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Abstract

A ninej(teen-parameter harmonic in-plane force field for 
the s - t r i f l u o r o b e n z e n e - h ^  m o l ecule was constructed. Internal 
force constants, sym m e t r y  force constants, normal coor d i n a t e s 
and Ca r t e s i a n  d i s p l a c e m e n t s  were calculated. The observed 
data included f undamental frequencies, first order Corio l i s  
con s t a n t s  and c e n t rifugal d i s t o r t i o n  con s t a n t s  for both 
s- t r i f l u o r o b e n z e n e - h g  and - d ^ . Some of the d ata were obtained 
from our study of the m i d - i n f r a r e d  sp e c t r u m  of 
s -trifluorobenzene-h^.

A s e v e n - p a r a m e t e r  harmonic o u t - o f - p l a n e  force field for 
the same molecule was also r e - i n v e s t i g a t e d , u t i l i s i n g  two 
a c c u r a t e l y  obtained fundamental frequencies.

The mid-i n f r a r e d  s p e ctrum of s - t r i f l u o r o b e n z e n e - h ^  was
-1examined at a r e s o lution of ca. 0 .06 cm . An analysis of the 

two p a r t i a l l y  resolved f undamental a^ ' vibr a t i o n s  was 
completed using the method of simu l a t i o n  with synthetic 
s p e c t r a .

The five e' fundamental bands of the same mo l e c u l e  in 
the m i d - i n f r a r e d  region were investigated for the e s t i mation 
of first order C o r i o l i s  constants. A modif i e d  computer 
p r o g r a m  was used to simulate the effects of 1 -resonance 
which were present in some of the fundamentals.

The infrared spectra of some of the o v e r tones 
and c ombination bands were also investigated and in 
some cases effective first order C o r i o l i s  c o n s tants were 
estimated either u s ing computer sim u l a t i o n  t e c h niques or 
zeta sum rules or both.

The m i d - i n f r a r e d  s p e ctra of two d e u t e r i u m  
su b s tituted propynal m o l e c u l e s  , n a m e l y  C 2 H.CDO and C^ D . C D O  
were recorded at a resolution of ca. 0 .08 cm ^ . A de t a i l e d  
analysis of the p a r t i a l l y  resolved i^(a'), i-,̂ (a'),
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Vgy > v i n( a ' , a ' ' ) bands of C oH.CD0 mo l e c u l e  was completed. An b 1W Z
ana l y s i s  of and bands of the same molecule was also
performed. Again, the method w h ich was used was the 
s i m u l a t i o n  of the o b s e r v e d  bands with synthetic sp e c t r a  
t aking into ac c o u n t  the effects of second order Coriolis 
i nter a c t i o n s  b e t w e e n  the e n ergy levels of the two bands.

Finally, the Vg( a ' ) , v ^ C a ' ' ) pair of bands of C 2 D.CDO 
species were also analysed, again u s i n g  the 'Band Contour 
M e t h o d '.
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1.1 I ntroduction

H igh resolution s p e c t r o s c o p y  of p o l y a t o m i c  m o l e c u l e s  
is an area of e x p a n d i n g  r e s e a r c h  a c t i v i t y  over the last 
decades. This has led to a number of advances in the 
e xpe r i m e n t a l  techniques t o g ether with important d e v e l o p m e n t s  
in the theory of r o v i b r a t i o n a l  spectra. D e s pite the 
c o n s i d e r a b l e  efforts by a large number of re s e a r c h  wo r k e r s  
in this field, pro b l e m s  remain r e l ating to the c o m p l e x i t y  
of large m o l e cules and the large amount of c o m p u t a t i o n  
i n v o l v e d .

D u r i n g  the 1960s and early 1970s gas phase 
infrared studies of m o l e c u l e s  were p e r formed at 
reso l u t i o n s  of between 0.1 and 2.0 cm This of course
is well outside the D o ppler widths for these m o l e c u l e s
typ i c a l l y  of the order of 0 . 0 0 1  cm . In the co n t e x t  of such 
s t u d i e s 1, the term " high resolution" s i mply m e ant the 
m a x i m u m  spectral reso l u t i o n  w h ich could be achieved
e x p e r i m e n t a l l y  at the time.

In recent years, the d e v e l o p m e n t  of tunable laser
sources has led to e x p e r i m e n t s  c o n d u c t e d  at r e s o l u t i o n s

2even below the D o p p l e r  w i d t h  of a typical line .
For our purposes, "high resolution" infrared 

r o v i bration spectra will be d e f i n e d  to be those obtained at 
r eso l u t i o n s  of a p p r o x i m a t e l y  0.06 cm in the 
m i d - i n f r a r e d  region, that is between 500 - 4000 cm That
was the resolution that was in p r a c t i c e  a v a i l a b l e  at UCL.

In most cases the most important piece of information 
that can be obtained from the r o v i b r a t i o n a l  s t r u c t u r e  in the 
gas phase spectra of p o l y a t o m i c  m o l e c u l e s  relates to the 
c h a r a c t e r i s a t i o n  of intram o l e c u l a r  p o t e n t i a l  e n e r g y  surfaces. 
This is achieved by the d e t e r m i n a t i o n  of c e r tain  
s p e c t r o s c o p i c  co n s t a n t s  w h i c h  s u b s e q u e n t l y  leads to the
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c a l c u l a t i o n  of h a r monic force constants. Even anharmonic force 
c o n s t a n t s  have been obtained from studies of vibr a t i o n a l 
r e s o n a n c e s  and from certain ro v i b r a t i o n a l  constants, in 
f av o u r a b l e  cases.

Apart from this, the m o l e c u l a r  c o n stants obtained from 
the a n a lysis of r o v i b r a t i o n a l  s p e c t r a  may be of use in other 
p r o b l e m s  in p h y s i c a l  c h e m i s t r y  such as:

ct. The e m p i r i c a l  m a p p i n g  of pot e n t i a l  energy surfaces in 
the kinetic studies;

ft. The u t i l i s a t i o n  of anha r m o n i c  force constants in 
the i n t e r p r e t a t i o n  of X - r a y  and electron d i f f r a c t i o n  data;

Y. The c a l c u l a t i o n  of certain therm o d y n a m i c  functions.

In theory, the p r e d i c t i o n  of the ro v i b r a t i o n a l  spectrum 
of a p o l y a t o m i c  m o l e c u l e  is p o s s i b l e  with a knowledge of:

ct. The e q u i l i b r i u n  s t r u c t u r e  of the molecule 
under investigation;

ft. The force field and the atomic masses in the 
m o l e c u l e ;

y. The for m u l a e  for the ener g y  levels, the selection  
rules and the r o v i b r a t i o n a l  line intensities.

In practice, p r o b l e m s  arise when one a t t empts to 
c a l culate the e q u i l i b r i u m  s t r u c t u r e  and the harmonic and
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a n h a rmonic force c o n s t a n t s  from the obs e r v e d  s p e c t r u m  due to 
i n d e t e r m i n a c y .

To overcome this problem, it is n e c e s s a r y  to 
obtain as complete a set of r o v i b r a t i o n a l  dat a  as is 
possible. For simple ar o m a t i c  m o l e c u l e s  such i n v e s t i g a t i o n s  
are at an early stage of d e v e l o p m e n t  in c o m p a r i s o n  to 
simpler molecules like the methyl halides.

This is a d i r e c t  c o n s e q u e n c e  of the r e l a t i v e l y  large size 
of this kind of m o l e c u l e  w h ich results in a v e r y  high 
n umber of t r a n sitions c o n t r i b u t i n g  to the overall 
structure of a single r o v i b r a t i o n a l  band.

In the infrared s p e c t r a  of even simple m o l e c u l e s  
the observed r o t a tional structure is highly c o m p l i c a t e d  
c o n s i s t i n g  of peaks w h i c h  are s u p e r p o s i t i o n s  of man y  lines.
It has been found that in this p a r t i c u l a r  region the
e x p e r i m e n t a l  p r o b l e m s  a s s o c i a t e d  w i t h  obt a i n i n g  D o p p l e r  
limited resolution can be considerable.

Obviously, in order to obtain accurate r o v i b r ational
?fi5o(?mvo

data, there is a need for v e r y  high instrumental/power.
This need has been s a t i s f i e d  with the advent of recent 
d e v e l o p m e n t s  in the use o f :

a. Tunable infrared laser sources;

p. Fourier t r a n s f o r m  spectroscopy;

r. P o w erful d a t a  h a n d l i n g  systems.

Finally, the D o p p l e r  and s u b - D o p p l e r  infrared studies of 
the smaller p o l y a t o m i c  m o l e c u l e s  w h i c h  have been reported
so far indicate that u s u a l l y  there are complex p e r t u r b a t i o n s  
in r o v i b r ational spectra.

In such cases, it is n e c e s s a r y  to perform highly
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accurate frequency and intensity c a l c u l a t i o n s  for a very 
large number of transitions. Such ope r a t i o n  can only be 
accom p l i s h e d  with the use of fast d i g i t a l  computers. Their 
increased c a p a b i l i t i e s  have now f a c i l i t a t e d  the 
interpretation of a large number of p r e v i o u s l y  
unac c o u n t e d  for infrared observations.

1.2 Fourier T r a n s f o r m  Infrared S p e c t r o s c o p y

The concept of this technique was o r i g inated in the 
b e g i n n i n g  of this ce n t u r y  by M i c h e l s o n ' s  first attempts at 
interferometric spectroscopy.

However, it was not until the late 1950's and early 
1960's that the pra c t i c a l  be n e f i t s  were realised. Then, 
in the late 1 9 6 0 's w i t h  the introduction of He-Ne lasers, 
T r y g l y c i n e  Sulphate (TGS) d e t e c t o r s  and c o m p l e t e l y  self- 
contained computerised instrum e n t a t i o n  the use of Fourier 
T r a n s f o r m  infrared s p e c t r o s c o p y  became widespread.

A review of c o m m e r c i a l  i n s t r umental d e v e l o p m e n t s  in FTIR
3has been written by G r i f f i t h s  . This covers the history 

of this field up to 1983.
The present g e n e r a t i o n  of FTI R  s p e c t r o m e t e r s  have 

the following adva n t a g e s  over their predecessors:

a) They have dat a systems

ft) They are more re 1 iable

r) They have more versati

6) They have much g r e a t e r

wh ich are faster.

le o p e r a t i n g  systems, 

a v a i l a b l e  m e m o r y  capacity.

Because of these d e v e l o p m e n t s  the p r o b l e m s  a s s o c i a t e d  with
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large scale data p r o c e s s i n g  are rapidly diminishing. Besides, 
a number of com p u t e r  pro g r a m s  have been d e v e loped to 
assist in the i n t e r p r e t a t i o n  of the spectra. For example, 
computer programs have been d e v e l o p e d  to assist the rotational

4 5ass i g n m e n t  of c o m p l i c a t e d  spectra ' .
The improved p e r f o r m a n c e  of F TIR spect r o m e t e r s  over 

d i s p e r s i o n  m o n o c h r o m a t o r s  is based m a i n l y  on two advantages*5:

oi) The F e l lgett advantage: Arou n d  1950, Fellgett 
recognised that i n f o rmation from all spectral elements
is measured s i m u l t a n e o u s l y  with an interferometer. This so 
called m u l t i p l e x  a d v a n t a g e  is the fund a m e n t a l  theoretical 
a d v a ntage of all F o u r i e r  T r a n s f o r m  spectrometers.

ft) The J a c q u i n o t  advantage: A r ound that time,
J a c q u i n o t  realised the fact that the m a x i m u m  allowed solid 
angle of the c o l l i m a t e d  beam p a s s i n g  through an 
i n terferometer is g r e a t e r  than the solid angle of a beam of 
the same c r o s s - s e c t i o n a l  area at the p r ism or g r a t i n g  of 
a m o n o c h r o m a t o r  m e a s u r i n g  at the same resolution.

Other a d v a n t a g e s  include b u i l t - i n  callibration and 
the p o s s i b i l i t y  of imp r o v i n g  the signal to noise ratio by 
c o - a d d i n g  a large n u m b e r  of scans.

The i n c o r poration of a b u i lt-in m i n i c o m p u t e r  makes 
the elimination of any r e p r o ducible error source, if its 
existence and laws are known, r e l a t i v e l y  easy. The 
f o l lowing catalogue lists error sources, correction

7p r o c e d u r e s  and the s o f t w a r e  to a p ply them :

a) I n t e r ference Fringes: The app e a r a n c e  of
i nterference fringes in the s p e c t r u m  is caused by a thin 
sample with p a r a l l e l  sides. These fringes tend to 
obscure the baseline, obstruct d e t e c t i o n  of r e l a tively
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weak peaks and g e n e r a l l y  cause d i s t o r t i o n s  in their 
i n t e n s i t i e s .

These fringes b e i n g  sinusoidal, they give a single spike 
in the i n t e r f e r o g r a m . This spike can be recognised because 
of its shift in location when the sample is tilted. These 
fringes can be eli m i n a t e d  u s i n g  several techniques*5:

а) The region in the i n t e r f e r o g r a m  that co n t a i n s  the 
spikes can be replaced wit h  zeros. The p r o b l e m  is that zero 
filling an inter f e r o g r a m  within the dat a  introduces a 
d i s c o n t i n u i t y  in the i n t e r f e r o g r a m . This effect is 
d i s t r i b u t e d  over the entire s p e c t r u m  and e f f e c t i v e l y  
increases the noise slightly. However, in most cases its 
effect is less severe than the i nterference fringes 
unless the sample is v e r y  thin.

ft) Two i n t e r f erograms of the same sample but each one 
with the sample tilted s l i g h t l y  in the bea m  p ath w i t h  the 
respect to the other, are collected. This causes the 
spike in the i n t e r f e r o g r a m  to be displaced. O n l y  
one i n terferogram is n e c e s s a r y  for c a l c u l a t i n g  the 
spectrum, so its spike is e f f e c t i v e l y  removed by 
g r a f t i n g  c o r r e s p o n d i n g  i n t e r f e r o g r a m  p o ints from the other 
i n terferogram into the first i n t e r f e r o g r a m .

r) The s i n u soidal fringe can be s i m u l a t e d  and 
then subtracted.

б ) The sample is held at B r e w s t e r ' s  angle to the beam.
T e c h n i q u e s  y) and 6) include the ass u m p t i o n  that the

refraction index does not v ary wit h  w a v e n u m b e r  w h i c h  is not 
true in practice. This leads to inaccurate q u a n t i t a t i v e  
measuremen t s .
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£) The sample can be wedged- In this case the sample 
does not have p a r a l l e l  sides and inter f e r e n c e  f r inges can 
not occur. The p r o b l e m  is that this too can lead to 
p h o t o m e t r i c  errors. The effects of samp l e  w e d g i n g  are small 
but observable.

7b) Resolution errors : It can be shown that a
s u b s t antial dev i a t i o n  from Beer's law exists when the
resolution of the m e a s u r e m e n t  a p p r o a c h e s  the w i d t h  of the

0
sample bands. In this case , the t o l e r a n c e  improves when 
u s ing boxcar apod i z a t i o n  over the common triangular 
apodization. The p r o b l e m  is the g e n e r a t i o n  of apparent 
negat i v e  abso r b a n c e s  due to the Fourier t r a n sform p r o c e s s  when 
the real a b s o r b a n c e s  are, of course, positive. An a l t e r n a t i v e  
a p o d ization function is the trapezoidal one which avoids 
this phenomenon, at the expense of some loss in resolution.

In some of our measurements, the B l a c k m a n n - H a r r i s  3 
term apodisation function was found to giv e  good results.

IU-
The p r o b l e m  is that the reso l u t i o n  is d e c r e a s e d  s l i g x l y  
more than with t r i a ngular apodization, but the c a l c ulated 
spe c t r u m  looks more satisfactory.

c) I n t e r p o l a t i o n  by zero-filling*5: In general, (2m -l)/N 
zeros are added to an interferogram, where m > 1. The 
ba n d w i d t h  after the complex FFT (FFT = Fast FT is an 
a l g o r i t h m  in which the number of c o m p u t a t i o n s  is reduced 
when compared with the c l a ssical FT) will contain 2 ^ m 
points of which 1/2 N are linearly independent and the 
rest are interpolated. The result is a far smoother 
spectrum. For good p h o t o m e t r i c  p r e c i s i o n  at least 8 output 
poin t s  per r esolution element are necessary, for which 
m=3. Probl e m s  with this meth o d  are the increase in 
c o m p u t a t i o n  time and/or the exc e s s i v e  r equirement for 
storage of data.
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1.3 The Band C o n t o u r  Method

In general, the app e a r a n c e  of a r o v i b r a t i o n a l  band is a
pfunction of some or all of the f o l l o w i n g  p a r a m e t e r s  :

а) Selection rules

ft) T r a n s i t i o n  p r o b a b i l i t i e s

y) Moments of inertia

б) T e m p e r a t u r e

£) Co r i o l i s  i nteractions

or) Various p e r t u r b a t i o n s  suc h  as 1-type resonance, 
Fermi resonance etc.

C) Resolution w ith w h i c h  the s p e c t r u m  is observed.

The 'Band C o n t o u r  Method' is the name w i d e l y  used 
referring to the compu t e r  c a l c u l a t i o n  of gas phase mol e c u l a r 
band spectra. The main o b j e c t i v e s  of the 'Band C o n tour 
M e t h od'when it is used in the an a l y s i s  of the v i b r a t i o n a l  
spectra of p o l y a t o m i c  m o l e c u l e s  are:

ct) The d e t e r m i n a t i o n  of band type leading to v i b r a t i o n a l  
s y m m e t r y .

ft) The est i m a t i o n  of v a r i o u s  m o l e c u l a r  constants.

The s y n thesis of a r o v i b r a t i o n a l  band u n der study is 
achieved by c a l c u l a t i n g  the f r e q u e n c i e s  and the intensities
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of the lines w h i c h  are thought to con t r i b u t e  to the 
observed band and the a p p l ication of a p p r o p r i a t e  s e l ection 
rules. Then, the c a l c u l a t e d  lines are integrated so as to 
build up a realistic band contour. In the next 
stage, the c alculated spect r u m  is compared with the observed 
one. The p a r a m e t e r s  which affect the appearance of the 
cal c u l a t e d  spectrum can then be varied until there is an
agreement between the observed and the cal c u l a t e d  band 
contours. In general, two cr i t e r i a  must be satisfied:

a) Agreement between observed and c a l c ulated freq u e n c i e s  
of the various features in a band.

ft) Agr e e m e n t  between observed and calculated intensities  
of v a r ious features in a band.

The first c r i terion may often be satisfied with the use 
of a nalytical expr e s s i o n s  to estimate c o i n c i d e n c e s  of lines. 
The second criterion de p e n d s  on:

ct) The t h e o r etical i n t e nsity e x p r e s s i o n s  w h i c h  are used 
in the simulations.

ft) The exper i m e n t a l  conditions.

The resulting line p r o f i l e s  a/e g e n e r a l l y  fall into
two categories:

a) Those w h ich are d e s c r i b e d  by a Gaussian function, 
that is, the case when the Do p p l e r  b r o a d e n i n g  is the 
do m i n a n t  effect and c o l lision b r o a d e n i n g  is negligible.
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ft) Those which are d e s c r i b e d  by a L o r e n t z i a n  function, 
that is, the case when c o l l ision b r o a d e n i n g  is the d o m i n a n t  
effect and Doppler b r o a d e n i n g  is negligible.

There are however cases when i n termediate s i t u ations
may arise. It should also pointed out that the L o r e ntzian
function can still c o n t r i b u t e  to the wings of the line
profile even though the L o r e n t z i a n  hal f w i d t h  is small
when compared with the D o p p l e r  halfwidth. This comes from

-2the fact that the L o r e n t z i a n  function d e c a y s  as v while 
the G a u ssian function has an e x p o n e n t i a l  decay.
Bened i c t  et al 10 e s t imated that for a 2 : 1 ratio of 
D o p p l e r  to L o r e ntzian halfwidths, the D o p pler c o n t r i b u t i o n  to 
the total linewidth can be < 10%. This is a c o n s equence
of the relatively slow d e c a y  of the L o r e n t z i a n  function in 
the wings.

A d d i t i o n a l l y  there are p r o b l e m s  in relation to the 
correct use of intensity scales and lineshape functions 
to simulate a p p r o p r i a t e  instr u m e n t a l  lineshape functions.

However, one of the great adv a n t a g e s  of band
contour simu l a t i o n s  of s p e c t r a  over other more c o n v e n t i o n a l 
a nal y t i c a l  techniques lies in the p o s s i b i l i t y  of 
c h a r a c t e r i s i n g  specific i n t e r a c t i o n s  w h i c h  cause 
p e r t u r b a t i o n s  in the intensities of the observed spectra.

One type of such a p e rturbation, w h i c h  we have observed 
in the present study, is the 1 -type resonance w h i c h  1e 
resp o n s i b l e  for a p r o m i n e n t  and f r e q u e n t l y  o b s erved intensity 
pe r t u r b a t i o n  p r o d u c i n g  a split Q - b r a n c h  in many 
symmetric rotors. The theo r y  behind this type of p e r t u r b a t i o n  
was t horoughly d i s c u s s e d  by C a r t w r i g h t  and M i l l s 11.
In general, the 1 - d o ubling of e n e r g y  levels in a symmetric  
rotor arises from the v i b r a t i o n a l  angular m o m e n t u m  in a 
d e g e n e r a t e  mode. It is o b s erved onl y  in the K = 1+0

s u b -band since the s p l i t t i n g  of the sub- l e v e l s  d e c r e a s e s
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with increasing K . The s p l i t t i n g  arises because the Q
r vbranch and the P and R br a n c h e s  t e r m inate in d i f f e r e n t

c o m p o n e n t s  of the 1-doubled levels. Its effect is only 
observed at high resolution. The effect of the resonance 
is to cause a d i s t i n c t  hole near the Q branch region of a 
p e r p e n d i c u l a r  band. This effect is analysed in more 
detail in the second C h a p t e r  of this thesis.

Another type of p e r t u r b a t i o n  w h ich is important in the 
present study is the interaction b e t ween B and C type of 
bands in prolate a s y m m e t r i c  rotors w h ich is analysed in 
d e tail in the fifth Chapter.

1.4 P opulation D i s t r i b u t i o n  Of Vibr a t i o n a l  Levels

One of the more s e r ious pr o b l e m s  enco u n t e r e d  in the 
analysis of v i b r a t i o n a l  a b s o r p t i o n  spectra are 
c o m p l i c a t i o n s  due to tran s i t i o n s  from v i b r a t i o n a l l y  
excited states. The levels w h i c h  are u s u a l l y  involved are 
the r e l a t i v e l y  highly p o p u l a t e d  low frequency out- of-plane 
bending modes. These bands are called 'hot bands' due 
to the fact that they are t e m p e rature d e p e n d e n t  and can be 
reduced in intensity by c o o l i n g  the sample. The relative 
intensities of the 'hot bands' w i t h  respect to the cold 
bands are functions of the relative p o p u l a t i o n s  of the 
ener g y  levels. This o c c u p a t i o n  p r o b a b i l i t y  can be c a l c ulated  
from the M a x w e l l - B o l t z m a n n  equation:

N.1
( 1. 1)

N
l



23

where N^/ N is the relative p o p u l a t i o n  of energy level

g is the d e g e n e r a c y  of this p a r t i c u l a r  ener g y  level 
i

N is the total population.
If one assumes harmonic osci l l a t o r  functions, the d e n o m i n a t o r  
can be written as:

is the v i b r a t i o n a l  f r e q u e n c y  in w a v e n u m b e r s  
and the product is taken over all the v i b r a t i o n a l  modes of 
the molecule. The individual p a r t i t i o n  functions for each 
vi b r a t i o n a l  mode together wit h  the total p r o d u c t  at various 
t e m p e r a t u r e s  are listed in Table 1.1 for
b - t r i f l u o r o b e n z e n e - h - . The relative p e r c e n t a g e  p o p u l a t i o n s

-1of levels below 750 cm , at room temperature, are listed in 
Table 1.2.

It can be seen that p r o m i n e n t  hot bands will be observed 
for several levels, three of which have a p o p u l a t i o n  of at 
least 30% of ground state population.

(partition function). ( 1 . 2 )
i

which is either ho>c/kT for n o n - d e g e n e r a t e  a modes

or hooc/kT d o u b l y  d e g e n e r a t e  e modes.



24

Table 1.1

Partition Fun c t i o n s  Of The V i b r a t i o n a l  Modes Of 
s - T r i f l u o r o b e n z e n e - h g

F r e q / c m  ^ Mode Sy m m e t r y g i P - f -/

207 V 17 a ? 1 1.568
246 v20 e ' ' 2 2.037
324 V 14 e ' 2 1.577
502 1 I

'13 e ' 2 1. 194
~ 557 v7 a ? 1 1.069

580 v4 a i 1 1.062
598 H* 

|
CO e ' 2 1. 115

663 "ifi a 2 1 1.040
792 H1

 1
00 

(

e ' ' 2 1.042
847 U 15 a 9 1 1.016
998 V 12 e ' 2 1.015

1 0 1 2 a i 1 1.007
1128 V 11 e ' 2 1.008

~ 1178 i >
6 a 2 1 1.003

~ 1300 v5 a 2 1 1 . 0 0 2
1363 *1 >

2 a i 1 1 . 0 0 1
1475 V 10 e ' 2 1 . 0 0 1
1629 v9 e ' 2 1 . 0 0 1
3076 V 1 a i 1 1 . 0 0 0
3113

VQ e ' 2 1 . 0 0 1
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Table 1.2

Relative P o p u l a t i o n s  Of V i b r a t i o n a l  E n e r g y  Leve l s  B e l o w  
750 cm  ̂ For s - T r i f l u o r o b e n z e n e - h ^

Level Freq/cm ^ r g i % Population,

Ground 0 a i 1 11.49

* 2 0 245.8 e ' ' 2 6 . 8 8

*14 324.2 e ' 2 4.68

* 1 7 207.0 1 4.16

2* 2 0 491.6 ( e " ) 2 3 3.09

* 1 4 +* 2 0 569.9 e'xe' 4 2.80

* 1 7 +* 20 452.8 a 2 xe 2 2.50

* 1 3 502.4 e ' 2 1.95

V 14+ V 17 531.2 a ~ 'xe ' 2 1.69

2*17 414.0 (a .:')"1 1 1.51

2*14 648.4 ( e ')2 Q 3 1.43

3 * 2 0 737.0 ( e ' ' ) 4 1.23

* 1 9 598.0 e ' ' 2 1 . 2 2
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C h a p t e r  2

T h eory Of V i b r a t i o n - R o t a t i o n  T r a n s i t i o n s

For S y m metric Rotors



2.1 Ro v i b r a t i o n a l  T e r m  Values

The empirical r o v i b r a t i o n a l  formulae w h i c h  follow arise 
from the block d i a g o n a l i s a t i o n  of the H a m i l t o n i a n  
matrix, u s ing p e r t u r b a t i o n  theory. The H a m i l t o n i a n  m a t r i x  is 
set up as a p r o duct of a rigid rotor c o n t r i b u t i o n  mul t i p l i e d  
by a harmonic o s c i l l a t o r  contribution. In the transformed 
H a m i l t o n i a n  all the o f f - d i a g o n a l  elements c o n n e c t i n g  
di f f e r e n t  vibr a t i o n a l  states are removed, leading to:

where G(v) is the v i b r a t i o n  term value w h ich can be expressed 
as follows:

T ( v ,J ) = G(v) + F y (J) ( 2 . 1 )

G ( v )= G ( v g , . . .,v fc,lt . . . )

+

( 2 .2 )

the rotation term value F for an oblate rotor is givenv
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F (J) = B J(J+1) + (C -B )K2 - Y  2(CCf) k l . - v v 7 N v v Zî  t v t

- (Dj )vJ2(J+1)2 - (Dj k )v (J+1)JK2 - <d k )vk4 +

(2.3)

v is the v i b r a t i o n a l  q u a n t u m  n u mber of a mol e c u l e

1 is the v i b r a tional q u a n t u m  number of angular m o m e n t u m

J is the rotational q u a n t u m  number of angular m o m e n t u m

k is the signed q u a n t u m  number a s s o c i a t e d  with the component 
of J directed along the z-axis

v is the subscript used to indicate v i b r a t i o n a l  d e p e n d a n c e
s is the subscript used to deno t e  a n o n - d e g e n e r a t e  mode
t is the subscript used to deno t e  a d e g e n e r a t e  mode
and r is the subscript used to d e n o t e  e i ther a d e g e n e r a t e  or
a n o n - d e g e n e r a t e  m o d e .

The third term in e q u ation (2.3) is a c o n s e q u e n c e  of the first

K

co represents the v i b ration w a v e n u m b e r

x,g represent the a n h a r m o n i c i t y  c o n s t a n t s

D , 7? represent the cent r i f u g a l  d i s t o r t i o n  c o n s tants

+ . . (2.4)
r

(2.5)
r

+ ( 2 . 6 )
r

d^ is the d e g e n e r a c y  of the rth norm a l  mode
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order C o r iolis cor r e c t i o n  to the r o t a tional energies
for a d e g e n e r a t e  v i b r a t i o n a l  state of a symmetric
rotor. C t is cons i d e r e d  to be c h a r a c t e r i s t i c  of a
d e g e n e r a t e  vib r a t i o n  as a me a s u r e  of the d e gree of coupling
along the symmetric rotor axis between the rotational
and v i b r ational angular m o m e n t u m  components.

The q u a rtic terms in angular m o m e n t a  in equation (2.3)
are expected to d e m o n s t r a t e  a v i b r a t i o n a l  dependance, but

12this effect is often n e g l ected
The terms in r?'s in the third row of equation (2.3) are 

small and they have been n e g l e c t e d  in this study.
As far as the theory of the zeta c o n s t a n t s  is concerned 

there are two cla s s i c a l  papers. The first one by Boyd and
13Lo n g u e t - H i g g i n s  is on the effect of C o r i o l i s  p e r t u r b a t i o n  

on the p e r p e n d i c u l a r  IR bands of s y m m e t r i c  rotors.
14The second paper, by Meal and Pol o  is on the zeta

sum rules which relate C's for d e g e n e r a t e  pairs of vibrations.
15In a paper by O ka the c o e f f i c i e n t s  of the q u a n t u m

numbers have been c l a s s i f i e d  ac c o r d i n g  to their orders of
magnitude, w h ich is v e r y  useful in the i n terpretation of 
observed spectra.

C a r t w r i g h t  and M i l l s 11 have c l a s s i f i e d  in orders of 
m a g n itude these c o e f f i c i e n t s  in terms of the vibr a t i o n a l  
wav e n u m b e r  and the p a r a m e t e r  *:

* = (m /M ) 1 / 4 %  0.1 e n

where m = electron mass e
M = typical n u c lear mass n

These c o e f f icients are listed in Table 2.1.
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2.2 Selection  Rules And (E ffect ive) First Ord er  
C o r i o l i s  C o n s t a n t s

In C h a p t e r  3, we shall be co nc erned wi t h  ob serv ed  first 
order C o r io li s con s t a n t s  for the f u n d a m e n t a l s  and eff ec ti ve 
first order C o r i o l i s  c o n s t a n t s  for the ove r t o n e s  and 
co mbi nations. A brief d i s c u s s i o n  is giv en here s u f f icient for 
the u n d e r s t a n d i n g  of the c o n v e n t i o n s  used in the exper i m e n t a l  
part for s - t r i f l u o r o b e n z e n e - h ^ .

In order to compare  ca lc u l a t e d  C o r i o l i s  co nstants 
with  those from co m p u t e r  si mul ation s, one must be c onsi st ent  
wit h regards to c l a s s i f i c a t i o n  of the f o l l o w i n g  quantities:

a. Vi br a t i o n a l  w a v e f u n c t i o n s . 

ft. No rmal Coor din ates. 

y. T r a n s i t i o n  mo me n t  operators.

The rot ation al  s e l e c t i o n  rules used 
contour s imulat io n p r o g r a m s  were c o n s i s t e n t  
d i a g r a m a t i c  method d e v e l o p e d  by M i l l s 1*5. In 
treatment it is as su me d that:

ex. The m o l ecule is in its grou n d  e l e c t r o n i c  state.

ft. There is no change of the elec t r o n i c  state d u ring 
the transitions.

The d e g e n e r a t e  c o o r d i n a t e s  are repr e s e n t e d  as: 

C 3 (9 ta +i 9 tb> = e < ~ ie> ( Q ta+ i Q tb> ( 2 '7)

in the band 
wit h the simple 
the follow in g
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where O - 2n/n where n is the order of the principal axis of 
the molecule. Since for s-trifluorobenzene the principal axis 
is Cg , n=3 in this case.

<VV, t W

The vibrational wavefunctions o f  r  D„, point group areo h
characterised by the value of 6 as follows:

If G - ± (2n/n), where n = 3 in this case, |v (a)> and |v^(b)> 
span a degenerate species with & - +(2^/3) and
~(2rr/3) respectively.

6 is determined by the vibrational quantum numbers of 
the state as can be seen from the following relation:

, Q.u are the normal coordinates, t a tb

v > r ( 2 . 8 )

where lvr> is a way of representing a rovibrational 
wavefunction.

If & - 0 t (vr > spans a non-degenerate Bpeci.eE.

J e = (2n/3) 7 
j 3

(modulo 2n) (2.9)

The selection rules can be expressed as follows:

( 2 . 10)

where the + sign applies when AK=-1 and vice versa.

( 2 . 11 )

when AK = 0.
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In the above e x p r e s s i o n s  fJ r e p r es en ts the electric 
d i pole  mo ment along a p a r t i c u l a r  direction.

17F o l l o w i n g  H e r z b e r g ' s  c l a s s i f i c a t i o n  of ro vib r a t i o n a l  
levels we get:

( + 1 ) level => |v^(a)> ; k >0 

or |vr (b)> ; k <0

( - 1 ) level =» |v^(b)> ; k >0 

or |vr (a)> ; k <0

The en erg y d i f f e r e n c e  b e t w e e n  the two (a,b) states can 
be w r i tt en  as follows:

± 2 Ck C^£f for e(b)/e(a) st at es (2 .1 2 )

± 2 C K C ^ ff for (-l)/(+l) states

wh ere  C eff = L V a ) C 0 = - I V b ) C 0 J 3

2A c c o r d i n g  to the above notation, when C > 0 the (-1)eff
e n er gy level is of higher e n e r g y  than the ( + 1 ) one.

After taking the sum of the & va lues for the 3 factors 
in (2 .1 0 ) and (2 .1 1 ) int egrals to be 0 , the ( ± 1 )«=>(±1 )
se lec ti on rules ma y be obtained. Therefore , the
ope ra to rs tr a n s f o r m  under as follows:

(2.13)

(2.14)
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<Mx ±/Jy^ with 0 ~ ± ^27T/ 3)

fj with 0 - 0z

and the r o v i b rationa l w a v e f u n c t i o n s  tr a n s f o r m  as follows:

Iv'> with O = +6 1 r

I v ''> with O - -O 1 r

T h u s ,

AK = K' -K ''= ±1, AO zz Q'-O'' = ±(2n/3)

AK = 0, A0 = 0

A su mmary  of the sel ec tion rules for the symme tr y
sp ec ies can be found in Table 2.2.

To ca lculate a va lu e for for a given vibra tional
state, it is n e c e s s a r y  to take the f o l l o w i n g  steps:

ex. De t e r m i n e  which set of q u a n t u m  n u m b e r s  1^ is associat ed 
with  |v^(a)> and |vr (b)> from e q u ation  (2.9)

_ zUse equation (2.14) to cal c u l a t e  C
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2.3 1-Re so nance  P e r t u r b a t i o n s

1-res onanc e p e r t u r b a t i o n s  are seen in some of the bands
of s - t r i f l u o r o b e n z e n e - h 0 . A brief d i s c u s s i o n  of the theoryo
be hin d such p e r t u r b a t i o n s  is given here.

1 -re so na nce p e r t u r b a t i o n s  are c o n s ide re d to be the
most important of the re s o n a n c e s  w h i c h  are o f f - d i a g o n a l 
onl y in the rotati on al q u a n t u m  numbers. 1 - r e s o n a n c e  refers 
to the cou p l i n g  of s y m m e t r i c  rotor rota tional  levels by 
me an s of the f o l l owi ng  m a t r i x  elements:

<vt,lt;J,k±l|H|vt,lt_i;J,k+l> =

= ( P / 4 ) q ^ ± ) [(vt+ l ) 2 -l^ ] 1 / 2 .

. [ { J ( J + l ) - k ( k + l ) } { J ( J + l ) - k ( k - l ) } ] 1 / 2  (2.15)

<vt,lt;J,k|H|vt,lt+2;J,k±l> =

= p r t [(vt+ l ) 2 - ( l t+ l ) 2 ] 1 / 2 .

. [J(J+1 )- k ( k + l ) ] 1/ 2 (2k±l) (2.16)

w h er e q ^ + , q£ >r r are the 1 - d o u b l i n g  c o n stant s for
the d e g e n e r a t e  v i b r a t i o n a l  state and are a ss ociate d with
the o f f- di agonal  e l e ments c o n n e c t i n g  (A 1 ^ = ± 2 ,A k = ± 2 ),
(Alj_=±2, A k = + 2 ) and (Al =±2, Ak =+l) respectively,  and p - ±1.
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Ther e are s y m m e t r y  r e s t r i c t i o n s  on the s p e c i e s  of
the d e g e n e r a t e  v i b r a t i o n s  ^or e a c ^ t y P e °f
i nt er action can occur.

in ter ac tions occur for all E^( or E) s p e ci es
v i b r a t i o n s  in all sym m e t r i c  rotor point groups. In the v^=l
f u n d a me ntal levels of such v i b r a t i o n s  the m a t r i x  e l e m e n t i d u e
to give rise to a d o u b l i n g  of the k=l^_ = ±1 pair of
levels. This is the fam il iar 1-type d o u b l i n g  e f f e c t
and q £ + ^is the familiar 1 - d o u b l i n g  constant.

Another important poin t of d i s c u s s i o n  refers to the
choice of the signs of 1 - d o ubl in g constants. Due to the fact
that the sign of the 1 - d o u b l i n g  c o n st ants is an
ob s e r v a b l e  quantity, a c o n v en tion d e v i s e d  by C a r t w r i g h t
and M i l l s 11 has been used to relate the e x p e r i m e n t a l
ob s e r v a t i o n s  to the t h e o r eti ca l e x p r e s s i o n s  for the
1-d o u b l i n g  c o n stants  in terms of the r o v i b r a t i o n a l
interaction p a r a m e t e r s  and the a n h a r m o n i c  force
constants. ^

F o l l o w i n g y C a r t w r i g h t  and M i l l s 11 pha se c o n v e n t i o n
togeth er with the sign c o n v en tion for the 1-d o u b l i n g  co n s t a n t
q £ +  ̂ it can be shown that p=- l for for all IR ac tiv e
sp ec ie s of all s y m m et ri c rotor p o in t groups. The d e t a i l e d
expressio n of the co n s t a n t  for all s y m m etr ic  rotor

18m o l e c u l e s  was d e ri ve d by O ka and G r e n i e r - B e s s o n  -
The first two terms of the e x p r e s s i o n  for w h i c h

arise from second order XY pla ne C o r i o l i s  i nt eracti on s contai n
a re son ance de nominator . Hence, the p e r t u r b a t i o n  t r e a t m e n t
upon whi ch  that expre ss ion is given may fail in the case
of such st ro ng interactions.

Be sides the 1 - d o ubl in g effect due to t y P e
in ter ac ti ons in the k=l.=±l levels, it is also p o s s i b l e  to

( + )have an accide ntal r e s onanc e due to q^ . This d e p e n d s  
on the values that the r o t a tiona l co n s t a n t s  have, suc h
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that the int eract in g levels happen to be n e a r l y  degenerate. 
The co ndi tion for ac ci d e n t a l  1-type re so nance in an oblate 
rotor wit h  C ~  (1/2)B is ~  -1.

For the case when the d e g e n e r a t e  nor ma l coo r d i n a t e s  
( Q t i ' ® t 2  ̂ are ^  active the res on ance will be largest for 
high J and low K values. From that it follows that the 
biggest  p e r t u r b a t i o n  will occur for the high J lines in the 
central sub-bands.

The effect of r e s on ance can be c a l c ul ated
by d i a g o n a l i s i n g  a typical ( 2 x 2 ) b l oc k of the H a m i l t o n i a n  
ma t r i x  inv olving two levels coupled by 1 -resona nc e in the 
f o l l ow in g form:

|V'1>
H U
H12

| v v

12
22

This can be done as follows:

a o b ' H U  H 12 ' a -c-b

■ i
cdJD&i

< H 12 H 2 2 ofo a

E* = ( l / 2 ) ( H n + H 2 2 ) ± ( 1/ 2 )A (2.17)
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wher e A = [<52 + 4 H ^ ] 1 / 2

is d e f ined by e x p r e s s i o n  (2.15)

6 = H U - H 22

<5 for the Qf intera ction can be given as f o l l o w s

1 > = |lt =+l,k+l> , |2 > = |1 =-l,k-l>

H ll'H 22 = B [ J ( J + l)-(k+ l)2 ] + C ( k + 1 )2 -

- 2 ( C C ) ( k + l ) - B [ J ( J + l ) - ( k - l ) 2 ] -

- C ( k - l ) 2 - 2 ( C O ( k - l )

= 4 k [ C - ( C O - B ]  (2.18)

The above expr es sion does  not include the c e n t r i f u g a l  

d i s t o r t i o n  terms in e q u at ion (2.3).

A s s u m i n g  i-s real it fo llo ws  that:

E + > E “

The e i g e n ve ct ors are given by the f o l l o w i n g  expressions:

a = [ ( A + 6 ) / 2 A ] 1 / 2 and b = [(A - 6 ) / 2 A ] 1 / 2

A s s u m i n g  that the square root > 0 =* a,b > 0.

a>b when <5>0 and a<b when <5<0 

Also, & = + 1  when and &--1 when

By u s in g the explici t e q u a t i o n s  for the ei genva lues
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of a (2 x 2 ) ma tr i x  given above we can ob tain e x p licit  
fo rmu lae for the p e r turbe d line positions.

The two i nt er acting bas is fun cti on s in the exci ted 
v i b r at io nal state are d e n o t e d  by (J' ,K +1 ,+1) and 
(J',K-1,-1). The e i g e n f u n c t i o n s  res u l t i n g  from the 
interaction are d e n oted  by (J',K+) and (J',K-), where K+ 
d e n o t e s  the upper and K- the lower of the res u l t i n g  
eigenstates. T r a n s i t i o n s  to these states  obey the usual 
se le ct ion rules i.e. from a (J,K) level of the gr ou n d  state  
a c c o r d i n g  to AJ = J'-J = -1,0,1 for a P,Q or R b r a n c h  
line respectively.

The w a v e n u m b e r s  of the lines re s u l t i n g  from the 
p e r t u r b a t i o n  are given  by the f o l l o w i n g  formula:

* { ( v t = l fJ ' fK±) - < v t=0,J,K)} =

= V + B ' J ' (J ' + 1 ) - B ' ' J (J+1)  + C ' - 2 ( C C . ) ' - B ' + o t

+ [(C ' -C ' ' )-(B '- B '')]K 2 ± 2 K { [ C ' - ( C C t ) ' - B ']2 +

+ (q[+)/4§2 [J ' (J ' + 1 ) - K( K + 1 ) ] . [ J ' ( J '  + 1) - K ( K - 1 ) ] } 1 / 2  (2.19)

This  form ula s i m p lifies  to the usual one when - 0-
The 1-res onance p e r t u r b a t i o n s  are ac co m p a n i e d  by int en sity 
pertu rba tions. A d i s c u s s i o n  of the tre at ment of such 
p e r t u r b a t i o n s  is given by C a r t w r i g h t  and M i l l s 11 and is not
repeate d here.

The effect of q £ + ^1- res onanc e p e r t u r b a t i o n s  on P,Q 
and R lines is r e p r e sented  d i a g r a m a t i c a l l y  in Fi gu re 2.1.



39

2.4 C o m p u t e r  S i m u l a t i o n  Of Band C o n t o u r s

As it was indicated in the introduction, the aim of the 
band contour c a l c u l a t i o n s  is to identify  the m a j o r  influ en ces 
w h i c h  are thought to c o n t r i b u t e  to the obs er ved spe ctrum. So 
this method can be used to as sis t a s s i g n m e n t s  of the 
individual lines and hence help w i t h  the d e t e r m i n a t i o n  of 
the main s p e c t r o s c o p i c  c o n s t a n t s  w h i c h  infl uence the 
s t r ucture of a p a r t i c u l a r  band.

In most cases the e n e r g i e s  of the c o m b i n i n g  states 
and intensitie s of the lines can be s a t i s f a c t o r y  c a l c u l a t e d  
u s i n g :

a. The a ppro pr iate a n a l y t i c a l  e x p r e s s i o n s  for the energies.

ft. The electri c d i po le s e l e c t i o n  rules w h i c h  c o n tr ol these 
t r a n s i t i o n s .

The ge ne ral p r o c e d u r e  can be s u m m a r i s e d  as follows: 

c l . Input of dat a

ft. C a l c u l a t i o n  of line f r e q u e n c i e s  and inte nsities 

r . Fo rmatio n of basic i n t e n s i t y  d i s t r i b u t i o n

S. P r o c e s s i n g  of in t e n s i t y  d i s t r i b u t i o n  for ou tp ut  of 
synthet ic  spectrum.

A more det ai led d i s c u s s i o n  of these four steps follows.

First step : The p r o g r a m  w h i c h  was used in the m a j o r i t y  of 
the calc u l a t i o n s  in this th esis is a modif ie d v e r s i o n  of
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the PL LB AND  p r ogram first d e s c r i b e d  by Barn ard . The PL LB AND  
p r o g r a m  c alcul at es and plots  pa r a l l e l  and p e r p e n d i c u l a r  
band sp ect ra for a s y m metr ic  rotor molecule. The select io n 
rules are cal cu la ted u s ing the method of M i l l s 1*5. The 
g e n er al  d e s c r i p t i o n  of the PL LBAND  p r o g r a m  is given in 
Ap p e n d i x  3.

Second step: a. Par al lel Bands: The sele ct ion rules for
pa ra ll el bands are:

K * 0 ; A J = 0 , ± 1 ,  AK = 0

K = 0 ; A J  = ±1, AK = 0

The par allel band c o n tour s were co mputed  from 
c o m b i n a t i o n s  be tween e n e r g y  levels giv en  in sta nd ard 
text b o o k s 17.

ft. P e r p e n d i c u l a r  Bands: The sele ction
rules for the p e r p e n d i c u l a r  bands are:

AJ = 0, ±1 

AK = ±1

The formulae for the ca lc u l a t i o n  of the freq u e n c i e s  for
the Q-branches, n e g l e c t i n g  the eff ect s of centrifu ga l

20di s t o r t i o n  are again give n in standar d textb ooks

y. 1 -R es onance Pe rt ur bations :

The mo dified  s u b r o u t i n e  PEBAND, part of the P L L BA ND  
p r o g r a m  is given in A p p e n d i x  1. The theory be hin d 
this kind of p e r t u r b a t i o n  is d i s c u s s e d  ea rl ie r in this 
Chapter. The p r o c e d u r e  wh ic h was adopted may be sum m a r i s e d
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as follows:

For the 1 reso nan ce p e r t u r b a t i o n  we h a v e 11 :

± 2 K { [ C ' - (CC)' - B' ] 2 + ( q (+)/ 4 K ) 2 [J'(J'+l) - 

- K ( K + 1 ) ] .[J'(J'+1) - K ( K - 1 ) ] } 1 / 2

If we put a = C' - (CC)' - B' 

b = q (+)/4K

c = [J'(J'+1) - K ( K + 1 ) ] .[J'(J'+1) - K(K-l)] 

the above  e x p r es sion t r a n s f o r m s  as follows:

± 2 K { a 2+ b 2 c } 1 / 2 = ± 2 K a / a { a 2 + b 2 c } 1 / 2 =

± 2 K a { (a 2 + b 2 c ) / a 2 } 1 / 2 = ±2Ka{ 1 + (b 2/ a 2 )c } 1 / 2

2 2If we put x = (b /a )c , we have

±2Ka{ 1 + x } 1 / 2 %  2Ka{ 1 + x/2 - x 2 / 8  + . ..}

p r o v i d e d  x is small.

We end up with  the f o l l o w i n g  expression:

±2Ka ±Kax + K a x 2 / 4 ....

where the first part of the e x p r e s s i o n  is the unpe r t u r b e d 
ex press i o n .
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If

(C'-(C C)' -B') > 0

AK = +1 ; r-type tran si tion 
positiv e sign

AK = -1 ; p-t ype trans it ion 
negativ e sign

if

(C'-(CC)'-B') < 0

AK = +1 ; r-type tran sitio n  
n e g ative sign

AK = -1 ; p- type tra ns it ion 
po s iti ve  sign.

The p e r t urbat io n term = ±Kax( l-x/4 . . . )

A s s u m i n g  (C'-(CC)' -B') < 0 we have

{ ± K [ q (+)/ 4 K > 2/ [ ( C ' - B ') - ( C f ) ]}[J(J-1) -

- K ( K + l ) ] [ J ( J - l ) - K ( K - l ) ] [ l - { ( q (+)/ 4 K ) 2/ 4 [ C ' - B ' - ( C C ) ' ] 2 } 

[J(J-l) - K ( K + 1 ) ] [ J ( J - 1 )  - K(K-l) ]]

where the po si tive sign refers to a p - b r a n c h  while the 
neg a t i v e  one refers to an r-branch.

Third Step: The inte ns ities of the ro v i b r a t i o n a l  t r a n s i t i o n s
17are ca lculate d u s i n g  the H o n l - L o n d o n  formula e :
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*JK = ^ K ^ - F" (J’K) 7 ^
where C is a constant

t> is the f r e q u e n c y  of the tra nsit io n
gj^ is the s t a t i s t i c a l  we ig ht  of the lower state:
gJk = < 2 J +l)gN for K = 0

gjK - 2 ( 2 J + l ) g N for K * 0

where g^ is the nu c l e a r  spin stat i s t i c a l  we igh t

- F " ( J , K )  / kT . . . n , . - .e is the B o l t z m a n n  factor
and Aj^ is the line s t r e n g t h  factor. The Aj^ fa ct ors are

1 7given m  st and ard tex t b o o k s

The consta nt C in the H o n l - L o n d o n  f o r mu la is set in 
the computer pr og ra m when the c o m pu ted co nt our  is 
no rm a l i s e d  w it h res pe ct to the m ost  intense fe at ure in the 
s p e c t r u m .

Fo u r t h  Step: The p r o c e s s i n g  of the int en si ty d i s t r i b u t i o n  
for the output of the s y n t h e t i c  s p e c t r u m  can be d i v i d e d  into 
the fo ll ow ing nu mbe r of steps:

a. The individual lines are b r o a d e n e d  u s i n g  a chosen lineshape 
function (Lorenzian in our case). The choic e is important in 
high res olution w o r k 11

ft. The inte nsities of the i ndi vi dual lines are p a r t i t i o n e d 
about the line fr e q u e n c y  amo ng  a nu mb er  of f r e q u e n c y  ele ments 
of an array.

Y. The total intens it y of eac h  element of the array is summed 
and stored in an array  for fu rth er  processing.
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<5. The f r e quenc y interval for the raw intens it y co n t o u r  is 
us u a l y  chosen to be about an order of m a g n i t u d e  lower than 
the de s i r e d  conv ol uted linewidth.

s. The raw intensity  array  can then be p r e pa re d for p l o t t i n g  
on one of a number  of har dw are devices. For p l o t t i n g  p u r p o s e s  
the in tensiti es are n o r m a l i s e d  to the most intense line 
in the spectrum. Then, they are scaled so that the final 
output  at the d i g ital  p l o tter r e p r esen ts  f r e q u e n c y  ve rsus 
linear or logarithmi c scale in intensity.
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Ta bl e 2.1

Terms In R o v i b r a t i o n a l  H a m i l t o n i a n  
By Or der Of Mag ni tude

C l a s s i f  ied

C o n s t a n t Magnitu de

Cxi v i b r a t i o n  w a v e n u m b e r s Cxi

x r r ', g tt' a n h a r m o n i c i t y  const an ts 2 m£ w

B ,C ,<CC?)V V t v ro ta t i o n a l  c o n st an ts 2 
X  Oi

B C (CC?)C*. , CC , CCv t v i b r a t i o n a l  d e p e n d a n c e  
of rot a t i o n a l  c o n s tan ts

4
X  (xi

< 4 +) 1 - d o u b l i n g  c o n stan ts 4
X  Cxi

DJ ’DJ K ’D K c e n t r i f u g a l  d i s t o r t i o n 6  
X  Oi

co n s t a n t s

Note: x * 0.1 and oi = typi cal  v i b r a t i o n  wa v e n u m b e r
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Tab le  2.2

Sel ec tion  Rules For R o v i b r a t i o n a l  T r a n s i t i o n s  
For The Poi nt Gro up

T r a n sitio n Se l e c t i o n  Rules
r AK ii J* i

U p per
State

Lower
State

+ K-L) -1(JL) 0(11)

E A l ,2 < + l)4*<0) <-l)<*(0 )

A l ,2 E (0 )» <- l) (0 )« (+l)

E E < - l ) « ( + l ) < + l ) » ( - l )  ( + l ) o ( + l )  
(-!)<=>(-!)

Note: The r e q u ire me nt ('')*»(') on AK = 0 t ra nsition s
and ('')<=>(*') or ( )*=K * ) for - -1 tran s i t i o n s  is assumed
for the point group.
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Figure 2 . 1

The Effect Of q

J ' = J "  -1 
K' +1 -1

1-re so nance On P,Q, And R - B ranch Lin es
J'=J' ' + 1

J '= J "  K' +1 -1 K'
K' +1 -1 K'

K'
1

2

no

l

2

3

r P

1

2

3

- J' ' J "  J'
Notation: A^ A J ^ ,, wh ere AK = K'-K''; AJ = J '-J ' ' .
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C h a p t e r  3

Inves t i g a t i o n  Of The M i d - I R  S p e ctr um  Of s - T r i f l u o r o b e n z e n e - h ^

U s ing FTI R  S p e c t r o s c o p y
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3.1 The Infrared S p e c t r o s c o p y  Of s - T r i f l u o r o b e n z e n e

The 30 n o rm al v i b r a t i o n s  of s - t r i f l u o r o b e n z e n e  
are d i s t r i b u t e d  amo ng the i rr ed ucible  r e p r e s e n t a t i o n s  of 
as follows:

r (Qv ) = 4a^ + 3a^ + 7 e ' + 3a^ ' + 3 e '

The a^(v^-v^), e ^v i8~V 20^ mod es are Raman active, 
the a 2 * ̂  mod es are infrared active, the e
mod es are both Raman and infrar ed active  and fin ally the 
a^ mod es are inactive a c c o r d i n g  to the di po l e  selection 
rules. Furthermore, the pl an a r  v i b r a t i o n s  of s - t r i f l u o r o b e n z e n e  
are of symm e t r y  spe cie s a^, a^ and e' wh ile its o u t - o f-p la ne 
v i b r a t i o n s  are of s y m m e t r y  spe cie s a^ and e''.

T h r o u g h o u t  this report the n u m b e r i n g  of normal modes
17follows H e r z berg' s r e c o m m e n d a t i o n  w h i c h  is c o n s istent with

that adopted in pre v i o u s  v i b r a t i o n a l  studies.
There have been a n u mber of e x p e r i m e n t a l  and

t h e o re ti cal stu dies r e l a t i n g  to s - t r i f l u o r o b e n z e n e  since the
ear ly infrared and Raman s t u d y  of Nielsen, Li ang and 

21Smith , in 1950. In their work, the infrared spe ct rum of 
s - t r i f l u o r o b e n z e n e  in the ga s e o u s  and liquid states together 
with its Raman sp e c t r u m  in the liquid state was 
invest i g a t e d .

In 1953, a nor mal c o o r d i n a t e  analysis  of the
o u t - o f - p l a n e  vibati on s of s - t r i f l u o r o b e n z e n e  was carried out 

22by Fe r g u s o n  . His study fur n i s h e d  s u p po rt  for Nielsen et
al's ten tative as s i g n m e n t  of the lowest a^>' fu ndamental but 
co nclud ed  that the value of the e ' ' f u n d am en tal was too high. 

In 1962, a M o d if ie d U r e y - B r a d l e y  force field c alcul at ion
23was p e r forme d by Scherer, Ev an s and M u e l d e r  . Their report 

also included a v a l ence  force field cal c u l a t i o n  for the 
ou t- o f - p l a n e  vibrations.
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24In 1973, Sch lupf and Weber per f o r m e d  the first
high resolu tion r o t a tio na l Raman stu dy of the molecule, u s in g
a single  mode Ar laser. Th eir  e x p e r i m e n t  led to the
d e t e r m i n a t i o n  of the B'' r o t a ti onal c o n sta nt  and the D'T 'o j
c e n t r i f u g a l  dis t o r t i o n  constant.

2PIn the same year, Eaton and Steele p r e s e n t e d  a st ud y
of the pl ana r v i b r a t i o n s  of be nz en e and f l u o r o b e n z e n e s
in cludi ng  s - t r i f l u o r o b e n z e n e . In their study, 36 and 39 
p a r a m e t e r  force fields were used. Two yea rs later, the same

25two r e s e arche rs  tried to inv est ig ate the ef fec t that the 
re moval of the Kekule' a s s u mp tion would have on the force 
f ieId .

In 1976, Eaton, Pearce, Steele and T i n d l e Z<5 re co rded
the low f r e q uen cy  ab so r p t i o n  sp e c t r u m  be tw ee n 400 and 50

-1cm
T h ree years later, the gas pha se c o n t o u r s  of the infrared 

acti ve f u ndamen ta ls  and some ove rt ones and c o m b i n a t i o n  ban ds 
were recorded at about 0.5 cm ^ r e s o lution  by S h u rv el l et

27al . Thei r exp e r i m e n t  led to the d e t e r m i n a t i o n  of first
ord er Co r i o l i s  con s t a n t s  for the e' f u n d a m e n t a l s  togethe r
wit h 'effective' C o r i o l i s  co n s t a n t s  of some o v e r t o n e s  and
c o m b i n a t i o n  bands of the same s y m m e t r y  species.

20Finally, in 1981 K o r p p i - T o m m o l a  et al , rec or ded the 
gas phase Raman band c o n tours of s - t r i f l u o r o b e n z e n e - h ^  and 
the infrared and Raman band co ntours of its fully d e u t e r a t e d  
isotope at about 0.5 cm  ̂ resolution. Th e y  also did com pu te r 
s i m u l a t i o n  of the band contours  of the e' modes  to d e t e r m i n e  
the first order C o r i o l i s  co u p l i n g  co n s t a n t s  for bot h 
i s o t o p e s .

In an atte mpt to u p g rade  the v a r i o u s  d a t a  for 
s - t r i f l u o r o b e n z e n e , we have re-r e c o r d e d  the m i d - i n f r a r e d  
s p e c t r u m  be twe en  55 0 - 3 5 0 0  at a r e s o lu tion of about 0. 0 6  cm  ̂
u s ing the Bruker  IF S113 Fo u r i e r  T r a n s f o r m  s p e c t r o m e t e r  with
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the MCT de t e c t o r  cooled dow n to 77K. C o m m e r c i a l l y  a v a i la bl e 
s - t r i f l u o r o b e n z e n e - h g  was used w i t h o u t  furt her pur ifi catio n. 
Pat h lengths of 10 cm and 4 m were used. The s u r v e y  sp ectra 
at a resol ut ion of about 0.5 cm ^ w i t h  a sample p r e ss ure of ca 
10 T o r r  are shown in F i gu re s 3.1 and 3.2. Th e y  were 
re cor de d with out use of compu te r s u b t r a c t i o n  of CC^ and 
^ 0  absorpti ons. The fund a m e n t a l  w a v e n u m b e r s  obtained 
from the l i t e r a t u r e 27,28 and the pr e s e n t  investig at ion are 
c o l l e c t e d  in Table 3.1.

3.2 The P a r al le l Bands Of s - T r i f l u o r o b e n z e n e - h ^
3.2.1 The v ^ ( a ^ ' )  P a r a l l e l  F u n d a m e n t a l  Band

The ' paralle l f u n d a m e n t a l  was r e - r e c o r d e d  at a
r e s o lu ti on of ca. 0.06 cm  ̂ u s in g the B l a c k m a n n - H a r r i s

123 -t e r m  apo di za tion function inste a d of Se llors  tra pe zo idal 
one. The a p o d i za tion fun ction  w h i c h  was used here is de s c r i b e d 
in C h a p t e r  1 and it gives  an improv ed line shape at the
e x p en se of a slight d e c r e a s e  in the resolution. Also, we
have compl et ed  a co mpute r s i m u l a t i o n  of the p a r t i a l l y
r e s ol ved rota ti onal structure.

is a very st ro ng  band w h i c h  was recorde d u s in g a 
10 cm cell fitted wit h  KBr windows. The p r e s s u r e  of the 
sa mple was ca. 2 Torr. In the a b sence  of any s t rong Fermi 
or C o r i o l i s  r e s o nanc es  this a ^ ' mod e was expect ed  to give 
rise to a pa ra ll el  band wit h a r e l a t i v e l y  simple ro ta tio nal 
structure.

T h e - c o m p u t e r  sim u l a t i o n  was carrie d out as des c r i b e d  
in S e c ti on  2.4 u s ing the closed term e x p r e s s i o n s  for an 
ob lat e symme tr ic  rotor m o l e c u l e  and the a p p r o p r i a t e  selec tion 
rules for a pa ral l e l  band. A s s u m i n g  that the d i s t o r t i o n
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c o n s t a n t s  are the same in bot h states, the P and R bra nc hes  
are expected to have a coarse  J st ru cture d e t e r m i n e d  g
p r i m a r i l y  by the c o n s t a n t s  v , B'', c* = B''-B' ando s
D j . When J manif ol ds are observed at high resolut ion
they would have a fine K s t r uc tu re d e t e r m i n e d  m a i n l y  

C Bby ct = C ''-C ' , «  and D . The as sumptio n that for as s J
p l anar  oblate symme tr ic rotor C = B/2 was found to be 
sufficient. Finally, the f o l l o w i n g  rel at ions were assumed
to exist between the c e n t r i f u g a l  d i s t o r t i o n  con stant s of 
a plan a r  sy mmetric rotor molecule:

2Dj + 3D j k  + 4 D r  = 0 (3.1)

D j k  = 2DJ {(Ce/ B e )4 - 1 } a  -1.875 Dj (3.2)

30The first relation was o r i g i n a l l y  d e r ive d by D o w l i n g  while
the second ap pr o x i m a t e  one is due to Aliev, Subbotin and

3 1Tyulin . A more d e t ai led ana l y s i s  of these two r elation sh ips 
is gi ve n in Ch ap ter 4 where the har monic force field
c a l c u l a t i o n s  are discussed.

The region of the obs er ved v 1E band from 835.5 to 861.42
- i  1 5  - icm with the band centre at 84 8.1 3 cm is shown in comp ressed

form in Fi gure 3.4. From  that Fi gur e it can be seen that the
ob serve d structu re  is c o m p l i c a t e d  by the p r e s e n c e  of at
least anot her strong band and seve ral other m e di um  to weak
bands. After c o n s i d e r i n g  the rela ti ve p o p u l a t i o n s  of the
v i b r a t i o n a l  levels at room temperature, it seems that there

:hree rela tive intense 'hot bands' involvingare at leas
low frequeni

r
G r o u n d a

v 17 a.
i »
"14 e

V 2 0 e

Type Of V i b ration  % Tota l Po pulatio n
11.49

o u t - o f - p l a n e  4.16
planar 4.68
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Therefo re,  the p r i m a r y  c a n did at e for the a s s i g n m e n t  of
the second strongest pea k  at 847. 60 cm * seems to be a
'sequence band' of the type ( ^' Ano ther 
r e l a t i v e l y  strong pea k  at 847.10  cm ̂  could be due e i t h e r  to

(V15+IJ17-V17> or <V15+1'l4-V14)‘
The ana lysis  of the main band can be d i v i d e d  into 

the f o l l owi ng  steps:

c a . Initially, a series of c o m p u t a t i o n s  was p e r f o r m e d  to 
d e t e r m i n e  the K value of the J lines. It was found that the 
va rious  q P and q R peaks c o i nc id e with  low K t r a n s i t i o n s  
(i.e. K %  0). An exa mple of such a c a l c u l a t i o n  is g i ve n in
Fi gur e 3.3.

p. The obser ved J str u c t u r e  was fitte d into a p o l y n o m i a l  of 
the fol lo wi ng form:

v P , R m
2 , 3  = a + bm + cm + dm +... (3.4)

w h e r e : m = -J for a P-branch, m = J+l for an R- br anch

1 Pi° 
ii cd + [(C ' - B ') - ( C ' '- B '')]K2 =

o
1 aii . / B C,v 2+ (ca - a )K S S (3.5)

b = (B' + B '') - 2Dj k K 2 (3.6)

CQIIO D "  B- B = -ca.s (3.7)

d -  -4D .T (3.8)

A s s u m i n g  K ~  0 we have:
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b = B ' + B "
Bc -as

d = -4D J

So from the above r e l a tio ns  va lues for o B' '
were derived.

y. The va lues de ri ved from the pr e v i o u s  step were used for a 
co mpu ter si mulatio n of the ob served band u s i n g  the P L L BAND 
p r o g r a m .

The standard d e v i a t i o n  in the r e s i du al s {v>, , _ }(obs) (calc)
was o - 0.003 w h ic h is c o n s i s t e n t  with the est im at ed
u n c e r t a i n t y  in the pea k  positions. The value for B'' di f f e r s

24 12s l i gh tly fro m the ones q u o t e d  by Schlupf and Se llors . The 
d i s c r e p a n c y  with the value obt ai ned by the rotationa l Raman

24analy sis  is expected due to the ef fects of 'hot bands' 
whi ch are dif f e r e n t  in each case. The p r o b l e m  tends to become  
more important tow ards the b o t t o m  of Table 3.2 w h ic h lists 
the obs erved  and calc u l a t e d  peak positions. At the r e l a t i v e l y  
high t e m p e ratu re s at whi ch  the r o t a ti on al Raman spect ra  are 
photog rap hed, there are seve ral low lying vi br a t i o n a l  states 
whi ch are a p p r e c i a b l y  populated. So it is likely that the 
analysis of the s p e ctrum  yi el ds  a value for B'' which is not 
quite equal to the true v a lu e of B'' but a w e i gh te d ave rage 
of B over these vi br a t i o n a l  states.

The peak assignments, together  w it h the d i f f e r e n c e s  
between observed and ca lc u l a t e d  peak  w a v e n u m b e r s  are listed 
in Tab le 3.2. The p a r a m e t e r s  w h i c h  were used in the com pu te r 
si mulatio n of the band are listed in T a bl e 3.3. The observed 
and calc ulate d band co ntours  are given in Fi gu re 3.4.
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3.2.2 The  ̂ P a r a l l e l  F u n d a me nt al Band

The v (a'') band was inv est igate d at a res ol ution  of 
— 1ca. 0.06  cm usi ng the same apod i z a t i o n  function  as in

the case of the v^g(a^ ')  band. The ex pe r i m e n t a l  c o n d it ions
were the same as in the case of the l' i ^ a2  ̂ band.

The region of the ob served  i-’ band from 650.0 to 680.0
-1cm is shown in a comp r e s s e d  form in Fi gure  3.5. From that

Figure, it can be seen that there are seve ral qui te  stron g
pea ks  in the central region. As in the case of the band,
the most intense of them was assumed to be the b r an ch of
the v band at ca. 66 4 . 7 c m  The second most intense

- 1p ea k was at ca. 664.4 cm . Onc e again the pr i m a r y
c a n d id at e for the second st r o n g e s t  pea k would seem to be a
'sequence band' of the type (v* ) . Also, anot her two16 2 0  2 0  _ ̂
s l i g h t l y  weaker peaks  were p r e s e n t  at ca. 664.5 cm and ca.
664.0 cm  ̂. These are p r o b a b l y  due to the 'sequence
bands' ( )  anc* (1'16+1’>14- V 14 ̂ re s P ect i v e l y .

For the main band, a si milar type of analys is was
ca rr ied out as in the case of the c band which led to15
a s i m u lated spe ct ru m w h i c h  r e p r odu ce d the p a r t i a l l y  
resolved rota ti onal s t r u c t u r e  sa ti sfacto ri ly. The effects 
of 'hot bands' in the ce nt ra l region of the band were not 
taken into account in the si m u l a t i o n  of the band.

A reg ular J str u c t u r e  in the P and R b r anch can be 
seen more cl early  in some p l aces than in others. The central 
Q sr uct ur e was once again c o m p l e t e l y  unr esolved. The J and AJ 
v a l u e s  may be as signed to about 100 P and R br an c h  peaks of 
the main band though at not such a high a c c ur acy as in the v 15
band. As in the case of the band, it was assu med that
the q P and q R peaks co i n c i d e  with low K t r a n s i t i o n s  (i.e.
K*0) .

The sta nda rd d e v i a t i o n  in the re s i d u a l s  { v, . N}(obs) (calc)
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is o' - 0 . 0 1  wh ich is well outsid e the expected  
in the peak pos i t i o n s  of ca. 0. 006  cm  ̂ (for a r 
0.0 6 cm ^). So it is exp ec te d that the value of 
rotatio na l con stant will not be so accurate. In 
was found to be 0 . 0 5 7 0 3 3  cm  ̂ com pa red with  a va 
0 . 0 5 8 7 4 2  cm  ̂ from the an alysi s of the band,
to the two fo llowing  reasons:

a. A decr ea se in the signal to no ise  ratio in th 
region gives rise to a r e l a t i v e l y  n o i s y  spe c t r u m  
to a higher u n c e r t a i n t y  in the obs er ved line positions.

/?. The usual pres en ce of several pe ak s due to 'hot bands' 
w h ich leads to a p e r t u r b a t i o n  in the pos i t i o n s  of the 
ind ividual peaks in the P and R branches. This effect is 
di f f i c u l t  to be m e a su red due to the fact that the individual 
peaks are not so well resolved.

The line po si tions are, therefore, quo te d to three de cimal 
pl ac es  instead of four de c i m a l  pl aces as in the band.

In the simu la tion of the band the values for v , B''
B °and were taken from the least squa res  analysis. The

usual r e la tionsh ip  be tween the r o t a ti onal c o n st ants of a
pl an ar  oblate mo le cu le were assumed to hold. The
d i s t or ti on constant s were tr an s f e r r e d  from the an al ys is of
the c b a n d .1 o

The observed and ca l c u l a t e d  lines for the
i-V(ao ) fu ndamental  band are given in Table  3.4. The de r i v e dlb Z
constan ts  for the same band are giv en in Table 3.5. The
observed and c alcul at ed band co ntours are given in F i gu re 3.5

u n c e r t a i n t y  
esoluti on  of 
B' ' 
fact, it 

lue of 
This is due

is pa rt i c u l a r  
. This leads
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3.3 The P e r p e n d i c u l a r  Bands of s - T r i f l u o r o b e n z e n e - h ^ -

27Shurv ell  et al e s t im ated the C o r i o l i s  co ns tants for 
the p e r p e n d i c u l a r  b a nd s of s - t r i f l u o r o b e n z e n e - h ^  for the first 
time. One of the m e t h o d s  used in their ana lysis of 
p a r t i a l l y  resolved ban ds is the s o - c al led 'P - R - s e p a r a t  i o n '

32meth od by Hosk ins  This method can be used only to
obtain a ppr ox imate v a lu es  of C o r i o l i s  constan ts for 
sy mme tr ic rotor m o l e c u l e s  a c c o r d i n g  to the fo l l o w i n g  formula:

&^pR = 4.0(AkT/hc)1/2(l-C^) (3.9)

where indicates  the sepa r a t i o n  be twee n the P and R
br anche s in a band,
C t is the first ord er C o r i o l i s  c o u p l i n g  constant,
A is the ro ta tional  constan t and the rest of the p a r a m e t e r s  

have their usual meaning.
The p r o bl em wit h  this me thod is that r e l a tive ly  small 

error s in the d e t e r m i n a t i o n  of P-R m a x i m a  s e p a r a t i o n s  can 
lead to large errors in the C o r i o l i s  constants,
p a r t i c u l a r l y  when P-R m a x i m a  be co me  less well d e f ined  as
Z — zC => +1.0. Such v a lues of for pla n a r  oblate

s ym me tric rotor m o l e c u l e s  cause the subband origins to give
rise to a 'ps eud o-parallel' band app e a r a n c e  in the overall
band profile with sharp co al esced Q b r anch  s t r u ct ures
wh ic h are u s u al ly  d i s t o r t e d  by 'hot bands'. This could lead
to errors in C t v a l u e s  of be tween  ±0.05 to ±0.20.

Anot her  method wh ich is c o n s idere d to be more ac curate is
to mat ch the ob ser ved and c a l c ulate d spectra. This

27method  was employ ed by Shu rv ell et al but they did not 
take into account the f o l l o w i n g  ef fects whi ch  c o n t ri bute
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to the overall band profile:

а. Ov e r l a p  of c o m b inati on  or overt on e bands.

ft. Hot bands of the type ( t )-^t d i s c u s s e d  in the analysis 
of the parallel  f u n d a ment al  bands.

y. D i f f e r e n c e s  in rota t i o n a l  co n s t a n t s  be tw ee n the gr oun d and 
excited states.

б . 1 -re so nanc e pert ur batio ns.

In this study, the second me thod  of analysi s was used taking 
into account the factors y and <5.

It was found that at the re solutio n used, 1-r es onanc e 
effects were ob se r v a b l e  in a n u mbe r of p e r p e n d i c u l a r  
f un da mental  bands.

3.3.1 The P e r p e n d i c u l a r  F u n d a m e n t a l  Band

The (e') band ex te nd s from about 977 cm  ̂ to about
-1 -1 1014 cm with the band centre at 99 6.2 5 cm and can be seen

in Figure 3.6. The band ex h i b i t s  a PQR st r u c t u r e  with an
ob vio us 1-resonanc e p e r t u r b a t i o n  a f f e c t i n g  the cent ral Q
b r a n c h .

In the computer  s i m u la tion of the v i2^e  ̂ band, the 
gr ou n d  state rot atio na l and ce nt r i f u g a l  d i s t o r t i o n  c o n sta nt s  
taken from the least squares a n a lysis of the ^ i 5 ^ a 2  ̂
pa r a l l e l  fundament al band, were used. Once again, it was 
assumed that the v i b r a t i o n a l  d e p e n d a n c e  of the c e n t r i f u g a l  
d i s t o r t i o n  con st ants could be n e g l ect ed  and the usual
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r e l a t i o n s h i p  C=B/2 ap plied for the pl an ar e' vibrations. The 
s y n t h e t i c  s p e ct ru m was c a l c u l a t e d  u s i n g  the PL L B A N D  program. 
M a x i m u m  va lues of J and K were taken as 170 wit h synthe ti c 
s p e c t r a l  line widths  u s u a l l y  at s l i g h t l y  lower than the 
o b s e r v e d  e x p e r i m e n t a l  resolution.

In p r e l i m i n a r y  c a l c u l a t i o n s  the 1-reso nance (q^.+ ̂ ) 
p a r a m e t e r  was not included. It was found that the best fit 
was a c h ie ved when = 0 - 0 0 0 0 6 2  cm^ and = _0-35.

2p ^The value qu ote d by Shurv el l et al for ~0-47.

Aft er o p t i m i s i n g  these two parameters, the 9^2^ was
a l l ow ed to vary. It was found that the best fit was
ac h i e v e d  with = + 0 - ® 0 0 12 cmT1.

The best fit p a r a m e t e r s  for the  ̂ p e r p e n d i c u l a r  band
are listed in Table 3.6. The o b s erved and calc ulated  
sp e c t r a  ,in co mp ressed form, are given in Fi gu re 3.6.

3.3.2 The ) P e r p e n d i c u l a r  F u n d a m e n t a l  Band

The i-’ Ce') band e x te nds from about 1112 cm  ̂ to 1142
-1 -1 cm w i t h  the band ce nt re at 1127.60 cm , as can be seen in

F i gure  3.7. The band e x h ibits a PQR  srtucture. A weak
1 - r e so na nce effect was obs er ved p e r t u r b i n g  the cent ral Q
b r a n c h  of the band.

The band was invest ig ated u s in g the me thod of ma t c h i n g  
ob s e r v e d  with calc u l a t e d  spectra. In the s i m u la tion of the 
o b s e r v e d  band the m a x i m u m  J and K va lue s were taken as 
150. Onc e again the gr ound state r o t a tional  con s t a n t s  and 
c e n t r i f u g a l  d i s t o r t i o n  c o n s t a n t s  were taken from the analysis 
of the v i5 ^ a 2  ̂ p a r a l l e l  fu nd a m e n t a l  band. The same 
a s s u m p t i o n s  as in the  ̂ case were applied.
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In the initial c a l c u l a t i o n s  the 1-resonance 
par a m e t e r  was not included. After several trial and error 
attempts, it was found that the best fit was a c h i e v e d  wit h  

= 0 . 0 0 0 0 6 2  cm  ̂ and C ^ -  0.05. The value o b t a i n e d  by 
the p r e sent study for the C o r i o l i s  constant is the same as the

27one quoted by Shurvell et al
After o p t i m i s i n g  these two parameters, the <q  ̂

1-resonance par a m e t e r  was allowed to vary. It was found that 
the best fit was achieved with +0. 0 0 0 1 3  cvr*.

The best fit p a r a m e t e r s  for the  ̂ p e r p e n d i c u l a r
band are listed in Table 3.7. The observed and c a l c u l a t e d  
spectra, in compressed form, are given in Figure 3.7.

3.3.3 The +’x0 ^e ) P e r p e n d i c u l a r  F u n d a m e n t a l  Band

The lJ-ira(e') band extends from about 1460 cm ^ to 1490
-1 -1 cm with the band centre at 1475.40 cm as can be seen m

Figure 3.8. The +*x0 ^e ) band e x h ibits a PQR structure. The
central region has a so m e w h a t  u n u sual feature in the form
of a dip at ca. 1476 cm A l t h o u g h  1-resonance p e r t u r b a t i o n
was taken into account in the sim u l a t i o n  of the band, this
p a r t icular feature could not be reproduced c o m p l e t e l y
satisfactorily. A n other r e l a t i v e l y  minor p r o b l e m  was
due to the presence of trace lines w h i c h  o b s cured
parts of the spectrum but not enough to affect the g e n e r a l
shape of the b a n d .

In the computer sim u l a t i o n  of the obser v e d  band, the
m a x i m u m  J and K values were taken as 170. The usual
as s u m ptions were made as in the 1->x2 ^e  ̂ c a s e -

It was found that the best fit was a c h i e v e d
with = 0 . 0 00132 cm ^ , C?™ = -0.40 and +0 .00020 p'wC*'.10 10 10
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2 7The value quoted by Shurvel 1 et al for the C o r i o l i s
co n stant is -0.55.

The best fit p a r a m e t e r s  are g i ven in Table 3.8 and 
the observed and c a l c u l a t e d  s p e ctra are given, in c ompressed 
form, in Figure 3.8.

3.3.4 The ^g(e') P e r p e n d i c u l a r  F u n d a m e n t a l  Band.

The ^n(e') f u n d amental band e x t e n d s  from about 1623 cm ^
-1 -1 to about 1648 cm w ith the band centre at 1629 cm , as can

be seen in Figure 3.9. The s p e c t r u m  in this region is
c o m p l i c a t e d  due to the p r e sence of another c ombination
band. This c o m b ination band has been found to affect the
low w a v e n u m b e r  part of the band w h i c h  exhibits a s l i ghtly
d i s t o r t e d  PQR structure. Another p r o b l e m  is that the
central region has been found to be s l i g h t l y  complicated
by the p r e sence of some trace 1^0 lines. However,
it is obvious that the central p eak of the band exhibits
an 1 -resonance perturbation.

The exact po s i t i o n  of the band centre can not be 
measured very a c c u r a t e l y  due to Fermi resonance between the 

band and the c o m b i n a t i o n  band. (Fermi resonance is the 
phenomenon, when in a p o l y a t o m i c  m o l e c u l e  two vibrational 
levels b e l o n g i n g  to d i f f e r e n t  v i b r a t i o n s  have nearly the 
same energy, so as to be a c c i d e n t a l l y  near d e g e n erate.)

In the computer s i m u lation of the observed band the 
maximum J and K v a lues were taken as 170. The usual 
a s s u m p t i o n s  were made as in the  ̂ c a s e -

F o l l o w i n g  the usual p r o cedure for the 
p e r p e n d i c u l a r  f u n d a mental bands d e s c r i b e d  earlier in this 
chapter, it was found that the best fit was achieved with
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.(In ^

a* - 0. 0 0 0 0 6 2  cm ^ , Cg = 0.0 5  and Q g +  ̂ = +0.00012};. The value
27qu o t e d  by Shurvell et al for the C o r i o l i s  c o n s t a n t  did 

not con t r a d i c t  the one obtained from the present study.
The best fit p a r a m e t e r s  are given in Table 3.9 and 

the observed and c a l c ulated spectra are given, in compressed  
form, in Figure 3.9.

3.3.5 The ^ 0 (e') P e r p e n d i c u l a r  F u n d a m e n t a l  Band, o

The ^ 0 (e') p e r p e n d i c u l a r  f u n d a m e n t a l  band was recorded o
us ing a mult i - p a s s  cell w i t h  a total p a t h  length of about 4m.
The p r e ssure of the sample was ca. 2 Torr.

The ^ 0 (e') f u n d a mental band is a very weak band which
-1 -1 extends from about 3080 cm to about 3135 cm with the band

centre at 3113 cm ^ , as can be seen in F i g u r e  3.10.
This p e r p e n d i c u l a r  band is a v ery w e a k  and d i s t o r t e d  one,

so a s a t i s f a c t o r y  computer s i m u lation is almost impossible.
Another p r o blem arises from the p r e s e n c e  of trace
H^O lines which obscure p a rts of the band contour.
Finally, in the region that the ^ ( e ' )  band lies, theo
det e c t o r  power drops d r a m a t i c a l l y  w h i c h  leads to an increase 
in the noise level.

2?It has been speculated , that there is a c ombination  
band in this region in Fermi r e s o nance w i t h  i-’gCe') band 
w h ich leads to the observed d i s t o r t e d  feature but n o t h i n g  
really conclusive could be observed at this r e l a t i v e l y  high 
r e s olut i o n .

The calculated contour was not ex p e c t e d  to fit 
s a t i s f a c t o r i l y  with the observed band due to the reasons 
dis c u s s e d  earlier. Under these c i r c u m stances, the best
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D -
p o s s i b l e  fit was achieved wit h  a = 0 . 0 0 0 0 8 2  and C 0 = -0 .0 0 2 .o o

2The value derived for Cg did not c o n t r a d i c t  the one quoted by
Shurvell et al 27 .

Not any 1-resonance effect could be observed so the
q l +  ̂ 1 -resonance p a r a m e t e r  was assumed to be 0 . o

The best fit p a r a m e t e r s  for the V g ( e ' )  pe r p e n d i c u l a r  band 
are listed in Table 3.10 and the observed and c a l c ulated  
spectrum, in c ompressed form, are given in Figure 3.10.

3.3.6 The C Sum Rule.

1 <5Ac c o r d i n g  to the C sum rule we have the following
e x p r e s s i o n :

J c t  = -i (3.10)

Therefore, by adding the five C^'s w h ich were obtained from
27the present study and the two C^'s from the literature , we 

g e t :

C o + C n+ - - -+Ci. = 0.00+0.05-. . .-0 .2 0 = -1.25 8 9 14

After taking into account the relative u n c e r t a i n t i e s  in each  
of the Co r i o l i s  c o n s t a n t s  the value obtained for ^  C t is 
c o n s idered satisfactory.
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3.4 O v e rtone And C o m b i n a t i o n  Bands Of s - C 0H 0F 0 .b o o

In this study, the overtone and comb i n a t i o n  bands of
s-CgHgFg were recorded at the same res o l u t i o n  as b e fore u s i n g
the same m u l t ipass cell w h ich was used for the rec o r d i n g  of
the Vg(e') f undamental band. The total pat h  length was again
3m and the pressure of the sample was ca. 2 Torr. A
common p r o blem in the r e c o r d i n g  of all the c o m b i n a t i o n s  and
overtones was a d r a m a t i c  d e c r e a s e  in the signal to noise
ratio which was caused by the d e c r e a s e d  signal from a
larger number of t r a v e r s a l s  in the m u l t i p a s s  cell.

The analysis w h i c h  was employed was the same as in the
case of the p e r p e n d i c u l a r  f u n d a m e n t a l  bands. In general, the
results of such an a n a lysis can be used as a c h eck for
the first order C o r i o l i s  c o n s t a n t s  obtained from the
analysis of the fundamentals. Furthermore, first order
C o r i o l i s  co n s t a n t s  ob t a i n e d  from the a n a l y s i s  of
c o m b ination bands can then be used to provide useful
su p p l e m e n t a r y  force field data.

The profile shapes of the c o m b i n a t i o n  and overtone
band contours are d e t e r m i n e d  p r i m a r i l y  by the effective
Co r i o l i s  c o n stants C r.o w h i c h  u n der the harmonicef f
vib r a t i o n s  a ssumption are formed from certain linear

i<5 2co m b i n a t i o n s  of the C values.
For the comb i n a t i o n  of two d e g e n e r a t e  e' modes v

and . , the effective C o r i o l i s  constant, de n o t e d  as K >t eff
is equal to the f o l l o w i n g  expression:

C eff = -<C s + C t> ( 3 -10)

For the c ombination of a n o n - d e g e n e r a t e  a mode with a 
d e g e n e r a t e  e' mode the e f f e c t i v e  C o r i o l i s  constant is
as follows:
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<eff = C t ( 3 -n >

2The C constant for the first o v e rtone of d e g e n e r a t e  e mode err
is given by the f o l l o w i n g  relationship:

<eff = -2Ct (3'12>

2QFinally, f o l l owing the analysis of K o r p p i - T o m m o l a  et al for
the gas phase Raman band conto u r s  of s - t r i f l u o r o b e n z e n e - h ^

zthe C t constants of the e' ' d e g e n e r a t e  modes were set to 0 .
In the analysis, 1-resonance effects were ignored due

to the lower q u a l i t y  of the spectra. The best fit v a lues for
zthe observed and cal c u l a t e d  C values together withef f

the proposed a s s i g n m e n t s  of the c o m b i n a t i o n s  and
o v e r tones obtained from the p r e s e n t  an a l y s i s  are given in
Table 3.11. The observed KZJCC v a lues were taken from theef f
computer simulation a n a lysis of each band and compared wit h
the calculated v a l u e s  from e x p r e s s i o n s  ( 3 .10 ) - ( 3 .12 ).g eff

The a , J ,K valu e s  w h i c h  were used are of max max
the same order as the ones in the an a l y s i s  of the 
p e r p e n d i c u l a r  f u n d a m e n t a l  bands.

3.4.1 The (e x e ) C o m b i n a t i o n  Band.

The v n + v band extends from about 2590 cm  ̂ to
1 0  - i  1 1  - iabout 2610 cm with the band centre at 2601 cm as can be

seen in Figure 3.11.
The C e £f̂ (obs.) value obtained from the computer simulation

2analysis of the band was 0.45 the same as the C e ^^(calc.) 
one .
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27The c o r r e s p o n d i n g  values given by Shurvell et al
are 0 .57 and 0.47 respectively. (At this point it was

2realised that the cal c u l a t e d  C values in the aboveef f
mentioned paper do not cor r e s p o n d  to the v a lues o b t ained

2 2u s ing expr e s s i o n s  like (3.10) with values for and for
the a p p r o p r i a t e  fundamentals. By u s i n g  the v a l u e s  for 
2 2C g and C t for the a p p r o p r i a t e  f u n d a m e n t a l s  in each case from

2the same paper, new corrected v a lues for the ^ e ff
constants were derived. So, for example, in the p r e s e n t  case 

2the corrected C „~(calc.) const a n t  has a value of 0.6 0  er t
2 2using C-^and values from the paper by Shurvell et

27al instead of 0.47 q u oted in the same paper. From now on,
only the corrected C con s t a n t s  will be used as aef f
com p a r i s o n  with the v a lues o b t ained from the p r e s e n t  
s t u d y ) .

The observed and cal c u l a t e d  band contours for the
v>.. comb i n a t i o n  band are given in Figure 3.11.10 11

3.4.2 The y ^ ( a j x e '  ) C o m b i n a t i o n  Band.

This band extends from about 2460 cm  ̂ to 2500 cm ^with
the band centre at 2483 cm  ̂ as can be seen in Figure 3.12.

2 2 The C e £.^(obs.) value was 0.05 while the C e ^^(calc.) one
was -0.05. After taki n g  into account that the C o r i o l i s
constant is almost 0 , the agr e e m e n t  between the two values is
sat isf a c t o r y .

27The c o r r e s p o n d i n g  values obtained by Shurvell et al are 
0.10 and -0.05 respectively.

The observed and c alculated band conto u r s  are given 
in Figure 3.12.
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3.4.3 The ( a ' xe ' ) C o m b i n a t i o n  Band,o 11 2

This band extends from ca. 2415 cm ^ to ca. 2431 cm  ̂
with the band centre at 2425 cm  ̂ as can be seen in Figure 
3. 13. 2 2The C ~~(obs.) value was 0.05 wh e r e a s  the C - - ( c a l c . ) ef f eff
one obtained from expr e s s i o n  (3.11) was again -0.05. The 
a g r e e m e n t  between the two values is s a t i s f a c t o r y  due to the 
fact that the C o r i o l i s  constant is close to zero.

The c o r r e s p o n d i n g  values for these constants given by
2PShurvell et al are -0.03 and -0.05 respectively.

The observed and calculated band co n t o u r s  are given in 
Figure 3.13.

3.4.4 The ) C o m b i n a t i o n  Band.

The v +v comb i n a t i o n  band extends from about 2330 cm *
-1 -1 to 2370 cm with the band centre at 2355 cm as can be seen

in Figure 3.14. The band is obscured by the presence of
trace CC^ lines w h ich were identified and ignored. Their
p o s i t i o n s  are de n o t e d  with small dots in Figure 3.14.

The C (obs.) value was found to be -0.15 while ef f
the C Z ^-(calc.) one was -0.35. The agr e e m e n t  between the eff
two values is not satisfactory.

27The c o r r e s p o n d i n g  values in the literature are -0.48
and -0.47 respectively.

The observed and c a l c ulated band conto u r s  are given in 
F i gure 3.14.
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3.4.5 The 2i-»^(e')^ O v e r t o n e  Band.

The overtone band extends from about 2240 cm  ̂ to

2265 cm  ̂ with the band centre at 2252 cm  ̂ as can be seen in
F i g u r e  3.15.

z zThe C c c ( o b s . ) and C ««(calc.) values were found to be eff eff
-0.1 and 0.1 respectively. The agreement between the two 
v a lues is s a t i s f a c t o r y  due to the fact that the Coriolis 
constant is close to zero.

27The c o r r e s p o n d i n g  values in the literature are -0.2 
and 0 . 1  respectively.

The observed and c a l c ulated band contours are given in 
Figure 3.15.

3.4.6 The v 2.l+ v 1 2^e xe  ̂ C o m b i n a t i o n  Band.

This c o m b ination band extends from ca 2110 cm  ̂ to ca.
2130 cm  ̂ with the band centre at 2121 cm  ̂ as can be seen in
F i gure 3.16.

z zThe C f n ( o b s . ) and C -»(calc.) constants were found to eff eff
be 0.5 and 0.4 respectively. The agreement between the 
two values is satisfactory.

27The c o r r e s p o n d i n g  values given by Shurvell are 0.32 and
0.52.
The observed and cal c u l a t e d  band c o n tours are given in Figure 
3. 16.

3.4.7 The v 3 +1'>̂ 2 (a ^xe ) C o m b i n a t i o n  Band.

The 0 c o m b i n a t i o n  band e x t ends from about 1995 cm  ̂ to
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2015 cm * with the band centre at 2007 cm ^ as can be seen in
Figure 3.17.

2The C nC ( o b s . ) and (calc.) con s t a n t s  were found to be eff
-0.25 and -0.35 respectively. The agreement b e tween the 
two values is satisfactory.

27In Shurvell's paper the c o r e s p o n d i n g  valu e s  are 
-0.43 and -0.47 respectively.

The observed and cal c u l a t e d  band contours of this 
comb i n a t i o n  band are given in Figure 3.17.

3.4.8 The v ^ ( e ’xe') C o m b i n a t i o n  Band.

This c o m b ination band extends from ca. 1790 cm ^ to ca.
1810 cm  ̂ w i t h the band centre at 1802 cm ^as can be seen in
Figu r e  3.18. The band is p a r t i a l l y  obscured by the presence
of trace lines w h i c h  were identified and ignored. Their
p o s i t i o n s  are d e n oted by small dot s  in Figure 3.18.

2The C ^-(obs.) and (calc.) c o n s t a n t s  were found to be 1.0 eff
and 0.6. respectively. The a g r e e m e n t  between the two values 
is s a t i s f a c t o r y  due to the fact that the Corio l i s  c o n stant is 
close to 1 and also due to the lower q u a l i t y  of the spectrum.

27In the literature , the c o r r e s p o n d i n g  values are 0.95 
and 0.75.

The observed and calculated s p e c t r a  are given in Figure
3. 18.

3.4.9 The v . + ’.’ (a'xe') C o m b i n a t i o n  Band.4 11 1

The v + v c o m b i n a t i o n  band e x tends from ca 1690 cm  ̂ to
-1 -1ca 1715 cm with the band centre at 1705 cm as can be
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seen in Figure 3.19. Here again the band is p a r t i a l l y  
o b s cured by the p r e s e n c e  of trace H^O lines w h i c h  were
identified and removed.

2The £ c „(obs.) and (calc.) c o n s t a n t s  were found both to eff
be 0 .1 .

2 7 2Shurvell q u o t e s  C c c (obs. ) and (calc.) as -0.04 andeff
-0.05 respectively.

The observed and cal c u l a t e d  band co n t o u r s  are given in 
F i gure 3.19.

3.4.10 The y ^2 +v>l4 ( e xe ) C o m b i n a t i o n  Band.

The v + v  c o m b i n a t i o n  band ex t e n d s  from ca. 1310 cm  ̂ to-1 iZ 14 -1 1325 cm with the band centre at 1320 cm as can be seen in
Figure 3.20. The band was again p a r t l y  obscured by trace
H 2O lines.

2The C ^ ( o b s . )  and (calc.) c o n s t a n t s  were found to be eff
0.75 and 0.55 respectively. The a g r e e m e n t  between the two 
v a lues is satisfactory.

27In the literature they are q u oted as 0.72 and 0.67.
The observed and c a l c u l a t e d  band co n t o u r s  are given in 

Figure 3 . 2 0 .

3.4.11 The v ig+ v ig ( a 2 "x e '') C o m b i n a t i o n  Band.

This comb i n a t i o n  band extends from ca 1250 cm  ̂ to ca.
1270 cm  ̂ with the band centre at 1261 cm  ̂ as can be seen
in Figure 3.21. It is again p a r t l y  obscured by H 2 O lines
though not to a great extent.

The C Z r.^(obs.) value was found to be -0.05 w h ereas the eff
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c a l c u l a t e d  value was set to 0. The a g r e e m e n t  between the two 
v a l u e s  is satisfactory.

The observed and c a l c ulated band co n t o u r s  are given in 
Fi gure 3.19.

3.4.12 Other C o m b i n a t i o n  Bands In The M i d - I n f r a r e d  S p e ctrum

Of s - T r i f l u o r o b e n z e n e - h ^ .

There are several other bands in the s-C g H ^ F g  
m i d - i n f r a r e d  spectrum which can not be assigned w i t h  a 
g r eat certainty. However, p o s s i b l e  a s s i g n m e n t s  will be 
di s c u s s e d  in this section and in some cases first order 
C o r i o l i s  constants will be given.

In the 2 7 0 0 -3000 cm  ̂ region there are four rela t i v e l y
-1 , 2  weak bands. One at ca 2921 cm could be due to 2i-’̂ ^(e )

in which case the £ Z --(calc.) value would be 0 .8 .eff
Due to the low q u a l i t y  of the spectrum, no computer 
simu l a t i o n  of this band was performed.

The other three features in the same region are found at 
c a . 2831 cm ^ , 2801 cm  ̂ and 2770 cm The first one could
be either due to (a'xe') with C e ^^(calc.) = -0.4

2 zor i’ + 2 y . n ( e ' x ( e ' ') ) with £ --(calc.) = 0.05. The second one 9 19 eff 2could be due to U g + 2 i ^ g ( e ' x ( e  # ' ) ). Finally, the third
2one could be due to i-> +v. a ' x e ' ) wit h  £ --(calc.) =5 10 2 eff

Z 27The £ e ^^(obs.) v a lue given by S h u rvell is 0.

sp e c t r u m  is needed to confirm

these assignments. The region is shown in Figure 3.22.
A n o ther band w h i c h  extends from ca. 2650 cm  ̂ to ca.

-1 22680 cm could be a t t r i b u t e d  to v ^ + 2 v (e ' x ( e '') ) with
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Cgff (calc.) = -0.40. The band in this region was simulated  
2wit h  C gf^Cobs.) = -0.2 and is shown in Figu r e  3.23 with the 

ex p e r i m e n t a l  one.
The band which e x t ends from ca. 2200 cm  ̂ to 2220 cm ^

could be either due to Y ^ g C a J x e ' )  w i t h  C flf £ < c a l c . ) =
2 -0.05 or v n+ y in( e ' x e " )  with the same C »«(calc.). It was 9 19 eff2sim u l a t e d  with a C c »(obs. ) = 0.2 and is shown in Figureeff

3.24.
A n other band w h i c h  extends from ca. 1180 cm ^to ca. 1240 

cm  ̂ w it h an irregular feature at ca. 1 2 2 0  cm  ̂ is p a r t i a l l y
obscured by lines. This feature could be due to either

2v 0+v ( a l x a l ' ) or v. oni( e 'xe ' ' ) with a C C c (calc.) = -0.40. 3 17 1 2 10 20 eff2Here it was reproduced wit h  C ^ ( o b s . )  = -0.15 and is
shown in Figure 3.25 wit h  the simulated one.

There is another band at ca. 1155 cm  ̂ w hi ch is shown
in Figu r e  3.24 w h ich could be due to (e'xe') w i t h  a
C Z o . ( c a l c . ) = 0.60. This band was not sim u l a t e d  due to theeff
lower q u a l i t y  of the spectrum.

A n o ther p r o m i n e n t  band extends from ca. 1070 cm  ̂ to
1 1 0 0  cm  ̂ and could be due to i ^ + i ^ g ( a ^ x e ' ) with a
2 zC nn(calc.) = -0.3. Here it is simulated with a C -^(obs.)^ eff eff

-0.4 and is shown in Figu r e  3.27 together w ith the
ex p e r i m e n t a l  one.

Finally, in the region between ca. 780 cm  ̂and ca. 885
cm  ̂ there are another three features at ca. 881 cm , 805
cm  ̂ and 785 cm  ̂ w h i ch could be due to e x e ' ' ) with
a C Z c c (calc. ) = -0.40, y . „ + y . n (a 0 " x e "  ) with a C ^ ( c a l c . )  err 1 / 1 9  2 err
= 0 and a l x a 2 ) respectively. These are shown in
Fi g u r e s  3.28 and 3.29. T h ese bands were not sim u l a t e d  due 
to the lower q u a l i t y  of the spectrum.
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Table 3.1
>v era'

F u n d amental Wavenumbersy Of s - T r i f l u o r o b e n z e n e - h ^  and -d^

r r C 6H 3F 3 " C 6D 3F 3

a l V 1 
” 2 
V 3 
^4

3 0 7 6 27 2 3 1 # 8 
136327 136028 
1012 27 96#® 
5 8027 5 77 28

a 2 l>5 

V7

1304.6 1261.3 
1173.8 947.7 
553.7 509.8

V 8
P 9
V 10

V 11

v 12 
i >
^'13
v 14

203113 2314
201629 1617

1475.4 142528
201127.6 1054
20996.25 792 

50 227 4 8 f 8 
3 2 4 27 3 2 2 Z°

a 2 v 15 
V 16 
V 17

208 4 8.130 777 
664.693 5 2228 
2 0 7 27 206f8

6 v 18 
V 19 
^ 2 0

7 9227 6 4 ^ 8 
5 9827 5 3828 
2 4627 2 3 f 8

Note: The a^ f u n d a m e n t a l s  were d e rived from our force field 
ealeulat i o n s .
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Table 3.2
O b s e r v e d  And C a l c u l a t e d  Lines For l>̂ 5 ^ a 2 ) F u n d a m e n t a l  Band

Of S-CgHgFg.

P ( J ' ' ) ; A J = - 1  O b s .W a v e n u m b e r  ( O b s .- C a l c .)Wavenumber

P( 20 ) 845.7720 -0.0035
P ( 2 2 ) 845.5388 -0.0007
P( 23) 845.4258 0 . 0043
P( 24) 845.3049 0 . 0015
P(25) 845.1838 -0.0016
P( 26) 845.0640 -0.0033
P( 27) 844.9509 0 . 0018
P( 28 ) 844.8298 -0 . 0 0 1 2
P( 29) 844.7100 -0.0028
P( 30) 844.5969 0 . 0023
P( 31) 844.4758 -0.0006
P( 32 ) 844.3560 -0 . 0 0 2 2
P( 33 ) 844.2429 0 . 0030
P(34) 844.1218 0 . 0 0 0 1
P( 35 ) 8 4 4 .0020 -0.0014
P( 36 ) 843.8889 0. 0 0 3 9
P( 37 ) 843 . 7 6 7 8 0  . 0 0 1 1
P( 38 ) 843.6479 -0.0004
P( 39 ) 843.5269 -0.0030
P( 40 ) 843.4138 0 . 0 0 2 3
P(41) 843.2939 0.00 0 8
P( 42 ) 843.1729 -0.0017
P( 43 ) 843.0598 0. 0 0 3 6
P(44 ) 842.9390 0. 0 0 1 3
P(45 ) 842.8188 -0.0004
P ( 46 ) 842.6980 -0.0026
P( 47 ) 842.5850 0.00 2 9
P(48 ) 842.4648 0. 0013
P(49 ) 842.3440 -0.0009
P(51) 842.1108 0.0031
P( 52) 841.9900 0 . 0 0 1 0
P(53) 841.8699 -0.0004
P( 54) 841.7488 -0.0028
P( 55) 841 .6360 0.0031
P(56) 841.5 1 5 9 0 . 0 0 1 7
P( 57) 841.3948 -0.0006
P( 58 ) 84 1 .2749 -0.0018
P( 59) 841. 1619 0.0040
P( 60) 84 1 .0408 0. 0 0 1 7
P( 61) 8 4 0 .9199 -0.0003
P( 62 ) 8 4 0 .7998 -0.0016
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P ( J ' ' ) ; A J = - 1 O b s .W a v e n u m b e r (Obs.. - C a l c .)Wavenumber

P( 63 ) 8 4 0 .6790 -0.0035
P(64) 840 . 5 6 5 9 0 . 0 0 2 2
P(65) 8 4 0 .4458 0 . 0 0 1 0
P( 6 6 ) 8 4 0 .3250 -0.0008
P( 67 ) 84 0 . 2 0 4 8 -0 . 0 0 2 1
P( 6 8 ) 8 4 0 .0840 -0.0039

R ( J '');AJ=+1 O b s . W a v e n u m b e r (Obs. - C a l c . ) W a v e n u m b e r

R(ll> 84 9 . 5 3 8 8 0 . 0 0 1 1
R(12) 849.6 5 1 9 -0.0029
R(13) 8 4 9 .7649 -0.0070
R(14) 8 4 9 .8848 -0.0042
R(15) 849 . 9 9 7 8 -0.0083
R(16) 8 5 0 .1189 -0.0042
R( 17 ) 8 5 0 . 2 4 6 8 0 . 0067
R(18) 8 5 0 . 3 5 9 9 0. 0029
R(19) 85 0 . 4 7 2 9 -0 . 0 0 1 1
R( 20 ) 8 5 0 . 5 9 4 0 0.0031
R( 21) 8 5 0 .6990 -0.0088
R( 22 ) 85 0 .8198 -0.0048
R( 23 ) 85 0 . 9 4 8 0 0.0066
R( 24 ) 85 1 .0608 0.00 2 6
R( 25 ) 8 5 1 .1738 -0.0017
R( 26) 851.2939 0 . 0 0 2 2
R( 27 ) 851 . 4 1 4 8 0.0064
R( 28) 851 . 5 1 9 8 -0.0053
R( 29 ) 8 5 1 .6409 -0.0008
R( 30 ) 851 . 7 6 1 0 0.0027
R( 31) 8 5 1 .8738 -0 . 0 0 1 1
R ( 3 2 ) 8 5 1 .9949 0.0035
R( 33) 85 2 . 1 0 7 9 0 . 0 0 0 1
R( 34 ) 85 2 . 2 2 0 9 -0.0036
R( 35 ) 85 2 . 3 4 0 8 -0 . 0 0 0 1
R( 36) 852.4 6 1 9 0.0046
R( 37 ) 8 5 2 . 5 7 5 0 0. 0013 -

R( 38) 85 2 . 6 9 5 8 0.0057
R( 39 ) 85 2 . 8 0 8 8 0.0024
R( 40) 85 2 . 9 2 1 9 -0.0008
R(41) 8 5 3 .0420 0.00 2 9
R(42) 85 3 . 1 5 4 8 -0.0005
R(43 ) 8 5 3 .2759 0.0044
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R ( J '');A J = + 1 O b s .W a v e n u m b e r  ( O b s .- C a l c .)Wavenumber

R(44 ) 8 5 3 .3889 0 .00 1 3
R(45) 8 5 3 . 5 0 2 0 -0.0018
R(46) 8 5 3 .6218 0 . 0019
R(47) 8 5 3 .7349 -0 . 0 0 1 1
R ( 4 8 ) 85 3 . 8 5 6 0 0 . 0039
R ( 4 9 ) 85 3 . 9 6 9 0 0 . 0 0 0 9
R( 50) 85 4 . 0 8 1 8 -0 . 0 0 2 2
R(51) 8 5 4 .2019 0 . 0019
R( 52 ) 8 5 4 . 3 1 4 9 -0 . 0 0 0 1
R( 53 ) 854.4 2 8 0 -0.0038
R(54) 85 4 . 5 4 8 8 0 . 0 0 1 2
R( 55 ) 85 4 . 6 6 1 9 -0.0015
R( 56 ) 854 . 7 7 4 9 -0.0043
R( 57) 85 4 . 8 9 4 8 -0 . 0 0 0 2
R( 58 ) 855 . 0 0 7 8 -0.0029
R( 59) 855 . 1 2 8 9 0. 0 0 2 5
R( 60 ) 85 5 . 2 4 1 9 -0 . 0 0 0 1
R(61) 85 5 . 3 5 5 0 -0.0026
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Table 3.3
Derived C o n s t a n t s  For F u n d a m e n t a l  Band

Of s - C 6 H 3 F 3 .

Parameter Derived Value

-  , -1 v /cm 0 848.130

B ' ' /cm ^ 0 . 0 5 8 7 4 2
B , -1 ct.c /cm 15 0 . 0 0 0 0 1 3

C' '/cm _1 0 . 0 2 9 3 7 1
C , -1 /cm 0 . 0 0 0 0 0 6

Dj /cm ^ 5.3 x 10 ~ 9

Djk / c m _1 -9.9 x 10 _9

/ cm ^ 4.8 x 10 ~ 9

, -1 
0  / cm 0 . 003

Note: a B = cf = C " -C
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Table 3.4
O b s e r v e d  And C a l c u l a t e d  Lines For y 1 0 (a«') F u n d a m e n t a l  Bandlb Z

Of s - C 6 H 3 F 3 .

P (J '');AJ = - 1 O b s .W a v e n u m b e r  ( O b s .- C a l c .)Wavenumber

P( 29) 661.394 0.017
P ( 30 ) 661.281 0 . 0 2 0
P(31) 661.175 0 . 029
P( 32) 661.055 0.024
P( 33 ) 660.942 0 . 027
P(34) 660.828 0 . 028
P( 35 ) 660.701 0 . 0 1 7
P( 36) 660.580 0 . 0 1 2
P( 37) 660.460 0.007
P( 38) 660.347 0 . 0 1 0
P( 39 ) 660.218 -0.003
P ( 4 0 ) 660.105 -0 . 0 0 0
P( 41) 559.992 0 . 003
P(42) 559.856 -0.017
P(43) 559.759 0 . 0 0 2
P (44) 5 5 9 .638 -0 . 0 0 2
P( 45 ) 559.533 0 .009
P( 46 ) 559.405 -0 . 0 0 2
P( 47 ) 559.284 -0.007
P( 48 ) 559.164 -0 . 0 1 0
P( 49 ) 559.043 -0.014
P( 50 ) 558.930 -0 . 0 1 0
P( 51) 558.817 -0.006
P(52) 558.697 -0.009
P(53) 558.569 -0 . 0 2 0
P( 54) 558.456 -0.015
P( 55) 558.343 -0 . 0 1 1
P( 56 ) 5 5 8.245 0 . 009
P( 57) 558.101 -0.017
P( 58) 557.988 -0.013
P( 59 ) 557.868 -0.015
P( 60) 557.747 -0.017
P(61) 557.653 0 . 007
P( 62) 557.514 -0.014
P( 63 ) 557.401 -0.008
P( 64) 5 5 7 .280 -0 . 0 1 1
P( 65) 557.167 -0.005
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P ( J ' ');AJ_-1 O b s .W a v e n u m b e r ( O b s .- C a l c .)Wavenumber

P( 6 6  ) 557.039 -0.014
P( 67) 556.937 0.003
P( 6 8  ) 556.813 -0 . 0 0 2
P( 69 ) 556.685 -0 . 0 1 1
P( 70) 556.587 0 . 0 1 1
P( 71) 556.470 0.013
P( 72 ) 556.331 -0.006
P( 73 ) 556.237 0 . 0 2 0
P( 74 ) 556.120 0.023
P( 75) 556.000 0.023

R ( J '');AJ=+1 O b s .Wav e n u m b e r ( O b s . - C a l c . ) W a v e n u m b e r

R( 28 ) 667.858 -0.035
R( 29 ) 667.978 -0.029
R( 30 ) 668.091 -0.031
R<31) 668.204 -0.033
R( 32 ) 668.340 -0 . 0 1 2
R( 33) 668.468 0 . 0 0 1
R(34) 668.588 0.007
R( 35 ) 668.679 -0.017
R( 36 ) 668.807 -0.004
R( 37 ) 668.912 -0.014
R( 38) 669.025 -0.016
R( 39) 669.153 -0.004
R(40 ) 669.270 -0 . 0 0 2
R(41) 669.390 0.003
R(42) 669.492 -0 . 0 1 0
R(43) 669.620 0 . 0 0 2
R( 44 ) 669.749 0.016
R ( 4 5 ) 669.862 0.013
R(46 ) 669.974 0 . 0 1 0
R( 47 ) 670.080 -0 . 0 0 0
R(48 ) 670.193 -0.003
R(49 ) 670.336 0 .024
R( 50 ) 670.438 0 . 0 1 0
R(5l) 670.540 - -0.004
R( 52 ) 670.668 0.008
R( 53) 670.788 0 . 0 1 2
R(54) 670.901 0 . 008
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R(J' ' ) ; A J -+ 1 O b s .W a v e n u m b e r ( O b s .- C a l c .

R( 55) 671.014 0. 005
R(56) 671.135 0.009
R( 57) 671.248 0.006
R( 58) 671.372 0.013
R( 59 ) 671.496 0 . 0 2 0
R( 60) 671.602 0.009
R(61) 671.707 -0.003
R( 62) 671.843 0.016
R( 63) 671.956 0 . 0 1 2
R( 64 ) 672.076 0.014
R( 65 ) 672.182 0.003
R( 6 6  ) 6 72.302 0 . 005
R( 67 ) 672.423 0.009
R( 6 8  ) 672.536 0.004
R( 69 ) 672.641 -0.009
R( 70 ) 672.777 0.009
R( 71) 672.882 -0.005
R( 72) 672.996 -0.009
R( 73 ) 673.124 0 . 0 0 0
R( 74 ) 673.237 -0.005
R( 75 ) 673.357 -0.004
R( 76 ) 673.470 -0 . 0 1 0
R( 77 ) 673.591 -0.008
R( 78 ) 673.696 -0 . 0 2 2
R( 79) 673.824 -0.013
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Table 3.5
Derived C o n s t a n t s  For y . c ( a ' ') F u n d a m e n t a l  Bandlb Z

Of s - C 6 H 3 F 3 .

P arameter D e r i v e d  Value

~  , -1 v /cm o 664.693

B ' '/cm ^ 0 . 0 5 7 0 3 3

B , -1 
a 16 /Cm 0 . 0 0 0 0 0 5

C ' '/cm ^ 0. 0 2 8 5 1 7

C , -1 /cm 0 . 0 0 0 0 0 3

. -1 or /cm 0.014

Note: See note at the b o t t o m  of T a ble 3.3
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Table 3.6

Best Fit C o n s t a n t s  For v i2^e '^ f u n d a m e n t a l  Band

Of s - C 6 H 3 F 3 .

Pa r a m e t e r Best Fit Value ± U n c e r t a i n t y

“  , -1 v / cm o 996.25 ± 0.01

B , -1 
01^2 / cm 0 . 0 0 0 0 6 2  ± 0.0 0 0 0 3 0

rz  ̂12 -0.35 ± 0.05

Q (+)/
12 + 0 . 0 0 0 1 2  ± 0 . 0 0 0 1 0

J , K = 170

Note : See note at the bottom of Table 3.3.
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Table 3.7

Best Fit C o n s t a n t s  For ) F u n d a m e n t a l  Band

Of s - C 6 H 3 F 3 .

Parameter Best Fit Value ± Uncertainty-

“  . -1 v / cm o 1 1 2 7 . 60 ± 0.01

B . -1 cm 0. 0 0 0 0 6 2  ± 0 . 0 0 0 0 2 0

z 
 ̂11 -0.05 ± 0.02

q l l ^  C7a"4 + 0 . 0 0 0 1 3  ± 0. 0 0 0 0 5

J ,K = 150

Note: See note at the bottom of Table 3.3.
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Table 3.8
Best Fit C o n s t a n t s  For v in(e') Fund a m e n t a l  Band10

Of s - C 6 H 3 F 3 .

P a r ameter Best Fit Value ± U n c e r t a i n t y

-  . -1 v / cm o 1475.40 ± 0.05

B . -1 
a 10 7 Cm 0 . 0 0 0 1 3 2  ± 0. 0 0 0 0 4 0

c z  ̂10 -0.40 ± 0. 15

(+ ) / -1 
q 10 / ^ + 0 . 0 0 0 2 0  ± 0 . 0 0 0 1 0

J ,K = 170

Note: See note at the bottom of Table 3.3.
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Table 3.9
Best Fit C o n s t a n t s  For Vg(e') F u n d a m e n t a l  Band

Of s - C 6 H 3 F 3 .

Par a m e t e r  Best Fit Value ± U n c e r t a i n t y

v / cm  ̂ 1629.0 ± Fermi Resonance

ou / c m _ 1  0 . 0 0 0 0 6 2  ± 0. 0 0 0 0 3 0

Cn 0-05 + 0.02

q g + ) /t'rvT1 + 0 . 0 0 0 1 0  ± 0. 0 0 0 0 5

J, K  = 170

Note: See note at the b o t t o m  of Table 3.3.
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Table 3.10
Best Fit C o n s t a n t s  For i^g(e') Fund a m e n t a l  Band

Of s -c 6 h 3 f 3 .

Par a m e t e r Best Fit Value ± U n c e r t a i n t y

-  , -1 v / cm o 3113.0 ± Fermi R e s o nance(?)

ctg / cm 1 0 . 0 0 0 0 8 2  ± 0.000040

-0 . 0 0 2  ± 0 . 0 0 1

4 + ) / (0 )

J,K = 170

Note: See note at the bottom of Table 3.3.
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Table 3.11
O vertone And C o m b i n a t i o n  Bands Of s-CgF ^ H g

W a v e n u m b e r / c m  ^ feff<obs’> ^ e f f (c a l c . ) A s s i g n m e n t

2920 - 0.80 2 v i0 (?)
2830 - -0.40 u  J.1 >

2 10 (??)
0.05 V ^ i a (??)

2801 - 0.05 V9+2V19 (??)
2770 - -0.40 V5+ V 10 (??)
2668 -0 . 2 0 -0.40 v m +Zvi9
2601 0.4 5 0.45 v ie+v u
2483 0.0 5 -0.05 V y u
2425 0.05 -0.05 V v ii
2355 -0. 15 -0.35 V2+ V 12
2252 -0 . 10 0 . 10 2vll
2 2 1 0 0 . 2 0 0.05 v4+v9 (?)

0.05 vB+lf18 (?)
2 1 2 1 0.50 0.40

v ll+v12
2007 -0.25 -0.35 v3*v 12
1802 1 . 0 0 0.60 t’l0+1'l4
1705 0 . 10 0 . 10 * V V 11
1320 0.75 0.55 1-* + V12 14
1261 -0.05 0 . 0 16 19
1218 -0. 15 0 . 0 +  x>3 19 (?)

-0.40 j,» —V 10 2 0 (?)
1155 - 0.60 1'>10_V14 (??)
1087 -0.40 -0.30 V w13
881 - -0.40 1 > ±  V)

10 19 (??)
805 - 0.0 17 19 (??)
785 - 0.0 4 17 (??)
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Ob s e r v e d  and c alculated band s p e ctra
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C a l c u l a t e d

Ob s e r v e d

3U0 3120 3100 3080 3060
WGVENUMBER CM-1
Figure 3.10

Calculated

Observed

2620 2610 2600 2590 2580
WGVENUMBER CM - 1 
F i g u r e  3.11
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C a l c ulate d

Observed

2500 2490 2480 2470 2460
WRVENUMBER CM-1
Figure 3.12

C a l c ul at ed

Ob se rv ed

241024202430
WRVENUMBER C M - 1 

Figure 3.13
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C al c u l a t e d

Observed

2370 2360 2350 2340 2330
WRVENUMBER CM-1

Ca l c u l a t e d

Observed

2260 2250 2240
WRVENUMBER CM-1

Figure 3.14 Figure 3.15
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Calculated

Observed

2130 2120 2110
WRVENUMBER CM-1
Figure 3.16

[I

Calculated

Observed

2010 2000
WflVFNUMBER CM-1 
Figure 3.17
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Calculated

Ob s e r v e d

17901805 1800 179581
WAVENUMBER CM-1

Calculated

Observed

1700 16901710
WRVENUMBER CM-1

Figure 3.18 Figure 3.19
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Calculated

Observed

1320 1315
WRVENUMBER CM-1

1325

Figure 3.20

Calculated

Observed

1270 1260 1250
WRVENUMBER CM-1

Figure 3.21
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3000 2900 • 2800
WRVENUMBER CM-1
Figure 3.22

2700

Ca l c u l a t e d

Observed

2680 2670 2660 2650
WRVENUMBER CM-1
F igu re 3.23
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Calculated

O b s e r v e d

1240 1220 1200 1 180

Ca l c ulated

Observed

2220 2215 2210 2205 2200
WRVENUMBER CM-1 WRVENUMBER CM-1
Fi gu re  3.24 Figure 3.25
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Calculated

k Observed

10801 100 1090 1070

1 180 1 160 1 140 1120
WRVENUMBER CM-1 
Figure 3.26

WRVENUMBER CM-1
Figu r e  3.27
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885 880
W R V E NU MB ER CM-1

820 800 780
WRVE NU MBER CM-1

Fi gure 3.28 F i gure  3.29
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Ch a p t e r  4

H a r monic Force Field C a l c u l a t i o n s

For s - T r i f l u o r o b e n z e n e



Ill

4.1 Introduction

Se ver al reviews of c a l c u l a t i o n s  w h ich seek to es t a b l i s h  
the force fields c o n t r o l l i n g  the no rmal v i b r a t i o n s  of 
p o l y a t o m i c  mo le cu les have app eared in the l i t e r a t u r e 33 3<5.
In these reviews the types of observed d at a that are needed 
to d e t e r m i n e  the force con s t a n t s  as well as the m a t h e m a t i c a l 
and c o m p u t a t i o n a l  me t h o d s  w h ich are used to si mpify  
c a l c u l a t i o n s  are included.

The g r e at est d i f f i c u l t y  w h ic h is u s u a l l y  enco u n t e r e d  in 
this type of calc u l a t i o n s  is that the nu mber of force 
c o n s ta nt s is larger than the number  of o b s erved dat a 
a v a il ab le  for their d e te rm ination . C o nsequ en tly, the force 
co nstan ts  are not well d e t e r m i n e d  by the data. As one 
mig ht expect, the p r o b l e m  be co me s worsiJ with i n c r easi ng  
size and d e c r e a s i n g  s y m m e t r y  of a p a r t i c u l a r  
molecule. To overcom e this p r o b l e m  a nu mb er of 
ap pr o x i m a t e  force fields c o n t a i n i n g  fewer force c o n sta nt s 
than the Ge neral  Force Field (G.F.F.) have been proposed.
Some of the more imp ortant ones are listed below:

a . The Vale nce Force Field (V.F .F. ),
ft. The Ge ner al Valence Fore e Fi eld (G.V. F.F ■ ),
r . Seve:ral Hod ified Valence Force F ields (M. V.F
6. The C en tra l Force Field (C.F .F. ),
£ . The Urey-Br adley Force F ie Id (U .B.F.F . ),
/*V*T .The Local Sym me try Force F ie Id (L.S.F .F. ),
c . The Hybrid Orbital For ce F ie Id (H.O.F .F. )•
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4.2 The C a l c u l a t i o n  Of Force C o n s t a n t s

The vi br a t i o n a l  se cu lar equation is solved u s i n g  the 
so ca lled  GF m e t h o d 37. The re  are several t e x t b o o k s 38 w h ich 
d e s c r i b e  the d e t ai le d me thod  involved in the force consta nt  
cal cul atio ns . The who le pr o c e d u r e  may be d i v id ed  into the 
f o l l o w i n g  steps:

Fi rs t step: The choice of internal c o o r d i n a t e s  (e.g.
stretc hin g, b e n di ng etc.) is made. U s u a l l y  the nu mbe r of 
internal co or d i n a t e s  is d i f f e r e n t  from the nu mb er  of internal 
d e g r e e s  of freedom. This leads to a nu mber  of redu n d a n c i e s  
w h i c h  increases  as the m o l e c u l a r  d i m e n s i o n  increases.

S eco nd step: The G m a t r i x  (the kine tic en er gy matr ix) w h ic h  
has a mxm di m e n s i o n  (where m is the nu mb er of internal 
c o o r d i n a t e s )  is constructe d. This can be done us in g several 
s t a nd ard p r o c e d u r e s  whi ch  are w i d e l y  available. If 
r e d u n d a n c i e s  are included, then the G m a t r i x  is si ngular 
(i.e. G does  not exist). This leads to m-(3N-6) zero 
roots in the secular equation. N of course is the nu mb er  
of atoms in the molecule.

Third step: The F matrix, the p o t e n t i a l  en erg y matrix,
also of d i m e n s i o n  mxm, is constructe d. For the case of an 
a p p r o x i m a t e  force field, a new v e ctor F is co ns t r u c t e d  
wh ic h c o n sists of the el em ents of the upper t r i a ng ul ar  
part of the F matrix. This can be a c c o m p l i s h e d  u s i n g  the 
fo l l o w i n g  relationship:
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F = Z.S (4.1)
wh er e Z is a m a trix with no n - z e r o  elem e n t s  only in the 
rows c o r r e s p o n d i n g  to n o n - z e r o  F m a t r i x  element s 
and $ is a vector of the n o n - z e r o  force con s t a n t s  requi re d by 
the chosen  a p p r o ximat e force field.

F o u r t h  step: The F and G ma tri c e s  are s y m m e t r i z e d  to reduce 
c o m p u t a t i o n a l  time u s i n g  the s y m m e t r y  coordinat es. 
The tr a n s f o r m a t i o n  from internal to sy m m e t r y  c o o r d i n a t e s  
may be exp re ssed  as follows:

S - U.s (4.2)

where S is the sy m m e t r y  c o o r d i n a t e s  vector,
U is a u n i ta ry ma tr i x
and s is the internal c o o r d i n a t e s  vector.
Then, the F and G m a t r i c e s  are s y m m e t r i z e d  as follows:

F = U . F . U T

G = U . G . U T (4.3)

This leads to the fa c t o r i z a t i o n  of the se cular eq u a t i o n  in 
internal co or d i n a t e s  into a n u m b e r  of sec ul ar e q u a t i o n s
of s m a ll er  dimension, w h ich can be exp r e s s e d  as:

G a .Fa .La = L a .Aa (4.4)

where G is the blo ck  of the G m a t r i x  w h ic h b e l o n g s  to 
the T irre ducibl e represe nta tion,
F is the c o r r e s p o n d i n g  F m a t r i x  block,
L is tire e i g e n vec to r m a t r i x  w h i c h  be long s to the same 
r e p r e s e n t a t  ion
and A is the c o r r e s p o n d i n g  e i g e n v a l u e  matrix.
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F i f t h  step: The sec ular eq uation is solved u s in g some
n u m e r i c a l  meth od av ai lable for the ca lc u l a t i o n  of the 
e i g e n v e c t o r s  and e i g e n v a l u e s  of a matrix.

S i xt h step: The P o t e nt ia l E n e r g y  D i s t r i b u t i o n  (P.E.D.) can 
be calculated. This giv es  info rmation on the c o n t r i b u t i o n  of 
each force constant to the no rmal f r e q u e n c i e s  of vib rations. 
Th is  can be done u s in g the f o l l o w i n g  relatioship:

where J is the J a c ob ia n m a t r i x  whose form  is wi dely ava il able 
in the literature.

S e v e n t h  step: The carte si an d i s p l a c e m e n t s  of the atoms of a 
m o l e c u l e  in a no rmal v i b r a t i o n  are cal culated. The y are given 
by the foll ow ing rel ationship:

where B is the ma tr i x  used to t r a n s f o r m  the internal 
c o o r d i n a t e s  to the c a r t esian ones.

The ith c o o r dinat e of the T ma tr i x  gives the 
atomic d i s p l a c e m e n t s  for a unit d i s p l a c e m e n t  of the norm a l

E i g h t h  step: The C o r i o l i s  co n s t a n t s  are calc ul ated u s i n g  the 
f o l l o w i n g  relationship:

P.E.D. = A 1 .J .F (4.5)

T = M 1 . B . F . L . A 1 (4.6)

c o o r d i n a t e  Q^.

(4.7)
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wh er e & - x,y,z, 
r  are the C o r io lis c o n st ants
T is the d i a gona l m a t r i x  of the e i g e n v a l u e s  of G,
M is a di ag onal m a t r i x  whose elemen ts  are the atomic masses

Ni n t h  step: The c e n t r i f u g a l  d i s t o r t i o n  c o n s ta nt s are
calc ulated. In general, the obs er ved d i s t o r t i o n  con s t a n t s  
are related to the so called t co n s t a n t s  which are in turn 
d i r e c t l y  related to the elements of the inverse F matrix. 
These con st an ts are calcu la ted as follows:

and M 0" are a u x i l i a r y  m a t r i c e s 14

' ctfirS o o o o
^ a a  /?/? yy SS

1 ( 4 . 8 )

where

k, 1 

e t c . , etc .
i l

J k
ds
dl

k J o

ds.k J

i

s^, s-̂  de note internal or sy m m e t r y  c o o r d i n a t e s  
and a, (3, y, are the cartesi an  coordinates.
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For pl anar sym me tric rotor mol ecules, the three ce nt r i f u g a l
d i s t o r t i o n  co nstant s D j , are linear c o m b i n a t i o n s  of
o nl y four t 's , n a m e l y  t  , t  t  , t 3 0 .x xx x  zzzz xxyy xzxz
T his can be sim pl if ied further to yield the f o l l o w i n g  
r e l a t i o n s h i p s :

D, = -1/4 r fi4J xxxx

D t„ = 1/2 (T -2T )#JK xxx x  zzzz

Dv = - 1 / 4 ( t -3t )h4 (4.10)K xxxx  zzzz

In the above r e l a t i o n s h i p s  the s y m m e t r y  axis, w h i c h  is 
p e r p e n d i c u l a r  to the plan e of the m o l e c u l e  was ch ose n as

3 0 3 1the z axis. It has bee n found ' ^that the fo l l o w i n g  
r e l a t i o n s h i p s  exist b e t we en  the c e n t r i f u g a l  d i s t o r t i o n  
c on s t a n t s  of a p l an ar s y m m etric  rotor molecule:

D lv %  2 D t [(C /B ) -1] -  -1.875D,JK J e e J

°K = - [l/2Dj +3/4Djk] (4.10)

Thus, if one of the three d i s t o r t i o n  con st ants  for a 
p la n a r  sy mmetric rotor mole cu le can be determined, the above 
eq u a t i o n s  can be used to find the a p p r o x i m a t e  values of the 
other two.

T e n t h  step: The force c o n s ta nts are refined u s i n g  some 
it era tive method. This step is analys ed  in more de ta i l  in the 
next section.
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4.3 The R e f i nement  Of The Forc e Co n s t a n t s  

The pr oce ss of the r e f i neme nt  of the force co n s t a n t s  can
3Pbe di v i d e d  into the f o l l o w i n g  nu mb er of steps :

Fi rs t step: A trial set of force c o n s t a n t s  is guessed. These  
are used to cal cu late the v i b r a t i o n a l  frequencies, the 
C o r i o l i s  constant s and the c e n t r i f u g a l  d i s t o r t i o n  constants. 
Then, the Ja cobian  m a t r i x  e l e ment s of the frequencies, zetas 
and d i s t o r t i o n  c o n s ta nts defi ne d as the first term in the 
Ta y l o r  expansion of the c a l c ulat ed  d a t a  with respec t to 
each force constant, are calculated. Thes e can be de fin ed  
as f o 1 l o w s :

J =

Second step: The error ve ct o r  is formed. This  can be d e n oted 
as follows:

Thus, the -Jacobian m a t r i x  is used to set up linear e q u a t i o n s  
r e l a t i n g  the first order chan ges in the force c o n s t a n t s  (£F) to 
the co ns e q u e n t  small changes  in all the ca lc u l a t e d  d a t a  w h ich

(4.12)

(4.11)
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is iden tif ied with the error vector, i.e.

J.6F = £ (4.13)

Th ir d step: A residual ve ct or is formed w h ich can be
e x p r e s s e d  as follows:

r = J.6F - ^ (4.14)

Then, the soluti on <5F w h ich m i n i m i s e s  the sum of the we ighted  
s q u ares of re siduals is deter mined . This can be done by 
fo r m i n g  the normal equations:

J'WJ.6F  = J ' W c  (4.15)

w h ere W is a diago na l m a t r i x  of the w e i ghts VL .Th ese are
related to the estimat ed  pr o b a b l e  error of the ob se rved  
va l u e s  by the equation:

o \ W . = cr2W • = ... = c o n s t a n t ^  (4.16)i i  J J

2where a is the v a r ia nce of an o b s e r v a t i o n  of unit weight
2The a is given from the sum of the w e i gh ted sq uare s 

of the residuals:

a 2 = r'Wr / (N-M) (4.17)

wh er e N-M is the excess of equ a t i o n s  over unknowns. Thus, 
the soluti on  is obtaine d as:
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6F = [J 'WJ] XJ 'Ms (4.18)

The d i a g o n a l  elements of (J'WJ)  ̂ give  the va r i a n c e  and the 
best e s t imates  of the force constants:

<x2 [F.] = [ J ' W J j T 1 . a2 (4.19)i n

and the off -d ia gonal el e m e n t s  give  the c o r r e l a t i o n  coeff i c i e n t s  
b e twee n the Fs:

P[F.,F.] = [J'WJjTl . a 2/ a .[ F .] c [F.] (4.20)1 J lj 1 1 J J

In the case where a $ ve ctor is used, the p r e v i o u s  equati on s  
are tran sf ormed as f o l l o w s 4 0 ;

6F = Z6* - Z ( Z ' J ' W J Z ) _1Z ' J ' W £

^ 2 ($.) = ( Z ' J ' W J Z ) T 1 . a2 1 11

^ 2 ( F i ) = [ Z ( Z ' J ' W J Z ) Z _ 1 ] ii^ 2 (4.21)

Fo ur th  step: The <5Fs w h i c h  are d e t e r m i n e d  from the p r e v i o u s  
equation are used to form a new set of force co n s t a n t s

F( n e w ) = F(old) + <5F (4.22)

Then, the whole cycle is repeate d a preset n u m b e r  of 
times. U s ually 7 to 8 cycle s are s u f f i c i e n t  for the 6F ~  0, 
i.e. for the calc u l a t i o n  to have converged.
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4.4 Ma th e m a t i c a l  D i f f i c u l t i e s  in Force Field C a l c u l a t i o n s  

T h ere are three main m a t h e m a t i c a l  d i f f i c u l t i e s  w h i c h  arise in
3Pforce field ca lcu l a t i o n s  , n a m e l y

ct. N o n - l i n e a r i t y

ft. S i n g u l a r i t y

y. M u l t i p l e  Solutions.

ct. Non-line arity: If the initial F m a t r i x  is not a good 
guess, the errors £ and the c o r r e c t i o n s  6 F will con tain 
some rel a t i v e l y  large el em en ts and the r e l a t i o n s h i p

J.SF - £

will not hold. This will also happen if some e l e m e n t s  of J 
are v e r y  sensi tive to ch ang es  in the force constants. This is 
u s u a l l y  observe d as o s c i l l a t i o n s  in the calculation. This can 
be avoi ded by adding only 1/2 <5F for the first few cycles of 
the c a l c ula ti on in creasi ng  it until it re ach es 1 in the final 
e y e l e .

ft. Singularity: If the m a t r i x  [J'WJ] ^  singul ar  large 
r o u n d i n g  errors may occur in taking its inverse c a u s i n g  
c o r r e s p o n d i n g  errors in the c a l c ulated c o r r e c t i o n s  6 F . This 
in g e n er al means that the origi nal d a t a  do not suffi ce  to fix 
the force field. An easy way to d e t e c t  this is by o b s e r v i n g  
the d i a g o n a l  element s of the [J'WJ]  ̂ matrix. If at least one 
di a g o n a l  element of the m a t r i x  b e c o m e s  u-nusually large, it 
will lead to a c o r r e s p o n d i n g  large u n c e r t a i n t y  in at least 
one of the force constants. If this is indeed the case then 
either further data must be added or the force field must be 
c o n s t r a i n e d  in some way.
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y. Multi p l e  Solutions: There may be se ver al d i s t i n c t  
s o l u ti on s to the force field w h ich fit all the ava i l a b l e

\tdat a  satisfactorily . The like/hood of this o c c u r r e n c e  
g e n e r a l l y  d e c r e a s e s  wit h i n c r ea sing v a r i e t y  in the type of the 
ex p e r i m e n t a l  dat a used. If two or more so l u t i o n s  are found, it 
may be n e c e s s a r y  to choose be tw een  the p o s s i b l e  so l u t i o n s  on 
ph ysica l and che mical grounds.

4.5 Planar Normal C o o r d i n a t e s  For s - T r i f l u o r o b e n z e n e

The pl ana r norm al v i b r a t i o n s  of s - t r i f l u o r o b e n z e n e  
are d i s t r i b u t e d  amo ng the irredu ci ble r e p r e s e n t a t i o n  as 
f o l l o w s :

C ( Q v , planar) = 4a^ + 3a^ + 7e'

It is obvi ous  that the pr o b l e m  is more c o m p l i c a t e d  than 
the c o r r e s p o n d i n g  one for b e n z e n e 58 450. This  is m a i n l y  due 
to the fact that the blo cks into w h ic h the p l a n a r  v i b r a t i o n a l  
secular d e t e r m i n a n t  f a c t o r i s e s  are larger than the 
c o r r e s p o n d i n g  ones for benzene. T h ere are 11 ( 4a^ + 7 e ' )
assigned fund amental  f r e q u e n c i e s  and three un c e r t a i n  
ones (Sa^) for each isotopic species. This in dicat es that 
the G.F.F. is s e r i o u s l y  u n d e r d e t e r m i n e d  due to the fact 
that there is a total of 44 i ndepen de nt s y m m e t r y  force 
constants  c o n t r o l l i n g  the pl an ar v i b r a t i o n s  in it. So it is not 
s u r p ri si ng that there are only two p u b l i s h e d  p l a n a r  force

2 3field calculations. The ea rl ier  one was a M.U.B.F.F.
c al cu lation  publi sh ed in 1962. In 1973, an other  force field

2£>calcula ti on was p u b l ished w h ich  was a par t of a 
general study of fluoro d e r i v a t i v e s  of b e n z e n e  u s i n g  the 
overlay technique. The au th or s of the abo ve c a l c u l a t i o n s  did
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not evaluate  normal c o o r d i n a t e s  or c e n t r i f u g a l  d i s t o r t i o n
c o n s t a n t s  from their force fields. However, in more recent 
p a p e r s 27'28, cal cu la ted Co r i o l i s  con s t a n t s  have been 
quoted, derived from the second force field.

One of the aims of the pr esent i n v e s ti gation  was the
d e r i v a t i o n  of a model force field for the plan ar v i b r a t i o n s
for s - t r i f l u o r o b e n z e n e  and also the c o m p u t a t i o n  of normal
c o o r d i n a t e s  and C a r t e s i a n  d i s p l ac ements , w h i c h  have not been 
re por ted before.

4.6 The Secula r Eq ua tion

The e qu il ibriu m g e o m e t r y  of s - t r i f l u o r o b e n z e n e  has been
2Pfound to be as follows

R0 (C-C) = 1 . 3 9 7 A  

r0 (C-H) = 1 . 08 4A 

10 (C-F) = 1 . 32 7A

It was also assumed that s - t r i f l u o r o b e n z e n e  is a regular 
he xagonal ring. The d e f i n i t i o n s  of the internal d i s p l a c e m e n t  
c o o r d i n a t e s  are given in Tabl e 4.1. In c o n s t r u c t i n g  
the planar sy mm et ry co or d i n a t e s  from the give n set
of internal coordi nates, r e d u n d a n c i e s  are int roduced
into the a' and e' blocks. An e x p l a n a t i o n  of the 
p r o ce dure for r e m o v i n g  the r e d u n d a n c i e s  follows:

a. N o n - D e g e n e r a t e  species: For the t o t a l l y  symme tr ic species, 
the removal of the r e d u n d a n c y  is done f o l l o w i n g
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37the re la t i o n s h i p

= 0

The p r i m i t i v e  s y m me try c o o r d i n a t e s  are

54 = ( C 1 + a 2 + a 3 )

55 = °'l + ^2 + r 3 )

H e n c e ,

r s„ i r
4

. S * .

Th ere fore, the r e d u n d a n c y  can be removed by the above 
o r t h o g o n a l  tr an sf o r m a t i o n  wher e Sp is the red un da nt 
coordinate, i d e n ticall y equal to zero, and is the sy m m e t r y  
co o r d i n a t e  w h ich is used in Table  4.2.

(3. D e g e n e r a t e  species: The removal of the r e d u n d a n c y  for the 
d e g e n e r a t e  spec ies  is of a ve r y  c o m p l i c a t e d  form if one assu mes  
a g e o m e t r y  d i f f e r e n t  from a hexa go nal one. But, if 120° bond 
angles are assumed, the r e d u n d a n c y  adopts a m u c h  simpler
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form. The p r i m itive  s y m m e t r y  c o o r d i n a t e s  are

13a

13b

S 15a

15b

6 1//2 ( - a 1 + 2 « 2 - « 3 )

2 ~ 1 /2(«i - « 3 )

6' 1/ 2(2r 1 - r2- y3 > 

2 - 1/ 2 (- r 2 + y 3 )

Then, the foll ow in g linear c o m b i n a t i o n s  are formed:

Si« - S 1(- + 13a 15a S 13a

S 15a = S 13a S 15a

S 13b " S 15b + S 13b

S 15b " S 13b S 15b

Then, the usual o r t h ogo na l t r a n s f o r m a t i o n  is applied:

S 14a = 2 ~ 1 / 2
1 -1 S 1 2 a

S R 1 1 S 15a

S 14b . , - 1 / 2 1 -1 S 1 2 b
. Sr

1 1
. Sl5b

where the is again the re du ntant coordinate. It should also 
be str es se d at this point that the S ^ 3 s y m m e t r y  c o o r dinate  
is a c o m b inat io n of two pr i m i t i v e  s y m m e t r y  coordinates.

The sym m e t r y  coordinates^ w h i c h  were co ns t r u c t e d 
s p e c i f i c a l l y  for this stud y but can also be used for related 
m o l ec ul es  (eg. s - t r i c h l o r o b e n z e n e  etc.), are listed in Tab le 
4.2.
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4.7 S y m m e t r y  Force C o n s t a n t s

JL
The s y m me try force con st ants were constructed u s ing the

/ 27method d e v e l o p e d  by Wilson, De cius and Cr oss . In general, 
the rule for the d i a g o n a l  co ns tants is as follows:

Multiply the force constant in the first row and in the

column labelled by a given in ternal coordinate by the/'
coefficient with which that internal coordinate appears

in the symmetry coordinate. Then divide by the coefficient

of the first internal coordinate (row label). Do this for

each column and all the results.

Whereas, for the o f f - d i a g o n a l  c o n s t a n t s  the rule is
as follows:

Multiply the force constant in the first row and in the

column labelled by a given internal coordinate by the
r

coefficient with which that internal coordinate appears

in the symmetry coordinate. Then divide by the coefficient

of the first internal coordinate of the other set (row

label). Do this for each column and add.

The internal force c o n stan ts  are listed in Ta bl e 4.3. The 
sy m met ry  force co n s t a n t s  de ri ved from the internal force 
const an ts are listed in Ta bl e 4.4. T h e s e  were c o n s t r u c t e d
s p e c i f i c a l l y  for the pr esen t study, but can also be used for
related mol e c u l e s  (eg. s - t r i c h l o r o b e n z e n e  etc.).
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4.8 Ob s e r v e d  D at a

The observed d a t a  are sum m a r i s e d  in T a b l e s  4.5 and 4.6 .
The f un dament al  frequencies,  C o r i o l i s  c o n stants and
c e n t r i f u g a l  dist o r t i o n  co n s t a n t s  were not c o r r e c t e d  for any
a n h a r m o n i c  effects. It was expe cted that be cause of the great
v a r i e t y  of dat a used that there wo uld be an i mpr ov ement 
in the p o s s i b i l i t y  of d e t e r m i n i n g  an acce p t a b l e  force 
field. However, the main p r o b l e m  still remains, namely, 
that the number  of o b s e r v a b l e s  is not s u f f i c i e n t  to 
d e t e r m i n e  a unique  sol ut ion for the G.F.F. The sit u a t i o n  is 
su m m a r i s e d  as follows:

S y m m e t r y Number of inde pe ndent Numb e r of
Sp ecies par a m e t e r s  in G.F.F. o b s e r v a b l e s

A i F F F 1 1 ' 2 1 ’ 2 2 ’
F 3 2 ’ F 3 3 ’ F 4 1 ’
F4 3 ’ F44

F3 1 ’ 
F42 ’

8 vs

Total = 10 Tot al  = 8

A 2 F 5 5 ’ F 6 5 ’ F 6 6 ’
F F 7 6 ’ 77

F 75,

Total = 6 T o ta l = 0

E' F 8 8 ’ F 9 8 ’ F 99 ’ Fr 1 0 8 ’ 14 vs

F 1 0 9 ’ F 1 0 1 0 ’ F 1 1 8 ’ 11 Cs

F 1 1 9 ’ F 1 1 1 0 ’ F 1 1 1 1 ’
1 2 8 ’ 1 2 9 ’ 1210,
1 2 1 1 ’ 1 2 1 2 ’ Fr 1 3 8 ’

F 1 3 9 ’ F 1 3 1 0 ’ F 1 3 1 1 ’
F 1 3 1 2 ’ F 1 3 1 3 ’ Fr 148,
e t c . until F. .. .1414
Total = 28 T o t a l  = 25

Total 44 (+ 3D s) = 36
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4.9 Results And Discussion.

A model force field of 19 p a r a m e t e r s  was used in the case 
of the pl an ar  vib r a t i o n s  of s - t r i f l u o r o b e n z e n e  to see how 
well the five e' f u n d a m e n t a l  mod es , four C o r i o l i s  c o u p l i n g  
c o n s t a n t s  and c e n t r i f u g a l  d i s t o r t i o n  c o n s ta nt s m e a sur ed  in 
this study, were reproduced.

The calc ul ated v a lues for the ob s e r v e d  data, the 
inter nal  force constants, the s y m m e t r y  force con st ants 
and the normal  c o o r d i n a t e s  are g i ve n in T a b l e s  4.5 to 4.11.

The pic t o r i a l  r e p r e s e n t a t i o n  of the C a r t e s i a n 
d i s p l a c e m e n t s  for each no rmal mode for s - t r i f l u o r o b e n z e n e  -h^ 
and -d^ are given in F i g u r e s  4.1 and 4.2. The p r o g r a m  w h ic h was 
used to constr uc t these p i c t o r i a l  r e p r e s e n t a t i o n s  is given in 
A p p e n d i x  2. The p r o g r a m  ASYM20, w h i c h  is d e s c r i b e d  in 
A p p e n d i x  3, was used in all our calcula ti ons.

The st a r t i n g  v a lues for the intern al force c o n s t a n t s
2Pwere taken from the l i t e ra ture . It is obvious, from T a bl es 

4.5 and 4.6 that the obs e r v e d  freq uenci es, C o r i o l i s  c o u p l i n g  
con s t a n t s  and c e n t r i f u g a l  d i s t / o r t i o n  co n s t a n t s  are 
r e p r od uc ed re a s o n a b l y  well within the limits of the 
assumed e x p e r i m e n t a l  u n c e r t ainties , in almost all of the 
cases. A more d e t a i l e d  an alys is  of the individual 
internal force c o n s t a n t s  used in the c o n s t r u c t i o n  of 
the mo del force field follows:

D: Thi s  c o r r es po nds to the c a rb on  s t r e t c h i n g  d i a g o n a l
constant. The value that was d e r i v e d  as a result of the 
r e f i n e m e n t  pro c e d u r e  in this study is about the same as the 
one obt ai n e d  by Eaton and S t e ele's 39 p a r a m e t e r  force

2Pfield for the pl anar v i b r a t i o n s  of be n z e n e  and va rious  
f l u o r o b e n z e n e s . At this point, it sh ould  be noted that
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slight and in some cases even r e l a t i v e l y  major 
d i s c r e p a n c i e s  be tween the v a l u e s  for the internal force
c o n s ta nt s in this stu dy and the 39 p a r a m e t e r  force field are 
to be exp ected due to the f o l l o w i n g  reasons:

a. A d i f f e r e n t  model force field was used.

p. A d i f f e r e n t  v a r i e t y  of ob s e r v e d  data was used.
That is, only v i b r a t i o n a l  f r e q u e n c i e s  from various

27f l u o r o benzene s were included. In a later stu dy , C o r i o l i s  
constants  calculat ed  from a mo di f i e d  v e rsi on  of the above 
mention ed  force field were q u o t e d  , w i t h o u t  any in dicati on  

the changes that these extra  d a t a  will have in the 
in dep endent internal force constants.

E: This refers to the hyd rogen s t r e t c h i n g  d i a gonal constant. 
The value  that was c a l c ulated in this s t udy is of the same

27order of m a g n itud e as in the 39 p a r m e t e r  force field 

FE : This c o r r espond s to the fl uo rine s t r e t c h i n g  d i a g o n a l
constant. Once again, the val ue that was o b t ai ne d did
not c o n t ra dict the simi lar one in the 39 par a m e t e r  force 

20field .

F: This is the di a g o n a l  c o n st ant due to carbon b e n d i n g  where 
the central carbon atom is a t t ach ed  to a hydrogen atom. This 
time the value w h ic h was ob ta ined is about one third the

2Pc o r r e s p o n d i n g  one in Eaton and S t e e l e ' s  field 

FF : This di agon al  con st an t c o r r e s p o n d s  to a carbon b e n d i n g
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where the central carbon ato m attac he d to a flu or ine atom. 
This time the value wh ich was der 
of the 39 p a r a meter force field'
This time the value wh ich was de r i v e d  is twice the value

,2P

G: This refers to a c a r b o n - h y d r o g e n  be n d i n g  dia go n a l
constant. The value obtained was about the same as in

2PEaton and Steele' s field

FG : This c o r r espond s to a c a r b o n - f l u o r c n e  be n d i n g  d i a gonal  
constant. The value that was ob ta ined was s i g n i f i c a n t l y  
higher than the c o r r e s p o n d i n g  one in the 39 p a r a m e t e r  force 
field .

d: This is a co nst ant r e p r e s e n t i n g  the int er ac tion bet ween
,T

two carbon stetchings. d can be d e f i n e d  as follows:
r

d - d  - -d - d (4.23)o m p
41It was introdu ced by Schere r and O v e r e n d  and was suppo rted

42by Duinker and Mills . It is ca lled the 'Kekule' 
assumption'. The argu ments about the sign r e l a t i o n s h i p  among 
the above par a m e t e r s  are b a s i c a l l y  as follows:

Ac c o r d i n g  to the 'Kekule' assumption ' a b e n z e n e - l i k e  
mol ec ule exists in the f o l l o w i n g  two forms:

1 st form 2 nd form
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A positive displacement in will tend to localise the
ri electrons in the 1st 'Kekule' form'. The sign of the
i nt er action  c o n st ant d ar ises after c o n s i d e r i n g  that part

°  2 2 of the p o t e n t i a l  function w h i c h  d e p e n d s  on R^ and R 2 •

2V = DR? + 2d R 1 R 0 + DR?? (4.24)1 o 1 2 z

Af ter  d i f f e r e n t i a t i n g  with resp ect to R^ and m a k i n g  the 
r esu lt equal to zero at the new maximum, we have:

dV/ d R 1 = 2 D R i + 2d R 0 = 0 =»1 1 o 2

d Q = - D R 1/ R2 (4.25)

Fr om  eq uatio n (4.25) it fol low s that d Q > 0 since
R.,/ R 0 < 0. Si mil ar  a r g u ments can be employe d to show  that d 1 2  m
< 0 and d > 0 .P

In the 'Kekule' ass umption', it is furth er assumed that 
these const an ts  are equal in magnitude. That is, on 
s t r e t c h i n g  R^ the induced d o uble bond ch a r a c t e r  in R^ 
the same as that induced in R^ and e n e r g e t i c a l l y  e q u i v a l e n t  
to the increase in singl e bond c h a r a c t e r  in R ^ . T h ere is
not any p a r t i c u l a r  reason why this should be true, but, in
our case it was as su med  that this is indeed the case.

The value o b t ained  in this s t udy is about the same as
2Pthe c o r r e s p o n d i n g  one in the 39 p a r a m e t e r  field 

Fh : T hi s is the con s t a n t  c o r r e s p o n d i n g  to the inte ra ction of o
carbon s t r e t c h i n g  and fluorin e s t r e t c h i n g  in the
ortho position. The value obtained is about the same as the

2Pone o b t ained from the 39 p a r a m e t e r  force field
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i : This  con st ant c o r r e s p o n d s  to the interaction between o
carbon s t r e t c h i n g  and carbo n b e n ding w i t h  a hydroge n atom 
att ac hed to the central carbon atom, in the ortho 
position. The value d e r i v e d  from the p r e s e n t  study was 
twice the value obtai ne d by Eaton and Steele

j : This refers to the inter actio n b e t w e e n  carbon s t r e t c h i n g  
and c a r b o n - h y d r o g e n  bending, in the ortho positon. The 
value pr od uced in this study was again almost twice the value

2pqu oted by Eaton and Steele 

.Fj •* This refers to the in terac tion b e t we en  carbon s t r e t c h i n g  
and c a r b o n - f l u o r i n e  b e n d i n g  , in the ortho position. Again, 
our value is about twice the value quoted by Eaton 
and S t e e l e ZP.

FJm : This c o r r es ponds to the force co n s t a n t  rela ti ng to the
in ter action of the same two c o o r d i n a t e s  but in the m et a
position. The co nst a n t  de r i v e d  has the same n e g a t i v e  sign
as the value qu ote d in the li te rat ure but it is three times 

2 €>as large.

Fk : This co nstant c o r r e s p o n d s  to the in ter action be tw een  
c a r b o n - f l u o r i n e  s t r e t c h i n g  and carbon b e n ding with  a 
fluorin e atom attach ed to the central carbon atom. This 
time there is comple te  d i s a g r e e m e n t  betw een  the pre sen t 
field and the 39 p a r a m e t e r  force field. In this s t u d y  a 
re la t i v e l y  large p o s it iv e value was obt ai ned while in the

2 P39 pa r a m e t e r  force field a large n e g a t i v e  value was q u ot ed
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Fn : T hi s refers to the inte raction bet ween carbon b e n d i n g  o
w it h  a hydrog en atom a t t ac he d to the central ca rbon atom 
and ca rb on  fluorine bending, in the ortho position.
The v a l u e  pred ic ted in the pr es en t stu dy is more than twice

2 Pthe one in the lite rature

F 'k : Thi s c o r r esponds  to the inte raction betwee n f l u or in e  o
s t r e t c h i n g  and carbon b e n d i n g  with a hydrog en  atom attached 
to the central carbon atom. The value p r e d icted in this 
s t udy is very muc h larger than the one q u oted  in the

2 Pliteratur e

k: Thi s  c o r r es po nds to the inter act ion between  hyd ro gen 
s t r e t c h i n g  and carbon b e n d i n g  with hydrogen att ac hed to the 
carbon at o m  in the ce ntral position, in the ortho position. 
The va lue ca lculated here is about four times the one

2 Pqu o t e d  in the literature 

Fg Q : Thi s  c orrespo nd s to the in teracti on be twee n hydrogen
b e n d i n g  and fluorine b e n d i n g  in the ortho position. The

,J!/ rtvalue pr e d i c t e d  has /opposite sign than the one q u oted in the 
literat ur e

g : T his is the same as above with the two internal P
c o o r d i n a t e s  in the pa r a  position. This  time the n e g a t i v e  sign 
in the internal force co n s t a n t  in this study is the same as

2 Pthe one predi cted in the literat ure
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The rest of the internal force con s t a n t s  were c o n s t r a i n e d  
to zero. The above internal force co n s t a n t s  were chosen  
b e c a u s e  of the relative large va lues asso ciate d with

zpthem in the literature . Initially, some of them were
c o n s t r a i n e d  to certain p l a u s i b l e  v a l u e s  until a
s a t i s f a c t o r y  fit was achieved. In the next stage, all
the internal force const an ts as s o c i a t e d  with
s - t r i f l u o r o b e n z e n e  in the 39 pa r a m e t e r  force field were
included. This led to the c o n s t r u c t i o n  of a 27 p a r a m e t e r  force
field. It is obvious that this nu mber of p a r a m e t e r s  is too
large compared with the nu mbe r of ob served  data. Therefore,
some of the pa ra meters were co ns t r a i n e d  to zero b e g i n n i n g  

F Fwi t h  h , h and h .These three internal force con s t a n t s  were o m p
chosen because it had been p r e d i c t e d  in the 39 p a r a m e t e r
field that their v a lues  would be close to zero. This was
found to be true in the p r e s e n t  analysis.

The removal of the three p a r a m e t e r s  led to the 
c o n s t r u c t i o n  of a 24 p a r a m e t e r  force field wh ic h was 
found to be ill -conditioned, when all of the p a r a m e t e r s  were 
allowed to vary. Aft er c o n s t r a i n i n g  several p a r a m e t e r s  to 
zero and allowing  the rest to vary, the present 19 
p a r a m e t e r  force field was con structed. It should be noted 
that further force co n s t a n t  a d j u s t m e n t  c a l c u l a t i o n s  were 
tried app lying d i f f e r e n t  c o n s t r a i n t s  to ind ividual
p a r a m e t e r s  in an atte mpt  to find best va lu es  for the 
internal force constants, but a more s a t i s f a c t o r y  sol ut ion 
could not be found. However, due to the essen tial c o m p l e x i t y  
and u n d e r d e t e r m i n a c y  of this problem, this sol ut io n is 
regarde d as a po ss ible sol ut ion rather than the best one.
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4.10 Out- O f - P l a n e  No rma l C o o r d i n a t e s  For s - T r i f l u o r o b e n z e n e

The out -of -plan e normal v i b r a t i o n s  of s - t r i f l u o r o b e n z e n e  
are d i s t r i b u t e d  among the irre ducible  r e p r e s e n t a t i o n  as 
f o l l o w s :

T(Q , non-plan ar) = 3a~ + 3 e '' v 2

In this case, there are 6 (33.^ + 3 e ' ' ) assigne d 
fu ndame nt al  fr eq uencies for each isotopic species. Be ca use of 
the fact that there is a total of 12 indepen de nt 
s y m m e t r y  force consta nt s c o n t r o l l i n g  the o u t - o f - p l a n e  
vi b r a t i o n s  in it, the force field seems to be well  behaved 
even though only a total of seven internal sy m m e t r y 
c o n s ta nt s was used.

There are two p u b l is hed o u t - o f - p l a n e  force field
4-3cal culations. In 1952, the earlier one was pub l i s h e d  which 

was car ried out with the p u r pose of fi nd in g out the value
23of the highest e' ' fundamental. In 1962 , a 7- pa ramete r

V.F.F. ca lcu lation similar to ours was carried out. One of 
the aims of the p r e sent  inves t i g a t i o n  was the co mp u t a t i o n  of 
o u t - o f - p l a n e  normal c o o r d i n a t e s  for s - t r i f l u o r o b e n z e n e  which 
have not been reported before.

The internal c o o r d i n a t e s  are de f i n e d  in Table 4.12. 
The s y m m e t r y  c o o r di na tes w h ic h were e s s e n t i a l l y  the same as

4-3the ones used before and also the internal force 
c o n s t a n t s  and the s y m m e t r y  force c o n s ta nts are listed 
in Tabl e s  4.13, 4.14, 4 .15 re spect ively. A notati on
c o n s i s t e n t  with the one used for the pl anar vibr a t i o n s  
p r o b l e m  was adopted. All the c a l c u l a t i o n s  were car rie d out 
wit h the ASYM20 p r o g r a m  wh ich  is d e s c r i b e d  in A p p e n d i x  3.

The number of o b s e r v a b l e s  comp ar ed wit h  the nu mber
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of independent p a r a m e t e r s  of the G.F.F. are summar is ed next.

S y m m e t r y  
Spec ies

Nu mb er  of independe nt  
p a r a m e t e r s  in G.F.F.

Number of 
ob se r v a b l e s

A 2 F l l ’ F 2 1 ’

F 3 1 ' F 32 * 
Total - 6

F 2 2 ' 

F 33

F 31 6 vs

Tot al  = 6

E ' ' F4 4 ’ F 54 *

F 6 4 ’ F 6 5 ’ 
Total = 6

F 55,

F 6 6
CD 6 vs

Total = 6

Total 12 12

4.11 Results And Disc u s s i o n

A mode l force field of 7 p a r a m e t e r s  was used to 
well our two more a c c u r a t e l y  me asured  a ^ ' frequ en cie 
reproduced. The c a l c ul ated va lue s for the fr equenci 
internal force constants, the s y m m e t r y  force co ns tant 
the no rm al  c o o r dinate s are giv en in T a bles 4.16 to 4. 
s t a r t i n g  value s for the internal force c o n s ta nt s were

23from the literature
As it is obvi ous  from Tab l e s  4.1 6 and 4.17, the 

f r e q u e n c i e s  are rep roduc ed  quit e well. However, the 
some d i s c r e p a n c i e s  bet wee n our ca lc u l a t e d  sy m m e t r y  fo 
c o n s t a n t s  and the ones qu ot ed in the literature. The 
s y m m e t r y  force co n s t a n t s  va lues  a t t r i b u t e d  to Sc he rer

23and M u e lder were c a l c ul ated u s i n g  the values for 
internal force constants. A more de t a i l e d  analysi 
the si tu ation follows:

see how 
s were 
es, the 
s and 
21. The 

taken

obs er ved 
re are 
rce

, Evans 
their 
s of
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H: This c o r r es ponds to the fluorine  b e n d i n g  d i a gona l
constant. The value that was ob ta in ed as a resul t of our 
r ef in ement pro cess is about three times the val ue q u ote d by

43 25Fe rguso n and twice the val ue q u oted by Scherer

A: This co rr e s p o n d s  to the hydrogen b e n d i n g  d i a g o n a l 
constant. Our value is of about the same order of mag n i t u d e

23 4-3as the other one q u o t e d  in the literature . F erguson
44tra ns fe rred the c o r r e s p o n d i n g  force co ns tant from be nzene

B: This co rr e s p o n d s  to the carbon to rsional  d i a gonal
constant. Again our val ue is of about the same order of

23 43m a g nitude as Sche re r's . F e r guso n did not use any 
value for the B constant. Instead, he t r a n s f e r r e d  the 
symmetry force c o n st ant in wh ic h B is involved from 
b e n z e n e .

aQ : This internal force co ns tant c o r r e s p o n d s  to the
interaction between a f l u orine b e n d i n g  and a hy dr ogen be nd in g 
in the ortho position. The va lues q u ot ed  in the

23 43literature ' together with our value all agree with 
respect to the neg a t i v e  sign of the constant. But our 
absolute value is about three to four times higher  than 
the ones qu oted in the literature.

b : This co rr e s p o n d s  to the in te raction b e t ween two carbon o
torsions in the ortho position. No val ue is q u o t e d  by Ferguson 
He again t ransfer re d the re le v a n t  s y m me try force constant

23from benzene. The v a lu e q u ot ed by Sche rer is of the same 
absolute order of m a g n i t u d e  as ours. However, they di ffer

43
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with respect to the signs., ours being negative.

c : This constant c o r r e s p o n d s  to the int eract io n be tween a o
f l u or ine be nding and a carbon tor sion in the ortho position. Once

43again no value is q u o t e d  by Fergus on  , who either  t r a n s fe rred 
the rel ev ant force co ns ta nt from be nzene ^ 3 2  anc* ^64^ 
or constra in ed it to zero ( F ^  anc* a -̂so
assumed that c ~  c which is equ i v a l e n t  to theo o
a s s u mp ti on that the intera ction betwe en  a fl uo rine motion 
out of the plane and a non- p l a n a r  ring d e f o r m a t i o n  is 
equal to the inte ra ction  between a hydrogen mo tio n out of 
the plane and a n o n - p l a n a r  ring defor ma ti on. The

23valu e qu ote d by Scherer is about half our value.

c : This is an internal force co nst an t w h ich c o r r e s p o n d s  to o
an intera cti on be t w e e n  a flu orine b e n d i n g  m o tio n and a 
carb on torsion in the ortho position. The val ue q u oted by

2 3Sche rer  once again is s l i gh tl y lower than ours.

23Due to the fact that both S c h e rer's force field and
ours repr od uce the e x p e r i m e n t a l  f r e q u e n c i e s  r e a s o n a b l y  well, 
the d i s c r e p a n c i e s  in the values of the internal force 
constan ts  are thou ght to arise from two reasons:

1. Due to the in d e t e r m i n a c y  of the problem.

2. Due to the fact that dif f e r e n t  basic sets may have been 
used .

In vie w of the above sources of unce rtain ty, we co ns ider  
our solution to be one of a whole fa mi ly of a l t e rnative  
solu ti on s rather than the unique one.
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Table 4.1

De fi niti on  Of Internal D i s p l a c e m e n t  C o o r d i n a t e s  
For s - T r i f l u o r o b e n z e n e

r . 1 increase in length of C . - H . bondl i

h increase in length of C .- F - bondl l

R.l increase in length of C .- C . .bondl l+l

a . . l increase in C . .- C .-C . , . anglel-l l l+l

r i increase in C. .- C .-C - , .l-l l l+l
angle

C.-H. bend, increase in angle b e t we en  C .- H .l il l

and ex ternal  bi sec t o r  of
H .
I1

c i - r c i'c i+i
po s i t i v e  when m o ves towa rds

60 . 1 C.-F. bend, increase m  angle be tween C .- F . 1 1  v 1 1F .
and ex te rn al bi se ctor of J ;

C. TC.-C. . l-l l l+l
p o s itive when F. moves to war ds C. ..i l-l
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Table 4.2

Symmetry C o o r d i n a t e s  For s - T r i f l u o r o b e n z e n e
r s.i 1 2 3 4 5 6 N s .l

1 1 1 3 - 1 / 2 r .

1 1 

1 1
1
1 1 1 1

, - 1 / 2

S - / 2

i
1.

i
R.

1 1 1 - - - 6 - ! / 2
V i

- 1  - 1 - 1 - - — V i

1 - 1 1 - 1 1 - 1 g - 1 / 2 R.

1 1 
1 1

1
1 -

- - , - 1 / 2

3 - / 2
V i
1~^.  0 1

- 1  2 _ ! _ _ _ 6 - ! / 2 r .

2 - 1 “ 1 _ _ g - 1 / 2 i  
1 .

- 1  2 _ 1 - 1 2 - 1 1 2 - 1 / 2
i

R.

- 1  0 
0 1 

2 - 1

1
- - -

o - l / 2
, - 1 / 2

1 2 - 1 / 2

V i

V i
V i

- 1  2 
- 1  0 1 1 0 - 1 2 - 3 / 2

R̂ c*.0 l
R.

2 - 1 - 1 - - - 2 4 - 1 / 2 V i
1 - 2 1 - - - V i

1 0 
0 -  1 i

- - - 2 -!/2
.,-1/2

r .l
1UJ X 

-1 0
X

1 -1 0 1
4-•

2 ~ 1
i

R.
-1 2 
2 -1

-1 -
-

- g-1/2
6 - l / 2
_ i

V i
V i

0 - 1 1 - - - 2 V i
1 0 
1 2 1 -1 -2 -1 2 4 - 1/ 2

R^«. 0 1
R.

0 - 1 1 - - - 2 ~ 3/ 2 R0r i
-1 0 1 — — — V i

eqm C-C bond l e n g t h , r 0 = eqm C-H bond l e n g t h ,

a i

A.

'8 a
9a
'1 0 a
'1 1 a
'1 2 a
'13a

14a

8 b
’9b
'1 0 b
’lib
'1 2 b
'13b

14b

Note:
= eqm C-F bond length.

-0
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Table 4.3
Internal Force Co n s t a n t  Notat io n For s - T r i f l u o r o b e n z e n e

R.1

r .l

1 .l

0 l

V i

. n
0 ''l

R.l r .l 1 . l R„a. 0 i Rar . 0 1 V i 0 l
l f .F -FD h h i l 3n0 o 0 o o o
lF .F .Fd h h i l 3„ 3mo m m m m m m
l f .F .Fd h h i im P P P P P P

d P

E Fe k kF 1 iFo o m o
F . F ,Fe e k k 1m P m P P

k f kF ' kF iF ' iFo o
eF kF kF iF ' iFm P m P m

„F FF f n no m o
_F Ff f nm P P
t,F F' FF n no
„F F ' Ff n nm P m

FG o
g Fm P

g f
g fm

Note: Ca p i t a l  letters indicate d i a g o n a l  force constants. 
Also, o = ortho, m = meta, p ~ para.
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Table 4.4

Sy mm et ry Force C o n s t a n t s  For s - T r i f l u o r o b e n z e n e

F U E+2e m

F 21 = 0 F F 2 e +e o p

F 2 2
= E F+ 2 e Fm

F 31 = 2 1 / 2 (h + h + h o m
F 32 - 2 1/ 2 (hF+ h F+h o m

F 33 = D+2d +2d +d o m p

F41
- 2 " 1/ 2 ( - k + 2 kFo

F 42 - 2 _ 1/ 2 (kF - 2 kFo

F 43 - . . . . F-l -l -l +io m p o

F44 r -1 F 2 (F+2f +F m

F 55 = D-2d + 2d -d o m p

CO
fil =

COCO
fn = G + 2 ^ mm

F 75 - 2 l/2 < ^ - 3 F + o;

F 76 =

F 77 = G F+ 2 g Fm

COoo = E-e m

CO 00 F F = -e +e

!k + k F ) m p
01 F , F , N 2 k -k ) m p
F+ iF m p
tfF + 2 fF - 2 fF o m p

P
- I7F F F nn = E -e99 m

F ,niQ = 2 ~ 1 / 2 (-h + 2 h -h )108 o m p
17 - o - 1 / 2 / i F , o i_F ^  \F 1fjn = 2 (-h +2h -n )109 o m p

F 1 0 1 0  = D "d o"d m + d p
F 1 1 R = - 3 1 / 2 1118 m
F - 91/ 2 lF '119 o
F 1 U 0  = < 3 / 2 ) 1/ 2 ( - 0 o+0 p )
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Fr 1111
~

G- « m
Fr 128 3 1 / 2 1FO
Fr 129

=
m

F 1210
= ( 3 / 2 ) 1 / 2 ( -J

Fr 1211
F F 

-g o+ g p
Fr 1212 = G F -g Fm
Fr 138

- 2 ~ 1 / 2 ( k - k F-o
F 139

= 2 - l / 2 ( kF_kF
l

F 1310
- 2~i ( - i  +2 i  o m

F1 3 11
= ( 3 / 2 ) 1 / 2 ( n F

F 1312
= ( 3 / 2 )  1/ 2 (nF

F 1313 = - 1 F 2 (F-f +F m
Fr 148

= 2 _ 1 [ 3 1 / 2 (h o
Fr 149

= 2 1 [ 3 X/ 2 ( - h

Fr 1410
- 2"3 / 2 ( i  - 2 i  v o

Fr 1411
- 2 - 1 [ 3 1 / 2 ( n Fo

Fr 1412 = 2 _ 1 [ 3 1 / 2 ( - n

Ff 1413 - 2"3 / 2 [ 3 1 / 2 (

Fr 1414
- 2 _ 1 [D+d -d L o m

k + k F ) m p
' -kF + k F ') o m p
-i -iF + 2 iF -i F ) p o m p

- V

m
-2 fF -fF + 2 fF ) o m p
-h )-k-kF +k + k F ] p o m p
F , ,F F , , F . , F , F .+ h )k +k -k -k ] o p  o m p
+i -i F + 2 iF -i F ) m p o m p
*+n )-j -2j -j ] m o m p
F-nF )+jQ+2jF+j F]0 m o m p
1 -i -iF + i F )-F+f + F F -fF ] o p o p  m m
-d + 4 _ 1 (-FF+ 3 f F + f F + 3 f F -2F+2f p o m p m

+ 3 1/ 2 (-iF + i F -i +i )] o p o p
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Table 4.5
Observed And Calculated Data For Planar Vibrations Of

s-Trifluorobenzene-hg

Ob se rv ed U n c e r t a i n t y C a l c u l a t e d Error

l"1 3076.0 28 31 3093.5 -17.5
"1 > 1 3 62.6 28 14 1363.6 - 1. 0Zi

1 0 1 2 .4 28 10 1018.0 -5.6u
1 )~ A 5 7 9 . 9 28 6 577. 1 2 . 8_*±

_ _ 1304.6 -
> 1173.8 -u
7 553.7 -

i >
1 8
VQ

3113.0 31 3086.2 26.7
1629.0 16 1622.2 6 . 8_O

i > 
1 1 0 1475.4 15 1472.9 2.5

1127.6 11 1139.6 - 1 2 . 0
996.3 10 1003.0 -6.7o_ 1 2

-13

V 14

502.4 28 5 497.6 4.8
3 2 4 . 2 28 3 323.3 1. 0

<8 -0 .0 0 (2 ) 0 .0 0 (2 ) -0 .0 0 ( 2 ) 0 .00

C 9 - - 0. 19 -

C 10 -0.4 0 . 2 0 -0. 19 -0 . 2 1

C 11 -0.05 0 . 2 0 -0 . 0 2 0.03

^ 1 2 -0.35 0.05 -0.38 0.03

C 13 - 0 . 3 0 28 0 . 0 2 -0.30 -0 . 0 0

^ 14 -0 .2 0 28 0. 15 -0.34 0. 14

D J 0.1 573 0 . 0 2 0 . 0 9 3 2 0.0641

°JK -0.2949 0 . 1 0 - 0. 154 0 -0.1409

d k 0.1 425 0 . 10 0 . 0 6 8 9 0. 0736

Note: W a v e n u m b e r s  are in cm , C o r i o l i s  co up ling c o n s ta nt s 
are d i m e n s i o n  less and c e n t r i f u g a l  d i s t o r t i o n  co n s t a n t s  are in 
JcHz.
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Table 4.6
Observed And Calculated Data For Planar Vibrations Of

s-Trifluorobenzene-dg

Ob serve d U n c e r t a i n t y C a l c u l a t e d Error
1 >*•' 1 2 3 1 9 . 2 28 23 2 3 2 7 . 4 - 8 . 2-L
i >
2 1 3 5 9 . 7 28 14 1 3 6 3 . 5 - 3 . 7L

IJ 9 6 9 . 2 28 10 9 5 7 . 4 1 1 . 8_<J
v4 5 7 7 . 3 28 6 5 7 7 .  1 0 . 2
1 >
15 _ _ 1 2 6 1 . 3 -
l )
16 — _ 9 4 7 . 7 -
i >
17 — — 5 0 9 . 8 -

v 8 2 3 1 4 . 0 28 23 2 3 1 2 . 4 1 . 6U
1 6 1 7 . 0 28 16 1 6 2 1 . 5 - 4 . 5_o

110
i >
i n
Hl2

1 4 2 5 . 0 28 14 1 4 3 1 . 2 - 6 . 2
o o

1 0 5 4 . 0 11 1 0 4 4 . 3 9 . 7
7 9 2 . 0 28 8 7 8 5 .  1 6 . 9

Hl3
i >

14

4 8 7 . 0 2 ° 5 4 8 7 . 7 - 0 . 7

3 2 2 . 4 28 3 3 1 9 . 8 2 . 6

<8 - 0 . 0 5 28 0 . 0 4 0 . 0 0 ( 4 ) 0 . 0 4 ( 5 )

C9 _ _ 0 .  13 -

C10 - 0  . 4 0 28 0 . 4 - 0 . 2 4 - 0 .  16

C11 0 . 0 2 28 0 . 0 2 0 . 0 2 0 . 0 0

*■12 - 0 . 4 0 Z 8 0 . 1 - 0 . 3 2 - 0 . 0 8

* 1̂3 - 0 . 2 5 28 0 . 1 - 0 . 3 0 0 . 0 5

**14 - 0 . 2 5 28 0 . 0 5 - 0 . 2 9 0 . 0 4

d j

d j k

— — 0 . 0 8 2 9  
- 0 . 1 3 6 7 -

d k — — 0 . 0 6 1 1 —

Note: See note at the b o t t o m  of T a b l e  4.5.
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Table 4.7
Model Force Field For Planar Vibrations

Of s-Trifluorobenzene

F o r c e  Typical Best D i s p e r s i o n
C o n s t a n t  C o e f f i c i e n t  Value

D R 2 7.460 0 . 455l
E r? 5.081 0 . 11 5i

E F l2 6.238 0. 315

F (R a . ) 2 0 . 20 6 0 . 120o 1
FF (R y . )2 1.249 0.101o 1
G (r ft.)2 0.7 58  0 . 02 30 1
G F (1 to. )2 1.749 0 . 20 80 1
d (R.R.) 0. 468 0 . 0931 3
hF R.l. 0. 346  0.20 1o 1 1
i R R.a. 0 . 528 0.172o O i l
j r R.ft. 0 . 53 6 0.061o O i l
j F 1 R . to. 1.038 0 . 20 7O O i l
j F 1 R . to. t . -0.457 0. 109m o i l+l
kF R l.y. 0 . 856 0. 135O i l
n F R 1 a.to. 0 . 191 0 . 09 8O O O 1 1
kF R I.a. 0.7 65  0 . 09 3o O i l
k R r.a. 0.31 9 0 . 166O i l
g F r 1 ft.oy. -0.01 5 0. 023o o o 1 1
g F r 1 /7.to. -0.08 8 0 . 03 9p o o 1 1 + 1

Note: All const ants are in units of m d y n .A -1
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Table 4.8
Symmetry Force Constants For The Planar Vibrations

Of s-Trifluorobenzene

r Symmetry Best r Symmetry Best
Force Value Force Value
Constants Constan ts

A i F11 5.081 E' Fr 118 0.000
F21 0.000 Fr 119 0.000
F22 6.238 Fr 1110 -0.653
F31 0.000 F 1111 0.758
F 32 0.488 Fr 128 0.000
F33 7.928 F 129 0.000
F4 1 -0.227 Fr 1210 -1.266
F 42 -0.471 F 1211 -0.073
F 43 0.000 F 1212 1.749
F 44 0.727 Fr 138 0.226

A2 F55 5 . 119 Fr 139 0.065
F65 -0.755 F 1310 -0.528
F66 0.758 Fr 1311 0.000
F75 2. 108 F 1312 0.233
F76 -0.117 Fr 1313 0.727
F77 1.749 F 148 -0.159

E' F88 5.081 F 149 0.510
Fr 98 0.000 F 1410 0.000
F99 6.238 Fr 1411 -0.268
F 108 0.000 F 1412 -0.105
Fr 109 -0.246 F1413 0.365
F1010 7.928 F 1414 2.837

Note : All force constants are in units of mdyn.A"1.
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Table 4.9
L Ma tri x E l e m e n t s  For a^ Nor ma l C o o r d i n a t e s  

Of s - T r i f l u o r o b e n z e n e  -h^ and - d ^ .
(Planar V i b r a t i o n s  ) (^m ^ ^ ■Vi

s -C 6F 3H 3

^ ( c a l c u l a t e d )  30 93.53 1363.58 1018.01 577.13

Q 1 Q 2 Q 3 Q4

S 1.03 0.0 2 0.07 0.01
52 -0.01 0.35 0.04 -0.10
53 -0.06 -0.21 0.16 -0.09
54 -0.26 0.5 6 0.76 0. 2 2

s - C 6F 3D 3

^ ( c a l c u l a t e d )  2327.39 1363.45 957.44 577.08

Q 1 Q 2 Q 3 Q 4

51 0.7 5  0.02 0.11 0.01
52 -0.01 0.35 0.03 -0.10
53 -0.09 -0.21 0.15 -0.09
54 -0.39 0.57 0.69 0.21
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Table 4.10

L M a t r i x  El e m e n t s  For a~ No rm al C o o r d i n a t e s  ,
2 /• A'1/?Of s-Tr if luorob en zene - h Q and - d Q . '

s C 6F 3H 3

^ ( c a l c u l a t e d )  1304.64 1173.78 553.70

Q 5 Q 6 Q 7

S. 0.40 0.21 -0.22o
Sg -0.39 0.9 8 -0.24
S y -0.09 0. 1 8  0.46

s -C 6F 3D 3

^ ( c a l c u l a t e d )  1261.32 947. 70 509.78

Q 5 Q 6 Q 7

S. 0.45 -0.07 -0.195
S e 0.2 0 0.7 3  -0.30b
S? -0.01 0.31 0.40



149

(c a l c .

v^(calc.

Table 4.11
L M a tr ix  E l e m e n t s  For e' N o rmal  C o o r d i n a t e s

Of s-Tr if luo rob enzen e - h g and ~dg. Cxm-yi/)

s -C 6H 3F 3

) 3 0 8 6 . 2 5 1 6 2 2 . 1 8 1 4 7 2 . 8 6 1 1 3 9 . 6 1 1 0 0 3 . 0 1 4 9 7 . 5 9 323. 21

Q8 Q9 Q10 Q11 Q12 Q13 S 14

S0 1 . 0 3 - 0 . 0 2 - 0 . 0 6 0 . 0 0 - 0 . 0 4 - 0 . 0 2 0 . 0 1
Sg 0 . 0 0 0 . 2 8 - 0 . 1 1 - 0 .  14 0 .  14 - 0 . 0 8 - 0 . 0 2

0 . 0 510 0 . 2 9 0 . 3 2 0 .  14 - 0 . 0 2 - 0 . 0 2 0 . 0 1
S 1 1 - 0 . 0 0 0 . 3 4 - 0 . 3 1 0 . 9 3 0 . 3 2 - 0 . 0 2 0 . 0 6
S 12 0 . 0 9 0 . 0 1 0 . 4 1 - 0 . 0 3 0 . 2 7 - 0 . 0 2 0 .  16

S 13 0 ' 19 0 . 5 3 0 . 2 2 - 0 . 0 5 0 . 3 1 0 . 3 7 - 0 .  14
S 1 . - 0 . 0 9  14 0 . 3 0 - 0 . 2 9

s - C6 D3F

0 . 0 4

3

- 0 . 2 4 0 . 0 3 0 .  10

) 2 3 1 2 . 4 2 1 6 2 1 . 4 9 1 4 3 1 . 1 9 1 0 4 4 . 2 7 7 8 5 . 0 8 4 8 7 . 7 4 . 319 .  8;

0 8 Q9 Q 10 Q 11 Q 12 Q13 Q14

Sg 0 . 7 5 - 0 . 0 3 - 0 .  10 0 . 0 5 - 0 . 0 3 - 0 . 0 2 0 . 0 1
Sg 0 . 0 1 0 . 2 8 - 0 . 1 2 - 0 .  19 0 . 0 2 - 0 . 0 8 - 0 . 0 2
S , „  0 . 0 9  10 0 . 2 8 0 . 3 3 0 . 0 8 0 . 0 3 - 0 . 0 2 0 . 0 1
S t l - 0 . 0 0 0 . 3 5 - 0 . 0 8 0 . 3 8 0 . 6 4 - 0 . 0 5 0 . 0 7

S 12 0 ‘ 15 - 0 . 0 0 0 . 3 9 - 0 . 2 5 0 .  10 - 0  . 0 0 0 .  16
S 13 0 . 2 9 0 . 5 2 0 .  19 - 0 . 2 5 0 .  16 0 . 3 5 - 0 .  14

S . . - 0 - 1 4  14 0 . 3 1 - 0 . 2 7 0 . 2 1 - 0 . 0 9 0 . 0 4 0 .  10
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Table 4 . 12

Definit io n Of The O u t - O f - P l a n e  Intern al D i s p l a c e m e n t  
C o o r d i n a t e s  For s - T r i f l u o r o b e n z e n e

4>:

e.i

T . 1

The p e r p e n d i c u l a r  d i s p l a c e m e n t  
of the ith hydrogen atom out of 
the plane de f i n e d  by the 2 adjacent 
C-C bonds.
The p e r p e n d i c u l a r  d i s p l a c e m e n t  
of the ith fluorine atom out of 
the plane de fine d by the 2 adjacent 
C-C bonds.
The o u t - o f - p l a n e  ring b e n d i n g  
d e f o r m a t i o n s  whic h are reg ard ed as 
torsions around C-C bonds.
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Table 4.13
O u t - O f - P l a n e  Sy m m e t r y  C o o r d i n a t e s  For s - T r i f l u o r o b e n z e n e  

r S. 1 2 3 4 5 6 N s.l l

V  s i

E "  S4a

5a

6a

4b

5b

6b

-1 
1 -1

0 -1

0
-1

-2
-1

-1
0

-1
-1 1

0 -1

0 -1

-1

-1

-1 0

- 1/2

- 1 / 2

- 1/2

-1

- 1

1 & 0 i
V i
V i
V i
R

12

12

12

- 1/2

- 1/2

- 1/2

-1

0Li
1a e -0 l
V i
V i
V i
R 0 i T  •0 l

10 i
r <£. o 1
V i
V i
R0li

Note: R^= equi li br ium C-C bond length; r^ = e q u i l i b r i u m  C-H 
bond length; 1^ = e q u i l i b r i u m  C-F bond length.



Table 4.14

Internal For ce C o n s t a n t  Not ation  
( O u t - Of -Plane  Vibr a t i o n s )



Table 4.15

Sy m m e t r y  Forc e C o n s t a n t  N o t ation 
(Out- O f - P l a n e  Vibrat io ns)

( l / 2 ) [ ( A + 4 a o+ 2 a m + 2 a p )+(H +2hm )]

< l / 2 ) [ ( H + 2 h m )-(A+ am )]

( l / 2 ) [ ( A - 4 a + 2 a - 2 a ) + ( H + 2 h ) ]  o m p m
c + c -c -c -c + c o p m o p m
-c -c +c -c -c + c o p m o p m
B-2b + 2b -b o m p

( l / 2 ) [ A - 2 a - a m+2a )+<H-hm )]

( 1 / 2 ) [ ( -A+a ) + ( H - h ) ]  m m
( 1 / 2 ) [ ( A+2a -a -2a ) + ( H - h ) ]  o m p m
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Table 4.16

Ob ser ve d And C a l c u l a t e d  Da t a  For O u t - O f - P l a n e  V i b r a t i o n s
Of s - T r i f l u o r o b e n z e n e - h g  (cvC*).

Ob se rv ed U n c e r t a i n t y  C a l c u l a t e d Error

A 2 : l’l 848.13 9 841.83 6.3

^2 664.69 7 665.33 -0.6
— ___ „ 28
v3 207.0 2 207.93 -0.9

F ' ' 4 7951.0 28 8 793.74 -1.7

-5 598.0 28 6 594.42 3.6
— „ _ „Z 81 >
*"6 245.8 3 242.35 3.5

Table 4.17
Obs er ved And C a l c u l a t e d  Data For O u t - O f - P l a n e  V i b r a t i o n s

Of s-Tr i f l u o r o b e n z e n e - d g

Ob ser ve d U n c e r t a i n t y  C a l c u l a t e d Error

h2 v y 7 7 7 . 2 28 8 779.4 -2.2
— ___ „20
V2 522 .0 5 521.2 0.8
1 >
"3 205.0 28 2 205.1 0.8

P 11
b 4

646 .0 28 7 651.3 -5.3

V5 537. 628 5 538.1 -0.5
1 y 
~6 231. 328 2 234.5 -3.2
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Table 4.18
Model Force Field For O u t - O f - P l a n e  V i b r a t i o n s  

Of s - T r i f l u o r o b e n z e n e

Fo rce  Typ ical Best D i s p e r s i o n
C o n s t a n t  C o e f f i c i e n t  Value

H On,®- )2 0.845 0.0700 1

A (r,, 4>.)2 0 . 433 0 . 0070 i

B (R r .)2 0.254 0 . 01 80 1

a l^e.r „.<*>. -0.218 0 . 020O 0 1 0  1

b -0.032 0.0 06o 0 1 1+1

c 1 $ . R r . 0 . 299 0. 036O 0 1 0  1

c rr?T~ • R~ t . 0.2 13  0.01 1O 0 1 0  1

Note: All constants are in units of m d y n . A
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Table 4.19
S y m m e t r y  Force C o n s t a n t s  For The O u t - O f - P l a n e  Vi br a t i o n s

Of s - T r i f l u o r o b e n z e n e

43Symmetry Our Field E . F e r g u s o n ' s  J . R . S c h e r e r
Force
Constants

A 2 ' F n  0. 202 0.2 23  0.217

F 21 0 . 206  -0.023 0.016

F97 1.076 0 . 5 1 5  0.485

F -0.087 0 0.004U 1
F 32 -0.513 0 . 373  -0.234

F 33 0 . 31 8 0 . 3 3 9  0.17 8

E'' F.. 0 . 857  0 . 427 0.41844
F,. 0 . 20 6 0 . 00 6 0.01654
F., 0.421 0 . 22 6 0.28455
Fca 0 . 44 6 -0.515 0.203b4
Fcc, 0.076 0 -0.003b5
Fgg 0 . 286 0 . 757 0.1 90

Note: All force c o n st ants are in un it s of m d y n . A

23
S



157

Table 4.20
L Ma tr ix  Ele m e n t s  For a^' Normal C o o r d i n a t e s  

Of s - T r i f l u o r o b e n z e n e  -h^ and 
( O u t - Of-P la ne V ibra ti ons)

s C 6F 3 H 3 s C 6 F 3 D3

^ ( c a l c u l a t e d )  841.83 665.33 207.93 779.4 521.2 205.1

Q 1 Q 2 Q 3 Q 1 Q 2 Q 3

S -0.32 0.48 0.36 -0.01 0 .3 8 0.36

52 1.22 0.35 -0.09 1.19 -0.07 -0.09

53 1.39 1.42 -0.17 1.89 0.64 -0.16

Table 4.21
L- Mat ri x E l e m e n t s  For e'' Norma l C o o r d i n a t e s  

Of s - T r i f l u o r o b e n z e n e  -h^ and - d ^ .

s - C 6F 3H 3 s - C 6F 3D 3

i-’.(calculated) 793.74 594.42 242.3 5 651.3 538.1 234.5

Q4 Q 5 Q 6 Q 4 Q 5 Q 6

S. 0.93 -0.45 -0.35 0.94 -0.10 -0.334
S K -0.52 -0.56 0.14 0.01 0.6 4 0.115
S0 -0.46 0.7 5 0.74 -0.87 -0.24 0.72b

- 1/2Note: The units are (a.m.u.).
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Fi gu r e  4.1

Fig ure 4.2

F igures

C a l c u l a t e d  C a r t e s i a n  d i s p l a c e m e n t s  

for the planar v i b r a t i o n s  of 

s- t r i f l u o r o b e n z e n e - h g -

C a l c u l a t e d  C a r t e s i a n  d i s p l a c e m e n t s  

for the pl anar v i b r a t i o n s  of 

s - t r i f l u o r o b e n z e n e - d g .

159

165
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Figure 4.1

Ql

3093.5

6

1363.6

©



160

173.8

553 .7

I



161

308G .2

e "(a)

1 472.9

)



162

1003.0 497.S

e ' (a)

323.3



163

3086.2

A

e'(b)

472.9



164

1003.0

e ' (b )

323 .3

§



165

Figure 4.2
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C h apte r 5

Propynal: P r e l i m i n a r y  I n v e s t i g a t i o n  Of The M i d - I R  Spectr um

Of The C ?H.CDO And C 2D.CD 0 Species

U s ing F TIR Spectroscopy.
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5.1 Introduction
The infrared sp e c t r u m  of C 2 H.CHO, C 2 D.CHO and C 2 H.CDO 

s p e cies was first observe d at low res olu tion by Brand and 
Watson , in 1960. In their paper, they comp le ted the 
v i b r a t i o n a l  as si g n m e n t s  and q u oted C o r i o l i s  c o n sta nt s for 
the yy(a' ) , v ^ ( a '  ' ) pair of f u n d a m e n t a l s  for all three 
spec i e s .

The infrared s p e c t r u m  of the same sp ecies at low
4 <5r es o l u t i o n  was also ob serve d by Kin g and Moule in 1961. T hey 

also c o m plete d the v i b r a t i o n a l  as si g n m e n t s  of the same three 
spec i e s .

The a ssig nm en ts of the a ' ), a ' ' ) fund a m e n t a l s
47were later co rrected in Wa tson 's  thesis in 1962.

4.8In 1971, Klaboe  and Kr emer observed the Raman sp e c t r u m  of 
the C 2H. CHO species and con fi rmed the rectifi ed a s s i gnmen t 
for the ^y(a') and v ^ ( a ' ' ) .

4S> 50Finally, T a kami and Shimouda and T a k a m i  and Suzuki 
p e r f o r m e d  infra r e d - m i c r o w a v e  d o u b l e  res onanc e ex pe r i m e n t s 
u s i n g  the 3.51 /um He- Xe laser. As a result of their 
e x p e r i m e n t s  ac cur ate a s s i g n m e n t s  for the ) f u n d a m e n t a l s
in C 2 H. CHO and C 2 D. CHO  sp ec ies  were o b t a i n e d .Th e y  also 
p er f o r m e d  rot ational ana ly ses for the same f u n d a m e n t a l s  for
the two species.

In this study, the m i d - i n f r a r e d  sp e c t r u m  of the 
C 2 H.CDO was recorded at both low and high reso lu tion us ing 
FTI R techniques. Also, the m i d - i n f r a r e d  s p e c t r u m  of the
C 2 D.C DO species was recorded for the first time at bot h low
and high res olution  . The p r i m a r y  o b j e c t i v e s  of this 
i n vest ig at ion were the a s s i gnmen t of the f u n d a m e n t a l s  for
the C 2 D . CDO species and also the p a r tial r otatio na l 
a n a ly sis of some of the ob served f u n d a m e n t a l s  in the 
m i d - i n f r a r e d  spectru m of the two species.

The propy na l mo l e c u l e  bel on gs to the point group.
Since there are six atoms in the molecule, the total
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n u m b e r  of v i b r at ions is twelve - all of which are allowed 
in the infrared. The s t r u ct ur e of their re p r e s e n t a t i o n  is as 
f o 1 l o w s :

r ( Q v ) = 9a' + 3 a "  (5.1)

The mo lec u l e  is a n e a r - s y m m e t r i c  pr ola te  rotor. This can
be con firme d from Ray's a s y m m e t r y  par a m e t e r  x 
w h i c h  is defined  as follows:

x - (2B - A - C) / (A - C) (5.2)

For a pro late symmetr ic  rotor B = C therefor e * = -1, while for
an ob lat e symmetr ic rotor A = B therefo re  « = +1. By pu tti ng
A'' = 1.7268 c m - 1 , B*' = 0 . 1 5 9 8 2 8  c m " 1 and C*' = 0. 1 4 6 0 6 3

—  1 51cm for the C^ H. CD O spec ies from the m i c rowa ve  st udy , the
x p a r a m e t e r  has a value of -0.98 w h ic h is ver y close to the
pr o lat e symmetr ic  rotor limit. It can be shown that the
same is true for the C ^ D . C D O  species.

Even though x =  - 1, the mo l e c u l e  is a s y m metric  en ou gh to 
make the infrared bands c h a r a c t e r i s t i c  of an a sy mm etric  
rotor. Therefore, in (5.1) the a'' modes are ex pec ted to give 
type C bands while the a' modes  are expected to give
type A and type B hybrids.

The type A band cor r e l a t e s  with a pa r a l l e l  band in
the pr ol at e sym me tric rotor limit and with  a p e r p e n d i c u l a r  
band in the oblate sy mm etric rotor limit. The type B
band co rrelate s with a p e r p e n d i c u l a r  band in both the
pr ol ate and oblate symmetr ic  rotor limits. Finally, the type 
C band corr el ates wit h a p e r p e n d i c u l a r  band in the prolate 
sy m m etric rotor limit and with a pa r a l l e l  band in the oblate 
s y m m et ri c rotor limit.

The survey s p ec tra of the two spe cie s are given in
Fi g ure s 5.1 and 5.2. They  were re co rded at a reso lu tion of 
ca. 1 cm 1 in the range betwee n 550 and 4000 cm ^ . The s; 
m u l t i p a s s  cell was used as in the case of
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s - t r i f l u o r o b e n z e n e - h g  with  a total p a t h l e n g t h  of 120 
cm. The sample s w h i c h  were g e n e r o u s l y  g i v e n  by Simon 
E d w a r d s  were used at a pressure of ca. 1 Torr. The 
B r u k e r  IFS s p e c t r o m e t e r  was again used w i t h  the MCT 
d e t e c t o r  cooled down to 77 K.

The f u n d am ental fr equencie s for all four spec ies are 
listed in Tab le  5.1. T he y are co mpi led from earlier 
w o r k 47'4P,5° , from a recent analysis of the e l e c tronic

52s p e c t r a  by Ed w a r d s  and from the p r e s e n t  i n vest ig ation

5.2 T h e o r y  Of A s y m met ri c Rotors.

A m i n i m u m  t h e o r y  is given here, s u f f i c i e n t  for
an u n d e r s t a n d i n g  of the later d i s c u s s i o n s  in this chapter.

20F u l l e r  tr eatment s are given in sta ndard  texts
The r o t a ti on al term values for a s y m m e t r i c  rotors, 

e x c l u d i n g  d i s t o r t i o n  cons tants  are giv en by the f o l l o w i n g  
e x p r e s s i o n :

F(J,t ) = <1/ 2 ) ( A + C ) J ( J + 1 )  + ( 1 / 2 ) ( A - C ) E ( « ) j ^t (5.3)

wh er e n is the a s y m m e t r y  param eter d e f i n e d  by (5.2),
t takes the v a lu es  J,J -1  ... 0,-J and labels  in order 2J+1
e n e r g y  levels for a give n J,
E ( * ) t is a reduced energy term and is d e t e r m i n e d  by the«J , *r
d i a g o n a l i z a t i o n  of a m a t r i x  whose el e m e n t s  dep end only on J, 
t  and w. The full d i a g o n a l i z a t i o n  p r o c e d u r e  can be 
p r o g r a m m e d  for a co mp uter for any val ue  of ». We use the

53me t h o d  d e s c r i b e d  by Bennett, Ross and Wells 
The rest of the sym bo ls have their u s ual meaning.

In the li mit ing symmetric rotor cases ex pr ession (5.3) 
re d u c e s  to the fo l l o w i n g  one:
F ( J ,K i ) = B J ( J + 1) + ( A - B ) K ^ 1 (5.4)
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F ( J , K + 1 ) = B J ( J + 1) + ( C - B ) K ^ 1 (5.5)

w h ere K r e f e r s  to the pr ola te  rotor limit and K+ ^ refers to 
the oblat e rotor limit. K takes the v a l u e s  from -J.. .0 ...+J 
and a p a r t icular  level is labeled by J, The
p o s t - s u b s c r i p t s  in K refer to the v a lues of the asy m m e t r y  
p a r a m e t e r  * in the two sy m m e t r i c  limits.

The selecti on rules for the three types of a s y m me tric  
ba nd s are as follows:
i. Type  A bands: In the p r o late sy m m e t r i c  rotor limit these 
give rise to pa ra llel bands with the sele ct ion rules:

K _ 1 = 0 ; AJ = ±1 ; A K _ 1 = 0
K _ x * 0 ; AJ = 0,±1 ; A K _ 1 = 0 (5.6)

In the oblate s y m metric rotor limit these give rise 
to p e r p e n d i c u l a r  ban ds with the sel e c t i o n  rules:

AJ = 0,±1 ; AK+1 = ±1 (5.7)

Therefore, the overall sele ction rules are a c o m b in at ion of 
(5.6) and (5.7).
ii. Type B bands : In bot h the p r o l a t e  and oblate s y m me tric
rotor limits these giv e rise to p e r p e n d i c u l a r  bands. Th e r e f o r e  
the ov era ll selection rules of such ba nd s are:

AJ = 0,±1 ; A K _ X = ±1 ;A K+1 = ±1 (5.8)

iii. Type C bands : In the p r olat e s y m m et ric rotor limit 
these give rise to p e r p e n d i c u l a r  bands  with the selection 
r u l e s :

AJ = 0, ±1 ; A K _ 1 = ±1 (5.9)

In the oblate symm etric rotor limit these give rise t'Q 
p a r a l l e l  bands with the selection  rules:

K +1 = 0 ; AJ = ±1 ; A K +1 = 0
K+1 * 0 ; AJ = 0,±l ; A K +1 = 0 (5.10)
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T h e r e f o r e  the over all selection rules are a c o m b i n a t i o n  of 
(5.9) and (5.10).

The se  are the selecti on  rules for the st ro n g  t r a n s i t i o n s  
in a s y m m e t r i c  rotors. They are exp ec ted to be s t r o n g  bec ause  
they are allowed tr an s i t i o n s  in bot h  s y m m e t r i c  rotor limits. 
St r i c t l y  in a s y m m e t r i c  rotors the selectio n rules for

> 1 1—1 and rel ax  to:

= 0, ±2, ±4 ...

AK + 1 = ±1, ±3, ±5 ... (5.11)

However, the e x tr a tran s i t i o n s  are u s u a l l y  weak  and 
can often be ignored when the rotor is not too asymmetric.

The in tensities  of the t r a n s i t i o n s  are expr es sed 
as f o l l o w s P :

I ,, , = C.g .exp(- E . ./ k T ). IA 12 (5.12)n , n  n n ' 1
where n # ',n' are a su m m a r y  of gr ou nd  and exci ted states

c o n s t a n t s ,
C is n e a r l y  constant for a v i b r a t i o n a l  tran sition  ,
g n is the m u l t i p l i c i t y  of the lower state of the t r a n sit io n
in an ab so rption
and ]A| is the e l e ct ri c d i pole  tran si tion m a t r i x  element  
be tw ee n the two states, wh ic h for an a s y m m e t r i c  rotor can not
be exp r e s s e d  in a simple  closed form. Its c a l c ulation

p
involves setti ng up a m a trix of the ap/ro priate  symme tr ic
rotor q u a n t i t i e s  for a specific J ' ' =» J' ( for all K values) 
and t r a n s f o r m i n g  these to an a s y m m e t r i c  rotor r e p r e s e n t a t i o n  
u s i n g  the eigen v e c t o r s  of the redu ced  ener g y  m a t r i c e s  
of the lower and upper states r e s p e c t i v e l y  . The se  
op e r a t i o n s  can easi l y  be done  with a computer. Pr o g r a m s  used 
in this work are ou tl ined in A p p e n d i x  3.
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5.3 Second Ord er C o r i o l i s  I n t e r a c t i o n  Be tw een  
B And C Type  Bands

P e r t u r b a t i o n s  of this kind have been observ ed  in the p r e se nt  
in v e s ti gation and the r o t a tion al  band contou r p r o g r a m  K O N T U R  
has been modi fi ed to include them (see A p p e n d i x  3).

In a prolate as y m m e t r i c  rotor wit h  a small value of 1^ 
(large value of A ) the p e r t u r b a t i o n  term (-p„J / I A ) is large

Z  Z  LI54and can prod uce important i n t e r actions  . Add itio nally,  if the
a s y m m e t r y  p a r a me ter * %  -1 (as in the case of prop yn al)
then a sy mmetric  rotor effe cts can lar gely be ignored except
at v ery low K.

In the case of an int eract io n between two
f u n d am en tal v i b r a t i o n a l  levels where Q x Q R A and Q 3 T n ,r s A r B
Q 3  T n the two f u n d am en tal levels combine wit h the groun dS Vj
state to give B and C type p e r p e n d i c u l a r  bands. A s s u m i n g  
that the mo l e c u l e  is close to a s y m m e t r i c  rotor about the 
A- ax is  and k (K = |k|) is cons i d e r e d  a good q u a n t u m  
num ber except for the lowest values, the 
p e r t u r b a t i o n  term (-p J / I A ) will be dia go n a l  in J and the

Z  Z  A
H a m i l t o n i a n  fa ct o r i s e s  into 2x2 bloc k s  of the type shown 
b e l o w :

|v =l,v =0;J,k> |v =0,v =l;J,k>1 r s ' r s
v + F ( J ,k) +2iAC O  kr rs rs
H e r m it ia n v + F(J,k)s

(5.13)

where v , v are the v i b r a t i o n a l  en er gies me asured  from the r s
ground v i b r a t i o n a l  state.

F(J,k) in this case d e n otes the rigid s y m m e t r i c  rotor 
a p p r o x i m a t i o n  to the rota tional  e n ergy  which  is expre ss ed  
as follows:
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F ( J ,k ) = B J ( J + l ) + ( A - B ) k 2 (5.14)

wh er e B = (B+C)/2

and Q r s = ( l / 2 ) [ ( ^ r/ v s )1/2 + <^ / ^ ) 1 / 2 ] (5.15)

In e x p r e s s i o n  (5.15) it is w o r t h  n o t i n g  that for v ^ ^
Afte r d i a g o n a l i s i n g  (5.13) the energy levels are given as 
f o 1 l o w s :

E ± (J,k) = ( l / 2 ) ( y r+ v g ) + F ( J ,k) ± A k (5.16)

2 2 2 2 2 1/2where A. = { 6^ + 16A k C n  } ' (5.17)k rs rs

and 6 - u - (5.18)r s

The p e r t u r b e d  w a v e f u n c t i o n s  are gi ve n as follows:

IV = ak - io,jkbklV
|V'_> = " icj k b k lV'r > + a klv's> (5.19)

where | V1 > f l̂ 's > d e n o t e  the u n p e r t u r b e d  v i b r a t i o n a l
f u n c ti on s |v =l,v =0 >, |v -0 ,v =1>,i r s 1 r s

ak = [(Ak + 6>/2V 1/2
bk = [(Ak - 6)/2Ak]1/2

and cr - (sign j )(sign k) = ±1 w h ich comes from the sign of j k r s
the c r o s s t e r m  in the ori gi nal matrix.

A s s u m i n g  v >v and for small v a lu es  of k, the upper r s
e n e r g y  levels E+ co rrelat e s t r o n g l y  wit h  v and the lower
en e r g y  levels E_ c o r r ela te  s t r o n g l y  with v . For large
v a l u e s  of k the w a v e f u n c t i o n s  be co me st r o n g l y  mixed and
a k ,bk *  ( 1 / 2 ) 1 / 2 .

An energ y level d i a g r a m  for second order
C o r i o l i s  in teractions between B and C type bands for the
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C s y m m e t r y  spe cies to whi ch pro p y n a l  be lo ngs is giv en in 
F i g u r e  5.3.

By c o m b in ing (5.14) wit h (5.15) e x p r e s s i o n s  can be 
o b t ained for the line p o s it io ns in the two obser ve d bands. 
B e c a u s e  of the fact that the p e r t u r b a t i o n  is independ en t of 
J, only the relati ve po s i t i o n s  of the sub-band or ig ins are 
af fe ct ed in the two bands. Therefo re,  the e x p r e s s i o n s  for 
the line p o s i tions  are given as follows:

F rom (5.14) we have :

F (J ,K ±1) - F (J ,K ) = BJ(J+1) - BJ(J+1) + (A-B)K2 - (A-B)K2 ±

± 2(A -B) K + (A-B) = (A-B) ± 2( A- B)K

T h e r e f o r e ,

r ’P<aK <y+ ) = <l/2)(vr+vs ) + (A-B) ± 2(A-B)K +

2 2 2 2 2 1/2 + ( 1/2 ) [6 + 16A C ^ s^ g ( K±1 ) ]

r ’PQ„ (v ) = ( 1/2)(v +i> ) + (A-B ± 2(A-B)K -- r s

whe re the upper and lower signs in the above e x p r e s s i o n s  refer 
to AK = +1 (r type) and AK = -1 (p type) t r a n sitions  re sp ectiv ely.

54It can be shown , that the v i b r a t i o n  line str e n g t h s  and M_ 
can be obtained as follows:

2 2 2 2 2 1/2 ( 1/2 ) [<5 + 1 6 A C n  ( K ± 1 ) ] 1/ ̂ (5.20)

M

M (5.21)



180

where M , M are the u n p e r t u r b e d  v i b r a t i o n a l  transition r s
m o m e n t s  in the B and C axes,

d e n o t e s  the sign of ££ rs

and the upper and lower signs refer to AK = +1 and AK = -1
tr a n s i t i o n s  respectively.

The first two terms on the right hand side of 
e x p r e s s i o n  (5.21) lead to a transfer of i n t e n s i t y  from the
s t r onger to the weaker band at high K. The third term leads
to an a s y mmetry of intensity about the band centre in both 
b a n d s .

Since a ^ , b^ > 0 the asy m m e t r y  is d e t e r m i n e d  by the sign
of £ (M )(M ). In other words, for the f u n d a m e n t a l  bandsrs r s iow (:%■
con s i d e r e d  here the sign/ the "following expression:

(C^ )(dfJX /dQ )(dAJy/ d Q  ) (5.22)r s r s

If exp r e s s i o n  (5.22) has a po s i t i v e  sign in front of it, we 
have a positive perturbation. In that case, the p-type  
s u b - b a n d s  of the high fre q u e n c y  band and the r-type ones of 
the low frequency band are en/vemce<^ , and the r-type sub-bands  
of the high frequency band and the p - type ones of the low 
fr e q u e n c y  band are depleted.

On the other hand, if expression (5.22) has a n e g ative  
sign in front of it, we have a n e g a t i v e  p e r t u r b a t i o n  and the 
con v e r s e  intensity p e r t u r b a t i o n  is observed.
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5.4 The v 1 Band Of C 2H.CDO

The i^(a') band of C 2H.CDO is due to a C-H s t r e t c h i n g  
vibration. The band extends from about 3300 cm ^ to about 
3350 cm  ̂ with the band centre at 3325.42 cm * as can be 
seen in Figure 5.4. At low r e s o lution it looks like an A 
type band with a central m a x i m u m  Q branch and P and R
wings. At a r e l a t i v e l y  high r e s o lution of 0.08 cm , 
the central maximum b r a n c h  remains unresolved, but the P 
and R branches are s u f f i c i e n t l y  resolved to a l low a ssignment 
of J values .

A prominent peak to low f r e q u e n c y  of the band centre
is due to a 'sequence band' of the type v.+i> .-v. dis c u s s e di j  3
in the third chapter. The two p r i m a r y  c a n d i d a t e s  for v. are

- 1 ^the two low f r e quency v i b r a t i o n s  ^ ( a ' )  = 201.5 cm due
-1to C - C = C  in plane vibration and ~ 249.9 cm due

to C - C ^ C  out of plane vibration. The rota t i o n a l  fine
s t r u c t u r e  of such a 'sequence band' could interfere with the 
r o t a t i o n a l  fine structure of the main band p r o d u c i n g  a 
'beating' phenomenon. Finally, we must recognise that in 
p r i n c i p l e  the in-plane v i b r a t i o n s  of propy n a l  give rise to 
A/B hybrid bands and so some type B s t r ucture m i ght be present

The method w h ich was used in the analysis of this band
can be divided into the f o l l o w i n g  steps:

a. An initial n o n - l i n e a r  least squares analysis was performed 
u t i l i s i n g  the observed t ransitions w i t h  their J'', AJ 
assignments. Then, by using similar P and R b r a n c h  
e x p r e s s i o n s  to the case of a sym m e t r i c  rotor p a r a l l e l  band, a 
rough value for the B = (B+C)/2 constant for^ the u p per state 
was o b t ained .
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ft. This value together with accurate ground state 
co n s t a n t s  from the m i c r o w a v e  study of the same species by

5 1C o s t a i n  and Morton were then used as d a t a  for the Mainir 
p r o g r a m  . The t r a n s itions with their full A J , AK_^ and 
a s s i g n m e n t s  were also included in the relevant datafile. A 
full least squares an a l y s i s  was then p e r f o r m e d  using  
the full Hamiltonian, taking into account the as y m m e t r y  
of the molecule. As a result, c a l c ulated line pos i t i o n s  
together with new r o t a tional con s t a n t s  for the upper 
state were derived. This analysis only pro v i d e s  B' because 
of the n a t u r e  of the t r a n s i t i o n s  used. The A' c o n stant is a 
trial value and was not solved for, since there is no 
in f o r mation in the observed d ata to allow a better estimate  
for this constant.

y . The new upper state rotational c o n s tants were then used as 
input d a t a  for the Kontur p r o g r a m  w h ich pr o d u c e d  a simulated 
band contour, without taking into account any effects due to 
'sequence bands'. These could include some s h i f t i n g  to the 
line positions. Then, a series of c a l c u l a t i o n s  was performed  
inc r e a s i n g  the type B c o m ponent until a best fit with 
the observed s p e ctrum was achieved. It was found that the 
type B component was no more than 5% of the total band 
intens i t y .

The observed and c a l c ulated line p o s i t i o n s  together 
w i t h  their assi g n m e n t s  are given in Table 5.2 and the 
r o t a t i o n a l  constants w h i c h  were used in the computer  
s i m u l a t i o n  of the band contour are given in Table 5.3. The 
o b s erved and calculated band contours are given in F i gure 
5.4. As can be seen from that F i gure the agreement between 
the observed and cal c u l a t e d  band contours is satisfactory.
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5.5 The i-’p- Band Of C oH.CD0 5 z

The v (j(a*) band of C 2 H.CDO is due to a C-D in plane 
r o c k i n g  vibration. The band extends from about 1030 cm  ̂ to 
about 1130 cm ^with the band centre at 1078.96 cm ^as can be 
seen in Figure 5.5. At low resolution the band is 
c h a r a c t e r i s e d  by a central m i n imum with P and R branches.
At the relatively high resolution of 0.08 cm the P and
R br a n c h e s  are p a r t i a l l y  resolved r e v e a l i n g  detailed 
fine structure which was found to be due to the A type
c o m ponent of the band. Also, a r e l a t i v e l y  simple K s t r u cture
is present in the wings of the band w h ich was found to be due
to the B type component of the band. This s t r u cture is
s u f f i c i e n t l y  resolved to allow a s s i g n m e n t  of K values.

The R branch of the main band is s l i g h t l y  p e r t u r b e d  by
the prese n c e  of at least one other band which extends from 
about 1115 cm  ̂ to about 1140 cm The band centre of that 
w e aker band is at 1127 cm  ̂. That second band seems also
to be an A/B hybrid type comb i n a t i o n  band. Once 
again there is also the p o s s i b i l i t y  of the p r e sence
of 'sequence bands' p e r t u r b i n g  the centre of the main
band, as was the case for the band of the same species.

The v g(a') band of C 2 H.CDO appears to be a hybrid since 
both type A and type B features were present.

The method which was used in the analysis of this band 
can be divided into the fo l l o w i n g  steps:

ot. Initial trial c o m puter simu l a t i o n s  were pe r f o r m e d  s t a r t i n g 
wit h  the excited r o t a tional con s t a n t s  from the a n a lysis of 
the band. I n i tially only the A' rot a t i o n a l  constant was
allowed to vary. When a r e l a t i v e l y  s a t i s f a c t o r y  m a t c h  wit h
the observed band was accomplished, the B' and also the
individual B' and C' rot a t i o n a l  con s t a n t s  were allowed to 
v a r y  until an optimum set of upper state rotational
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c o n s t a n t s  was found. All these s i m u l a t i o n s  were carried out 
for a p u r e l y  type A band ,w h ich as it was noted above, was 
found to be the d o m i n a n t  component of the centre of the 
hybrid band. Then, further s i m u l a t i o n s  were carried out 
by i n c r easing the type B c o m ponent , w h ich c o n t r i b u t e s  to 
the sharp features in the wings of the band, and 
d e c r e a s i n g  the type A co m p o n e n t  by the same amount. After 
a s a t i s f a c t o r y  mixture of the two c o m p o n e n t s  was found, the 
excited state rotational constants were again allowed to 
vary, until the c alculated K s t r ucture of the B component 
m a t c h e d  roughly the observed structure. The type A component 
was found to be 80% ± 5% of the total band intensity.

ft. It can be shown that the p o s i t i o n s  of the Q heads for the 
P and R branches of a p e r p e n d i c u l a r  band are given by 
the f o l l owing formula, in the s y m m etric rotor approximation:

P® J K  = {l-'o + (A-§ ) ' - ° K } 1 

± { 2 ( A - B )' - 4 D '}K +Jv

+ {(A-B)' - (A-B) " - 6 D ' } K 2 ±

± {-4D k )K3 +

+ { - D ^ + D " ) K 4 (5.23)

where the upper sign refers to the R branch and the lower
sign refers to the P branch.

The D v centrifugal d i s t o r t i o n  con s t a n t s  for the ground
and excited states were found to p lay a crucial role
in the calculation of the Q heads. This is due to the
r e l a t i v e l y  high valu e s  ass o c i a t e d  wit h  these c o n s t a n t s  for

-4 -1these species which are of the order of 10 cm
In c a l c u l a t i n g  the p o s i t i o n s  of the Q-heads, trial values 

of the rotational c o n s t a n t s  were used and the constants
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were set to zero. The d i f f e r e n c e s  between the observed 
Q - h e a d s  and those c a l c u l a t e d  from the s i m u lated s p e c t r u m  were 
fitted into a fourth order p o l y n o m i a l  whose c o e f f i c i e n t s  
were :

a = correction in vo

b = 2 A ( A - B )' 

c = A6(A-B) 
d = - 4 D k

e =-D' + D '' (5.24)
ft ft.

where A refers to the d i f f e r e n c e  between observed and 
c a l c u l a t e d  values and 6 refers to the d i f f e r e n c e  between 
ground and excited state rotational constants. The 
ef f e c t s  of the c e n t r i f u g a l  d i s t o r t i o n  c o n s t a n t s  were 
ignored in the c o e f f i c i e n t s  a, b, c, in this initial 
iterat i o n .

y. The refined A' and con s t a n t s  were then used for a 
final iteration of the solution procedure. 'was taken from

5 1the mi c r o w a v e  d e t e r m i n a t i o n  of the ground state con s t a n t s  
and was calculated from c o e f f i c i e n t  e. Within 
e x p e r i m e n t a l  error, this value of agreed with the value 
obtained from coef f i c i e n t  d.

The observed and calculated line p o s i t i o n s  together 
with their a ssignments are given in Table 5.4 and the 
r o t a tional constants used in the final computer s i m u l a t i o n  of 
the contour are given in T a ble 5.5. The observed and 
calc u l a t e d  band c o n tours are given in F i gure 5.5. The 
agr e e m e n t  between the observed and cal c u l a t e d  K str u c t u r e  
in the wings of the band is satisfactory. Also, the overall 
fine structure in the centre of the band seems to be 
re p r oduced quite well.
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5.6 The vc , v Pair Of Bands Of C oH.CD0.6 10 2
The u  (a') band of C 9 H.CDO species is due to a C-C

- 1s t r e t c h i n g  vibration. The band extends from about 850 cm
to about 920 cm ^with the band centre at 876.5 cm^ as can
be seen in Figure 5.6. At low resolution the band is
c h a r a c t e r i s e d  by a central m i n i m u m  with P and R branches. At
the rel a t i v e l y  high res o l u t i o n  of 0.08 cm  ̂ the two branches
are p a r t i a l l y  resolved r e v e a l i n g  d e t a i l e d  rotational
s t r u c t u r e  which was found to be due to the A type
component. Unfortunately, unlike the i-’̂ (a') band no
sharp features were pr e s e n t  in the wings of the band.
Nevertheless, the overall band could not be reproduced
s a t i s f a c t o r y  without the a d d ition of some B type component.

The central m a x i m u m  of the „(a'') band which is due to a10 _ ̂
C - D o u t  of plane w a g g i n g  v i b r a t i o n  lies at 848 cm slightly

-1higher than the p r e v i o u s l y  reported value of 841 cm . In
fact, there is a weaker peak at 841 cm  ̂ w h i ch we assign to
a 'sequence band' of the i-’ (a'') band. The 2-’ (a'') is a10 10
p u r e l y  type C band. After a series of c o m puter s i m u l a t i o n s  for
the observed band, it was found that the v^Ca') band is ab
hybrid of an A type band (ca. 70%) and a B type band (ca.

4730%). In Watson's thesis a C C o r i o l i s  constant is
p r e d i c t e d  of ca. 0.40 a s s u m i n g  that the two bands interact
with each other. A l t h o u g h  such an i nteraction is expected,
we have found in this case no evidence on the basis of our 
s i m u l a t i o n s  for such a s t rong interaction. C o nsequently, it 
was assumed that C could be set to 0 p e n d i n g  the a v a i l a b i l i t y
of higher resolution spectra.

The rotational c o n s t a n t s  w h ich were used in the computer 
s i m u l a t i o n  of the band c o n tour are given in Table 5.6.
The observed and c a l c u l a t e d  band conto u r s  are given in 
Figure 5.6. The overall a g r e ement between the observed and 
c a l c u l a t e d  1-’ (a') band is found to be satisfactory.
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5.7 The i Pair Of Bands Of C 2 H.CDO.

The i-»(a') band of C 9H.CDO s p e cies is due to a C-H
- 1r o c k i n g  vibration. The band extends from about 590 cm to 

about 670 cm ^with the central m i n i m u m  at 651. 1 7  cm ^.As 
can be seen in Figure 5.7 this band appears to be 100% B type 
band. It exibits a typical K st r u c t u r e  in the P branch.
C l o s e  to this band is the ) band of the same
s p e c i e s , d u e  to a C-H out of plane w a g g i n g  vibration. It 
extends from about 670 cm  ̂ to about 740 cm ^ w i t h  the 
c entral m a x i m u m  at 692.67 cm The  ̂ band is a
p u r e l y  type C one w h i c h  exibits a typical K s t r u c t u r e  in 
the r branch. At low r e s o lution the p b r a n c h  of the C 
band and the r b r anch of the B band remain unresolved, while 
at the r e l a t i v e l y  high resolution of 0.08 cm  ̂ t hese are 
bot h  resolved r e v e a l i n g  their s t r o n g l y  p e r t u r b e d  K 
s t r u c t u r e s .

We have analysed the ^ y ^ ^ l  P a ^r bands by m a k i n g  a 
s eries of computer simulations. The y  are a good example of a 
C o r i o l i s  interaction between B and C types of bands. The 
theory behind this type of interaction was co v e r e d  in
the r e l evant section of this c h a p t e r . I n  the p r e s e n t  case, it
was found that the interaction between the two b a nds is a
s t r o n g  one with a C C o r i o l i s  c o n stant of 0.92. The sign
of the C o r i o l i s  con s t a n t  is d e t e r m i n e d  from the relative 
i n t e n sities of the p and r b r a n c h e s  of the two bands. In 
the p r e s e n t  case, the p type sub - b a n d s  of the high f r e q u e n c y
C type band and the r type sub - b a n d s  of the low f r e q u e n c y
B type band are enkt&rjtecl while the r type s u b - b a n d s  of the
C type band and the p type su b - b a n d s  of the B type band are
depleted. Therefore, a c c o r d i n g  to the c o n v e n t i o n  de s c r i b e d  
earlier, we have a p o s i t i v e  p e r t u r b a t i o n  w h ich m e ans that 
the v i b r a t i o n a l  angular m o m e n t u m  and the e f f e c t i v e  charge are 
r o t a t i n g  in the same sense when the two v i b r a t i o n s
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O 54are excited c l a s s i c a l l y  with a 90 phase shift
F rom the c o m puter s i m u l a t i o n s  an o p t i m u m  set of 

p a r a m e t e r s  was found. A r e l a t i v e l y  p r o m i n e n t  feature could 
not be reproduced at ca. 667 cm ^ . This could be du e  to 
another band. Also, the app e a r a n c e  of the observed r b r a n c h  
of the B type band seems to be more c o m p l i c a t e d  than the 
c alc u l a t e d  one. Finally, 'hot bands' are also p r e s e n t  and can 
be seen near the p r o m i n e n t  band centre of the C type band. 
These 'hot bands' could give rise to a secondary, w e aker K 
str u c t u r e  which can ,in fact, be observed in the r branch 
of the C type band and the p branch of the B type band.

The observed and calculated line pos i t i o n s  together 
with their a s s i g nments are given in Table 5.7. The rot a t i o n a l  
c o n s t a n t s  which were used in the computer s i m u l a t i o n  of the 
band co n t o u r  are given in Table 5.8. The observed and 
c a l c u l a t e d  band c o n t o u r s  are given in Figu r e  5.7. The 
ag r e e m e n t  between the observed and the c alculated s p e ctra 
with respect to the p and r b r a n c h e s  of the C type band and 
the p b r a n c h  of the B type band is excellent. The 
a gr e e m e n t  between the observed and the cal c u l a t e d  spectra 
with r e s pect to the r branch of the B type band is 
satisfactory. The r e m a i n i n g  d i s c r e p a n c i e s  await s p e c t r a  at 
higher resolution.

5.8 Other Ob s e r v e d  F u n d a m e n t a l s  Of C^H.CDO.

There are another three f u n d a m e n t a l s  w h i c h  were observed
in the m i d - I R  spectrum of the C 2 H . CDO species.

The (a') band w h ich is due to a C-D s t r e t c h i n g
- 1v i b r a t i o n  wit h  a band centre at 2119 cm and the v^(a') band 

w h ich is due to a C=C s t r e t c h i n g  v i b r ation wit h  a band 
centre at 2104.5 cm  ̂ can be seen in F i g u r e  5.8. Bot h  of
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them seem to be hybrids of A and B type bands. In bot h  cases, 
the A type component seems to be the p r e d o m i n a n t  one but 
the B type component seems to be s i g n i f i c a n t  too. The 
ev i d e n c e  of the pr e s e n c e  of the A type co m p o n e n t  comes 
from the central m a x i m a  of the two bands while the evidence 
of the p r e sence of the B type c o m p o n e n t  comes from the 
a p p a r e n t  K structure. Again, there are also 'hot bands' 
w h ich c omplicate the appe a r a n c e  of the spectrum. A n o ther  
major c omplication is the fact that the two bands are very 
close to each other. As a result, the P b r a n c h  of the ^ ( a ' )  
band is buried u n d e r n e a t h  the R b r a n c h  of the Vg(a') band 
and there may be C o r i o l i s  interaction between the bands. The 
theory of this type of interaction has not been examined 
here and these bands await further investigation.

A n o t h e r  fundamental band w h i c h  was o b s erved was the 
v (a') band which is due to a C=Q s t r e t c h i n g  v i b r a t i o n  w i t h  a 
band centre at 1678 cm . U n fortunately, the s p e c t r u m  was 
p a r t i a l l y  obscured by the p r e s e n c e  of lines.
Nevertheless, its overall a p p e a r a n c e  indicated that it is 
an A/B type hybrid band, as expected.

These three bands have been stored d i g i t a l l y  for further 
a n a l y s i s .

5.9 The i-‘ ,i-> „Pair Of Bands Of C oD.CD0. b 1 yj jL

The ^ e (a') band of C oD.CD0 species is due to a C-Cb z ^
s t r e t c h i n g  vibration. The band e x t ends from about 830 cm to
about 910 cm  ̂ with the band centre at 870.0 cm  ̂ as can be
seen in Figure 5.9. At low reso l u t i o n  the band is 
ch a r a c t e r i s e d  by a central m i n i m u m  w i t h  P and R branches.
At the r e l a tively high resolution of 0 .08 cm  ̂ the two 
b r a n c h e s  are p a r t i a l l y  resolved r e v e a l i n g  d e t ailed
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r o t a t i o n a l  structure w h ich , as for the C ^ H . C D O  species,
was found to be due to the A type component. Yet again
no sharp features were p r e sent in the wings of the band.
N e v e r t heless, the overall band could not be r e p r oduced
satisfactory!^ without the addition of a B type component.

The central m a x i m u m  of the ^-n,(a'') band w h ich is10
due to a C - D ? (see note at the bott o m  of Table 5.1) out of

-1plane w a g g i n g  vibration, lies at 849 cm . The ') band
is a p u r e l y  type C band.

After a series of computer s i m u l a t i o n s  with the observed
band it was found that the i-uCa') band is a hybrid of 65%b
type A band and 35% type B band. Again, as in C^H.CDO, it 
was assumed that there was a n e g l i g i b l e  C o r i o l i s  
i n t e raction between i^g(a') and ) bands, so C was
set to 0.

The rotational c o n s t a n t s  w h i c h  were used in the
co m p u t e r  simulation of the observed (a') band are given inb
T a ble 5.9. The observed and calculated band co n t o u r s  are 
given in Figure 5.9.

The overall a g r e ement between the observed and 
c a l c u l a t e d  (a') bands is found to be satisfactory.

5.10 Other O b s e r v e d  F u n d a m e n t a l s  Of The C 2 D.CDO.

Th ere are another four f u n d a m e n t a l s  w h ich were observed in 
the m i d - I R  spectrum of the C 2 D.CDO species.

The (a') band is due to a C - D 9 s t r e t c h i n g  vibration.
- 1 - 1  It e x tends from about 2060 cm to about 2160 cm with a

band centre at 2110 cm ^as can be seen in Figure 5.10. It is
an almost 100% type B band which seems r e l a t i v e l y
u n p e r t u r b e d .

The i^gCa') band is due to a C^C s t r e t c h i n g  vibration.
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It extends from about 1950 cm  ̂ to about 2010 cm * with a 
band centre at 1984 cm  ̂ as seen in Figure 5.11 . There is 
also a possible p r o m i n e n t  'hot band' at 1980 cm . This band 
s e ems to be an almost 100% type A band.

The v <a') band w h i c h  is due to a C=C s t r e tching4 -1 v i b r a t i o n  with a band centre at 1689 cm was again
p a r t i a l l y  obscured by the presence of lines.

Finally, the v^(a') band which is due to a C-D^ out of

p l ane rocking vibration, extends from about 1050 cm ^ to 1120 
cm  ̂ w i t h  a band cent r e  at 1071 cm  ̂ and is seen in Figure 
5.12. This band has the appearance of an A/B hybrid type 
band. The sp e c t r u m  seems to be complicated by the pre s e n c e  
of a strong feature at 1090 cm * p o s s i b l y  due to another 
u n a s s i g n e d  band.

These four b a n d s  have been stored d i g i t a l l y  to await 
futher analysis.

5.11 Suggested F u rther W ork

Apart from the rotational analysis of the remaining 
observed bands for the two species d e s c r i b e d  in sections 5.8 
and 5.10, it would be useful to:

ot. Study the s p e c t r u m  at longer abs o r p t i o n  p a t h  lengths u s ing
the same MCT d e t e c t o r  in order to observe the v^(a') band
of C oD.CD0 species and the ’-’Q (a') band of the C oH.CD0 and Z d z
C ^ D . C D O  species w h i c h  seem to be r e l a t i v e l y  weak.

Use a f a r - i n f r a r e d  detector to o b serve the low 
f r e q u e n c y  Ug (a') and  ̂ bands of the two species and
more importantly the (a ' ) , ( a '') C o r i o l i s  interacting 
pair of bands of the C^D.CDO species.

r . Record the s p e c t r u m  at higher r e s o lution for a complete
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a n a l y s i s  of all the fine str u c t u r e  in these bands. 
U n f o r t u / n a t e l y , the B r u k e r  s p e c t r o m e t e r  u sed for 
w o r k  has an ul t i m a t e  res o l u t i o n  of 0 . 0 3  cm ^ but 
this was u n a t t a i n a b l e  due to m u l f u n c t i o n  of the 
i n s t r u m e n t .

The present p a r t i a l  r o t a t i o n a l  analysis should 
a s t a r t i n g  point for further work.

this
even

p r o vide
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Table 5.1
F u n d a mental W a v e n u m b e r s  For Propynal

r v r mode
c 2 h .c h o

W
C 2D.CHO

-1cm
c 2 h .c d o c 2 d .c d o

a' v 1 C - H ^ s t r e t c h i n g 3 3 2 6 47 2 6 0 5 47 3325.42 -

V 2 C - H 2 St r e tching 2858.231 4£>2 8 5 7 . 8 8 8 502119 2110
1 k
"3 C=C stretching 2 1 0 6 47 1 9 7 7 47 2104.5 1984

v4
C=0 s t r e tching 1 6 9 6 . 9 47 1697.0 47 1678 1689

v 5 C- H 2 r o c k i n g 1 3 8 9 47 1 3 8 7 . 6 47 1078.96 1071
1 \ 
'6 C-C s t r e tching 9 4 3 . 7 47 47933.6 876.5 870

V C - H ^ r o c k i n g 6 5 0 . 0 4? 5 0 7 . 9 47 651.17 5 0 7 . 932

U8 C- C=0 bending 6 1 3 . 7 47 6 0 9 . 9 47 6 1 1 . 9 47 6 0 7 ?52

V9 C - C ^ C  bending 2 0 5 . 3 47 195. 647 201. ̂ 7 1 9 2 .§Z

a "  V 1B, C - H 2wagging 9 8 1 . 2 47 9 8 0 . 9 47 848 849

V 1 1
C - H ^ w a g g i n g 6 9 2 . 7 47 5 4 8 . 6 47 692.67 5 4 2 . 5 52

V 12 C - C^C b e n ding 2 6 0 . 6 47 2 4 8 . 5 47 47249.9 2 3 7 . I52

Note: refers to the hydrogen in CHO group while
refers to the hydrogen in C^H group. Also, and v ix~V 12

f u n d a m e n t a l s  for the C 2 D. CDO species have been taken from
52E d w a r d ' s  electronic a n a lysis of the sp e c t r u m
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Table 5.2
O b s e r v e d  And C a l c ulated Lines For i^(a') F u n d a mental Band

Of C 2H.CD0 C c m 1)

J ' K -i K + 1 J' ' K -1 k ; i i-’(Obs v(Ob\

74 5 69 75 5 70 3300. 96 0.33
73 5 68 ' 74 5 69 3301. 26 0.20
72 5 67 73 5 68 3301. 59 0.12
71 5 66 72 5 67 3301. 94 0.07
70 5 65 71 5 66 3302. 30 0.03
69 5 64 70 5 65 3302. 62 -0.03
68 5 63 69 5 64 3302. 96 -0.06
67 5 62 68 5 63 3303. 32 -0.06
66 5 61 67 5 62 3303. 66 -0.08
65 5 60 66 5 61 3304. 00 -0.10
64 5 59 65 5 60 3304 .32 -0.12
63 5 58 64 5 59 3304. 65 -0.13
62 5 57 63 5 58 3304 .99 -0.14
61 5 56 62 5 57 3305. 31 -0.16
60 5 55 61 5 56 3305. 66 -0.14
59 5 54 60 5 55 3305. 98 -0.16
58 5 53 59 5 54 3306. 32 -0.15
57 5 52 58 5 53 3306. 71 -0.09
56 5 51 57 5 52 3307. 08 -0.05
55 5 50 56 5 51 3307. 41 -0.06
54 5 49 55 5 50 3307. 75 -0.05
53 5 48 54 5 49 3308. 07 -0.06
52 5 47 53 5 48 3308. 40 -0.06
51 5 46 52 5 47 3308. 75 -0.04
50 5 45 51 5 46 3309. 06 -0.06
49 5 44 50 5 45 3309. 40 -0.05
48 5 43 49 5 44 3309. 73 -0.06
47 5 42 48 5 43 3310..04 -0.08
46 5 41 47 5 42 3310. 38 -0.07
45 5 40 46 5 41 3310..71 -0.07
43 5 38 44 5 39 3311. 34 -0.10
42 5 37 43 5 38 3311..69 -0.08
41 5 36 42 5 37 3311..99 -0.11
40 5 35 41 5 36 3312..29 -0.13
39 5 34 40 5 35 3312..61 -0.14
38 5 33 39 5 34 3313..07 -0.01
37 5 32 38 5 33 3313..39 -0.02



J '

36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
8
9

10
11
12
13
14
15
16
1-7
18
19
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K -1 k ; i J' ' K -1 K O b s .  ) v(Ob:

5 31 37 5 32 3313.72 -0.01
5 30 36 5 31 33 1 3.96 -0. 10
5 29 35 5 30 3314.29 -0.09
5 28 34 5 29 3 3 14.62 -0.09
5 27 33 5 28 3314.97 -0.06
5 26 32 5 27 3 3 1 5.27 -0.08
5 25 31 5 26 3315.60 -0.07
5 24 30 5 25 3 3 1 5.92 -0.08
5 23 29 5 24 3316.25 -0.07
5 22 28 5 23 3 3 1 6 . 5 7 -0.07
5 21 27 5 22 3316.88 -0.08
5 20 26 5 21 3317.20 -0.08
5 19 25 5 20 3317.52 -0.08
5 18 24 5 19 3 3 1 7.83 -0.08
5 17 23 5 18 3318.15 -0.08
5 16 22 5 17 3318.47 -0.08
5 15 21 5 16 3 3 1 8.78 -0.08
5 14 20 5 15 3 3 1 9.10 -0.08
5 13 19 5 14 3 3 1 9.43 -0.07
5 12 18 5 13 3 3 19.73 -0.08
5 11 17 5 12 3 3 2 0.06 -0.06
5 10 16 5 11 3 3 2 0.38 -0.06
5 9 15 5 10 3 3 2 0.76 0.01
5 8 14 5 9 3 3 2 1.09 0.03
5 7 13 5 8 3 3 2 1.39 0.02
5 6 12 5 7 3 3 2 1.71 0.02
5 5 11 5 6 3322.01 0.01
5 4 10 5 5 3322.34 0.03
5 3 9 5 4 3 3 2 2.65 0.03
5 2 8 5 3 3 3 2 2.94 0.01
5 1 7 5 2 3 3 2 3.26 0.02
5 0 6 5 1 33 2 3 . 6 2 0.07
5 3 7 5 2 33 2 7.88 0.06
5 4 8 5 3 33 2 8 . 1 7 0.05
5 5 9 5 4 3 3 28.47 0.05
5 6 10 5 5 33 2 8.77 0.04
5 7 11 5 6 3 3 29.06 0.03
5 8 12 5 7 3 3 2 9 . 3 6 0.03
5 9 13 5 8 3 3 29.66 0.03
5 10 14 5 9 33 2 9 . 9 6 0.03
5 11 15 5 10 3 3 3 0.26 0.03
5 12 16 5 11 3 3 30.56 0.04
5 13 17 5 12 3 3 3 0.87 0.05
5 14 18 5 13 3 3 3 1.17 0.06



J'

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
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K -1 k ; i J' ' K -1 k ; i v ( O b s . ) o cr

5 15 19 5 14 3331.45 0.03
5 16 20 5 15 3331.74 0.03
5 17 21 5 16 3332.06 0.05
5 18 22 5 17 3332.36 0.06
5 19 23 5 18 3332.66 0.06
5 20 24 5 19 3332.93 0.04
5 21 25 5 20 3333.23 0.04
5 22 26 5 21 3333.52 0.04
5 23 27 5 22 3333.82 0.05
5 24 28 5 23 3334.09 0.02
5 25 29 5 24 3334.38 0.01
5 26 30 5 25 3334.66 0.01
5 27 31 5 26 3334.95 0.01
5 28 32 5 27 3335.24 -0.01
5 29 33 5 28 3335.51 -0.03
5 30 34 5 29 3335.79 -0.03
5 31 35 5 30 3336.09 -0.02
5 32 36 5 31 3336.35 -0.04
5 33 37 5 32 3336.65 -0.03
5 34 38 5 33 3336.88 -0.09
5 35 39 5 34 3337.13 -0.13
5 36 40 5 35 3337.43 -0.12
5 37 41 5 36 3 337.80 -0.04
5 38 42 5 37 3338.05 -0.07
5 39 43 5 38 3338.38 -0.03
5 40 44 5 39 3338.70 0.00
5 41 45 5 40 3338.97 -0.01
5 42 46 5 41 3339.26 -0.01
5 43 47 5 42 3339.53 -0.03
5 44 48 5 43 3339.80 -0.04
5 45 49 5 44 3340.07 -0.06
5 46 50 5 45 3340.33 -0.09
5 47 51 5 46 3340.59 -0. 12
5 48 52 5 47 3340.89 -0.10
5 49 53 5 48 3341.16 -0.12
5 50 54 5 49 3341.41 -0.16
5 51 55 5 50 3341.68 -0.18
5 52 56 5 51 3341.94 -0.21
5 53 57 5 52 3342.26 -0.18
5 54 58 5 53 3342.48 -0.25
5 55 59 5 54 3342.75 -0.27
5 56 60 5 55 3342.96 -0.34
5 57 61 5 56 3343.25 -0.34
5 58 62 5 57 3343.52 -0.35



J'

64
65
66
67
68
69
70
71
72
73
74
75
76
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K -1 k ; i J' ' K -1 k ; i v(Obs. ) v(Ob\

5 59 63 5 58 3343.75 -0.40
5 60 64 5 59 3343.98 -0.45
5 61 65 5 60 3344.24 -0.46
5 62 66 5 61 3344.50 -0.47
5 63 67 5 62 3344.76 -0.46
5 64 68 5 63 3345.03 -0.44
5 65 69 5 64 3345.30 -0.42
5 66 70 5 65 3345.53 -0.42
5 67 71 5 66 3345.75 -0.42
5 68 72 5 67 3346.05 -0.32
5 69 73 5 68 3346.31 -0.26
5 70 74 5 69 3346.56 -0.18
5 71 75 5 70 3346.82 -0.09
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Table 5.3
Derived C o n s t a n t s  For i^(a') F u n d a m e n t a l  Band

Of c 2 h .c d o .

P a r a m e t e r Derived Value

Type A 95%-100%

Type B 0-5%
, -1 v / cm o 3325.42

A "  / "IA /cm 1.726851
A. -1 a ^ / c m 0.00 4 8

B ' '/cm ^ 0 . 15982851
B . -1 a ^ / c m -0.001699

C ' ' / c m -1 0 . 1 4 606351
C, -1 a ^ / c m 0 . 0 0 2 1 5 8

o'/cm * 0. 098

ANote: «  = A''-A' etc., cr = standard d e v i a t i o n
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Table 5.4

O b s e r v e d  And C a l c u l a t e d  L i nes For i^(a') F u n d a m e n t a l  Band

Of C 2 H.CDO Cc^yf1)

J' K -1 J ' ' K -1 K O b s .  ) v ( Q b s .- C a l c .)

29 5 29 4 1094.19 0.07
29 6 29 5 1097.60 -0.03
29 7 29 6 1101.11 -0.05
29 8 29 7 1104.66 -0.04
29 9 29 8 1108.23 -0.02
29 10 29 9 1111.80 0.02
29 11 29 10 1115.29 0.01
29 12 29 11 1118.78 0.06
29 13 29 12 1122.20 0.12
28 5 28 6 1062.84 -0.01
28 6 28 7 1060.08 -0.01
28 7 28 8 1057.36 -0.05
28 8 28 9 1054.75 -0.04
28 9 28 10 1052.16 -0.05
28 10 28 11 1049.66 -0.01
28 11 28 12 1047.09 -0.05
28 12 28 13 1044.61 0.00
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Table 5.5
Derived C o n s t a n t s  For ^ c(a') F u n d a m e n t a l  Bando

Of C 2H.CDO.

Par a m e t e r D e r ived Value

Type A 75-85%

Type B 15-25%
. -1 v /cm o 1078.96

A/ -1a c/ cm0 -0.0392

By -1 a c/cm o -0 . 0 02247

C. -1 a c/cm 0 0. 0 0 2 5 5 8

D ^ ' / c m  ^ 0 . 0 0 0 1 0 2 51

^ / c m  1 - 0 . 0 00076

, -1 oy cm 0.056

Note: See note at the bottom of Table 5.3 , (f' -
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T a ble 5.6

Best Fit C o n s t a n t s  For r>g(a') F u n d a m e n t a l  Band

Of c 2 h .c d o .

Parameter Best Fit Value

Type A 65-75%

Type B 25-35%

- 1v /cm o 876.5

A, -1 ctg/cm -0.0632

B , -1ctg/cm 0 . 0 0 0 9

C. -1 otg/cm 0 . 0009

Note: See note at the bottom of Table 5.3.
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Table 5.7
O b s e r v e d  And C a l c u l a t e d  L i nes For v ^ ( a ' ) ' )  Pair 

Of F u n d a m e n t a l  B a nds Of C 2 H.CDO. (creiL̂)

J' K -1 J ' ' K -1 v>(Obs. ) t>(Obs. -Ca

24 4 24 3 706.90 -0.01
24 5 24 4 711.95 -0.05
24 6 24 5 717.25 -0.06
24 7 24 6 722.73 -0.08
24 8 24 7 72 8.34 -0.13
24 9 24 8 734.03 -0.20
24 3 24 4 683.30 0.01
24 4 24 5 681.81 0.13
24 5 24 6 680.64 0.08
24 6 24 7 679. 7 0 0.03
24 7 24 8 6 7 8.96 0.00
24 8 24 9 678. 3 9 -0.01
24 9 24 10 677.94 -0.03
24 10 24 11 6 7 7.55 -0.10
24 3 24 4 637.62 -0.01
24 4 24 5 63 2.89 -0.05
24 5 24 6 627.84 -0. 16
24 6 24 7 622.59 -0.15
24 7 24 8 617.16 -0. 16
24 8 24 9 611.54 -0.22
24 9 24 10 606.03 -0.02
24 10 24 11 600.42 -0.04
24 11 24 12 594.86 0.07
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Table 5.8
Best Fit C o n s t a n t s  For v ^ C a ' ) , v ^ ( a ' ' ) Pair 

Of F u n d a m e n t a l  B a n d s  Of C 2 H.CDO.

Parameter Best Fit Value

Type B 100%
, -1 Vrj /cm 651.17

Type C 100%
y n /cm 1 692.67

A . -1 
Ct7 , 11 -0.0114

B . -1 
“ 7 , U /om -0.0008

C . -1 
a7 , H /Cm

0 . 0 0 1 1

C 7 , 11 0 . 9 2 ± 0 .01

<S7 , U / c m ’ 1 41.5

Note: See note at the bottom of Table 5.3, 6^ ^
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Table 5.9
Best Fit C o n s t a n t s  For v (a') F u n d a m e n t a l  Bandb

Of C 2D.CDO.

Par a m e t e r Best Fit Value

Type A 60-70%

Typ e  B 30-40%

*>) / cm  ̂o 870.0

A' '/cm-1 1 . 7 0 3 7 51

A . -1 otg / cm - 0 . 0632

B' 7 c m " 1 0. 14773951

B/ -1oig/cm 0 . 0 0 0 9

C ' '/cm ^ 0 . 1 3 5 7 4 7 51

C . -1 /cm 0 . 0 0 0 9

Note: See note at bottom of Table 5.3.
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F i g u r e  5.1 

F i g u r e  5.2 

Figu r e  5.3

Figure 5.4

Fi gure 5.5

F i gure 5.6

Figu r e  5.7

Figure 5.8

F igures

Infrared s u r v e y  s p e c t r u m  of C 2 H.CDO.

Infrared s u r v e y  s p e c t r u m  of C 2D.CDO.

Second order C o r i o l i s  interaction 
between B and C type b a nds for a p r o late 
a s y m m e t r i c  rotor b e l o n g i n g  to the C g 
point group.

O b s e r v e d  and c a l c u l a t e d  band s p e c t r a 
of C 2H . CD0 in the region
(3300-3350) c m - 1 .

O b s e r v e d  and c a l c u l a t e d  band s p e ctra
of C oH . CD0 in the region2 _ 1 o
(1030-1130) cm i .

O b s e r v e d  and c a l c u l a t e d  band sp e c t r a 
of C 2H . CDO in the ^ g^v ^0 re£ i ° n 
(850-920) c m " 1 .

O b s e r v e d  and c a l c u l a t e d  band s p e c t r a  
of C 2H . CDO in the region (590-670)
cm -1 .

O b s e r v e d  s p e c t r u m  of C 2H . CDO in the 
v 2 ,v3 re£ i ° n (2060-2180) cm 1 .
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O b s e r v e d  and c a l c u l a t e d  band s p e c t r a  
of ( ^ D . C D O  in the region <830-910)
c m " 1 . 215

O b s e r v e d  s p e c t r u m  of C ^ D . C D O  in the v, 

r egion (2060-2160) cm 1 .

O b s e r v e d  s p e c t r u m  of C ^ D . C D O  in the v, 

region (1950-2010) cm 1 .

O b s e r v e d  s p e c t r u m  of C 2 D.CDO in the v, 

region (1050-1130) cm 1 .
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Figu r e  5.3
Seco n d  O r der Cor i o l i s  I n t e r a c t i o n  B e t w e e n  B And C Type Bands 

For A Pr o l a t e  A s y m m e t r i c  Rotor B e l o n g i n g

K
4

To The C s Point G r o u p

3

2

1
0

J'

K
4

3

2

1
0

A' '

Note : a. The p r e - s u p e r s c r i p t  to Q (AJ = 0) indicates the
value of AK. In this case AK can be either +1 ,-1 w h i c h  is 
indicated by p,r. The p o s t - s u b s c r i p t  to Q indicates the value 
of K'' as it is o b v ious fro m  the diagram.

ft. In theory, all the e n e r g y  levels (except K=0) are 
d o u b l e t s  but in p r a c t i c e  o n l y  for the first levels these 
d o u b l e t s  are s u f f i c i e n t l y  resolved.
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Calculated

Observed

3350 3 3 4 5  3346 333 5  3333 3 3 2 5  3323 3 3 1 5  3310 3335 3303
V Rl / rt fUH0£R 0 ! - i

Figure 5.4
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A p p e n d i x  1

S u b r outine For The C a l c u l a t i o n  Of 1 - R e sonance 

In S y m m e t r i c  Rotors.
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OiMT = J T a c f a C T I  J)  AS.ff lTAV-Rdn 
M = TJT ^TCCFMAy - l  = n J i) / C i  I- 1 . 0 0 0 )
C J M | f  M> = C J M l f M)  f  OIMT 

2 J7 CJNI T^JE  
2 1 5  CJ M| Tmi J £ .

C
TV = I K  + 1
I I  = c 
K = K M
i f . ( < . l f . k v i a < )  g j  i n  ?a?
9ET JP *
E>iO
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A p p e n d i x  2

P r o g r a m  For The C o n s t r u c t i o n  Of A P i c t o r i a l  Repres e n t a t i o n 

Of The C a r t e s i a n  D i s p l a c e m e n t s  For s - T r i f l u o r o b e n z e n e .
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CCCCCCCCCCCC

CCCCCCCCCCCC

CCCCCCCCCCCC
CCCCCCCCCCCC

CCCCCCCCCCCC

30
3133

K TAVlAC/ORA l\ I3 -1989
this ppgsram consipjcts a picmiiAL representationOF T H£. Arj.̂ IC DISPLACEMENTS FJP EACH iOK«AL ^UDt FOR rRlFwUuPĴ i.MiE.NE.IT IS A M30iFiCATiO'i. OF Af, EARLIER. PRCSRAM rfHICN DID TrlE SA*t FOrt fRiAEI^E.
COMMO 'i P'lSUPJ , C3JSC'^) 20)0I'«LM5T0'J ^P03( |3u0j,F9c:Qtlu)
Input N'JMBEk JF A f 0 «i3, Nu:,p£P Or! MOOESr SC^.E
PEAOOfjO) n t IOMS#M-i.OoE3, jKALE MA? = MATir«i>*<:'luPC=<Al:*'î unt?
Y \j T <*l= 2 o U • J YuTM=30U. 0
IKPUT THE <AViVu^aER3
*EAO(5,3Y) (FPiOiT = -^OOES)
oS’l i=l,:̂ ffl'iS J1=J2fl J2=J2t2 ,
IUPUT THfe EuOiLl3RT COORDINATES 
PLAU(5r31)MA'^fl) , f?ns(.n, J=J1 , J2)
If^UT the UH'iTC i) I £P L A C EME miT 5 FDRi EACH' NOP HAL MODE 
00 2 1^11**2, 2READ f 5/33) COPJSCO, A^Ir.\ORO#MA?)M=I + 1READ(5/33) CDPJS(<) , <;=M,:J0RD, NA2)CONTINUE
CALCUcA TI ON Or THE TErt COURO.T >i A TES 
CALL VFoLCALL DEV°APCXjT>l,rOrSO)Du 3 I = 1,.^U0ES 00 A K = i f.\i A 2 CP00(.O=0.0I.‘4T = (I-1)*-'Ja2 00 3 H=1/NA2CP03CHi)=P3Sc'<)+u:,05(lNTtM)
FREuI=FREOmCALL ?L0T(I,NaTUH5, *A2,3KALE;,xOIH, YDIH,FREQI)CONTINUECALL DEvENOFORMAT f215/F5,?)FORMATCIA,2F13.0)FGRMAr(8Fl0.A/(oF10.4)/(8F13.^))STOP ENDSuPRO JTI ME PLOT11 MODES/ NATO MS, N A2, SKALE', *01 Mi/ YD I*/ COMMON. P03(Anj,CoUSiA0)#MAMEif20)0IMEM3T0M Ymn)/X2(40)/Y1 (AO) /Y2(40)

FRE3H)



X n R G = X D I N / 2 .  J 
rORG = Y J T ' V 2 t J 
r * > J s x s A o r v 5 . n  
rDjsr=m'v?j'.;)
DO 2 T= 1 , MA2  
X 1 ( T ) = 3 • J 
X 2 ( T ) = J . o  
r 1 ( T ) = u . J 
f ? ( T ) = U . G  
J l * 0 = 0

j O 1 I = 1 , M A ? , 2
^T;iO = V I M J + |  
a 1 ( M I M J 1 = P 0 5  
X 2 t M I M D ) = C ? D  
Y1 ( M i M D ) s P J S  
r ? ( N I M D ) = C P D  
C 0.1T I V  J F
c a l l  f i M j o / i f
«ALL CrfiAriA,\(
; a l l a r c t o l C
CALL AxI POSC  
c a l l  AXT?n Sf  
- a l l  p £ N3 E l F 
j o  3 M = l , N A r  
X P = X 1 ( 4 )  
r P = Y H  4)
C Al L  GRANOVf  
CAuL D 3 T C 1 . 5  
c a l l  L H I  CX 1 
CAlL 3 £.N5Eu( 
j O  4 >1 = 1 ,  MAf  
x ° = x e r a  
r3=YLf'«) 
c a l l  3.3 a v C 
CAUL S t * o O l C  
CAlL Li ' »rCX2  
CAlL ^ . MSEuf
c a u l  x r a ^ i c c
CAl L CRArtARC 
CALL M0»/ rO2(
CAl L C H A r T X ( r R c Q I , r # I )
CAl L CCLc
CA^L
RETURN
END
END
3 U 3 P 0 J r t N E  L H N r ( X , Y , I 9 R D K )  
DI MENSI ON X C 2 0 ) , Y ( 2 0 )
CALL D A S d E D C l r l . 5 r 1 . J > 0 . 0 )
CALL 3R3XENC13ROXO
DO 1 1 = 4 , 6
x p = x m
Y ° = Y ( I )
CAl L GRANOV( XP,  YPi)
XPD = X f I  a-3 3 
ypo=rfi+3)
CAl L GR Al I N  ( X0 3v T 3 0 )
I T = T t 1
I F C I I . £ 3 . 7 ) 1 1 = 4  
X P = X ( I I )

I ) * 5 < A L E i  fI)*5XA.E It1)*S<4LE ( I H  ) ASXiALE
)
i  j ).2),X03S,YD3C,1.D,n#XORC,Yj»?G,1 • Jr 2)
, 3 . 3 ,  I )*5.

P ,  Y 3i)

Y l ,  J )  
, 1 . 3 , 1 )

p ,  Y?:))
Y 2 ,  1)
, 3 . 3 , 1 )6.0)
&3 S X f l 2 . 0 r T P O 5 Y f 1 3 2 . 0 )



YP=Y(IT)1 CALL iiPALm*?,r9) Oui i = 1 * 5XP = XQ)YP=Y(i)CALL SPA^aVlX?,Y0J *P=X(i+5)YP=*f1+5)?. CALL 3PALrUYP,Y3J DO 3 1=10,M  XP=X(I)YP=Y(I)CALL SPA^^VtXP^Y’i XP=X(i-j)Yp=Y(1-3) „ w3 CALL «PaLI^iX?,Y) CALL 3POKENiO; 
PLTUP.i EUP
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Appendix 3
Co m p u t e r  P r o g r a m s  Used In The Pr e s e n t  Study

1.PLLBAND program: The P L L B A N D  program, w h i c h  was first
IPd e s c r i b e d  by Ba r n a r d  , c a l c u l a t e s  and plots p a r a l l e l  and 

p e r p e n d i c u l a r  band c o n tours for s y m m e t r i c  rotors. It has been 
m o d i f i e d  s p e c i f i c a l l y  for i nteractive use for the PYRAMID 
c o m p u t e r  system at UCL, u t i l i s i n g  the GINO gr a p h i c s  
library. The g e n e r a l  form of the p r o g r a m  is as follows:

Input Data: a. Number of bands to be superimposed,
scale(cm Vc m ) ,  marks/cm transmission maximum, y-height/cm.

ft. T e m p e r a t u r e  in Kelvin, contour interval, 
co n tour linewidth ( L o r e n t z i a n ), c o n tour minimum, contour 
maximum, contour origin.

Y. G r o u n d  state C o r i o l i s  constants, e x c i t e d  state 
C o r i o l i s  constants, m a x i m u m  intensity.

S. Limit on J , K  and order of axis.

£. G r o u n d  state rot a t i o n a l  constants, excited 
state r o t a tional constants.

Output: C a l c u l a t e d  band contour.

2. A S YM20 program: All our force field c a l c u l a t i o n s  were 
p e r f o r m e d  u s i n g  the A S Y M 2 0  p r o g r a m  w h i c h  was wr i t t e n  by

42D u i n k e r  and Mills and was k i n d l y  pr o v i d e d  to us by 
P r o f e s s o r  Mills. The ge n e r a l  form of the p r o g r a m  is as 
f o l l o w s :

Input Data: a. N u m b e r  of d i f f e r e n t  isotopic species, number 
of atoms in the molecule, n u m b e r  of eac h  s y m m e t r y  species.

ft. N u mber of r e f i n e m e n t  cycles, n u m b e r  of observed  
C o r i o l i s  constants, n u m b e r  of ob s e r v e d  c e n t r i f u g a l  d i s t o r t i o n
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constants, factor used to m u l t i p l y  the indicated c o r r e c t i o n s  
to the par a m e t e r s  at the end of the first cycle. The factor 
is g r a d u a l l y  increased and reaches 1 in the last cycle.

r • The axis used for the c a l c u l a t i o n  of the 
c e n t r i f u g a l  d i s t o r t i o n  c o n s t a n t s  and the r e f i n e m e n t  of the 
constants. (A-axis, B - a x i s  or C-axis), sym m e t r i c  or 
a s y m m e t r i c  reduction used in the r e f i n e m e n t  of the 
d i s t o r t i o n  constants.

6 . F o rce c o n s t a n t s  w h i c h  are a l r e a d y  symm e t r i s e d  or 
c o n t a n t s  w h ich are not g o i n g  to be symmetrised.

£. V a lues of ele m e n t s  of the Z m a t r i x  together 
w i t h  their p o s i t i o n s  in it.

err. C a r t e s i a n  c o o r d i n a t e s  of each atom.

C . N u mber of internal coordinates, n u m b e r  of 
n o n - r e d u n d a n t  or s y m m e t r y  coordinates, n u m b e r  of bond 
stretches, number of angle bends, n u m b e r  of out of plane 
bends, number of torsions.

7?. I d e n t i f i c a t i o n  of atoms taki n g  p art in a 
s p e c i f i c  internal coordinate.

U matrix.

. Ato m  w e i g h t s  of each atom in the molecule.

ten O b s e r v e d  w a v e n u m b e r s  w i t h  u n c e r t ainties,
2[weight = l / ( u n c e r t a i n t y ) ], C o r i o l i s  constants, x, y or z

axis, normal modes coupled wit h  u n c e r t a i n t i e s  [weight =
2l / ( u n c e r t a i n t y ) , d i s t o r t i o n  c o n s t a n t s  w i t h  uncert a i n t i e s .

Output: C a l c u l a t e d  values for frequencies, C o r i o l i s
constants, d i s t o r t i o n  c o n s t a n t s  t o g e t h e r  wit h  C a r t e s i a n
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d i s p l a c e m e n t s ,  n o r m a l  coordinates, refined p a r a m e t e r s  and 
s y m m e t r y  force constants. Also, several other m a t r i c e s  
can be printed if required (e.g, J a e o b i a n  matrices
e t c . ).

3. K G N T U R  program: This p r o g r a m  w h i c h  is based on an
55o r i g i n a l  one of P i e r c e  c o n s t r u c t s  s i m u lated band contours  

for A or B or C or hybrid type b a nds of an asy m m e t r i c  rotor 
m o l e c u l e  u t i l i s i n g  the G I N O  g r a p h i c s  library (see

5<5P L L B A N D  program). It was m o d i f i e d  r e c e n t l y  by P a rkin to 
include second order C o r i o l i s  inter a c t i o n s  like, for 
instance, between B and C type b a nds in pr o l a t e  asy m m e t r i c  
rotors. The input and output of d a t a  has been 
a p p r o x i m a t e l y  the same form as for the P L L B A N D  p r o g r a m  
d i s c u s s e d  in C h a p t e r  2 so it will not be repeated here.

4. M A I N I R  program: T his p r o g r a m  uses the so called A 
m a t r i x  f o r m u lation to s i xth order for c e n t r i f u g a l  d i s t o r t i o n

57by W a tson . The r o t a t i o n a l  c o n s t a n t s  are determined by the 
m e t h o d  of least s q u ares from a set of input transitions. 
E n e r g y  levels can also be c a l c u l a t e d  either from the least 
sq u a r e s  treatment or from input constants. Finally, the 
f r e q u e n c i e s  from these e n e r g y  levels can be c o m puted a c c o r d i n g  
to set selection rules. The en e r g i e s  are c a l c u l a t e d
by d i a g o n a l i s a t i o n  of the a s y m m e t r i c  rotor matrices. The 
ge n e r a l  form of the d a t a f i l e  used is as follows:

a. N u mber of d a t a  sets, d a t a  in MHz or cm * or 
both, relative w e i g h t  for data.

ft. P r o v i s i o n  for least s q uares treatment, n u mber  
of c o n s t a n t s  to be fitted (from 2 to 31), full or reduced 
output, ma x i m u m  f r e q u e n c y  d i f f e r e n c e  for least squares.
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Y . C o n s t a n t s  to be fitted include the f o l l o w i n g
( for bot h  upper and lower states) : B , B , B , D T , D,.,,x y z J JK
Dv , etc., vibr a t i o n a l  frequency. Note : B = B, B = C, B =K ’ ^ x ' y ' z
A for a near prolate a s y m m e t r i c  rotor while B = A, B = B,x y
B^ = C for a near oblate asy m e t r i c  rotor.

<5. Pro v i s i o n  for c a l c u l a t i o n  of e n e r g y  levels,
first J value, last J value, K maximum.

£. Pro v i s i o n  for c a l c u l a t i o n  of frequencies, type
of band (all c o m b i n a t i o n s  are possible).

or. Specified sel e c t i o n  rules if required ( ie AJ 
or or f r e q u e n c i e s  by band type or ordered
f r e q u e n c i e s  or both, lower f r e q u e n c y  limit, upper f r e q u e n c y  
limit.

C. T r a n s i t i o n s  w h i c h  are specified as follows:
J', , J'', , r e s olved member of K d o u b l e t  or
mean of two u n r e s o l v e d  components, w e ight for line frequency.

The output includes the observed and cal c u l a t e d  t r a n s itions 
and the n ew constants d e r i v e d  from the least squares analysis.
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