the fundamental vibration

\/1, ti.en the anharmonlclty factor x; for the similar vibra-

tion of the 1sotoplc molecule will be glven approximately by

the equation

. . _ \): .
X'\ ’\‘); XL

In order to establish the normal {reqguencles fron the funda=-
ment:1 freqguencies, 1t 1s necessary to know eacl: onc ol the

x1 and xi valuos, The use of the abhove set of relaticns re=

duces thls pfoblem to the determination of the x1 alone. The

product rule gives only one relation amon; these aenharmonicity

factors, namely

VDTF—: T =17 Vv (1-x]) =Tr Vit =%
“J:;l i h')": . VL*(|_XL3 i V— Xy ,
‘0f course, 1f there 1s only one vibration asapciated with

the particular symmetry class, this condlitlon 1s sufficlent,
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but such a case 1s exactly equivalent to the case of diatomloc
molecules, Thus, in general, further conditions are required
to specify the Xy values.

For the few polyatomic molecules where the wvalues are
mowvm, these enharmonicity factors are génerally positive and
of the order of magnitude of two to flve percent. If, for a
given class of vibrations, one defines the average'anharﬁanicigy

factor,X, by the equation

T ()

»
v
|- X

| Mol
VZd

then the YJest apriori estimate of the value of X4 is obtained

by setting X4 = X, However, many of the vibrations of ethane
are similar to those of methane for which the anharmonicity
factors are knOWnls, and this information permits closer
estimation of the Xy val ues for ethare. Thus, the C=H
stretching and H-C-H bending frequencles of ethane agree withe
in a few percent of the corresponding frequencles in methane.
One might expect the agreement between the assocliated anhar-
‘monicity factors to be intermedlate between this few percent
and the agreement between the bond energies. The proéedure
adébted 1s 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 cholce constitutes the "second”

~and last assumption required to determine the normal frequencles.

It 1s unfortunate that the difterences between the fundamentdl
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and normal freguenciss cannot be rigorously dgtermined, but
the estimatlicns =s obtalned by means of tne above assumptions
should be considerazatly bettcfrthan imoring these differences
altogether. ’

We may swurizarize the method by which the fundamental
frequencies are utilized in the determinatlon of the potentilal
constants:

I The furndarentzl freguenciles v{ serve to determine a
sot of normal fregienciss w, through the deflining equations

V. = wi (1-x)
Vo= wl(1-xD)

and the two empiriczl mslations

[

(1) X = ‘):,!,)‘ A
(R

IXI The norusal frejusncles determine relatlons among the

(2) Al = e (Cry) subject to the condition

otential ccostnt.ts L rcuh the rcots of the secular deter-
>

winants
2 _ » L
I/Uls“).;‘a;s =0 = | M-

For tr.e parailel active and rarallel inactive vibrailons,
Li.ere are no additic. el 3ate bercnd the fundanental frequencles,
For tlh.e parallel aczive vibrations, the fundamental freguencles

are sufilcilent tc determfne tne asscciaitel set of potentlal

constants tu= In <'e casc ol ti:ie parallel laactive vibrations,
the data rr-s%t he surrlere-ted b one addltlonal condlition,

)

Tor the cerms..~iculer ecilvo and rerpentiicular Inactive



43

vibrations, the additlcnal data, requlred for ths determination
of the associated potential constants, are supplied by the S
values. It is the purpose now to glve the relati ons befween
the force ccnstants and these zeta values,

The Hamiltoniar penerally used for the rotational energy

of a symmetric tcp molezule mey be expressed as

H = (t-ef+(P-e} + (B-B)
21, 21,

where Px’ Py’ PZ, and Pys py’ P, are thelcomponents of tne
total and vibrational (or internal) angular momentum and I
an@ I, are tr.e principal moments of Inertia.

To the first order of approximaticn, the onergy spectrum
i1s fciven by » |

‘(T ~ 201 1) 2 g
£o= A Ao K- REK

where *Hf 1s tl'e expectation value of P, and the rotaticnal
guantw: nuniber, I, is censldered posltlve or necative depend=
1n on wi.etlior the rotatlional ona vibrational phases agvence
in the samec or in opposite se..scs. (The fundame:ntal perpene
@icular bands are generated by trassiticas E— K+ 13 cround
vibretional state —» 1st excited vitraticnal state.)

For a :iven symmetry clas. of degenerate vibraticns, the

z-component of the irnternal an mlar morc.tur fas the form

b= LSl SR B 5 €t



44

where ?:,O: are the pair of normel coordinates assoclated with
o ° ‘ '
the ithnormal vibration.and F}.,FH: , are thelr conjugate momenta.
: . ,
If the 1% normal vibration is singly exclted, trhe expectation

value of P, is
Pzz t¥\§;153¥\¢;

The value of ¢, , determined from the rotatilonal spacing of .
the 1th fundamental vibrational band, is related to the
potential constants through their dependence on the trans-
formetion natrix between the normal coordinates and the
symme try coordinatesQ Thus, cne can construct pz as a function
of the symmetry ccordinates, their conjugate momenta, and a
known set of constant coefriclents, and then by re=-expression
in terms of the normal coordinates, solve for the 3, Iin terms
of the lmown set of coefficlents and the components of tre
transformation matrix, ‘ |

For both tlre perpendlculcr rctive and perpendicular ine
active classes of ethane, we have chLosen symmetry ccordinates
”3uch thet tﬁe kinetic energy expression contains no cross
product terms and each of the square terms have the same
coefficlent. By nbrmalizing the symretry coordlnates sc that
this constant coeffliclient 1s unity, then the transformatlon
matrix between these normalized symmetry coordinates and the

normal coordinates 1s & unitary matrix. In terms of these

normalized coordinates,

R= 2 Zu(8h, h) 5 Zels
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The unltasry transformation matrix S;,, defined by the equations

$. = Sia €2, 1s determined from the equations (since u;; =3y)

‘4-):8'.5- vi i — | '
2. @) Siu = © IR

A

Since S;, 18 unitary, Pf- =7 5,“‘:){‘ , and one obtains the

following equations for the ¢ .

Qi = é 2. St i (2)
" Equat ions (1) and (2) give the desired. relations betwecn the
observed zeta values and the potential constants. This, then,
concludes the general procedure for determining the potential
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 vibraticns as well as the terms Ine
velving the ¢, » Although usually these effects are small, .
1t 1s occasionally necessary to make allowance for thelr pre-
sence as will be done 1n the cases of ]/g and 10° 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 _ONTRIBUTIONS TC THE ZETA VALUES

The first order expression for tre rotational energy of
a symmetric top riolecule was glven on page <9 and is of the

form

n

|

‘ E = 0&3(]-«»1\) +@K2+XK where 1{=—Lz

"
™

When tﬁé ener;y 1s calculsted bto secornd order, the above ex-
pression 1s modified in two ways; (1) small terms proportional
to quartic powers of J and K occur, and (2) the cceflicients
ﬁ.,/B , and ¥ now contain small terms proportionél to the
vibrational guantum nuribers. These new values for the coef-
ficlents will be designated o, 3’ , and ¥’ . By the higher
order ccntributions to the zeta values 1s rieant these cone
tributions to the encrygy wiilch are linear 1in tﬁe quan tun
nunber K and cause the inequality ¥ =+ ¥ o (In the speclal
case of resonaince, the energy 1s not exnrressakle as a power
series in the rotatioral guantum numbers and the meaning of ¥
1s ambisuous.} The present purrose ls to deteruine those

contrivutions tec ¥ which arise fror the Interacticon terms

= - ( P\ Pz ZL‘ c,t;( g’:ff;;"?:.PgQ
2 I

The operator T' has no diagonal satrix elements in the re-

prosertat lon based on the first order wave functions, and the

L]
ener;-y c¢citrivuticns are nrogpecrtional to gi«.P;a-Jz - 52 and

Pgﬂ-lz mhus the contributic-is of T!' glor.z cdo not affect the

14

zeta values. Howover, due tc tie rfirst crder vivration=

46
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rotetion interactlon energy, the ternm

mR I SRR

*

“has matrix connections in common with the relatively large
anharmonic terms and "1nterference® occurs which produces én
energy correction linear in X. The physical picture of how
tle zeta values are changed b& this interaction is rather
simplo; In the actual symmetric top molecule undergoing de-
generate vibratlions, an individual nucleus moves in a small
elliptic orbit inclined at some angle, 91, to the symmetry
axls. The resultant internal angular monentum, due to the
sum of trese nucloer contrimuticns, lles alﬁng the symﬁetry
axls arc¢ 1as tha valuve kg, where { 1s a welzhted average of
tt e cos ei. 'f t: e restcring ijorces are harmonlc, then as
tr e vinra-;Ans.become more ener;etlc and the elliptic orbits

become larcer, ti.e tilt cr plteca an jles, 91, do not changee.

However, in the presence of anharmonic forces, the angles 61,,

in general will depend on the sicze of the orbits. The first
order ¢ values are based on infintesimal amplitudes of
vibration and hence.on limiting‘valuesvpf the 6, as the ale
liptic orbits are shrunk to zero. Qg*determining the "inter=
ference" between anharmoniclty and vibration rotation intere
action, one 1s thus determining trhe mcdificaticn in the vitch
anzles which occurs due to the finite size of the actual
nuclear crblts.

For the actual calculation of thils "interference" con-

trlbutich to the energy, 1t 1s convenlent tc use the polar
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normal coordinates /X, ¢, rather than the cartesian normal

‘coordinates §., V]! . Interms of these polar coordinates

1 -BIG(Ch vm--m;;g; e f o} e D3 & 30

th

It n,» 1, represent the vibrational quantum numbers of the 1

1
two dimensional oscillator, then the matrix connectlions for

the above (1,J) terms are of the form

N, n s My N 2y Y\,tl’nx
l; » 13 , R\‘ «—> ,Q-Li'l ’ R;ti, XV\
The lowest order anharmonic terms having these same connections

where X+1i3

are quartic terms of the form

- o) i)
II AV4 = L { i PE/OJ + O‘sg»—?ﬁ%{ 3 + € ‘}

L4d

The interference energy contribution to the vibrational state,

(n,1) 1s
' NS TN
(2 Em,ﬂ\ - Elny) -

The evaluation of this sum requires the matrix elements of

the following operators .
e
(a) pe
(b) P
TP a3
(c) e} %,; * e *up} i

n~. fn- "\'-}_‘ = *ik 2 _ B _2f3
‘}’n,._j = ~'fq‘) (_:.5!)('1) € ?‘IO.RQ v [Lmﬁ = Z 1) 2 ]

s N {
Aep)t L (2 A




~ where A, 1s :elate& to the normal coordinate,f3 » and the
vibrationeal angulaf'velocity! w, by the equation |

P=YV5 P
From the above expression for \P“’Q » one may obtaln the
following recursion formulae whidﬁ give directly the required
matrix elementsa, |

*‘_¢

(a) Pe Yos

,..|.*

\ \, .
3 2
) \ym\,lz\ + ("\";f') \yn-\,ﬂtt

Liq

3
(b) /Ooe *’V\l

n~n+1) (n *R 2) (nd.“) \YV\H 221

- “1 . Y '
+ 3“'\': *R ( % *\‘\#ll \+ 3“"2 1(V\J)2 \Yn_h,\!\

C v, - v} “29\ IZ
+ ('_\.%_3)‘('3{3“)‘(——:) Y“-v,,nn

| TN,y ¥ |
(c) € ( 3 GP) \yh R “’R * l) \Ynu 23t “)2 \i’“":h\

For the pgeneral vibrational state (n,l), the energy contri=-
bution given by equation III' may then be computed as

"‘)L\‘\)ﬁ 2 3 AL S e ‘\,_.--5/2. f_ "2.
v .AE”‘:R3 = ;t LIEK C'L..) { ) (3’&1-1(;:‘- 1)[“\: \q).) (\J)}

Letting

3 2
4 G, o L-))‘l[“u(*ﬂ l(%)} =G
R (D1-9)

then the contribution to the zeta value 1s

\'
& f(“aﬂ) = -f\f;( ngy ~ é,‘ ﬁw (1 ZQ)(“ "ﬂ
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The coefflclents of the quartic potential terms are not lnown
for ethane and hence one cannot make a direct numerical cal-
culation of AOC . However,“an éstimate can be.made of this
correction. Thus, barring near rescrances, /ij is of the
order of the ratioc of the energy contributicns of the quartic
poteritial terms to the quadratic potential terms._'Fqg 002,
some of the quartic terms have been determinedl3 and the core
responding ratio 1s about 14. The manitude of A§ for low
quantum number vibrational states is then abcout

| /NG = .01
Although relatively small, this correcticn is a factor ten
larger than the uncertalnty of-hirh resoclution measurements,
Specializing equat ion V to the cases of fundamental and simple
combinqtion vibrations one obtains

Case 1., Fundamental vibtrations: n,; = 11 = 1; ng = lj = O,

NG = ) 20553

If one designates the measured zeta value by Z and the treo-

retical first order zeta value by € , thnen

(1) Z‘LE <+AC_ = f.t + L 2(;@13",6‘1)
From the form of £4.§; , it immedlately follows that

Z; Zﬁ_==2; i

and hence tho Teller Zeta Sum rule shoulé hold for the Z1 as

well as for the §i

Case 2, (A) First harmonlc vibrations: ny = ii = 23 nJ -‘ij = O,

3ty o,

ASa = ) 6Bi-48i= 206G+, 28
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and since Z el — 2. Ci * A<l+i

one obtains

(2) ZL*LZZZL*’;ZﬂU

Case 2. (B) Simple combination bands: ny = 13 = 13

nk=lk=1:njﬂlj=0.' ' —
AG,,. = ? 2(Bu-B) + .?. 2(Byi~ P - 2( Buc+Bui)
= A% 6% - 2(BwrBu)
Zoivw = S8+ ASi

@) Lo =L L 2(BurA

The questlon arlses whether one may determire the AS, from
measurenents of the rotatlonal spaclings of thre fundenental
and simple combination vibrational bands and thus be able to
wheasure" the theoretical first crder &; values without
mowing the coefficlents cf the guartic potentlal terms,
(assumin~ of course that the AS, values are the result of thre
above interfercnce mechanism.) If there are N fundamental
vibrations belonging to the saue degenerate symetry class,
then in princlple one can measure N rotatioral spacings of
the funadiientals and N(N+ 1)/2 rotational spacings of the
harmonic and simple combination bands. In order that these
measurements suffice to determine the N filrst order &§. values
and the N(§ - 1) wnlmown 3ij , the number N rust satisiy the

condition
N+ NINW/2 2 N¥NIN-D or N &3
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For ammonis, there are two degenerate vibrations and hence the
rotatlional spacings could serve not only to determine the &,
and /3i; values but also to check the predicéed behavior of
the L. wvalues, Wilth ethane N'P 3 for both the perpendicular
active and the perpendlcular 1nactive vibrations and a cone=
‘plete set of comblnation band spacings would «be required for
determlning the higher order corrections to the zeta values.
Unfortunately, whqa there 1s a large number of fundamental

and simple combination bands, there are invarilably cases of
near resonance., In such cases, the rotational spacings of

the interacting vibrational bands téqd to become equal, and
the corrections to the first order zeta values.are not of the
same form as glven.by eguation V. The effects of resonance

on the zeta values of 1/g and 1/£0 of ethaﬁ?:will be cone=

sidered individually as the occasions arlse.




CHAPTER V
THE " l/g PROBLEXM" _

The fine structure of the 1/8 vibrational band as measured
by Smith (Figure 10) has a ragged appearance suggesting the
presence of resonence interaction with another vibrational
band. The determination of the fundamental fregquency and the
unperturbed rotational spacing requires the detailed inter-
pretation of this fine structure,

Tle probtlem conslsts of two parts. Flrst, the assignment
of a quantum number K to each Q line, and second, the deter-
mination of the unperturbed rotational spacing and perturbation

pararieters wrich quantitatively predict the observed positions

of the Q lines.

As guides to the assignment of gquantum numbers, one
utilizes the analyticity of the unlknown function V(K) 1n
order to obtain relative assignments as well as any recosnlze
able characteristics of the spectrum which can lead to the
absolute asslgnment of the lines. Fortunately, the fine
structure of"Lé becomes regular at the high frequency slde
of the band indicating that the influence of the local per=
turbing forces vanishes inthis direction. By colncidence, the
spacings assoclated with the A J = +] transitions are almost
exactly 1/4 of the Q line spacings and the usually broad
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 inertie, one may calculate

53
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a theoretical 1nten§1ty distribution for the equivalent une
perturved barnd. This predicted intensity distribution 1is
pictured in Figure 11 and includes the statistical effect of
nuclear spiln which enhances by a factor 6/52o the Intensity
of those Q lines identified witr K (ground state) equal to a
miltiple of three, A comparlson of the observed and pre-
dicted fadings of the Q@ lines into the substructure gives an
1dentification of these lines with thelr proper quantum
numbers.

From hils exanination of the 'Lg band,SmithL;oncluded that
two distinct reglions of perfurbation were presént and sug-
gested that these perturbations were the result of Fermi and
Coriolis interactions with the combiaatlon band Li+_12 which
presumably lles in this region. The general nature of reson-
ance curves, T/(K), is well known, and forewarned that two
such curves may\ﬁe present in the 1/8 band, one can proceed
with the stepwise assigmment of the Q lines starting from the
high frequency side. The results of this procedure do indeed
cive two resonance like curves for the functilon Z/g(K). Howe
ever, all of the cbserved 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 ex}stence and
position_of these "extra" lines are actually a consequence of
the interaction scheme suggested by Smithe. If this inter-
action scheme is correct, two interesting concluslons irmedle
a%ely follow., First, this scheme 1s permitted only 1f the

equilibrium confisuration of ethane 1s the staggered form D3d




Ty

1 o

] :07

W=

|

m

ﬁ.UoOO%I = .L‘)N i v
of V? u |
N A0 AV Y| v
| .#DJJ&*Q’.Q m*..w;u#SH 1T} 2A03Y
rbl

.:‘ .w_k

I

«— fh3yisuazu]




o7

and hence the presence of these perturbations gives an alter-
nate proof of this equilibrium configuration, Second, sincé
the torsion frequency, 1/2 is kmown, the value for the fre-

quency L/, often called the "uncertain freciency" of ethane,

can be estimated from the calculated position of the comblinae

tion band N
4+ 12 ‘

If the 1ine assignments, given in Table VI, are Jorrect,
then without any perturbation calculat lons, the unperturbed
rotational svacing can Le determined. These assignments
moreover, indlcate that:t the resonances occur near the middle
of the band, and hence the line nositlons at the high and lqg
frequency limits are approaching asymptotically the hypothetical
positions of the rescnance-free band, From the measurement
of these two aSymptotes (one at each 1limit of the bahd), one
can determine the normal band center, and the spacing and
convergence of the resonance-frec Q lines assoclated wiﬁh l/g.
This procedure gives |

V, = 1472.2 cmt>

1

AV = 5,553 cm,- at the band center

8

l/g,‘one has three essentlal perturbation parameters, (1) the
vibrationél frequency of _Li+-12’ (2) the strength of the
Coriolls coupling term, and (3) the strength of the Ferml
coupling term. These narameters enter 1n ti.e followln; way.
(a) The lowest order gnharmonic term which oean couple

th ion
e vibrational statea Lg and Lé+_12 is




Table VI

Line Assignments for the g bande.

" o . line pogition° obseryed°;1 predicted 4
ne no.,” K X' cr’ §£§2:““§ﬁ&)cm. BEK)- &(K)om.
55 10 9 1418,71 -39 o4l
60 9 8 1424456 | -3 L
65 8 7 1430.34 -3l -o46
69 7 6 1435.55 -.74 -e49
72 6 5 1439,53 C a2.47 -2,04
73 6 5 1441.36 T4 -e25
75 5 4 1446,38 -1.41 -1.19 ;
77 5 4 1448,52 073 035 é
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 -2.45
81 1 O 14638445 -1.84 -1.90
82 o 1 1472.95 =2,90 2,74
83 o 1 1475.87 .02 ‘ o
84 1 2 1477.78 3491 «3+95
11 2 | .14 .97
85 1481.49
2 3 5441 54933
86 1 2 1485.54 4.25 4,34
87 2 3 1488,28 1.38 1.66
38 2 3 1489.29 2439 . 3.21
89 5 4 1493.58 1429 1.62
90 4 5 1498,.90 1.05 1,38

° ppom the data of L. G. Smith *
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Table VI (Concl.)

line position

K. _K' cms
5 6 1504,13
6 7 1509 .47
7 8 1524.55
8" 9 1519.85
g 10 1525.14
10 11 1530.51

11 12 1535,.30

observed

o(K)= g(K)emTl

predicted
B(K)" 8('1{)3310

-1

.84
77
.56
.40
.35
41
oAl

1,09
«90

.78

67

.59

T .53
48
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. ‘ ;.[ q’g— Ql?.] ‘.‘-[ "‘pﬂ-q)‘?-_]
b‘ ﬂﬂsﬁz (e - e )

2t

_where b is an uniknown coefficient and ¢ 4 18 the torsiocnal
normal coordinate, etc. As this 1s a purely vibrational

coupling, the matrix connections of this term obey the selection

rules AJ = A K= 0. Designating the two components of the
vibrational u,téte 1/8 by I/g and Vé, A_t:pen the matrix con-
nections‘betwean 1/8 and V4+ 1o are of the forn

AT AT
| 2t

FAN for ]}i:—* 12‘:.1

= S=—A for l)’-—’V—

|22

- o forV; oW

oY \); “V;:cz
The pure imaginary number A\ 1s taken as the Ferml coupling
parameter,

(b) The zeneral Coriolis interaction terms are

(1) (Rp*Rp)/1.
y (2)  Rer/l,

These two terms would in general give two perturbation para=-
meters. Howevér, the selection rules for the second term
are the same as for the Ferml Interaction and although 1ts

inf.eraction strength 1s dependent upon the quantum numder K,

i1ts presence would be somewhat masked by :thg Permi interaction.
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Thus the combined actlons of the Ferml coupling term and this
Coriolis coupling term can be characterized fairly well by

the single parameter A . The selection rules for the matrix

conneotlons of the term (P,p -+ Pypy)/Ix are

VS (K) o= Lyaig (ke

. s AJ=0
L{;(K+0~—' LﬁHle) ’

The formi of the matrlix elements for these connections 1is

A V(I-x)UT+k+) 5 d47=-4d

In the harmonlc oscillator apnroximation of the vibrations,

¢

there 1s no coupling between l/é and Lﬁ_+12, and the none
vanishing of the coupling coefficient d depends on the ane
harmonic potentlal energy terms. Although the interactlon
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, thls average value is essentially

Jd=f, a pure imaglnary number independent of K, This vpro-
cedure focuses attention on the centers of the Q lines anér
the number f 1s the streagth parameter for the Corlolis inter-
actione.

The enersy cor:tributlons due to the Fermi and Coriolils

Interactlons are determined as the elgenvali:es of the 4 x 4

matrices ,
Eg AN 0 t
Ny Ea. ¥ £°
@) f E;(K+q AN
; O AN E"\n?.(Kﬂ)
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where EB(K) is the energy of the K'N rotational level of the
state Vé in the absence of the perturbing terms A and f.
Thus,

\

2, 2
Eroa= Ego + B(1, - 1)K - LA

- 2 N 2 P
EQHI(K‘ = E o) ‘E\Z( 11 I.\K - 11\-—1{‘1\(

a4\

— kR \ _|_-\ 2. 2
£ e = Eglo) + W (7,- LYk % Gyl

- — z \ \ 2 {3
E‘\uz(‘“\) - E‘H\z‘o) v %(T; T‘XK* 1) + '{‘Z{xa(Kﬂ)

(¢c) The third and last perturbation parameter gives the

position ol the vibrational frequeacy of 7/4*_12 relative to

]/8 and 1s deflined as
| a = B0 - Eto
Starting with Smith's inltial values for the moments of

inertia and zeta values

1 hjawel, = 2,524 om- e = =.298

K/anc I, = 045583 — . = o380

one obtains falrly good agreoment between the observed and
predicted fine structure of ]/8 with the choice (in wavee

number units)
A = 7,0 cm™t
*
ti = 1 ,cm_2

L3
L = 16 cm2

(-]
Letting VS(K) roeprosent the positions which the Q lines would
have in the absence of the resonance interacki ons, the difference

~
-
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functions
7{(1{} {observed} - ﬂe(K)‘

anc Vs(K) {predicte'd} - VBO(K)

are glven in Firure 12.

As an example of the calculations, consider the inter-
acting quadruplet of states

-+

1 (K = 3

I - = .

Vprrz )

Y (4)

8
/"~ 4 a
4+12 (4)

+ :
Relative to the energy of 7/8(3), the unperturbed energies

are .
7/8+ (3) =0 _ cm'.'i‘
2/% (2) = -3.12 cnm.
4+12 | 3
Vé (4) = ©.35 cu.

2/”  (4) = 23.54 —
4+22

mhe eize:valaes «f %tlo corresponding 4 x 4 matrix ané t-e

compos’ticis cf Lhe rerturbed states are

o X 578
State Erer %7/8(3) ;7/4412(3) %V8(4) 7{4'12(4)

D

I. 3.21 o™l  43.0 25.4 21.0 0.6
IT. =5.93 crtt  31.C 68.1 0.8 0.0
ITI. 1.66 cuTt 25.8 6.6 64.6 2.9
IV. 24.13 crtt 0.0 0.0 3.5 96.5

Sirce the selection rules for transiticns to the vibrational

sround state H(K) are
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',I/; Ay — K(Kﬂ\

cne can conclude, for exarple, that the perturbed level labelled

I above can make transi tlons to

elther V,(Z) 43% relative intensity
or 1/(s) . 30% rolative intensity |
The absorption line L2y — I . will lie

3421 ca:l above tre normal position of the unperturbed Q line
22y — l{*(3) « The arsorntion line 1{(5)—a 1

will 116 3.21 = 2.85 = 0,36 cmTt above the normal position of

the wmperturbed Q line 17 (5) — 1/°(4) . It 1is these

shifts wniich constitate.the difference functlons plotted in

Figure 12,

The agreement hetween the gredicted and observed line
positions of the Z/é band might be Iimproved socmewhat by a
more careful determination of the perturbation parameterse.
However, the wvalues chosen are such as to show the essentlial
correctness of the perturbation scheme, The result of the
Fermi and Coriolis coupling 1s not equivalent to the simple
superposition of these two interactlons. The "extra" Q lines
are one of the characteristic features of the spectrum and
these may Lo thought of as arlsing from a sell resonance be-
tween the rotational levels of LB caused by the combined
action of tihe ~erm! and Corilolis interactions. (Two diffetrent
rotaticnal levels of 14; are coupled tc one another via a

third level of 'L/ .)
a+12
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17 OF THL GENXRAL POTENTIAL CONSTANTS
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A. The perpendicular active vibrations.

The three palrs of symmetry coordinates were chosen asa

follows:

(1) The distortion of the "hydrogen triangle".

The displacements of the nuclel of the opposing or "primed"

hydrogen triangle are specified by the symmetry conditions
Xyg = X4 3 g0 =¥, and hence need not be schematically ine
dicated. " By conventibn, the eq al magnitude vector displace=-
ments shown above correspond to positive values 6f‘ g]f and

¥),.- For normalizatien purposes, the units of 'fl and'v71

are chosen so that the magnlitude of any hydrogen displacement

1s glven by Vie2en?)/o .
We shall adopt the more brief presentation

-1/2

AN
42\ N scale factor: 6 = ,4082
3 —-~-’;\< o 5
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(2) Rocking of the hydrogen triangles:

1
. 2 1/2_ -
scale Tactor: (3tan 45) = .20585
3y Tranglation of the hjydrogen triangles:
1
x
I
§3 scale factor: 3_.-—51";; =.,4574
t——9 |
Y

for Y) 5 positive, the hydrozena move out on the y axis.

It will e notcc thnat tiwese coordinates uniquely specl-
£y the confijuration of tre molecule whatewver the ratio of
carbon and hrydrogocn 1@3ses mey te.  They are tlius geonetrlc

’ . R . e - 12
coordinatea in ti.e sense used ty Joimnmston and Denrnlaon™ .

In terma of these coordina“ecs, the expreasions for tae

kinetic cnergles arc
2T = m § (€ « (0 +(8149]) ]

2T = vt} (&) (£199)) *(éiﬂ’?._;)g for CpDg
qQ

witere g = 3m"+M - 12010
ZIm e ™M
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are tie unliter: Ltrancsiormation matricce

Qata cvallaixle Tor to rervendicular
ulte complete nd unarti vous (the ex-

tee. Jlscuscsd in Chaptera 1II and V).

C e m a s
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fatle VII

Data for the rerpendicular active vibratlio:n:

Sondemental reguency
a4

Reference

cnm zcta value

=

2305, 8 « 095

- ¢ = >
_L“7Lo~3 -.\JOl
- - N~
a e )2 o oY
e o
[SANSTY ) - -

4]
[
N
u

132

T 5o
PO Y * . -

(10)
(10)

(12)
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Table VIII

4

~
r s

S 3
S
S ..

g

2 %)
~J =
W

(O w
&

03]
&
¥N

My

~J
W)

[e]

t
.
&)
L30]

N O v

]
L ]
1
(%Y

Tor the perpendicular active vibratlions:

11ts of 10° dynes/cm.)

1.1819
1.7200
1.6934

ompor.ents of the zeta matrices:

= ansl

= 296
= .845
= .295
= ,279

unitary transformation matrices:

Y
S

e

*

»
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Tabls IX
rpedlctod versus "observed" rormal frequencies and zeta values

for the perpendilcnular actlve vibrations.

Normal frequencies tha val ues
(om3Td)

Vibration Predicted Observed Prodicted Observed
", . 313549 3139.,9 .098 095
u)g — 152AR,.9 1525,.4 o334 331
W, BLS.1 821.7 .236 e236

\3-?:1_. o
»
W) ., 2301, 0315.5 213 -
u)"8 1105 .3 1110.7 -.203 -ad23

u)"g 595,42 593.9 +130 .182
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Z » Tie perpendlicular inactive vibrations.
Tre threes palirs of symmetry coordinates were chosen as
follows:

3} "= distortion of the hydrogen trilangle.

?é_ T Aa Scale factor: 6-1/2 = -.40825

2 172 coprosing or primed hydrogen triangle undergo

gl SR =il
Sfszlz-. memts governed by the condltlon Xgr = =X4 3 Tg1 = =Yg

2. Siweeri:i- of tnie hydrogen triangles (also could be

callsl The Leteral distortion of the hydrogen cylinder),

___AL__,__J__.__, _
B Scale factor: \IZ/RL = .22072

s tre mcrent of Inertla of thre hydrogen cylinder about
ar. 2xIz rcerrondlciiar to the symmetry axis, For positive values
v _, The centar of the hydrogen triengle (1,2,3) is displaced

rositive y=- directlion (by an amount .2270,7) , cm.)

th

cit siorc TT

b Y

Zocking of the hydrogen cylinder,

Scale factor: V"mi_“ = 43096
2L.M
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Me displacement of the hydrogen triangle (1,2,3) 1s 1in the
positive y direcilcn for positive values of V?s.

Tn terrs of trese coordinstes, the expression for the

kiretlc enercsles are

)
H
n

£y + (E00) ¢ (8]

e rer | (BN (RSN - (8000
T

where T o= I/ = 1.4372,
Tre most ceneral {orm for the potential energles 1s
. 2
2V - ka = a\\( Enz*qi) k ((17_(51*-‘/7:) ¥ a'ﬂ(E:"'V}:)

+ 20, (E.gz‘\f."}) +24,( E.g; *Y).‘(h) + Zaﬂ( €2€1 +V11.V21)

T ¢ o vworont of the vibrational angular momentur along

ti.e sym-etrr axis is

1
C(ERnR) * am (GRoLR) 4 (155~ 2YER-R)

for CZH : P i} ¥ 3 ?%‘(1— '}il—c\( 'I“I;;IC)SVZ{ ( {zﬁ;!—qxa,}+(€3‘>n1-02?§b%

» . » -
With trhe normallzed coordinates 5‘, = f‘ > §1=f, ; g; = gs/VF ’
‘the exrressicn for the vibrational engular momentum of 02;6
{8 the sarie s above but with all quantitles starred,

In these coordinates, the components of the zeta matrices are

thus
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- ‘I?_
7., = 1./21, = .2923 Z,:1na:0

Zyy = (1ge+2)= 8357 7, <1320

23,

Z: - - 1 . Z:’5 = Z";Z = .28‘*‘\
ZZ'L = -zqzs ZT-S ; Z*a‘ = 0
7', = 9857 7%, =715 =0
The zeta sum rules are r. . = I;._/?.I, = ,128 ; 2: f. = ,178

The fundamental frequencles and zeta values for the per-
pendicular inactive vibrations are listed in Table X. Unlike
the casc of the perpendicular actlve vibratlons, some of these
adopted values require additional explanations. The values
in questicr are (1) the fundamental frequency and zeta value

and (2) the fundamental frequency and zeta value for

The frequency, ‘}/12, has been termed the "uncertailn
frequernicy" of ethane since it has consistently avolded direct
detection by Raman e'ffoct. Te localization of the region in
which t:is frequency must lile has been established by a serles
of indirect mot‘no‘ds, and Ferzberg reports an average value of
1155 emTl. However, Smitli's recent data sufflices for a more

1

accurate deterrination. The valﬁe V4+12 = 1480 cm. obtalned

from the analysis of the %

8 band together with the value

R
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Table X

Fundamental Frequencles and zetla vaiuves fcr

perpendicular iractive vibrations.

. Pundamental frequency
Yibration u.a.,---£¥525---_.__-_ zeta vaine
L0 2955 .
V1 1460 o354
V 1190 - 450
12
17 :
lo s idowad - e
1/11 1085 -——
V] 970 —

12

the

<X

reference

(9)
(9)
(9)




Ié = 290 cm?l 10, “ives tie adopted value

As T rtler support

plauada. 1€ agssl nm
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Lé? = 1190 cm:1
fer tris valie, therc are the hilghly

00,1 cmT

1 = COC1.C coTr - 1. -
1p+ o T SOt e 1~ Vigvo Vo
) = .3 a AT / -1/ . 1121 .
bigv ~ 7 =0 2 li2 ~ V 12+ 8 e - Cr e
'; = AT "L O o -1 1/ ! : . -1
b12+-r S A A L PR 1/12+ ” 1/7 = 1183 Chle
T. ¢ ccta values l// may be determiined from the ro-
PRI | - E I =1 // V [2aX
CATL T . .. Jp{‘;;:_-is Q2 Ve L b-:.‘ﬂQS Z’ fj*‘ 9 md 1‘._’_ r;;. J.Ile
P o,
retat’ 2l structure ol ., g 18 complicated presumabtly by
a Fer-. +d Coriclls imtoractic: with Z! and rossibl;
d * 12+ 12+ 4 ! J
alsc iy tie overlapping of 7/3.0_4.)
A - e oo (
= 3 ma - 7EH — = .48
V12+ 9 '7. O c 9 {12 + : 2 12 ' (-9
i ~ -1
Adopted vVelue: flz = ,490
Ti.e Informaticn corcerring ’iO 13 abundant yet at first

si/.t ratrer paradcx

14

1¢C
analocus perveriloul

* Ny

frequency

-
narmar.

Ti.o cbserved

halow

© gmitly reroriei ti.e
tivel,, 12t recxarli:.
above listhtad

VLl s

e
—— [

-

d}

I+ is expecied apriorl that the

*rale.

ariroxinately eaual to that ol tre

1,

I

s

-2
ar nctlve vikration namely 2995 cile

sriscenonts in this reslon are clven

-1
& s~znircs as 7.64 and 7,00 cn.” respec-
©*c of is datw seoms to 1lundlcate the
5 te rruoleratle,

°omy e dipole couplilin_ betwecen & comblnation Jevel and tre
vivreticnsl romd state Is suonh that if R, £... represent ti.e
azimithual %rart m naciers, tte azrare’.t € value for thoe com=
binaticn bana ls “i; =4 (L4 C) ovem (2 46) 35 {ZL\= ey or In-1.'°0




79

Lewis ana Houston Glockler and Renfrew

Ethane gas2e Ethand 11quid=>
2899.2 cm-t (strong) ' 2844 cmTt (strong)
2939.5 cm=t (weak) 2922 emTl (diffuse)
2955.1 cm=l (strong) 29041 cm?) (strong)

2969.5 Zz;i 2963 cmtt (diffuse)
2989.5 critl ( Siokes

2999.4 cmz=l
3000 .3 emTt

The strong lines are polarlzed and have been asslgned as
parallel inactive (syrmetric) vibrationsg. Glockler and Renfrew
considered the diffuse palr of lines at 2922 and 2963 em™t as
a resonance dcublet involvilng 'I{O,and,in their 1938 summary,
Crawiford, Avery, and Linnett adopted ti:e value 1/;0 = 2963 cm,’.'1
Lewis snd Houston eattemprted %o correlate the Stokes lines
with the strong line at 295b.1 cm?l, but pointed out that ti.e

initial spacing was lnconslstent with thecry.

If the vibration /10 is in resonance with some comblinatlion
bpand as suggested by Glockler and Renfrew, then tre fundamentai
frequency of ]10 should lie somewhere between the limits of the
resonant do:llet. That such a resonance exists i1s clearly
shown by Snilcti:.'s data on rotationsal spacings. We hence postulate
an interactlion betwecn 710 and tre harmonic vibration lé*_e
nrd will st.ow that this interaction 1s consistent with the

obsorvaticns.
First 1t is necessary to dovelop a simple formula ine-
volving the behavior of zeta values for resonant vibrations.

Desighating tine higher and lower of til.e two unperturbed
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energy %evels by EH(K) and EL(K) and the higher and lower
energles of the resonant doublet by EH’(K) and EL’(K)' then

perturbation theory glves the relatlions
.1/2
2E,.(K) = E; + E_ + i (Eq - EL)z + 44\22
, 1/2
2E;. (K) = E. + B - }_(EH - EL)2 + aN®

where /\ is the interaction constant. The hlgh frequency cane
ponent of the resonant doublet involves the energy levels
EH4K) and 1ts rotational spacing 1s characterized by a ch”

defined by tre relation

IR B N <

K L N ' -

EAO) = L0 Lo

Expressing f%* gnd fia in terms of QH and SL »
~ d ﬁ-’ﬁ\_\,"g - Co-nL Eu EL
SHn k > WA S I (—Hz )1 Foas F:i

i

I S O I A SRR F R
‘'he qualltatlve features desired from tha;e relations are:
(1) At complete resonance, EH = EL , the §; values for
the resonant doublet are the sare and equal to the average of
the { wvalues for the unperturbed bands.
(2) At incoriplete resonance, ( p, has a value between
SH and (SnuvS ) 2.
‘ (3) If *rhe fine structire of only one component of the
doublet is oiserved, it can be recognized as the high or low

ener—~y component dependlng on whether the (» values increase

or decrease in going towards tihe lower frequency limit of the

band,
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Utilizing the zeta sum rule and the already assigned values

for gll and 512', one obtains the calculated value, (10 -
«.008 for the unperturbed vibration. Simllarly the zeta

value for the unpertur‘bed harmonic vibration VS + 8 is

(8+ 8 -2( = .662. One concludes then, that any intere

action between 7{0 and ]/8+ a will result in a perturbed

510* value lying between the limits - .008 and. .327 =
(.652 = .008)/2.
A list of band centers and zeta values obtalned by Smith

and presumably involving . .are

10

-7 -1 y o= -1
L , ™ 3258 cm. Lo = 2968 cn.

4+10 . 10
é 4+ 10* = ,0164 ( 10* = «164

6 + 10 . 10
] » = 4416 cmT> Vine = 2044 cm3t
“g+10" * . . 10 .
‘gr10” = =09 ¢100  © -370
g -1 = -]
by o = 5950 ot Ve = 2985 omt
Sweqor = —e228 ¢ 30 = .135

The vibrations listed above as Z;.O’ may be considered

as comnosed of X% ZiO and (100-)(),0 where X 1s defined

8* 8
b; the eqiatlcn

S‘V = :‘_ -: ~ 10 | AR
c® eIl = 3.y

Thus the vihration lé .1~ 18 composed of 44% V8+ 10

and 56% L and hence should nreferably be labelled

8 v+ (3+ 8)




g2
- b o N
]// . Tho variaticr. ¢ tue values between the dif=-
» L P
8+ (3+8) 10
ferent comuiration tands 1s just what one shoulld expect since
. - )

tr.e ser.ersl ef:ect ol erdiamam L2lty 1s to cause the onersy space
ir =s vpetweer. ti.e varlous comdliratl s levels Z/ -Z/

: 1+10 “1+(8+8)
to shift aru if.elce vars tle rescnant coinlirng,
0f cosrse bt e2se rercenta e valies orly have si-niflcance

at the band ~a. tors v.ere tl:.e albove zobta val ies were measurcd.

.
nl- 27 e o250 2477 bard was t e fire struoctare sufiiclently
clear Ltc e ow oaco et deteoralrabtion of the corvericica. T

Evia caco, o o moazio oD v oo, 1lron dlecpreages, s:d hence the

Zi vilioo Licioease, 1 coir towards the low freguerncy limit

ol Lo trwal.  Frews itoe puanlltatlive resoalits listed previcusly,

4 o d - -1 . M .
one ccrclaldas at Liio ir 0 3251 emTT 1s the tilra frequency
2O Li.0ns 0f o weakly res. . . woatlet and hielce that Lhis

fre:we;.c, ¢l L. vnpert:rbe: vioruticn Z/ 10 1s less than

4256 conT oand L/ < o~ 2955 cafl. As a 1

2 7/2+5~'¢ V. = 2x147< = 2944 o:.7*. The mean of
-l

tiose tuo 1imits slves thie aconted value 2{10 = 2905 cnT .

S5 L. rest ecstlugte Tron. the L fra-rel data.

RS Vit L Sowl . &
et oyt tr %Yo Ramar. ddata of Lewls and Loaston, it wlll
bo coves U t ¢ Stoie. 11, ‘> fIt i:to o serlcs of which

e 20T, 2 TT 1ire 's oa nenmier, This serles, havin a

ot T LAl =7 22,0 ¢ Tl 13 missirma twn llnes, one at

bl .
gty - - -~ . [ -l A 4 4 N ad
Sr2 0 L ttoe gnter % D250.56 ¢, 7. Assumiin troal tire former
o EE I R Cot o rtoanT ot Ne latter c6s exlist

ota e oearol v v eurer | 20900 crTt 1ire, tho:n ti.c Sto:es

' 11,65 ans . e 2939.5 un'l line
as * o "i1rat OQ, 116 agaceclate i with tle viltratlion Z{B’Qf?’vmtese
are Q li. cs ¢ o rerpenclenlar beeid which criglnate from the
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transitions AK = %2, AJ = 0). The theoretical line positions

are ~iven by the formula (Herzberg PS.  443)

Vixy =12 + [4AGro) av] = ATA( ) -BIR

From t1ie ocbsorved positicns and spacknfs of tr1io -Stokes lines
pl:s the linre at 2939.5 cm?l one obtains

- QQ‘\'Z.?_ ;N’\.‘

L 1'(%»«%\* ‘ .
T L L L AL R

Thus wits ti.2s Interpretatlon of the Stokes lines, he tzman
data also Lim-i'cates the presonce of a rescnance interaction
vretwson . nc - and ~ives a lower 1llm i
e 10 and 8+ 8? I lower limit for béo of
. ), .
2347.2 enTt in mood acreement wiltih the infra-red data.

Tire valus (10 = -,008 has been omitted from l'able X

since '1 1s ..ct directly observed but calculated from the zeta
s rale.
It is necasasar: Lo mention an alternate intorpretation

of +he robtaticinol snacinds considered above. The simplest

Aoarisation Lonas lavelvins tho —aernendicular 1lnactive vibrations

are
) a 3257.8 crnt 3 7 = .164 ~ .. = .154
4-10 ) 4+10 10
= 1‘747 .1 e .: ; = -1554 s L', = -03b4
/4411 1 {a+11 11

One ae:; consider tne band Z4+—10 free from resconance inter-

astl-ns ard Loncd that the zeta valae c¢f / 1s actually
10
(L. = 164 'glnc the zata swm rale, one may then calculate !

12. Tre followiii~ diffieultles arise:

s

o=
> 1z
, -1
(1) :e¢ aromalnusly larie convaersens: of tre 5257.8 cn.
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pand and the anomalous varlatlions of the (;0 values in the
different combinatlions bands remaln unexplained.

(2) . The spacing of the Stokes linesls unexplained.

(3) 9he very large spacings of the combination bﬁnds
l/;*_lz'and Lg“*lz are unexplained. (These spacings are in=
consistent with the value §;2 = .312. Thils inconsistency
cannot be removed by reassignment or by postulating some
resonance interaction wlth neighborin:; bands since there are
no nelghboring bands with the regquisite zeta valuses more
negative than the respectively observed values =.725 and =.537).

To surmarize, 1t 1s felt that the adopted interpretation
of the rotational spacings ( (10 = «.008; Cll = -e3543

t12 = .490) permits a simple explanaticn of the available

data whereas the alternate itnterpretation does not.

The normal frequencies for tne perpendicular inactive

vibrations wero estimated from the following set of anharmoniclty

factors.
xlO = ,0694
x11 = ,0590

xlz = ,0450

Tese values are the consequences of the listed fundamental
frequenciles, tihie product rule and Lre two assumptions
1~ 1 -
(1) the ratlo, xll/xlo 1s equal to the ratio of the an
harmionlcity factors for the analosous triply degenerate

vibrations of methanej; .039/.046 = .85.

(2) XN T 045,
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The second assumption is based on the following sequence o

c-C-H bending vibrations®

, Acetylene Ethylene Ethane
Vibration: o ‘Li(ﬁg) : 'Lg(Bzg ) —Liz(Eg )
Frequency: 611.8 caT} 943 cmTl 1190 cmTt .
Anherioalcitys .032 .036 (.045)

As allowance for the uncertaintles 1n the (10 and 4’12 values,
the potentlal constants for the perpendicular inactlve vibratlons
were determined so as to give (1) exact agreement between the
predicted and "observed" normal frequencles, (2) exact agreement
between the predlcted aﬁd observed §11 value, and (3) the
closest agreement between the predicted and observed »4712 value
consistent with the first two conditlons. The vélues for these, .
potential constants are listed In Table XI together with the
calculated values for the components of the zota and trans-
formation matrices. Table XII gives the predlcted and
"observed“ normal frequencies and zeta values for the perpen-
dicular inactive vibrations. <+‘he agrecment between the pre-
dicted and observed values of (l2 1is not very good. However,:

this should not be taken as evidence that the resonance scheme

° The data requilsite for the construction of this table has
been talken directly from Herzbergz except for the W bending
frequengy of §§D2' 'his frequency 1s listed by Hegzberg as
505 cu=+, a valué obtalned as the difference of 'L/*.4 =

1044 cuTy and V. = 539 cnTt. We have used the vaYue“5135 em3d
obtained as the 81fference of L, = 2440 cmTt (determined as :
a C,D, impurity bgndzan the presadnt measurements of GZDG) and

272
2 1T
]/3 = 1927 cnm
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for LiO 138 incorrect. The "observod" §712 value was determmined

from the rotational specings of combination bands and in such
bands the devigtions from first order tneoretical predlctions

are considerably greater than for fundamental bands.
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Table XI | ‘ _ j
Potential constants for the perpenclcular lnactlve vibrations. j

(in units of 10° dynes/cm.) - |

8y = 3.2438 a8y, = 1.7778 ‘-1
850 = 3.1594 Bz = 1.4010
8 . = 1.9345 8,5 = 1.4563

Conpone..ts of tho zeta matrices.

0,10 = 069 Sqo,01 = TS0

S11,11 = —-5%4 { 10,12 = ~-o%4

{yp,12 = +413 { 31,12 = -+012
~ x

{10,10 = 190 4 10,11 = 804

11,11 % =39 30,12 = —-%48

12,12 = -989 > 11,12 © =027

Componoents of the unltary transformatlion matrices. \

= QASA > 3 P O s 3 o= . §‘
10,1 3303 395,2 % %90 7 51,3 446 S0 Sk
- "7, . = £ 2 . o , - 2
Sll,l 8_\f704 ; 811,2 E72 Sll,s = oo E‘ g
. T
Slg,l = 232 ; 51‘3’2 = 389 ; 312’3 2 «.390 Siz \ 25
S, 3 596 ; 8] _ = 593 3 S;5 . = 542 b\ 5
lo’l ) 10’2 10,3
. $d ) = o -~ - E\l:
Sll,l T o T4 Dll’e Y AE T 011'3 = 223 :
SlB,l = 179 ; 313’2 = (250 312’3 = «.209
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i - - Table XII
Predicted versus "sbserved" normal frequencles and zeta values

for the perpendicular inactive vibrations.

Normal frequencles Zeta values
(cmfl)

Vibration Predicted Observed Predicted Observed
l/m 3175.5 3175.1 .069  (=.008)
Vi 1551.6 1551.5 -.354 ~354
1/12 1246.0 1246.0 J413 +490

',t
1/1 o 2347 .8 2347.8 .190 -
- /k
1% 1102.0 1102.0 -.595 -
11
3

L’lz A 1006.9 1006.9 ' .383 -
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C. 'The parallel active vibrations.

The two symmetry cocrdinates were -chosen as follows:

(1) Stretching of the hydrogen triangle.

/ \ scale factor:

ST ~ 6=1/2 o 4082

5]

The displacements of the hydrogen nuclel of the opposing or

primed triangzle are governed by the conditions Xy ™ Xg H

yi. = yi.
(2) Axial translation of the hydrogen cylinder.

— +——t - - - —@r-—f - -
4 4 scale gactor:
Sra+ M\~
62 ' (-—m——) = .45716
01 .
-z
€, = 4571 (2, 1)

The kinetic energy for thls class of motlons 1s
cs -2
2T  WM(E +§)
2r’ = w (€l §g)

ST+ M o
where = m | 1.20094

The most general expresasion for the potentlal energy ls

2V -2V "= 0y Ef + U §2 r2a: 6
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The TMndnmental frequencles of the parallel actlve vibra=

tions are 1lsted in Table XIII. The vibrations 7/'5 and 7/5*

-

are in resonarce presumably with the parallel active components

and 1the adopted

*
_ L .
_ 8 +1l 8 +1l1
values lle Lictween the lim'ts of the observed doublets

of the comblnation vibrations L

] . i 2895.5 cmTe ( o)
Heference 1
8+ 11 2054 ,0 cm?1

N

o873 cm?l

we

o 8+ 11

7 x Vﬁ . i
{ 2139.7 caT} (Chapter II)

In eac:. ~ase, the low frequency component 1is more lntenso.
with the cusitcmary assumption that the 1lntensitles of fundamental
bands are greantcr trhan thoso of combination bands, one can COn=
~lude tiat ti.e fundamental frequencies of 7/5 and Lg 1ie be=

tween the lower limits and arithmetical means of tne doublets.

£2395.5 < 1/’5 < £2924.8

2087.3 < L»"“5 < 21156.95

Pressing the ~prmanert still furthor, the nearly equal intene
sitles of t.u ethians doublet susrests that LS 1s closer to
the mean doubtlet frequency ti.an to the lower lim.t, while the
quite differe t Iintensitics of the lieavy ethane doublet
sugzgests that Z.; is closer to tlre low freqiency limit than
to the mean doublet freqiency. In view of tiese Intenslty

cons iderations, we have used tno 221 wei-hted averasesSe-

15

Vg = (2 x 2087.3+ 2115.4)/5

2915 cmtl

it

(2895.56 + 2 x 2924.8)/5

-l
2095 cm."

il
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Table AIIX
Pundamental frequencles, normal frequencles, and the potential

constonts of the parallel active vibrations.

Vioration Fandamental [requency Reference Normal {requency
(emtl) (emT+) |
‘1/5 2915 (pzs.90,92) 3061.0
1/6 1379.2 : (10) 1437.5
V. 2095 (pes.90592) 2169 .4
2
Ve 1077 Ch.IIX 1112.2

-

' 5
Potential constants (in units of 10 dynes/cm.)

all = 5,4342
a,, = 1.3051 .

as6 = Q.5775
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These values of lg and ;Dg'have beecn estimated using only the
positions and intensities of the doubletsa. One may check these
values by another method. Since the action of resonance dise
places the upper and lower components symmetrically from a

mean posltion, the frequency-‘bg may be determined from the
_frequencles Lé*—ll and the doublet components ( l/H and 1/L)
by the equation

7 o+ L = L/ + AZ/
H L

. 3 L ’ + L
Approximating the frequency of [ig, 49 88 the sum Lé /11?
one obtains the values 1%<x 2917 cm=’ and Z/kf: 2090 'cml in
good agreemnent witn thc values obtalned above.

The normnial frequencies were estimated from the following

gset of anharmoniclty factors.

xs = il

x6 = ,0405

These values ore consequencas of til.c rroduct rule and the
assumption that the ratlo x5/x6 1s the same as the ratio of
the anharmonicity factors for tnhe tripf; degonerate vibratlions
of methane, :aely 0.85.- Tne three independent normal frequencies
Just sufilce to‘determinevthe three potential constants. The
predicted and Y ohgerved" normal freguencies are tre same and
these together wilth the calculated potential constants are

1isted 1n ''able XIII.
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D. The parallel inactlve vlibrations.

The syrmetry coordinates were chosen as follows?

(1) Stretching of the hydrogen triangle

/ " Scale factor:

/ \
/ -
/ o .\z‘ 2 6 1/2, .4%25
T"he displacements of tne hycrogen nuclel 1n the opposing trie
ansle are governed by the condl tions Kyy = Xy 3 Tgr =Ty
(2) sStretcining of the hydrogen cylinder.
1
L 4
e -~ - @ ® - - Scale factOI‘t
6"V2. 082
[ 3 5
'
(5) Carbon=Carbon Stretchinc.
1
9
' - > <8 - - Scale factor:

| (m/2M )1/2- .2049

The expresaslicn for the kinetic energles are

op m Y I TieE))

1

- C e, where ¥ = m"/m = 1.9985
297 = vy /T)
3 T e 3
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The general form for the potentlial energles 1s
2V =2V "= dy, 65 vdy, g v Qs €y k20,65 v ids G855 20606,
The fundamental frequencles for the parallel lnactive
vibratlicns arve listed in Table AIV. The values adopted for
7/'1 and 7/; as well as 7/2 require sore explanations.
Ti.e higl: frequency vibrations Zi and Zé?are in resonance
presumabiy with tte svrmetric comporents of the harmonlc vibra-

tions cof either Lé or Lil' The observed doublets are tabulated

below:
Czh6 (32D6
: 9
:aszz llnuidzé £as liguid
0659.70 o=t 2aga o7 (2093 crTl) 2083 emt
0955.1 cm™' 2041 omTl (2157 exTl) 2147 cemTt

(rne "pas" vulues for C,D, have been estimated on tre basis

that 1n —oin_ from ~as to liquid, tie percentage frequency shift

for CZDS should be tl.e same as the correspondlrig shilft for Csz'
This %t:pe of frequency shift lras ai: emplirical basis !'n tre work .
of4#Fest and Edwardszs. According to these authors, Kirkwood

hes shown thwt a percenta~e frequenc: shift is also a theoretical
consequence ¢i a molecule interactir. ; with a dielectric mediwn.)

Trhe irtensitles of the doublet components arc very nearly equal

for beoth CZHG and.CzD6 and this fact su:-rests that in each case

tlhie rescnance is nearly complete and that the {undamental

* _
frequnncles L_ ana [ 1 should lle near the mean values of the

resonant doublets. The magnltudes ol the doublet separations,

hotever, indlcate Ul at the resonance should not be complete for
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Table XIV
Fundamental frequeric’es, normal frequenciles, and poterntial

constants of the parallel inactive vibrations.

Fuﬁdamental frequency Normal f;equency
Vibration {crmT=) Reference (cme=)
l b 2915 {prs . 94=93) 3042.8
Ve 1400 " (pgs.94-98) 1449.3
bs 993 (8) 1015.8
by 2100 (2) 2165.5
Lo | 1169 (9) 1191.5
ba 652 (9) 868.8

Ado; ted values for the potentlal constantsa

(in units of 10° dynes/cm. )

2
all = 5.3286 a12 = 0.704%7
8,0 = 1.2580 8., = 0.4311
8., = C.7886 8y, = 0.3010
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CZDG‘ For if 7/;. 18 in complete resonance, then on the basis
that Vl end U i are similar vibraticns, perturbation theory
gives the followlng inequality relation between the doublet

separations Aas 64 enTl of C2,D6 and OV of C,Hg

A [ V‘}VI/ZAV =395 col

The difference between the observed Al/.and the upper
limit given by the inequality relatlon represents an argument
that the vibrdtion 7/; 1s only slightly pert*.:r.bed. Stitt
has used the wvalue 7/]’: = 2100 cmTt and this is the value ziven
in “able XIII. ‘he adopted value 7/1 = 2015 cm~l 1s based on
the value of 7/5 and the s.ﬁnilarity between the rescnant doube
lets of the parallel active and the parellel 1inactive vibrations.
(A rather unéatisfactory check on tiils value for ?/1 1s given
by the fact that certaln of the potential constants become
imaginary 1f the frequency Vl i1s chosen fhiecar the upper limit
of tlie rescnart doublet.)

Tne frequency of the vibration er i1s not observed directly.
Crawford8 has used the value 7/2 = 1375 cn>l based on the

combination band 7,2+ . = 2753 cutt and as a consequence has

-3
assi~ned the Raman lines at 2744 and 2778 cm.~ to L2+ g and

7/6 .6 respectively. The addition to the acove data of the
1l

infrared band at 221° cm.~ observed by Snith favors a higher

value for | . PFrem the fact that tlie zeta value for this

2
band 1s 0.22, 1t mst almost certainly be irterpreted as
7/2+ g° Alsoc on thie besls that tiie fregquercies of corbtlnatior

bands are generzlly less tlan the zum of tre ccaponent frequencles,

1t 1s preferable to reverse tie above Rarian assigrnments for
7/24-2 and 7/5‘4-6'



The followlng data are available for the determination of

* a1 9
10 L; = 1168 cm.l
' = 1379.2 cmTl

6 10
]/9 = 821.5 cm%

| 10
= 2218 cm3t
2+ 9 3 10
1/2*'6 = 27563.5 cn. 5
Vgy = 2748 omo .
-1
Lﬁh*z = 2775 cn.

The simple differences give

o R
1{2 Vy, o= b g =1878 ont

‘ -1
Vo "“V2+9f‘Ve = 1396 m,'l_
V, ~ ely,, =189 cm.

These values for lé will tend to be low due to anharmonicilty.

The followin: estimates of 'L; should be preferable in that

they roughly take 1into ﬁccount the presence of this anharmoniclity.
(1) Usins the approximate 1sotope relations

1 =2 L (1-X
2+ 2 2

» - N * ]/z‘ ~
J g =2 yzu-vz)\)

one obtains the value ‘Lé = 1401 cm?l

(2) Using the same anharmonicity factor for analogous

vibrations
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}Z/szz = 7/4,/]/

L+ b

one obtalrs the value lé a 1396 cn.
: -l
We have adopted the average value 2/2 = 1400 crie .
e mnormsl frecuencies were estlmated from the following

set of a-narmenlcity factors:

v
xl = ,042
Xq = 054
Xq = . 0225

m-g values of the anharmonicity faclors for the triply de=
generate vlikrations of riethane were employed for the estl-
mation of x. »nd x, and the value x, then determined by means

1 2 S
.6 product rule. (The physical condition that the potential

¢t

of
corstants be real lmposes the two riathematical condlitlons

xy € -062 and Rat%e > .010.)

Thio five inwerernce:nt norual {recuerclcs are not sufflclent
¢ letcrane L'e fix pote tial en.etixts oF t~e rarall:l 1lne
act ve vI orooicon3. I, cr er Sc este 1isl a set ol values fof
“osa ~o*trt ol consta.ts, WC GO Foresd tco malle one assumaptlon
re-n~Cin- tl.o speciiis velerco force couplins constants. 1t 1s
arebharla that the ceuplin; constant er widdch cou_?les the |

carbonecarbon and carbonebydrogen stretchinms is small and may

ra cheoses to ho zero, Me ive relatlons amnong ti.c potentlal

cr

constants ~iven Dy tre nomizl freguencics permalts the expression

1
o)

tey
o+

-ese constants i termus of er. As ar: indication of how
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the célculated potentlial constahts depend on the value of this
one parameter, Table XV gives three sets of potential constants
fn the vicinlty of the point where the value of kﬁr vanishes.
Table XV also includes the variations of the calculated C=C
stretching constant, k., and the coupling constant ka which
couples the C~C stretching and H-C=C angle bending. The normal
frequencies and the adopted set of potential constants for the

parallel inactive vibratlions are listed 1n Table XIV.




R . .
100 *

Table XV
Parametric tabulation of possible potential constants for the

parallel inactive vibrations (in units of 10° dynes/cm. ).

111 = 55,2412 312 = 0,9220 | kh = 4,570
8, = l.3262 '813—8—0.4125 kh¢ = 0,562
8 = 0.7886 325 = 0.3538 kkr = 0,303
311 = 5.3295 312 = 00,7047 ER = 4.574
333 = 0.7386 325 = 0.33510 khr = 0.049}
'&11 = 5,4179 8o < 0.3568 kh = 4,662
' 85, = 1.1497 al:5 = 0.4570 kR% = 0,717
az: = 0.7336 ey, = 0.2940 th‘ = «0,352
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E. The tcrsilonal vibration.

The coordinate specifying the torsonal motion 1s chosen

as follows:

’ N Scale factor:

. .
N I /2 o .4082,

''he expressions for the kinretic and potentlal energles
are:
T=1/2 ME?>
T = J./:%Wé’2
Ve Ve 1/-2(l§2

and the secular equations become:
muwi-a =0
MmOt a =0

From specific heat measurements, XKlistiakowsky, Lacher,

7
and Stitt have obtained the values:

'1/4 = 275 cntt ; Z4 a 200 cmTt

The ratio [,/ ) ; and the product rule give an anhare

moniclty factor X4 = L0933 énd this leads to the results:

(bg 2 303.3 cmTl
- -l
u)4 = 214.6 cm.

The torsiongl vibtration is both Rarian and infrae-red ine

a = 0.0546 x 10° dynes/cm.

active anc trhe spectroscoric determination of its fundamental
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frequency can be obtained only from conmbination bands. ~ror

CoHes Smith has deterined the average value "Li = ‘290 cnm.

rrom tire twe baiés L;*-ll and1 l;+_10 while for 02D6’ Stitt's
pservation L/ = 2415 caT~ pgilves 7/ 190 cmTi. For
observaTs 4+10 & 4=

these two values, the ratic Z«Q4'= 1.526 differs so markedly
from the product rule ratic Ywm/m = 1.414 as to indicate

a real inccrslstency. Although in general, spectroscopic
methods are ti.e uore accurats, in this case the speciflc heat
roasarements ~ive the more corcerdant results.

To swn arize, LIn thils chapter we lL.ave svaluated tne Sene
sral pcotentlal coristar.ts ol ethane correspondin; to a symaetry
cocrdinate expression of the notential energy function. TThils
sy -etr cocrdinate formulaticn has a minirium of complexity
and also possesses the advantage that uncertainties 1n the
date assocclatad wit» ore symietry class are not propaceted to
the calculate.. noteatlal constants of-any other sym:etry class.
For thc deterninaticn of those votantlal constants assoclated
witr tle rarallecl inaclive vibratlons, 1t was necessary to
supylement tl.c date wilt.. an assumptici. conrcerning the nature
of the cocuplir.. between the different parts of the nmolecule.
Altlioazh the data Goes not establlsh each of the listed
potential co::stants with the sane precision, each.value is
~iven to four fisures beyond L e decimal pocint. ‘‘his insures
vest arreenient hotween predictea and observed freguencies anrd
z6ta walues o1 ~ives tl.e best baslis.ior further calcualations
o1 L ane oy any of fts 1sotopes. _he dlscussicn of ur.certainties

n calcilatel values will be reserved fcr thie valence Iorce
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nstants where an improperly claimed accuracy could e mise

leadin: in the correlatlons betwecn ethane anni otuner wuolecules.

co




CHAPTER VII

THE VALENCE FORCE CCMSTANTS

With the genersal set of potentlal constants determined
in the last chapter, 1t is now possible to calculate the re-
storing forces essoclated with arbitrary sriall distortions
of et .ane suclh as the stretching of one of the C~H bonds or
the bendinr of one of the H-C-E bond anzles. The force
aomshants Tor such speclfice dlstortions are required for coni=
narisons with other molecules wr.ich possess simllar elements.

When, for examnle, one of these bonds 1s stretched, the
other bonds will deform 1n such a wg as to riininize the
potential energy. These distortions are cuaracteriged by the
"eoupling force constanta® which indicate the strength of
tle coupling forces between tiie varicus parts of the molecule.
'It 1s well kmown that the vibrational spectra of many
molecules méy be explained quite accurately using Simplified
expressiors for tiie potentlal functicns in which most of the
possihle couplin: terms are absent. One thus expects, aprlorl,
tnat many of tlie couplingy terms fer ethane will be very small,
expeclally those terms'which reﬁfesont coupling between remote
parta of the nolecule. In fact, one nay consider 1t a requislte
properiy of t e ceneral set>of potentlal constants to yleld
valuaes In accbriance witl» tnese expectations.

Theso bond stretching, bond angle bending, and coupllng
force constunts are the potentlal ccnstants asgociated witn

a "valence cocréicsate" expression of the potential energy

104
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function. They may be determined, then, 1in terms of our
zeneral set of potential constants and the transformation
matrix between tl:e valence coordinates and the symnetry
coordinates. The symetry coordinate for the torsional
vibration 13 also a valance coordinate, and the dependence
of tne potential enersgy on tiis cocordinate will be unchanged
by the above transformaticn. The single valence force con;
stant assoclated with: tne torsional motion ' as thus already
" oo evaluated and we oy focus our atiention oa thie re-
mainin unaeterrm:iinel =~ stants.

For t e determination of these valence force constants,
"the followings procedure ls used.

I. The zeneral form of thne potential energy is exe

pressed in terms of the valencs coordinates and the unknown

9]

ot

valence fcrce constant

I1. Te valence ccoriinates are determined as functlons

.
of the s mi-etry coordinates and these functlons substituted
nto tl:e cner.; ezpression. The resulting constant coef=-
fislents are-equated tc the knovm potentlal constants and

the values o~ the valence force constants determined.
The 19 bend distasces ard bond an;lesa of ethane silve
rise to 19 wvolance cocrdinates haviug the deflinitlons:

(1) R = t-e J=J' distance minus the equlllbrium
=Y distance (Ro).

(2-7) r¢= t.e C~Hy dlstanco minus the equilibriunm

(G=13) “,= < e Hy==2' angle minus the equllibrium
[ 4

7.

= the H, l-C-H -1 angzle minus the

(14=29) & "
e 1+ 1~C=Hi.1 angle (eg)-
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These coordinates are mot all independent but satisfy the

two condliiois:e

(a) (61*’82 *’63) S'm@c, = (\k*\ya*'qjs)(_sgi.ﬂ%(_oﬁ,\*%\
(5) (61 +6:+8)5in6, = (¥ ) (55tn b Lont)

Theao twe eguations are equlvalent to tne conditlons that
srere be (1) ro nc. rotation about the symmetry axis, and (2)
~o rotaticn of on¢ mctiiwyi group relative to the olner. Thus,
the 1. valesico coordinates possess tle 17 degree ol freedon
requlred to express tha vibratlons ¢i etnane (exclusive of

ter3icii).

Excludin,., torsion, the 21 valence force constants per-

et A w
mitted Ly the symmetry of ethaie may Dbe dividedﬂinto tiree
catexcries.

(A) Strstehing and bending force constants (4 inde-
perndent corstznts).

(n) Frorce constants coupling eljacexnt parts of the
molecule (3 independent consta:i:ts).

(C) TForce constants coupling rcuote parts of the
meclecule (9 1nlemendent constants).
The redundancy of the coordinate systcwm ncruits a certaln
lattitude in tl.e oxpresslon of tl.o metential enorsy. 21
indepsndent fcrce censtants may be lelfined as follows:

(A) Stretchin; anid bending {orce constants.

Nature cf tlie consta.t  3ymbol Co.,.tribvation to tne Potentlal
Enersy

(1) C-H1 stretching k., R e vt v qF e nt gt e )
(2) HeCT=C bending X, Vihwﬂ“sz+4{*W:*W¢‘”%?*W:)

H
7




.

h% Lo

] P! 2z A (S 7
(3) il=C=H bending kg '/2\?6..1:(67;+91+63 + 0L +0F v 65))
(4) C=C stretching k. ‘/i_kgRl
L |
; (B) Force constants couplir  adjacent parts of ti.e riolecule.
* o
; ( ) ) :""»"r -~
% 2 br;‘ o _i.,z L?_‘?N\ (‘r‘,v‘2 YOG A, *"T-"}*ﬂ‘ﬁ'*ﬂ'r\-)
£ TSl D@ cu‘.b
(£ gfrg_,j_;_; Le-dlng l/g W o(‘*/"\’ ¥, WY YL *\3/\\’,*‘%4)
e v —"\-h 1 "’inf"
() framenl pending e VeRe W(BYrem v B4 O 6, ¥ +6, %)
hi*l-v—_ 1- 1 {0 B SSR N
(1) . - At Y:K"VL""'VQ + Y;.(W;*"‘V.\ *Y'3LW,¥V;\*'
- i S A, ‘”‘i'C;i.‘;;,. o lry, % v
N -;i+1-— i, ODONALNT Y.&\VL-*WQ +Y;,(\V’_*\_v"\*‘(5, (\, r '1.’\
(9) {,=C streteiiing
E'.%' -l ?f)OI(')L'L.'.;_Lg‘ l/akr_eY; ( Y“G' *'Y;. 81 ‘qe$ +Y:.9.' *rz'er*rer)
ivl 1-2
(10) in’ -2 gsbtrcbconing: 1
‘ A At WY, dG W
I’%-C-C Lending /ZR**’ ( ¥ LA O v ’)
kll)iH-G stretchin: ' v YA ¥V
C=C strebeiilic o Re R o rveon)
(12) {C=C stretchir- N ALY
HeleC bendin '/ZRRWY:’R(W‘*%*W’*W‘ Y WS)
(2) nrae crrata:ts coipling rencto parts of the molecule.
Natoira of vhe conghtn U Contribution to the potential
onersy
.=l 3t btehiing .
\Lon . Ky o (00 £50 V 65
;1‘-&‘ strotering
H, -2 stroucning L o
(1‘&)3 ! l/?_ RY‘V"G (Y\\‘z A ACTRALRE NG YV err.l'\
Y < stretanins
{1410 -
"i-c stratcehing AN\ *\)'/5'3 *'Y'\L(\‘Ps'*w\') +Y‘3(‘H;*“";—)
(15 1/4\?YU(5\Q
A I PTRRY bonding N A A AR I N AR AL A
' Hi-C stretchilng
(l )) . - 1/2Rr ,’Y(: K ":Lk *\’11\\"1' *Y:s\yg' *n'\vl #\"1.\»1 *r’&'WE)
DAY vendl.ag Y
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Nature cf the constant Contribution to tho potential
eneryy
Hi-C stretching
(1'7) 1/2 kre.‘f; ( Y0, ¥V;9, ¥Y,05 +Y,.6, »v,_,el*v;.e,)
H(i*l),-C-H(l_l)'bending '
«J=C' bending k -, q}q})
(13)2 IR Y v Y Y
bending i ( v
H,=C=C!' hending : '
(19)3f‘ir" ; Yo Rww, o2 (W vy v *Wi%'*%\y\"w‘%)
=l -H(i*l)'bending . b
-C=l verding :
[} "+1 i-l = 2 )
= 0)3 -l bendin:g kee'n ( 6,6, + 0.0 *9363')
Tl1e1) NEPSRL >
( )1 1=C=H, 5 bending
21 - 2 ‘
C_l’" L -H'i bendins RBW’Y‘; ( 8\ W\' J"(31‘"’1.’ +93‘Vg')

One may think of other coupling constants such as

} C
. -C
Hyv1

However, th

1s proportl

-C stretching to .
- —_— \?Re\g r (e‘ua1 +65 +6,.+6,. +9,),

-Hi ., bending coupling

e quadracic form Réev;R(9\+e1+e,yer»e,-rey)

cnal to kRWYnR (W, v, v v« sz.\) .

This irdicates that, due to the redundancy of the valence

* coordinate

syatem, one can characterize the same distortion

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

the carhone-

tand ‘to open

si-m of the

opanin - or

carbon vond is stret:zhed, the methyl groups will
or close somewhat lllre umbrellas depending on the
ir+eractior.s betwecn tl:ese distortions. This

slesins of the methyl proups can be expressed either

&, v, x . ‘x €
( B, vOS: + *81*63\ —= coupling constant kﬁe

(W+4, v, +4.+4, +y,) —> coupling constant RRW
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vle have arbitrarily chosen the second of these equivalent ex-
pressions. It sufiices to say that since the 21 listed
quadratic forms in the valence coordinates are independent
and satlisfy the symmétry requirementq, their 21 coefficients
represent 2 complete set of force constants.

The 21 potontlal terms listed above constitute the
quadratic terms in a power series expansion of the potential
enersy function. The sum of these quadratlic terms represents
tne total potential energy for infinitesimal distortions of
tle moleculs. DBy the transfornation from valence coordinates
to symetry coordinates, one means t' e linear transformation
which relates iniinitesimal values of the valence coordinates
to tne infinitesimal values of the syruietry coordinates In
this scnse, the valence coordinates are linear functions of
the symetry cocordlnates. The linear functions of the symaetry
coordinates of each symmbtry'class are ~iven separately in

the order (A) Alg’ (B) Ao s (C) ?u, (D) ES'




b

PRy

Depe.ile

g

[&]

Y, =Y. =0.=Y = S\, £ - Cos\, {;- \:L“; CosW. Es
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Acs of =he valaence coordinaetes on the

(parallel inactive) symmetry coordlnates

( ?’1 I gz ’ gs ).

Ve Yo

(W ovahokewed) = Coste €4 Sink £+ VI sink §y
( 3 = —"° 52" V2™

2 :
e,:e,:el,=ez,:e,.)_—_ 'Ssi.nt.PoCoszuyo € 4 3s5in Y cos\, éz

= one. O VG sine,

+ _S-V"_" s;r\"\P Cos¥y é_s

S\.ne

R :_v—?_\(.;_-r‘:-ﬁ-ﬁ

3.inc these expressions for tle valence coordinates

{

41 ener:z, Muinctlon (consisting of the 4 terns
s 106=108), ore obital:.s the ITecllowin: six

. - o~
==3 ferce constants.
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= 721IL N ! -, A3 K
all .53 xlﬂ' 1123K2 310313

= 20K 2 . B3YA3K ' -
a22 -11 R1+'.8874K2*' 31)3L6
8.12 = 031(‘)5}(-1 --3163Y\2+ .3872}%
8y = .1588Ki -.1588K2+'.1944K3 '-.4728khr-+ .1685KR*

= .+ 53K+ 88K - -

whero Ky = K+ MK+ Kppes krrp'

_ . 20 oy
K, = k,+ Kyg + K .+ k+%+—(3 siny, cosy, /sin 9,) (ko+kee,)

+ (3 siny, cosyy /ain € ) (kg LI

I\,‘5 = qu/"' l&"l"p+ Kr'i"+ kr\%-t-(s siny, cos ¥, /sin 90)(kre+ kre')
and the aij are the gerieral potential constantis for the parallel
inactive vibrations.
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B. Depender.ce of the valence coordinates on the Azu =

(parallel active) symmetry coordinates ( 'gt,ga ).

VenEns NeogaoG = 2% e Cosy)f3mem €
Vo6 t ™M

(g ==%tem-w) = CosW g v Sing, \ Imen £,

b

Y, (9| 28,2 6,7 —-8‘.=-92.=-93') = 35“‘%('05‘_% i
Vo sne,

+ Bsiny, cos\, 'V”s'\:fﬁ £
T A M 02

Sin B,

gubstitusin.: thesse exgrossions for trhe valence coordlinates

tn tl.e potentfal energy function, one obtains the following three

oquatlonc sion; tle forceo cons Sants,
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‘11 = .8872L1*- .1128L -.3163L3 -

2

8o = .1412L1+ 1.1107L2*'.3960L3

8y, = 35591y - +3539L, + .4;:32:.3
where

Ly = kv k., = Koy = krrg

o . 2
Lo = Ko+t Kyy = Koy = kvvﬁ“' (3 siny, cos¥ /sin 6,) (k.-R”-)
4+ (3 sinW cosy/sin 6,) (kgy = Kgyr)

L, = kr\;kwp- K yr = krw‘,sﬁ— (3 siny, cosV, /sin eo)(k,o-k,.o.)

and the a are the general potential constants for the

1]
parallel actlive vibratiocns.
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35 o]

5. Derenderce of the valamcs corrdinates on ine 3, (per-

pendiculsr active) syrmretr; coordinates (g' s M, ,fz. y Y2, g_s,vh\

= = siny, E _ cos\y, fz . Vv:,_v%%« Siny, f,

ve Tt V¥

Y = - , = COS% SLY\\K W+ |
s =-¥) = €1 +_~'\/—‘§ E’z +V3_"“@MM CosV, E3

| | -
% (8.=-6,) = - 2 %_____Ln\%(l* cos® W) Ex' - 3/w% {

2
: no

V6 sin o, R E
%\.Y'\e bM

R=0 | | :

» = epr., is -~btalied frou ». by siLstituting (—1/7_€;+ﬁ/m; )

Z . L.;' o ~l

for €. . Similarly for r (W,

-\sz ) md I‘O(éz = -82')0

e = -r‘é 19 ) talned frcm v, U giisuitutin- (=¥2€i - V30 )

for i « Si:nilarly Tor r (Wq = -Gy ) End :'c'("e":5 = -03,).‘

1
b

Sungtiturn o0 exiressions v Do walerco coordirates
in the posentlol eroer;y fanctlorn, one ortalirs the followins six

equationrns amcns T force constants,
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e 1 - *2?_ . 'l; -, X -

8,4 = .4433“1-+ .0564&2 1358 !3+ 1l 387914 7847M5 e 2798M6
azz = .1138V1‘+ .8872M2+'.3163M5‘F .2245H4+'.1590M5 + .4461M6
Byy = .5554Rl‘+ .OVOGHz_-.1980M3+ 1.104 H4*'.7835M5 -.2792M6

8,3 = .4963M1'+ .065132 -.1770M3 -1.2382M4 -.0890M5 + .0517M6
whereo

F = - P - = I
I'n]- L{r 1/ k'm krrl + 1/ /’a
M, = &y - 1/27_-:*,\, - Xy * 1/2 Y g

M - K
.4=ke 1’99'

+ = 1} -
My = ko= Ko

M= Ik ek

6 ey~ oy’

b oY

ard the aij are ti.e goneral potcntial constants for the per-

ponaicular active vibratlons.
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D. Dependence of the valence coordinates on the Eg (pérpen—

dicular inactive) symmetry coordinates ( (,’),,fh 2 b3."Ms )

t VE {sing-cost( o206 VoI snb Sy

-5

n

>}

i
35
3
Slie

X. 2’1.
re) = S T, (e » VRR (o)

Y.,(8,26,) = =3/, Sn Sy, (1+cos?W,) { + 25wy 1 ilﬁ-{DSW‘R’CO“%?
o= T VG oo SNG, 2 ¢
+ 3/p Sin q/ \’ m'f.; ‘{
%LV\Q

= r,, 1s o talned from ry Dy substlbutirg (-, 2 «V5)

for £ . Siailerly fer r (¥, =W. ) and r (8, = &,).

r, = Tz, is obtalned from ry by suhstituting (-tig €, V3729 )
A

or % . Similarlr for r_(W,=\%, ) and r°(85 = €xy).
Substituting treso e pressio:s for the wvalence zoccrdinates Iin
the pote:tial e:.ergy funcilorn, one obtains tie followin six

equatlons amoii; tne force consta: ts.
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L] . o e ° hadl N +¢
831 = 4436N1+ 0064N2 1582N5+ 1l 38791\34 '794'7N5 27981(6

&, * .4150N1+ .4409N2+' .4267_11!3*” .8213!14*' .3264N5+ «6018N 4

a = ,2552N

3% l+ .8944!12 - 4778N. + 507N

5 4+ «5600N g «.5738Ng

&G, = .42801‘11 -, 1577, + .1448N:5 -1.06'?"7N4+ .089'7115 -,4987N

2 6

843 = .3065Nl+ .2246N2 -.3749!13 - .8594»N4 -.0603N5+ .4'725}76

a = .3247}11 '-.62801‘!2 -.1062N5+ 645N, + .4720N5 -'1920N6

where
Ny = k- ek + Ky = l/::krr'

N, =k, = 1/2kyy+ Ky = 1/21‘iw'p

e

N, = - 1/ck + k - 1/2k
kr*' / TYs TV’ / rk}’;g

4 kB + kee,

=
fl

N5 = kre+ kre'

6 ‘{GQJ*- keh\/’ _

2
n

and the ai‘1 are the general potential constants for the pere

peniiizilar inactive vibratlons.
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Tne valsnce force constal ts najy

of the “seconcary" force constaats X
In th% previouas pages.
kr = tl+ L1+ ?"1+ )/6
o = (K1+ L., = :1 - N )/b
ko= (£ <Ly -0+ 2Ny )/6
Rr:"g - (Kl - Lt Fl - ¥,)/8
k, = (xé-f ﬁg)/z
k@@ = (-:;‘;v‘*— 774)/2
K., = (xé‘f .5)/;
Kooy = (= o+ US)/u
kf}w = (I‘t6+ 5)/2
kew’ = (-HG+-NG)/u
Ly = (Ey+ L+ 21, + 2Npe1.0118% =
gy = (E + Ly= M, = ¥, «1.01107 I
Egy = (g =To=ilg+ 2N, ~1.001.%
Kyyy = (Y, =Tt N, = ¥y =1.0017% ¢+
iz = (_+IL_+ U, +2I'.+ 1.CC
Iy o o ~
hpq’ﬂ = :L¢+ I_.,5 - : - ‘1;,)1— :..’QIO;S‘*:T'.'S
k}w==ugaL3-;S+fe+1xw::5
krvda = (KL‘ Lo + U3 - Yo 10200 ‘5
kp = &,
l%t’a KRr
Ry” Ry
3 nunuericnl values:s Jor tirese force
Tarle AVI. T e Y.uicersalnty” valucs

1’ Ll’ 3"1:

ncw be expressed in temms

and.N1 defined

e

)/6
1.)/3

1.0112M4+1.0056N6-1.0056M6)/6

1.01121,+1 .0056N " 1+0056:,
4+1.0056H +1.0055!

1,011 + 1.0050M ~1.00563 ) /3

,'54-_1.0056x:)/6

+ 1.00561.)/3
- 1.0056m5)/6

) /3

:} 3 E L-

S ()
i e’
S

cor.8tanta are listed in

tliese force constants,

-

~.cr
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Table XVI
The valence force constants of ethane,

(all constants are expressed In units of 105 dynes/cn.)

Stretchin~ and bending force constants

(1) k = 5.35 + .03
(2) k = 0.51 & .02

9.
(3) ky = 0.63 = .02
(¢) k, = 4.57 = .03
Couplin~- cornsturts for adjacer.t componernts
(5) k. = =1.89 % .20 |
T\,
(6) kRW = 0.60 £ .04
(7) kg = =C.20 & .02
(8) kew = «0.07 t .02
(9) Ky = =0.07 * .15
(10) k,, = =0.04 % <04
(11) ki = 0.05 * .04
(12) kg, = 0.00 % .20

--- CZouplinc constants Zor rerote comonents

(13) Kyyr = 0.11 + .02
(14) kgy = 0.07 = .03
(15) Kooy = -Q.03 =+ o

I+

(16) kgq, = =C.02 % ,02

(17) krrya= -0.08 = .04
(18) k., = 0.08 £ .0¢
(19) ., 3 0.35 £ .20
A )
(20) Krw, = =0.13 % .15
* .05

(21) kWWﬁ = 0.00
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which are also listed in ti.is Table, have been defined by the
following recipe (there does not exist a statlistical basis
for the calculation of probable errcrs). Letting /31 repre=
sent the deviation of the value of tre 1% datum from the
adopted value, tren we have chosen 1limlting values of the /31
for several of the least well estakllished datum and 1n each
case determined the assoclated set cf valerce force constanfs.

Letting Ak reprosent thie change in the jth force constant

j1

wiien /31 chanjes from zero to /3i(max.), tnen the "uncertainty"

y . t \
in the value oi tie J B force constant, L&kj, has been defined

by the cquation -

£k, = [ cont]

14

The chosen /31 and their assi:;ned limitlrn_: values are as
follcws:

(1) ‘the 1limlting range of the rarallel inactive potential
constants which satisf{i the filve ncrmal frquency'equations

and ti.ec lregqualit ceonditicn
ler":— 0.2 x 10° dynes/cu.

1s assoclated with the symbollc uncertainty varameter /61.

This uncertainty 1s concernocd witi: the sup lementary assumption

that k = 0. (The assumed limit values of 0.2 x 105 dynes/cm.

- Al I‘:r
-are largce compared to any of thie C-E to C-H stretching coupling

constant values.)

(2) Due to 1ts determination from the positions of a

resonant doublet, tl.c fundamental frequency']Lé was assligned
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the 1imiting values 2915 15 emTl. In order to obtaln normal

frequencies which satisfy the Teller product rule, 1t was
necessary also, to change the anharmoniclty factors. fThus the
upoer limit of the uncertalnty parameter ﬁ32 was chosen to

correspond to the values
7/ = 2930 cn=t
1

= x,. = = 0.0267
a1 o ® X3

(The shove choice of ejual anharmoniclty factor was adopted
sirce tn@ more customary ratios wilth x1‘> 12 v 33 lead to
non-real values for the potential constants.)

(3) Tne third paraneter, /33, was chosen t© represer.t
a 10 erm=) chance 1: the fundamental frequency '}g = 2915 cmtl,
which like 'Z/, was determinoed from the 1imits of & resonant
dourlet.

(2) For the rerpendicular active vlbrations, the six
fandemental frequencles and four independent zeta values
8*culd te expected tc 7leld rellable values for the six
associated otential constants. Iowever, 1in the least sguares
satrod uscd Tor tre solution of these potentlel constants, 1t
1s four-Zi “hai there is a path along whlcr the sum of the
squared ceviailcns remalns very close to its minlmun value.

In ore cirsct’ou:;: mlong this patl:, the agrecaent betwecn the
predilctes add»"observed" normal freqguencies beccmes better
while the a reere:.t bLetween tho rredlcted and ouvserved zeta

values hrecc.aes verse. (In the opresite direction along this

—




1z2

patl, thé rovorse is true.) As the upper limit of the fourth
parameter, /34, we rave chosen that "distance" along the path
which results in a doubling of the sum of the squared deviations
of the zeta values. The values for the kj4 were doubled as
‘partial comnorsaticn for a simllar cerndition existinz In the
case cf the perpendicilar inactlive vivrations.

This recipe for estimatling the uncertainties in the cal-
calated values of the valence ferce corstants 1s adnmittedly
very crude. It does  1v=> Informntic:, hcae;er, onn the sene
sitivity of the calcileted valies vicn respmect to the values
of tie iInitial data.

As was expected, many of the coupling constants listed
tn Table XVI are small, and, within the estimated 1imits of
precision, ray be assumed as zero. This result, then, tends
to corfirm trhe Interpretations of the spectroscoplic data of

etl:are ar.d heavy etl.sne.




CHAPTER VIII
CORRELATION OF TIE FORCE CONSTANTS OF ETHANE AXND METEANE
T-e potential functionﬁof metrane has been determined by
13 -~
Der: ison  anid is characterized by a set of five potential

consterts. Ir terms of valence coordinates, these corstants
! 1 .

“$ven as follows:

mar e

Symbol snd valug '

(1~ units of 10°
Nasurce of corstart A-mes/cii. ) Contribution to ‘ie energy

= 3
(1) C='f atre =t orp Y. = 5.394 o (KLt e Yy v )
. r 1 ‘1
a a i §
(2) E=Cwl Dunding Ky = 0.420 '/?_va.z(tk:)«-%w/.ur z,“l',:‘l’;q)
(3) C-H, to CmiTy K= 0.037 ‘/2\("(Y;Y;a-r:r‘q'v;v;oqqa.v;\:p'r;v;)
couplint

i ( “4)3‘" qu* Yiq) +2 N’”"‘kq’ ‘H.‘

(4) C=H, to H,=C-H, K, = =0.276 ‘/z\(ﬁ‘c,i
J - *Y‘;(\hﬂkv‘\’u)*ﬂ(\k,f'{’.ﬁ'-\’113 :

coupling

(&) Hy=C-H, to Hy=Celiy

co':‘lplin.; K, = «0.075 '/2\(5‘(;2(4" Y, \V; "{’.,__‘."’ qj‘\‘l".:)

-

As irn trne case of etia e, these valence cocrdinatecs fer

PRl

comprisa a redundant sot havinT the orne rclat ion

D

moetian
+ + = cal hils predundency
kylz 4’13 Y é*‘¥ 25*J+’24+\+/54 0. Acain thils re Aency

rem.iLa ~nt to o oxuress the potential energy in nEmerous

ogelvalont wo. o, arsd the values of the couplir; constarts sach

*

erd o % e spacific expression Ir: crder tc estaillish

“

e coroel tion Lehwoon tihese force constants of mesnare and

e Tevee Looatalts ¢l et.ave, we rephrase the atove exvreszion
of tie potwr+ial Minctleon of met ane in thie asynretrical

nototior (wiicn emrl.asizaes the hydrogen rmicleus ircexed 4)



CHAPTER VIII
CORRELATION OF THE FORCE CONSTANTS OF ETHANE AND METHANE

T-e potential function of methane has been determined by
Der: fson and is characterized by a set of five potential
sonstats. Irn terms of valence coordlnates, these corstants
ma; e clven as follows:

N Symbol and valug
(> units of 10

Na*upe of conssant Ames//cii. ) Contribution to the enercy
. 1
(1) C=f gtre et lr g I{r_ = 5.3G4 ‘/2(Y;7-+r,_"+‘r'3"+‘6,).
2 2 .1

(2) LeCeli  Duondlng Ty = 0.420 ‘/zK\yY‘,’z( %}Mi*%h%ﬁ%‘.‘%ﬂ
(3) C-H1 to C=Hg Krr= 0.037 '/zK..,.(‘GY‘,+\?Y‘;+V.V‘4*Y‘;Y§+*‘;‘Q*G*R)

couplint " W)

Vi (Mgt et Yaa) +0 (VW4 Yy

(4) CeHy bo Hy=CeH, K = =0.276 '/zK,)Q? i ol

counling & V(W t War¥aq) 0 (Wt Mg+ Ws)
() H,=C=lH., to H, «C=il ' o

couplin: £, = =0.076  KsG (¥ WV %t YY)

As In inc case of et .w e, these valence coordinates for

methare comprisa s redundant set having the one relation

4
€
+
£

1.t Zb-f4/24+\+/34 = 0. Again this redundancy
oxuress the potential enersy in numerous

ogulvilont wo, o, ard fhe values of the coupling constants such

as Kd dopend o Lt e sgpocific expression In crder to estaillsh
tire correlotlion Lehbweon 1:‘:Aese force constants of methane and
e Jorhe woistacute ¢l etilare, we renhirase tlie atove oxpression
of tle¢ poter tial Murctlen of met ane in thie asymetrical

notatlor (w.ic emrl.asizaes tne hydrogen rucleus indexed 4)

e



Y0 = 9 Y= q/l
Vis = 85 Woy = Vo r, =R
Vo3 = °1 VYaa = V3

By direct substitutlien, one ovtalns
) 2 2 a
Ro(n2g2eGt)  + Ry (Wiewivds®) Ry G (82 +6;+63)
e RoR? 4 Rew (040 V; 465) + Rer RV +73)

oy = +KRa% (NOGe14505) £ RAYG ( Y'.[Wﬁ%]”’z[%{‘\-\\/ﬂvr;[\I/‘w-v,_])

+ ks\(‘;'l( e.qji +9,_0(1_+ 934’—;\ + RJ.\Y-ORKB\"' 81*'9‘5) N

This eicp;'ession 1s not anelo.mus to the expression chosen for
echane due to the presence of the last term h4Y;R ( ©.+62+84).
The analogy can be restored, however, by replacling RV R -

( 8, +e,~+‘93 ) by the equivalent term “RLR (W +U+W )e As
a further 1llustratioh, if we had chosen to rébfesent the C=H

to L-CeH couplin- by the sultable term
- \Q«» Q{_ Y, (\Vn_"wn* \Hﬁ\ + YE(%».*W“* LA"a.‘i\ + Y3 (\\/mﬁ-\-\/,_-., +\\/34\

then tiere would Lave aprearsd, 1in tno asymetrical expression

of 1 .e potentlal fun-tlon, £ e tve terms
- kAY.o{_Y‘\ (8,+0) +Y1.(0,+Oy) +‘(3(9‘+91.\—l - \Qq‘(o{.\{: W, +Y“LLV1.+G\V31

Althoua . the latter term appears 11: the expression for ethane -
(coupling cconstarnt kr\y ), thLe former term does not ana hence
must wo reexpressed using the re]:at;ons 0,+6,=-0,-¥-¥,-4Y4, ,
ete. This rephrasing, of ccurse, always leads to the saume

resulte. It should be noticed, that as a consequence of expressing
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the r-8 coupling in methane as R4Y ( 16, + Ya©, + 361) ,
‘the potential cnergy functlon does not include a term o the

) form k;\v oW+l +vy Yy ) | . One may attrlbute
this fact to the equivalent nature of the angles 6 and ' and
conslcer that the coupling constant k:q,vanishes becausc of
this equivalence. Thus, for ethane, the non-vanishing of the
coupling constant kv¢ indicates the non-equivalence of
6 (l1=C=H anrle) and Y (1-C-C ancle).

Treatin  tl.e hydrcgen nucleas 4 of methane as formally
analo.ous to tﬁe rrimed carbon raicleus (or the primed methyl
group) of ethane, thon the cor.relaticns between the two sets
ol force constants 1s established. Tuble XVII zives a liste
ing of these corrclations together with. the numerical values
of the force constants. The nine remote coupling constants
of ethane have no analogues in the set of @éthane force cone-

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

Correlaticr. of the valence fcrce corn .stants of ethane and methane

(94)

(force constw ts expressed in arits of 10° dymes/cni.)

Mature <. 1CrCo :
conata .t : Ethare Mectlane

C=H stretcl ir -k, = 5.00 - K = £.394

N=C-F ben. r- , ke = 0.5 -— v = 0.420
A Y
ALH, to Ced. coupling ko= e0.0¢ =-- K = 0,057
p J * e Ir
oaT, to 1D =l oconniing k =«,20 - K = «0,27
l 2 '\§ o R . IS re 4 00 6
- Pomal Correlation
SRR » Yothmne
W ture ci' 1.0 Nature of force
corats. — Valia Jel1e constant -
P — g ——— g
C=J strect L. kR = 4,07 w- Kr = £.394 C<HE stretching
H=C=C lenal: g ky = 0.65 == K = 0.4c H=C=H bending

>='1 to C=C ¥ = 0.00 == E__= 0.037 C-‘;I’- to C-

d LY Bt : 1
courli:g . -

Ho=leil h2 . = =007 == W = L0705 H «J=H to
. ew ) [N [E

H  wl= coanlin i, = C=L coupl ' ng

'-h
"
'
',.J
b
|

.99 == 2 ==0.502

coupllng

C=l, to Hi

1 i+l

- <, =0, 07 == "R;E 0.CN0
cRIENREEE ! coupling
-~ ol = 7 N -~ . -
e e 3= to H,=C=-1
1 Y. = 0,00 e= = = 0,076 1+2 17777142
. I :7. 4 4 o« - 2
conlline ' - coupling

1 141 r o= 0.03 =="r "= 6,000

ETI_ —’_‘-'_" ‘n’b T -',‘--"J Hi—(;-h 2 tO }{1+1-'J_- {+2
coapling Yy, A2 coupling




. CHAPTER IX
_ o | SUKMARY

The prccisicn detferuiration of the general potential
functilon of ethanc has been coipleted -and presented both in
ter.:i3 of a symuietr, coordinate systom and a valence coordinate
system. thie fundamental freguenc 1es and zeta values of ethane

and eavy ethane, which hiave Tomied the basls for this cal-

sulan*'on, have been recensizernd and best values selected. In

o (A NS iiy
I CRNEGRIN: VRN o sz“’ rnalrsis ¢f the certarbed fine structure ol
' .

.o yitratic.al tand L( lus 1ob o reliable wvalaes for tine
Tregnncias of Lé and Z12+_4 as well as i'cr the
antertarhe D rotatlsaal spacin of thls vpand. ‘hese results
eve mermiilol 00 rniore accurate determinations of (1) the
411" rnerent ¢ inertia, () thic zota values for thno perpeén=-
Tlenmlas et wilmaciens, aat () tae "uncertain freguency”
(i3 -ew velue tor t.e "uncertain frejaiency” permits

q Mo e conboilc :agst cvment ol tha criticnal seombhi-ctlion band

2/{ unecs. wi.lzl, st.e D 2. 1l1ltiriam ce. .l uratlcn of eilhiane
ja “ased. .0 exnlaratiom oi tire {lae structure <I Z/é has
alen require sl thls COLf‘.j':.r&i.if )y ! ence coastitites an

{1 lan__.iert o .ock.) ro-oa oo . L. oratlon T thie appropriate
Nme e tes banios el tle $.53.. 3tokes iines, it tas besn shown
s an a;-~rec a’.lec Intoracilic:. Yetwe:an the vitZrazions

Z/ Cooare. 2  an. vitnc o+ ls intoraction nu. o axplatn thie

a; ave v falluare of %ie zctn sum rule for tic narponiicular

f1via~ v vicranlico s, Aleo or Hi'e —asis of th.e ohWsarvd

<7
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somoinatton bands, tre value of the fundamental frequency‘z/;

, -1
nes been established at 1400 cn-— as compared to be previously

acces-tsd vaiue of 1375 crzTt
- I» the case of CzDG' hizh resolutioﬁ obser@ations of the

1n ra=-red spectrum were made. This work has glven (1) more

precise values for the fundamental frequencies of the parallel

ar¢ perpendicular active vibrations, (2) the zeta values

»
gessociated witr the vibratlicns and.'Z/,'and (3) the value

L N V4 ™

nartia o

j—e

Sor the larze monent of CoDg, and hence has completed
tre soectrosronic determination cf tl.e dimensions of ethane.

—e anharmcenic contributions to the fundamental frequencles
were emnirizcally subtrazcted cut, . using a method devised by

Dar: fson, arw. tie "sorvested” or normal frequencies have been

e

e 1= <1 e seculsr ejuations Ifor the potentlal conatants.

'

» ~03sibility of makins hizsher order corrections to the zeta
1:ss also, was briefll’ investi-ated and 1t has been shown

-

cr - umde—~ ~avorable conditions (1.e. in the absence of re-
sc..a.ce irteracticns) these corrections may be estimated eltner
tpo. ~ Infomaation on certaln quartic potentlal tefms or by
~ea-urements of tie zeta values assoclated with simple con-
Y1;4-%-r ba-ds. For ti.e etnare molecule, tlie requisite data
S~y trase correctinns was not avallable. However, the mage
n{tide of trese correct!ons was estimated to be of the order

+ .C1 ar.: Y is uncertainty was taien Into account in the
wel-vtl:nz scireme for tiic least sQuares solution ol the
—ozer=ial ccnsiants for tne Zegenerateo vibratlons.

18 exnressicr. ol the rotentisl energy functlon 1in terms

-
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of valencc coordlinates has established a-set of valence force
constants W ici: peraits a comparison betwesn ethane and other
molecules Tor whici: similar force conatants are ¥nown. "Une
certain.t™ values have been assivned to each of these force ,
conshb-onts. Tresce valaes sivo a measure of the precislion with
which the fundamerntul freguencles and zgia valuaes have been o
determined and _ive a 1limis to tlie meanln;ful correlation of

theso results wit: similer resalts for other molecules. Due

td the redandavcy of tih.e vulsice coordinate system, i1t hes béeni
ahowr t.at crne ca.. acrstruct nwaercus egulvalent sets of
valence “orcs constants and hence that an individual valence
force corstant may not have an intrinslc physical meaning.
T 13 redundancy makes 1t necessary to correlate sets of force [
constants rasner Stan Individual force constants, and as an
f111stratior, the correlatlion table between the constants of

tnane a7l swinhare has been lven.

Tt.e sir . le table of the valence force constants and

oir estinatex uncertalnties may be considered as containlng
tre results ana the evalustl-n of the results of this theslis.
Because of the nature of their origin, the uncertalnty values
cannot be reducea by more precise measurements of already
avallavle spectrcscoplc data. In principls, a substantial
reduction of ti:ese uncertainties may be secured only through
observaticné al analyses of the several hundred simple com=
binatlicr hanas o etnane ann heavy ethane, and only then »ro-
videc tia*t -herec 13 a minfam of resornance interactlons be-

twoaon tlese oavds.
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