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I t  i s  a  c a p i ta l  m istake to  th e o riz e  b e fo re  one has d a ta .

(S ir  A rthur Conan Doyle)



A b strac t

From the  fundamental frequencies o f  th e  o u t-o f-p lan e  v ib ra tio n s  o f

Benzene and n in e teen  F luorine  s u b s ti tu te d  Benzenes, a number o f fo rce

f ie ld s  have been c a lc u la te d  using  the  p e r tu rb a tio n  method. Of th ese

f i e ld s ,  only a  23 param eter fo rce  f i e ld  f i t t e d  to  th e  frequencies o f  a l l

th e  m olecules, which reproduces th e  observed frequencies to  w ith in  19cm~^
—1w ith  an average e r ro r  o f 5.85cm , i s  found to  be accep tab le . This

f i e ld  i s  in  agreement w ith  Scherer*s s im ila r  f i e ld  fo r  th e  C hlorine 

s u b s t i tu te d  Benzene and those  fo rce  co n stan ts  which overlap  w ith  

Benzene a re  in  agreement w ith  th e  values c a lc u la te d  by W hiffen, The f a c t ,  

th a t  th e  d iagonal fo rce  co n stan ts  fo r  the  C-H and C-P o u t-o f-p lan e  

angle bends decrease w ith  in c re a s in g  F luorine s u b s t i tu t io n  a t  th e  r in g  

p o s it io n  ad jacen t to  th e  moving s u b s t i tu e n t ,  i s  d iscu ssed .

Reassignments o f  th e  fundam entals were made fo r  most o f  the  

m olecules and, fo r  some o f  them, th e  gas phase f a r  in f ra re d  sp ec tra  were 

recorded  fcr th e  f i r s t  tim e . The fundam ental o f  Hexafluoro Benzene 

i s  d iscussed  in  some d e ta i l  w ith  p a r t ic u la r  re fe ren ce  to  th e  use o f  

time c o r re la t io n  fu n c tio n s  in  making v ib ra tio n a l assignm ents.

A lso , the  abso lu te  in fra re d  in te n s i t i e s  o f th e  o u t-o f-p lan e  

v ib ra tio n s  o f  1 ,4  d i f lu o ro Benzene and 1 ,3 ,5  t r i f lu o r o  Benzene have been 

measured. The r e s u l t s  were in te rp re te d  assuming th a t  th e  re h y b rid iz a tio n  

moment o f  +0,3 D .rad”^ , which S te e le  and Wheatley suggested i s  a c tin g  

during  both  C-H and C-F o u t-o f-p lan e  angle bends o f  Benzene and Hexafluoro 

B en zen e.resp ec tiv e ly , a c ts  a lso  in  th ese  m olecules. T herefo re , bond 

moments o f  +0,29 D (C-H) and -0 ,92  D (C-F) in  1 ,4  difLuoro Benzene and 

+0,42 D (C-H) and -1 ,05  D (C-F) in  1 ,3 ,5  t r i f lu o r o  Benzene, which a re  in  

reasonab le  agreement w ith  c u rre n tly  accepted v a lu es , were c a lc u la te d .

In  analysing  th e  r e s u l t s ,  th e  e le c t ro - o p t ic a l  th eo ry  o f  Gribov was used .
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INTRODUCTION.

An experim entally  observed in f ra re d  ab so rp tio n  band h as . In  

g e n e ra l, th re e  c h a ra c te r is t ic s *  They a r e ; -

i .  P o s itio n  o r Frequency,

i i .  S ize o r I n te n s i ty ,

i l l .  Shape*

Taking th ese  c h a r a c te r is t ic s  e i th e r  s in g ly , o r in  p a i r s ,  o r 

a lto g e th e r , much u se fu l in fo rm ation  about th e  m olecule being s tu d ied  

can be o b ta ined .

Band freq uencies a re  used norm ally to  provide a n a ly t ic a l  

in fo rm ation  to  help  in  th e  id e n t i f ic a t io n  o f  m olecules o r c e r ta in  groups 

o f  atoms in  molecules* However, they can a lso  be used to  c a lc u la te  

th e  fo rce  f i e ld  and th e  e igen  v e c to rs , which d esc rib e  th e  complex 

form o f  a  v ib ra tio n  in  teimia o f  bond param eters, o f  a  m olecule.

From bond in te n s i t i e s  th e  changes in  th e  d ip o le  o f  a  molecule 

w ith  re sp e c t to  th e  changes in  th e  normal co o rd ina tes  (o r d ip o le  

moment d e riv a tiv e s )  can be c a lc u la te d . Using the  eigen v ec to rs  

c a lc u la te d  from th e  band freq u en c ies , th e  d ip o le  moment d e r iv a tiv e s  

can be in te rp re te d  in  term s o f  bond p ro p e r t ie s ,  i .  e .  th e  d ipo le  

moment o f a  bond (th e  bond moment) o r th e  change in  d ip o le  moment 

w ith  re sp e c t to  the  deform ation ( e i th e r  s tre tc h in g  o r bending) o f  a  

bond (th e  bond moment d e riv a tiv e )*

The in fo rm ation  supp lied  by th e  band shape i s  perhaps th a t  l e a s t  

Used. In  th e  gas phase th e  band shape depends on, amongst o th e r th in g s , 

th e  re s o lu t io n  o f  th e  spectrom eter (as to  a  le s s e r  e x te n t do, band 

frequencies and in t e n s i t i e s ) ,  and th e  h igher th e  re s o lu t io n  th e  

g re a te r  th e  amount o f  d e ta i le d  in fo rm ation  th a t  can be o b ta in ed .

However, th i s  in fo rm ation  i s  norm ally only o b ta in ab le  fo r  l i g h t  m olecules 

b u t fo r  a l l  m olecules th e  o v e ra ll  band shape o f  a  p a r t ic u la r  v ib ra tio n
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In  the  gaa phase can provide in fo rm ation  as to  which symmetry species 

o f  th e  molecule being  s tu d ied  th i s  v ib ra tio n  belongs. In  a l l  phases th e  

shape o f  an in f ra re d  band i s  d i r e c t ly  connected w ith  i t s  tim e c o r re la t io n  

fu n c tio n , which co n sid ers  an in f ra re d  band from a  tim e development 

approach.

A ll th re e  c h a r a c te r is t ic s  are  dependant, to  some degree, on 

whether th e  molecule being s tu d ied  i s  in  th e  g as, l iq u id  (pure o r 

so lu tio n ) o r s o l id  (amorphous o r  c r y s ta l l in e )  phase. In  th e  d i lu te  gas 

phase in te rm o lecu la r in te ra c t io n s  a re  minimised so i t  i s  in  th i s  phase 

th a t  th e  most 'pure* in fo rm ation  can be o b ta in ed . This does no t mean 

th a t  in fo rm ation  derived  from o th e r phases i s  in f e r io r ;  i t  i s  simply 

d i f f e r e n t .

In  P a rt I  th e  band frequencies o f  th e  o u t-o f-p lan e  v ib ra tio n s  o f 

twenty F luorine  s u b s ti tu te d  Benzenes a re  used to  c a lc u la te  a  number o f 

fo rce  f ie ld s  fo r  th ese  m olecules. The F luorine s u b s ti tu te d  Benzenes 

form an id e a l  system fo r  studying  th e  e f f e c t  o f  in c re a s in g  s u b s t i tu t io n  

o f  the  Benzene r in g .  They a re  re a d ily  a v a ila b le  (excep t fo r  1 ,2 ,3  

t r i f lu o r o  Benzene), a l l  a re  v o la t i le  so they  can be s tu d ied  in  th e  gas 

phase and some v ib ra t io n a l  d a ta  a re  re p o rte d  fo r  a l l  o f  them in  the  

l i t e r a t u r e .

The in e q u a lity  r u le  o f  S tee le  and W hiffen (37) p r e d i c t  t h a t ,  on 

re p la c in g  a Hydrogen atom in  molecule A w ith  a  F luorine  atomac to  produce 

molecule B, th en  th e  i t h  h ig h est frequency o f  B l i e s  below th e  i t h  

h ig h est b u t above th e  i+1 th  h ig h est frequency o f A^ provided th a t  th e re  

i s  no change in  th e  fo rce  f i e ld  on going from molecule A to  m olecule B. 

On going through th e  s e r ie s  o f  m olecules from Benzene to  Hexafluoro 

Benzene th e  fundam ental frequencies d ecrease . I f  t h i s  decrease can be 

exp lained  on the  b a s is  o f  th e  in e q u a lity  r u le  alone then  th e re  w il l  be 

no fo rce  f i e ld  changes on going through th e  se r ie s*  However, i f  i t
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canno t, then  allowance w il l  have to  be made fo r  th i s  in  th e  fo rce  f i e ld s .

R ad c liffe  and S te e le  (24) f i t t e d  a 15 param eter fo rce  f i e ld  to  

th e  fundamental freq u en c ies  o f  the  o u t-o f-p lan e  v ib ra tio n s  o f  Benzene, 

Flnoro Benzene, 1 ,4  d if lu o ro  Benzene and th e i r  fu l ly  d eu te ra ted  

analogues, which formed th e  s ta r t in g  f i e ld  fo r  a H  th e  c a lc u la tio n s  

re p o rte d  h e re . When R ad c liffe  and S te e le  t r i e d  to  f i t  a  f i e ld  to  th e  

above m olecâles p lu s Hexafluoro Benzene, th e  accuracy o f  th e  f i t  o f  th e  

fo rce  f i e ld  to  th e  observed frequencies g o t to r s e .  This suggests th a t  

th e re  a re  changes in  th e  fo rce  f i e l d  w ith  in c re a s in g  F luorine  

s u b s t i tu t io n ,  which R ad c liffe  and S te e le  d id  n o t a llo w  f o r .

Scherer (115) f i t t e d  a  23 param eter fo rce  f i e ld  to  th e  o u t-o f-p lan e  

v ib ra tio n s  o f  twenty f iv e  C hlorine s u b s t i tu te d  Benzenes. Scherer 

found th a t  th e  d iagonal fo rce  co n stan ts  f o r  th e  C-S and C-Cl o u t-o f-p lan e  

angle bends decrease on s u b s t i tu t in g  a  F luorine  atom fo r  a  C hlorine 

atom a t  the  r in g  p o s tio n  ad jacen t to  th e  moving s u b s t i tu e n t .  This 

means th a t  th e re  i s  a  change in  fo rce  f i e ld  on going through th e  

C hlorine s u b s ti tu te d  Benzenes.

In  Chapter One th e  g en era l methods involved in  c a lc u la tin g  

freq u e n c ie s , e igen  v ec to rs  and fo rce  co n stan ts  a re  o u tlin e d . In  Chapter 

Two th e  fundam ental freq uencies  o f  the  o u t-o f-p lan e  v ib ra tio n s  o f  th e  

F luorine  s u b s ti tu te d  Benzenes considered  here a re  determ ined and assigned  

to  t h e i r  symmetry s p e c ie s . In  Chapter Three fo rce  f i e ld s  and fo rce  

co n stan ts  a re  consid ered , f i r s t  in  g e n e ra l, th en  in  p a r t ic u la r  w ith  

re fe re n ce  to  the  F luorine  s u b s ti tu te d  Benzenes. The fo rce  f ie ld s  fo r  

th ese  m olecules a re  th en  c a lc u la te d  and d iscu ssed . F in a lly , in  Chapter 

Four th e  computer programs used in  making th ese  c a lc u la tio n s  a re  

o u tlin e d .
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CHAPTER ONE G eneral Theory o f Normal C oordinate  A n a ly s is .

SECTION 1 .1  A d ia tom ic  m o lecu le .

A sim ple d iatom ic m olecule i s  co n s id e red , f i r s t  u s in g  th e  

c l a s s i c a l  model o f two p a r t i c l e s  o f m asses and m2 jo in e d  by a 

s p r in g . H ooke's law s t a t e s  th a t  when th e  sp r in g  i s  d isp la c e d  from 

i t s  e q u ilib r iu m  p o s i t io n  a r e s to r in g  fo rc e  f  i s  induced which i s  

p ro p o r t io n a l  to  th e  d isp lacem en t A z  b u t a c ts  in  the  o p p o s ite  

d i r e c t io n .

T h ere fo re  f  ® -  k A x  

where k i s  the  fo rc e  c o n s ta n t -  the  r e s to r in g  fo rc e  p e r  u n i t  

d isp lacem en t from th e  e q u ilib r iu m  p o s i t io n .

1 r. 2

1 1̂ 1 2̂ 2
0

f i g u r e  1,1

The fo rc e , which a c ts  on bo th  p a r t i c l e s ,  p roduces an 

a c c e le r a t io n .

By Newton's second law o f  m otion ,

k  A Ï  as — m  ̂ as — m2 %2 1

I f  th e  e q u ilib riu m  d is ta n c e  i s  r^  and the  in s ta n ta n e o u s  

s e p a ra t io n  r

r  = + %2 2

and A X » r  -  Tq 5

I f  th e  c e n tre  of g ra v ity  i s  ta k e n  as the  o r ig in ,  

m  ̂ X]̂  = m2 X2
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s u b s t i t u t in g  fo r  %2 u s in g  eq u a tio n  2 , 

= ni2 r
m1 + m2

•  •
T herefo re  xp = m2 r

m% + m2 4

s u b s t i tu t in g  in  1 u s in g  3 and 4 >

k ( r  -  r@) = -M r  5

where W i s  th e  reduced  mass g iven  by

M = ml mp
m  ̂ + m2 ^

E quation  5 i s  t h a t  o f Simple Harmonic Motion and i t s

s o lu t io n  i s

r  -  Tq =* A cos 2 TT v t 6

r * =  4 E ^ v ^ A  c o s  2 T T v t  

2 2T here fo re  k = 4** v M

and the  frequency  v i s  g iven  by

V -  1/2TT . (k /B )^ /^  7

E quation  7 i s  an im p o rtan t c l a s s i c a l  r e s u l t .  I t  shows th a t

two p a r t i c l e s  o f reduced  mass M, jo in e d  by a sp r in g  o f fo rc e

c o n sta n t k , v ib ra te  a cco rd in g  to  eq u a tio n  6 w ith  frequency  

given by eq u atio n  7 *

When a d ia tom ic m olecule i s  d is p la c e d  from i t s  e q u ilib riu m  

p o s i t io n ,  i t s  e le c tro n  c loud  i s  d i s to r t e d  and e x e r ts  a  r e s to r in g  

fo rc e  in  th e  same manner as th e  s p r in g . T herefo re  i t  v ib r a te s  a t  a 

frequency  v , determ ined  by i t s  reduced  mass and fo rc e  c o n s ta n t .  The 

v ib r a t io n  i s  accompanied by th e  a b so rp tio n  of e lec tro m ag n e tic  

r a d ia t io n  o f frequency  v and energy hv . This a b so rp tio n  f o r  m o lecu lar
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v ib r a t io n s  occurs in  th e  I n f r a  Red (IR ) re g io n  o f  th e  e le c t r o 

m agnetic spectrum  (lOO -  5000 cm. ^ ) .

This m athem atica l tre a tm e n t o f  th e  d iatom ic m olecule cannot 

be g e n e ra liz e d  to  p o ly a to m ics . For convenience the  g e n e ra l 

method to  be d e riv ed  l a t e r  i s  now a p p lie d  to  the  d ia tom ic  m olecu le.

This re q u ire s  th e  s o lv in g  o f th e  eq u a tio n  GFL =» l A. f o r  one 

in te r n a l  c o o rd in a te , a bond s t r e t c h .

G »

-  ( 1 - 1 ) l/m ^ 0 1

0 1/^2 -  1
= l/m ^ + l/m^ = 1/M

F m  k th e  fo rc e  c o n s ta n t 

T h ere fo re  the e igen  v a lu e  X i s

X = k/M

The e igen  v a lu e  L i s  a r b i t r a r i l y  g iv en  th e  

va lu e  u n i ty .
\  2 2X i s  r e l a t e d  to  th e  frequency  v by A = 4* v . 

T here fo re  v = 1 /2 t t  (k/M)^

Example: %rdrogen F lu o r id e .

V » 3958*4 cm
V deno tes the  freq u en cy  in  wave numbers (cm~^).

T here fo re  v = l / X  » v /c .

From Kaye and Laby ( l ) ,

H = 1.00797 qmu and F = 18*9984 qmn

A vagadro 's  Number N » 6.02252.10^^ m o l.” ^
10 -1V elo c ity  o f L ight c = 2.997925*10 cm.5
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I T -  3 . 1 4 1 5 9

T herefore M = .9 5719 /^  S

and V » cv = 1.18670.10^^Ez
2 2T herefore k » 4" v M

» 8 . 836 . 10  ̂ dyn.cm*"^

A lte r n a t iv e  u n it s  are m illid y n e s  per Angstrom (m dyn.l"^).

S in ce  lA = 10**̂  cm and 1 mdyn » lO"^ dyn

1 dyn.cm"^ » lO"^ mdyn. A**̂

T herefore k ( fo r  HP) ■ 8 .836  mdyn.A"^

This u n it  id e a l ly  ex p resses  fo r c e  co n sta n ts  on a m olecu lar  

s c a le  and i s  used th rou gh out.

In S . I .  u n it s  a fo r c e  con stan t i s  exp ressed  in  Newtons per 

m etre (N.m*^).
5 8

S in ce  IN = 10 dyn = 10 mdyn
2 10and IM = 10 cm = 10 A

1 N.M’  ̂ = 10^ mdyn. A“^
T herefore k ( fo r  HP) = 8 .8 3 6 .1 0 ^  N.M"^

Barrow ( 2 ) ,  Chapter 2 , i s  a g en era l r e fe r e n c e  to  t h is  s e c t io n .

 ̂ SECTION 1 .2  The K in e tic  and P o te n t ia l  Energy E x p ress io n s .

The g en era l problem i s  now co n sid ered  in  c l a s s i c a l  m echanics. 

The K in e tic  Energy T o f a p a r t ic l e  in  m otion i s  g iven  by 

T » mv^/2

where m i s  i t s  mass and v i t s  v e l o c i t y .

I t s  momentum p i s  g iv en  by

p = mv

T herefore T = p^/2m
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The K in e tic  Energy o f a  system o f p a r t i c l e s  or atoms ( i . e .  

a m olecu le) in  m otion i s  now c o n sid e re d . The in s ta n ta n e o u s  p o s i t io n  

o f each atom i s  d e fin ed  by th re e  C a r te s ia n  c o o rd in a te s  denoted 

g e n e ra l ly  by q . The K in e tic  Energy o f  th e  m olecule i s

T -  8

where th e  summation i s  over a l l  th e  3u C a r te s ia n  c o o rd in a te s  

a s s o c ia te d  w ith  a  m olecule c o n ta in in g  n atom s, m  ̂ i s  the  mass 

o f th e  atom a s s o c ia te d  w ith  th e  Ic  th  C a r te s ia n  c o o rd in a te  q^ 

and i s  th e  in s ta n ta n e o u s  v e lo c i ty  g iven  by

»k =

The C a r te s ia n  c o o rd in a te  system  i s  no t a convenien t system  to  

d e fin e  th e  in te r n a l  v ib r a t io n s  o f a m o lecu le . The 3n degrees of 

freedom ( i . e .  one independen t m otion a long  each c o o rd in a te )  can be 

re d e f in e d  as 3 co rre sp o n d in g  to  t r a n s l a t i o n  o f th e  m olecule as a 

w hole, as 3 co rresp o n d in g  to  r o ta t io n  o f th e  m olecule as a  whole, 

and th e  rem ain ing  3^-6 degrees o f freedom  as in te r n a l  changes in  th e  

p o s i t io n s  o f th e  atoms in  th e  m olecule w ith  no o v e ra l l  t r a n s l a t i o n  

o r  r o t a t i o n .  These i n t e r n a l  changes a re  known as th e  I n te r n a l  

C oord ina tes  of th e  m olecule ( f o r  a  f u l l e r  d is c u s s io n  see S e c tio n  l . l l )  

and t h i s  i s  th e  c o o rd in a te  system in  which th e  K in e tic  Energy must 

be ex p re ssed .

E quation  8 i s  d i f f e r e n t i a t e d  w ith  re s p e c t  to  q^

-  Pj, 9

where Pĵ  i s  th e  momentum con ju g ate  w ith  q^. Pĵ  i s  expanded as a 

s e r ie s  o f p a r t i a l  d e r iv a t iv e s .
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Pk = l i ^ T / S R .  10

where R  ̂ i s  th e  i t h  I n te r n a l  C oordinate  and th e  summation i s  over 

a l l  5u- 6 I n te r n a l  C o o rd in a te s .

â  f u r th e r  term must be in c lu d ed  to  tak e  account o f changes 

in  K in e tic  Energy due to  t r a n s l a t i o n  o r r o ta t io n  o f th e  m olecule 

as a w hole.

T here fo re  + ^ T ^ (T r .R o t)
S (T r,R o t)  ^ K T

However, i f  the  m olecule i s  assumed to  be moving in  a 

c o o rd in a te  system  whose o r ig in  i s  a t ,  and moves w ith , the  c en tre  

of g ra v i ty  o f th e  m o lecu le , and which r o t a t e s  w ith  th e  m olecu le , 

th e  momentum a s s o c ia te d  w ith  t r a n s l a t i o n  and r o ta t io n  i s  z e ro .

I f ,  by com parison w ith  eq u a tio n  9
#

P. = S’ T /S R .1 ' 1

where P^ i s  th e  in t e r n a l  momentum co n ju g a te  w ith  the  i t h  I n te r n a l  

C oord inate  R^, and

where b^j^ r e l a t e s  the  change in  th e  i t h  In te r n a l  C oord inate  w ith  

the  change in  k th  C a r te s ia n  C o ord ina te , th en  e q u a tio n  10 becomes

^k “ ^ i  ^ i \ k  

s u b s t i t u t in g  in  eq u a tio n  8

T .  iZk( &iPitik)'/%k

The term  ( can be a l t e r n a t iv e ly  ex p re ssed , w ithou t

any change o f meaning as Z .P .b . ,  . Z -B -b ., . In  both cases  th e
1  1  X X  J  J  J K
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expansion  i s  performed b efo re  the m u lt ip l ic a t io n  and th e summation 

over i  and j  i s  over a l l  3n-6 In te r n a l C oord in ates.

E quation  11 becomes

■ g i , j

where S i , j  -  i k W k V ^ / “fc

In m atrix  n o ta t io n

2T « p'^GP 13

where P i s  a column m a tr ix , d im ension 3n-6,w hose i t h  elem ent i s  

th e I n te r n a l Momentum p^. G i s  a square m atrix , d im ension  

(3n -6 ) by (3 n -6 ) d e fin ed  by

G -  14

where B i s  a rec ta n g u la r  m a tr ix , d im ension (3n -6 ) by 3n, whose 

i , k  th  elem ent i s  b^^. M” i s  a square d iagon a l m a tr ix , dim ension  

3n by 3n, whose k ,k  th  elem ent i s  l/&I^ and whose o f f  diagonal elem ents  

are z e r o .

For a d is c u s s io n  o f m atrix  n o ta t io n  and a lg eb ra  see  

Appendix I .

The p o te n t ia l  Energy o f  a m olecu le  i s  a fu n c t io n  o f  the  

p o s it io n s  o f  th e  atom s. In term s o f  th e  In te r n a l C oord in ates, the  

P o te n t ia l  Energy V r e p r e se n ts  th e in te r n a l energy as a

fu n c t io n  o f  the r e l a t iv e  p o s it io n s  o f  th e  atom s, and i s  not a f fe c te d  

by tr a n s la t io n a l  or r o ta t io n a l  m otions o f  th e r ig id  m o lecu le .
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(D uinker (3)> p . 20). I t  i s  re p re se n te d  by a h y p e rsu rface  in  

3n-5 d im ensional sp ac e , ( i . e .  3n-6 i n te r n a l  c o o rd in a te  v a r ia b le s  and 

one P o te n t ia l  Energy v a r i a b le ) ,  w ith  a minimum a t  the  eq u ilib riu m  

c o n f ig u ra t io n . When th e  m olecule i s  d isp la c e d  from i t s  eq u ilib riu m  

p o s i t io n  the  e le c tro n  cloud  i s  d i s to r te d  and e x e r ts  a fo rc e  which 

ten d s  to  r e s to r e  th e  m olecu le  to  i t s  e q u ilib riu m  p o s i t io n .

•S ince V i s  a  co n tin u o u s  fu n c tio n  o f th e  I n te r n a l  C oord inates 

i t  can be expanded as a  T aylor S e r ie s ,  (4)> p.285« The g e n e ra l 

expansion  i s

f ( b )  = f ( a )  + (b -a )  f* ( a )  + (b -a )^  f * '  (a ) /2 J  

+ (b -a )3  fM  . ( a ) /5 i  + . . . .

T herefo re  i f  b r e p re s e n ts  th e  in s ta n ta n e o u s  I n te r n a l  

C oord inate  R^, and a th e  I n te r n a l  C oord inate  a t  th e  e q u ilib r iu m

p o s i t io n  R^

r* 2
+ 1 }  (H .-E .® )(E -H ®)

2 ^  i ,  j   ̂ ^

i , j , k
e(VV) bR^bR.b>R^ 15

where the summations i , j , k  . . .  are over a l l  I n te r n a l C oordinates

and th e  su b sc r ip t e in d ic a te s  th a t th e  expansion  i s  about th e  

eq u ilib r iu m  p o s it io n .

Vo = V (R ^^....R ^ 2%_&) i s  th e  zero p o in t energy and i s
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a r b i t r a r i l y  g iven th e  v a lu e  z e ro .

I t  i s  u s u a lly  assumed t h a t l . ^ (  bV / bB^)^ « 0. This 

assum ption i s  f u r th e r  co n sid e red  in  S ec tio n  I . I 4 .

P rov ided  th a t  th e  d isp lacem en ts  from the  e q u ilib r iu m  p o s i t io n  

a re  sm a ll, th e  th i r d  and h ig h e r  o rd e r term s can be n e g le c te d .

This fo llo w s  from th e  f a c t  th a t  dR^dR^ i s  much g r e a te r  than  

dR^dRjdR^ (where dR^ i s  th e  change in  th e  i t h  in te r n a l  co o rd in a te  

from t h ^  eq u ilib riu m  p o s i t io n  i . e .  R^-R^®) a lthough

b^v b^V
bR .bR . 

1 J e

T h ere fo re  e q u a tio n  15 red u ces  to
2

bBLbRj

where

dR^dRj

16

and a re  the  fo rc e  c o n s ta n ts .

E quation  I 6 i s  th e  Harmonic O s c i l l a to r  approx im ation  in  which 

th e  P o te n t ia l  Energy i s  exp ressed  as th e  sum o f a  s e r i e s  o f  q u a d ra tic  

(second o rd e r)  te rm s. In  m a trix  form i t  becomes

27 = R^FR 17

where R i s  a  column m a tr ix , dim ension whose i t h  elem ent i s

dR^, th e  d isp lacem ent o f  th e  i t h  I n te r n a l  C oordinate from th e  

e q u ilib r iu m  p o s i t io n .  P i s  a square m a tr ix , dim ension (5n-6) by

(5 n -6 ) , whose i , j  th  elem ent i s  f .
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The d iagon a l e lem en ts f .  . o f  th e  ? m atrix are th e  primary 

fo r c e  c o n sta n ts  and are o fte n  c o r r e la te d  w ith  th e s tr e n g th  o f  a 

p a r t ic u la r  chem ical bond. They are alw ays p o s it iv e  in  s ig n ,  s in c e  

i f  i s  d isp la c e d  V in c r e a s e s  accord in g  to

27 .  f . .  dR.^11 1
2dR  ̂ i s  always p o s i t i v e ,  th e r e fo r e  f^^ i s  alw ays p o s i t iv e .

The o f f  d iagon a l elem en ts f .  . are th e  in te r a c t io n  fo r c e  

c o n s ta n ts . They can be e i th e r  p o s i t iv e  or n e g a tiv e . They are  

understood  by th e  fo llo w in g  argument, Duinker ( 5 ) ,  p . 21.

I f  on ly  dR  ̂ i s  n ot equal to  zero

2V .  f i i  dE]2 

A new r e la t iv e  minimum can be ach ieved  by d is p la c in g  R^.

2V .  + 2fj^2dEjdE2 + fggAEg^ 18

The new minimum i s  g iven  by

(üT/adE^) .  0 = f^^dE^ + f^gdEg

dEg « -  d®! 19

S u b s t itu t in g  f o r  dR  ̂ in  equation  18

27 -  ( -  1 + ^11^ 22^^12  ) ^11 ^ 1

This i s  on ly  equal to  zero i f  th e  two minima c o in c id e

when f^^ = 0

or f^2 “ ^11 ^12

Equation 19 shows th a t  i f  to  a ch ie v e  a new minimum fo llo w in g

an in c r e a se  in  R̂  (dR^O ) i t  i s  n ecessa ry  to :
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in c re a s e  (dR^ > O) th e  in te r a c t io n  fo rc e  c o n s ta n t 

f ^2 i s  n e g a tiv e ,

d ecrease  Rg (dR ^ O) the  in te r a c t io n  fo rce  c o n s ta n t 

f ^2 i s  p o s i t iv e .

SSCTIOH 1 .5  E q uations of M otion in  H am iltonian form .

For g en e ra l c o o rd in a te s  the  momentum p^ a s s o c ia te d  w ith  

c o o rd in a te  q^ i s  g iven  by , (EJyring, W alter and K im ball ( 5 ) ,  p . 14)*

p^ = dL/dq^

where L i s  th e  t o t a l  energy o f th e  system  under c o n s id e ra t io n .

I . e .  L » T + 7.

The H am iltonian E quations of Motion a re

d(T + V)/dp^ .  d(T + V)/dq^ = '  ? !

S ince th e  c o o rd in a te s  q^ and momenta p^ a re  independen t 

v a r ia b le s

d7/dp^ = 0 dT/dq^ = 0

i . e .  th e  P o te n t ia l  Energy 7 i s  no t a fu n c tio n  o f  momentum and 

the  K in e tic  Energy T i s  no t a  fu n c tio n  o f p o s i t io n .

T herefo re

dT/dp^ » q^ cL7/dq^ » -  pi 20

In  term s o f th e  I n te r n a l  Momenta P^ and th e  change in  th e  

I n te r n a l  C oord inates dR^, th e  H am ilton ian  E quations o f M otion a re

dT/dP^ = Ê . d7/d(dR^) = - 21
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From Equations 12 and l6
' y  2 ,

2T = 2 -i, j  g . . P . P .  2V .  ^ 1 ,  j  f .  .dE.dR.

D if f e r e n t ia t in g

dT/dPi .  I j  Pj dV d(dS^) .  I j  dE.

(The lo s s  o f  th e  term s ^  occur s in c e  g. . » g . . and
1 » J J » 1

T herefore

“ j  ” ■

where

Eĵ  = d (R ^ )/d t P  ̂ .  d (P \) /d t

In  m atrix  form

GP = R 22 FR .  -  P 25

where R i s  a column m atrix , d im ension  ^ n -6 , whose i t h  element 

i s  R^, and P i s  a column m atr ix , dim ension 5&-6, whose i t h  elem ent 

i s  P \ .

By s t r i c t  analogy w ith  eq u ation  2 0 , th e  H am iltonian Equations 

should he exp ressed  in  term s o f Pi and R^.

I . e . dV/dR^ = "  ^ i 24

However dR. * R. -  R 1 1 e

d(dRj.) = dR^

s in c e  R i s  a c o n s ta n t ,  e

T herefore eq u ation s 21 and 24 are e q u iv a le n t .

SECTION 1 .4  Normal C oordinates

I t  i s  n ecessa ry  to  in trod u ce  a new s e t  of co o rd in a tes  Q. They 

are known as the Normal C oordinates and are d efin ed  in  term s o f  the  

in te r n a l co o rd in a tes  by th e  l in e a r  tran sform ation
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dR. » Z .  1. . dQ. o r  dR./dQ. = 1. .
J- J - t j J  J  1  J  1  $ J

where th e  summation j  i s  over a l l  5n-6 normal c o o rd in a te s  (ag a in ,  

one f o r  each degree o f  v ib r a t i o n a l  freedom ).

In  m a tr ix  form

R » LQ 25

where Q i s  a  column m a tr ix ,  dimension 5n-6 , whose j t h  e lem ent, dQ^,

i s  the  change in  th e  j t h  Normal C oord ina te .  L i s  a square  m a tr ix ,

dimension (5n-6) hy (5 n -6 ) ,  whose i , j  th  element i s  1. . ,  th e
1 » J

c o e f f i c i e n t  which r e l a t e s  th e  change in  th e  i t h  I n t e r n a l  Coordinate 

w ith  t h a t  i n  the  j t h  Normal C oord ina te .

The c o e f f i c i e n t s  1. . a re  chosen such th a t  the  K in e t ic  and
1 * J

P o te n t ia l  Energy e x p re ss io n s  have th e  form

2>T -  26 2V -  z ^  27

where th e  summation i  i s  over a l l  5n-6 Normal C oord ina tes .  i s  

a co n s tan t  r e l a t e d  to  th e  k th  v i b r a t i o n a l  frequency , and » dQ ^/dt.

In  eq u a tio n  26 the  K in e t ic  Energy ex p ress io n  c o n ta in s  no c ross  

terms in v o lv in g  and eq uation  27 the  P o te n t i a l  Energy ex p ress io n

con ta in s  no c ro s s  te rm s in v o lv in g  dQ  ̂ dQj. This means t h a t  when 

expressed  in  Normal C oord inates  the  K in e t ic  and P o te n t i a l  exp ress ions  

can be expanded in  a  s e r i e s  o f  s e p a ra te  te rm s , each term  corresponding  

to  one v i b r a t i o n a l  degree of freedom. T here fo re , w ith  each Normal 

C oordinate  i s  a s s o c ia te d  only  one fundam ental v i b r a t i o n  (o r  Normal 

Mode), which i s  a s s o c ia te d  w ith  only t h i s  Normal C oord ina te .

In  m a tr ix  form eq uations  26 and 27 a re
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2T » 28 27 .  Q * / \Q  29

where Q i s  a column m a tr ix ,  dimension ^n-S, whose i t h  element 

i s  • A; i s  a square  d iagonal m a t r ix ,  d im ension(5n-6) by (3 n -6 ) ,  

whose i , i  t h  element i s  and whose o f f  d iagonal e lem ents  are  z e ro .

The r e l a t i o n s h i p  between th e  c o n s ta n ts  X and th e  fundamental 

f re q u e n c ie s  i s  given by s u b s t i t u t i n g  f o r  T and 7 i n  Lagrange*s Equation 

of Motion

d / d t .  (dT/dQ^) + d7/dQ^ -  0 

S u b s t i t u t i n g  f o r  T u s in g  eq u a t io n  26

d / d t .  (dT/dQ^) » d / d t .  Q.

* Qĵ

S u b s t i t u t i n g  f o r  7 u s in g  eq u a tio n  27

2 T \ _ é\ 2

e .

V ~ (Oi -  S i )

where i s  th e  i t h  eq u il ib r iu m  normal c o o rd in a te  and

dQjĵ  = •• .

T herefore  d7/dQ^ = X^ (0% -  0^^)

T herefo re  + X^ ■ 0

This i s  the  eq u a tio n  f o r  simple harmonic motion and the  

s o lu t io n  i s

Qi -  s in  2-nv^t

=, -4  TT^v\  ̂ s ih  2 7T v^t

2 2T h ere fo re  » 4 ^  50
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SECTION 1.5 The S ec u la r  Equation

In  S ec tio n s  1 .2 ,  1*5 and 1«4 the  fo l lo w in g  m a tr ix  eq u a tio n s  

have been de r iv ed

2T = P^GP 15 2V . R^FR 17

2T =
* + •
Q Q 28 27 - 29

R = GP 22 —P = FR 25

a lso  be d e f i n i t i o n  R = LQ 25

A method i s  r e q u i r e d  to  c a l c u l a t e  X -  the  c o n s ta n ts ,  which 

a re  r e l a t e d  to the  v i b r a t i o n a l  f r e q u e n c ie s  and L, th e  m a tr ix  whose 

e lem ents  r e l a t e d  the  Normal C oord inates  to  th e  I n t e r n a l  C oord ina tes .

From equ a tio n  22

P = G"^R

s u b s t i t u t i n g  i n  eq u a t io n  15

2T = G(G“ ^R)

= R^G"^R 51

Since GG“ ^ = E by d e f i n i t i o n

and = (G * )- !  = G“ ^
Since G i s  a  symmetric m atrix  i . e .  G = Ĝ

E quation  51 g iv e s  the  K in e t ic  Energy in  terms o f  th e  time 

d é r iv â te s  o f  the  I n t e r n a l  Coordinates  and G~^, the  th e r e f o r e  G i s  

sometimes r e f e r r e d  to  as  the  In v e rse  K in e t ic  Energy M atr ix .

I t  can be shown from eq uation  25 t h a t

R .  LQ

prov ided  L i s  i n v a r i a n t  w ith  t im e .
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S u b s t itu t in g  fo r  R in  eq u ation  ^1 

2T =,

T herefo re  by comparison w ith  e q u a tio n  28

L^G'^L = E 

G"^ = (LL^)"^

or G .  LL  ̂ 52

S u b s t itu t in g  f o r  R in  eq u ation  17 u sin g  eq u ation  25

27  -

T here fo re  by comparison w ith  e q u a t io n  29

L^FL -  A  55

Combining equations52  and 55 

LL^FL = L A
GFL » L A  54

I f  ÏÏ = GF

HL = L A

where H i s  the  V ib ra t io n a l  S ecu la r  M atrix  w ith  e igen  v e c to r s  L and 

eigen v a lu e s  A  . T h e re fo re ,  provided  G and F a re  known, L and A  
can be c a lc u la te d .

The elem ents o f  th e  G m a tr ix  a re  determ ined from the  B m a tr ix  

and the masses. The c a l c u l a t i o n  o f  the  B m a tr ix  i s  c o n s id e red  in  

S ec tio n  1 .11 .

The elements o f  th e  F m a tr ix  a re  th e  in d iv id u a l  fo r c e  c o n s ta n ts .  

In  g e n e r a l ,  they  cannot be known p r i o r  t o  the  c a l c u l a t i o n  of the
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f r e q u e n c ie s ,  as they a re  c a lc u la te d  from th e  f r e q u e n c ie s .  The 

method o f  c a lc u la t io n  i s  cons ide red  i n  S ec t io n  1.7»

The e igen  v a lu es  a re  the  d iag o n a l  elements o f  the  m a tr ix  A ,  

I t  fo l lo w s  from eq u a tio n  54 th a t  has the  same u n i t s  as  GF.

The u n i t s  of G a re  a .m .u ."^  =
The u n i t s  o f  F a re  mdyn. A ^ = 10^ dyn.cm ^

T herefore  the  u n i t s  of GF are

(a .m .u ) (mdyn.A = lO^N dyn.cm. ^g. ^

.  lO^N s"2

T herefo re  to  ex p re ss  in  (seconds)*"^ the  d e r iv e d  v a lu e s  a re  

m u l t ip l i e d  hy lO^N.

The u n i t s  o f  the  frequency  v^ a re  (seco n d s)”^. However 

v i b r a t i o n a l  f r e q u e n c ie s  a re  u s u a l ly  exp ressed  in  wavenumbers (o r  cm” ^) 

and a re  ob ta in ed  by

^ 1  -

where denotes th e  frequency i n  wavenumbers.

The e igen  v a lue  X^ and frequency  v^ are  r e l a t e d  by eq u a tio n  50*

A i -  4TT^Vi^

o r  v^ = X^^ / 2 tt

T herefore  i f  X^ i s  the  c a lc u la te d  e igen  va lue  i n  ( a .m .u )” ^

(mdyn.A ^ ) ,  the  c a lc u la te d  frequency i n  wavenumbers i s  g iven  by

? i  -  (n . ip S )  ?  A i*
2 TTC

Using the v a lu es  f o r  N, TT and C g iven  in  s e c t io n  1 .1

7 .  = 1502.85 X i* 35
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SECTION 1.6 The $ and Z m a tr ic e s

Before c o n s id e r in g  the  c a l c u l a t i o n  o f  th e  fo rc e  c o n s ta n ts

i t  i s  n ecessa ry  to  c o n s id e r  f u r t h e r  how they  c o n s t i t u t e  th e  F
2

matrix* For a F m a tr ix  of dimension n hy n , th e re  a re  n e lem ents . 

However s in c e  F i s  a symmetric m a tr ix ,  i . e .  f .  . = f .  . ( t h i sT., J d J 1
fo llow s from the  d e f i n i t i o n  o f  f .  ., s e c t io n  1 .2 ) ,  only1 » d
n(n  + l ) / 2  elem ents need he conside red  ( i . e .  the n d iag o n a l  and 

(n -* n ) /2  o f f -d ia g o n a l  e lem en ts . These a re  not n e c e s s a r i l y  

a l l  d i f f e r e n t  s in ce  a number o f  i n t e r n a l  c o o rd in a te s  may r e f e r  to  

the  same type  of bond and th e r e f o r e  t h e  fo r c e  c o n s ta n ts  in v o lv in g  

th e se  i n t e r n a l  c o o rd in a te s  a re  i d e n t i c a l .

For HgO th e re  a re  two i n t e r n a l  c o o rd in a te s  (R^ and R^) which 

r e f e r  to  the  OH bond s t r e t c h e s .  The d iagonal fo rc e  c o n s ta n t  f o r  

an OH bond s t r e t c h  i s  denoted f r  and i s  obv iously  th e  sgme f o r  

R^ and R^. There i s  a  t h i r d  i n t e r n a l  c o o rd in a te  (R^) which r e f e r s  

to  th e  HOH angle  bend and th e  a s s o c ia te d  fo r c e  c o n s ta n t  i s  denoted fA. 

There i s  one bond s t r e tc h /b o n d  s t r e t c h  i n t e r a c t i o n ,  f o r  which the 

fo rc e  c o n s ta n t  i s  denoted  ffRR. There a re  two bond s t r e t c h / a n g l e  

bend i n t e r a c t i o n s ,  between R^ and R^, and Rg and R^ bu t th e re  i s  

only one fo r c e  c o n s ta n t  denoted by ffRA.

The F m atrix  f o r  Ĥ O i s
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%2

R, fR ffRR ffRA

«2 ffRR fR ffRA

ffRA ffRA fA

T here fo re , fo r  EgO, th e r e  a re  only  fo u r  independent fo rc e  

c o n s ta n ts  out o f  a p o s s ib le  t o t a l  o f  s i x .

In  g e n e ra l ,  a  column m a tr ix  i  i s  s e t  up to  c o n ta in  the  

independent fo rc e  c o n s ta n ts ,  each o c cu r r in g  once o n ly .  The i t h  

element o f  $ i s

I f  th e re  a re  M independent fo r c e  c o n s ta n ts  r e q u i re d  in  

c o n s t r u c t in g  th e  F m a tr ix ,  dimension n by n , i t  i s  n e ces sa ry  to  

d e f in e  M S m a tr ic e s ,  each of dimension n by n , one f o r  each fo rc e  

c o n s ta n t .  These 3 m a tr ic e s  a re  known as  s p e c i f i c a t i o n  m a tr ic e s  and 

a re  ev a lu a te d  as fo l lo w s .

I f  the  F m a tr ix  has th e  same fo r c e  c o n s tan t  in  p o s i t io n s

f .  , (and f, .) and f^ (and f   ̂) ,  the  i t h  g m atr ix  w i l l  have 0 ,k  k , j '  l ,m  m , l '

non zero  v a lu e s  a t  , (and a) and „ (and 5™ n) and zerosJ£jj XylQ mf±
i n  a l l  o th e r  p o s i t i o n s .  The non zero v a lu es  a re  th e  f a c t o r s  w ith  

which appears  in  F. M u lt ip ly in g  th e  s c a l a r  by th e  m a tr ix  

g ives  the c o n t r ib u t io n  o f  to  the  F m a tr ix .

T herefore  F = g^ 56

where the  summation i  i s  over a l l  f o r c e  c o n s ta n ts .
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For EgO the  S m a tr ix  i s

fH

' ffRR 

4^ ffEA

and the  % m a tr ic e s  a re

1 0 0 0 0 0

= 0 1 0  g2 = 0 0 0

0 0 0 0 0 1

0 1 0 0 0 1

g ^ «  1 0  0 g ^ =  0 0 1

0 0 0 1 1 0

and F = g^ + 8^

In  t h i s  example the  non-zero  e lem ents  a re  simply + 1 .0 .  In

some cases  they  can he -  1 .0  ( e .g .  when f . , = -  f _ ) .  Other v a lu esJ,K ±,m
are  a lso  p o s s ib le  and w i l l  be mentioned when they  a r i s e .

The s e t  of independent fo rc e  c o n s ta n ts  de fined  by m a tr ix  $ a re  

known g e n e r a l ly  as a Force F ie ld .

SECTION 1.7 The I t e r a t i v e  Refinement o f  Force C onstants

As s t a t e d  in  S e c t io n  1 .5  i t  i s  n ece ssa ry  to  e v a lu a te  the  fo rce  

c o n s ta n ts  from a p r i o r  knowledge o f  th e  f r e q u e n c ie s .  An i t e r a t i v e  

method of c a l c u l a t i n g  fo r c e  c o n s ta n ts  i s  p re sen te d .
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1
An i n i t i a l  fo r c e  f i e l d  5 i s  p o s tu la t e d  and a s e t  o f  i n i t i a l  

e igen  v a lu e s  c a lc u la te d .  A fu n c t io n  i s  de f ined  which i s  a measure 

o f  the lack  of agreement between the observed e igen  v a lu e s  and

the  c a lc u la te d  onesX j^^(6).

-  I l  #1 ( Ÿ

where th e  summation i  i s  over a l l  n e ig en  v a lu e s  and w  ̂ i s  the  

w e ig h tin g  f a c t o r  f o r  the  i t h  e igen  v a lu e  (see  S ec tion  1*9)•

Changes A 5^ a re  made in  the  fo r c e  f i e l d  such t h a t  

,1  _  ,2  x l  ^ A

2
so t h a t  on c a l c u l a t i n g  a new s e t  o f  e igen  va lu es  A

X  ̂ < X^

The p rocess  i s  r e p e a te d  u n t i l  X^ = X°' ^

At t h i s  p o in t  X°^^  ̂ i s  not n e c e s s a r i l y  equal to  z e ro .  This 

fo llow s from th e  f a c t  t h a t  equation  16 i s  no t an exac t r e l a t i o n s h ip  

but only a  harmonic approx im ation . T herefore  the  c a l c u la te d  harmonic 

e igen v a lu e s  w i l l  n o t be e x a c t ly  equal to  th e  observed unharmonic 

e igen  v a lu es  but only  a t  th e  b e s t  a harmonic approx im ation . (The 

approxim ation  i s  s t i l l  v a l i d  however s in c e  th e  d i f f e r e n c e s  a re  s m a l l ) . 

A r e s i d u a l  v e c to r  r^  i s  d e f in ed  so t h a t

r ,  -  X,°^® -  A /

where th e  s e t  o f  e igen  v a lu e s  AP a re  the  c a lc u la te d  s e t  o f  " c o r r e c t"  

e igen  v a lu e s  -  the  c l o s e s t  approach to  th e  observed e igen  v a lu e s .

T herefo re  i f  = Xĵ ®

X^ = w  ̂ and i s  a minimum.
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Since the  e igen  v a lu e s  a re  fu n c t io n s  o f  the  fo r c e  c o n s ta n ts ,
nX /"  the  i t h  e igen  va lue  c a lc u la te d  from th e  n th  s e t  of fo rc e  

c o n s ta n ts  2^ can he expanded as  a Taylor power s e r i e s  in  them.

-  A , '

I T F T
2

( / j "  -

+ h ig h e r  o rd e r  terms, 37

where th e  summations j  and k a re  over a l l  m fo rce  c o n s ta n t s .  The 

s e t  of fo rc e  c o n s ta n ts  a re  the  f i n a l  " c o r r e c t"  s e t  from which 

A® i s  c a lc u la te d .

I f  J®. b  X
" 5 7 7

where J  i s  the  Jacoh ian  m a tr ix ,  dimension n hy m, whose i , j  th  
c

element J  . . r e l a t e s  the  change in  th e  i t h  e igen  v a lu e  to  t h a t  in
 ̂» J

the  j t h  fo rc e  c o n s ta n t .  The s u p e r s c r ip t  c in d ic a te s  i t  i s  c a lc u la te d  

f o r  th e  v a lu es  5® and A®«

And

and second and h ig h e r  o rd e r  terms are  n e g le c te d ,  eq u a tio n  57 becomes 

(n o tin g  the  s ig n  change)

38
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=
V n+1 
^ i - X i °  -- i j  ' i : j

T herefore

c V n+lv

This im p lie s  t h a t  the  c o r r e c t  s e t  o f e igen  v a lu e s  a re  

reached  a f t e r  one s ta g e  of re f in e m e n t .  However, equa tion  58 i s  

only an approx im ation , a l s o  the  Jacoh ian  J°  cannot he c a l c u la te d  

u n t i l  5° i s  known. I t  can he c a lc u la te d  f o r  (see  S ec tio n  1 .8 )  and 

p rov ided  t h a t  the i n i t i a l  s e t  o f f o r c e  c o n s ta n ts  2^ i s  chosen

c a r e f u l l y  and th e  changes a re  sm all so t h a t  J^  J^^^ i t  can he

s t a t e d  t h a t

and 4^ * '^  = ^  40
J  J  \

Assuming 2^ i s  known can he c a lc u la te d  (from eq ua tions  54 

and 56 ) .  Therefore  can he c a l c u l a t e d ,  t u t  u n t i l  i s  known

cannot he c a l c u l a t e d .  By d e f i n i t i o n

= l i  "i( Xi*'" - 

s u b s t i t u t i n g  f o r  from e q u a t io n  59

I .  ( x . ' "  -  X ."  -  I ,

•  *1 K . i  «

where l \ \ ^  ^

i s  c a lc u la te d  from and the  v a lu es  of d / j  r e q u i r e d  a re
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th o se  which minimise

i . e = 0 f o r  a l l  j

Expanding eq u a tio n  41 and dropping  the  s u p e r s c r ip t  n so t h a t  

normal power n o ta t io n  can be used,

2d
d%#TT

A X i -  2 I . . .  a Aj  +

= O 42

C onsidering each d i f f e r e n t i a l  s e p a r a te ly

d T . . 2
d (d ^ . )  2.1*1 A A ^ “ °

s in c e  n e i th e r  A. nor A i s  a  fu n c t io n  of d)î!.” .

• ^ i ’^ i '^ ^ i  j ' i . j  ■ ^ i ' i  A  Ai J i , j

“  J i , j * ^ j  -  ' i , j  + Z k J i .k A fL

where th e  summation k i s  over a l l  m fo rce  c o n s ta n ts  except j .

d
a(dfX) % i*i ( h  h , i  

( ^ k  J i , k ^ 4 ) ' )

+ 2 ' l . j  E k  J i ,k d /k )

2 J i , j  I t  J i , k

where summation k i s  now over a l l  m fo rc e  c o n s ta n ts .
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T herefo re  eq u a tio n  42 becomes

-  2 I i * i  A + 2 l iW .j .  j Et  J i , t  .  o 43

The d i f f e r e n t i a t i o n  has so f a r  only  been perform ed f o r  one 

fo r c e  c o n s ta n t  d / j . T here fo re  c o n s id e r in g  d i f f e r e n t i a t i o n  over 

a l l  j ,  equ a tio n  43 becomes

* i  A X i = l \ , j , t  " i  J i ,k  '^4

In  m a tr ix  n o ta t io n

J^W A A  = J^WJ A 2 45

where W i s  a square  d iagonal m a tr ix ,  dimension n by n , whose 

i , i  t h  element i s  w  ̂ the  w eigh ting  f a c t o r  f o r  the  i t h  e igen  va lue  

and whose o f f  d iagonal e lem ents  a re  z e ro .

A  A  i s  a column m a tr ix ,  dimension n ,  whose i t h  element i s  AX^.

A 2 i s  a column m a tr ix ,  dimension m, whose k th  element i s  d j^ .

where n i s  the  number o f  e ig en  v a lu e s  and m the  number of fo rc e

c o n s ta n ts .

That equa tions  44 snd 45 a re  th e  same can be proved by expansion 

of eq u a tio n  45*

Since J^WJ must be a square m a tr ix  i t  can be in v e r te d  

p rov ided  i t  i s  n o n -s in g u la r .

i . e .  d e te rm inan t (J^WJ) = 0  4 6

Therefore  from eq u a tio n  4̂ 5

A i  = Ĵ W A A  47

I t  f o l lo w s  t h a t  s t a r t i n g  from a n d A A ^  a re  c a lc u la t e d
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1 2 1 1  and hence A 5 , Then 2 = 2 +  A2  and the  p ro c e ss  co n tin u es

i t e r a t i v e l y .  Since th e  changes in  th e  fo rc e  c o n s ta n ts  A 2^ a re

chosen so as to  minimise e v e n tu a l ly  ^  i . e .  A i ^  » 0.

Then X^ i s  a minimum, X^ = X^, and 2^ « 2° the  r e q u i re d  s e t

of fo rc e  c o n s ta n ts .

SECTION 1.8 C a lc u la t io n  of th e  Jacohian  M atr ix .

By d e f i n i t i o n  th e  Jacohian  m a tr ix  r e l a t e s  the  changes i n  the 

e igen  v a lu es  to  th o se  i n  the fo rce  c o n s ta n ts  (see S ec tio n  1 .7 ) •  The 

method of c a l c u l a t i o n  i s  as  d e sc r ib ed  by Long, Cravenor and Woodger (6 a ) .

E quation  54 s t a t e s  t h a t

GPL » L A

I f  X. i s  the  i t h  element o f  A  and a s s o c ia te d  w ith  i t  i s  L. 

th e  i t h  column o f L, the  e igen  v e c to r  m a tr ix ,  then

GFL  ̂ = XjL^ 48

I f  an a r b i t a r y  change A 2 i s  made i n  the fo r c e  c o n s ta n t  m atr ix

so th a t

P -4 P + A P

and i f  the i t h  e igen  va lue  a s s o c ia te d  w ith  G(P + A f ) i s  + d X^,

and the  e ig en  v e c to r  i s  L. + e. - L. where e. . i s  a  c o n s ta n t ,1 J J
equ a tio n  48 becomes

G/F + AkP) ( l i  + I j  j 1 . )  .  ( Xi + a + I j  j l j )  49

where th e  summation j  i s  over a l l  n rows o f  the e ig en  v e c to r  m a tr ix .

Since G i s  a  fu n c t io n  of mass and geometry only i t  does not change.
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Expanding eq uation  49

GFL, + GAFL, + GF £ , e ,  ,  L. + G A F l - e .  .L,

» + d X i^ i + ^ i l j ® i , j ^ j  + d Xi Z jG ip jL j 50

From equ a tio n  48 GFL  ̂ = i s  c a n c e l le d .

Also G F l jO i^ jL j  .  Ej \ j  j  L^

S u b s t i t u t i n g  i n  eq u a tio n  50 and re a r ra n g in g  

GAFL, + GAF E, e , , L,
J J- J J tJ

- A + Ij ®i,j ( 4  - ly + * \ i  Ij 8i,jLj 51
Since by d e f i n i t i o n  (eq u a tio n  52),

,tLL
, t L-^G

T here fo re  (L )^

( i i ) t

or the  i t h  row of ( th e  i t h  column of L)
-1equals  the  i t h  row o f  L m u l t ip l i e d  by G.

l, - 4

Also s in c e  LL-1 E

L .L .“ ^ m 7 .  . i . e . L  i s  orthornom al.1 J 1, J
-1E quation  51 i s  p re m u l t ip l ie d  by L

C onsidering  each term in  tu r n

GAFL,

® i,j

d

® i , j  ( ■ °

d X i  L^
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Since i f  i  = j  -  X, = o
 ̂ J

i?^j Lf Lj = 0

Li d Xi Z j  Lj = d X^

T herefo re  e q u a tio n  51 becomes 
t

L. A i l ,  + I . e . _ .  A F L .  .  d Xi  + d X. 52

This equation  i s  e x a c t ,  no assum ptions a re  made i n  d e r iv in g  i t

and no l im i t a t i o n s  a r e  p laced  on th e  s i z e  o f  th e  d isp lacem en t.  However

s in ce  th e  e. . c o e f f i c i e n t s  cannot be e a s i l y  ev a lu a ted  the ':  l i m i t â t  ion  ^ f j
i s  imposed t h a t  the  change A i  i s  sm a l l .  Then dX.^F and e. . a re1 i , j
sm all and terms which a re  th e  product o f  two sm all q u a n t i t i e s  are 

n e g le c te d .  Equation 52 becomes

A  F -  d Xj  ̂ . 53

From equation

F = I .  / .

Since S does n o t  change

A F  = [ .  g j djZ5.

T here fo re  d X^ = Z j L̂ ^̂  g^ d/^

and J .  . = d X .  = l"*̂. g^L^ 54
^ > J , ^ ^

d ^

Changing from m a tr ix  to  a lg e b ra ic  n o ta t io n

^ i , j  “ ^  k , l  ^ k , i  ^ i , i  * ^ k , l  ^5

where th e  summations k  and 1 a re  over a l l  n rows of the  e igen  v e c to r  

m atrix*

Since F and th e r e f o r e  a l l  the  2^ m a tr ic e s  a re  symmetric i t  i s  

no t n e ce ssa ry  to  c a l c u l a t e  elements f o r  both g^^ ^ and g^^ ^ as th ey
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w i l l  be i d e n t i c a l .  Remembering th a t  th e re  i s  only one element where 

k = 1, eq u a tio n  55 becomes

^ i , j  “ ^ k  ( l k , i )  ^k ,k  + ^^k l ( l > k )  ^ k , i  h , i  ^ k , l

The only  approxim ation  made in  d e r iv in g  the  Jacoh ian  i s  t h a t  

the  changes a re  sm a l l .  No c o n d it io n s  a re  imposed on th e  d i r e c t io n  

o f  th e  change.

SECTION 1.9 The w e ig h tin g  m a tr ic e s  P and W.

The e igen  va lu e  weight m a tr ix  W i s  in tro d u ced  to  account fo r  

random e r r o r s  in  the  observed f r e q u e n c ie s .  From s e c t io n  1 .7  the  

e r r o r  X f o r  any s e t  of c a lc u la te d  e ig en  v a lu es  i s

X .  Ei *1 (

Since X i s  th e  sum o f  the  w eighted  square e r r o r s  (WSQER) and 

th e  re f in e m e n t  p ro cess  i s  e s s e n t i a l l y  a  l e a s t  squares  f i t ,  th e  

in d iv id u a l  w^%X^  ̂ a re  th e  q u a n t i t i e s  co n s id e red ,  where 

dX^ = From equation  55

X 2
Vi = k X^^ and X̂  = c v^

where k = l / c ^  » 1502.8

T here fo re  d = c

obs \ f obs

I f  dv^ = v^^^® -  v^ and i s  sm all so t h a t  v̂ ^

d X^"^ 2 c v^°^^ d Vj,
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*1  -  (

d Xĵ  -  2 o dv^
0* T . ° t s

.  2 c^  dv^ 57

T herefore  re f inem en t con tinues  u n t i l  Z ^  (d v \)^  i s  a 

minimum, This assumes t h a t  the  random e r r o r s  a re  independent o f  

the  observed f r e q u e n c ie s  and the  re f in em en t g ives  an ABSOLUTE f i t  

to  them.

o b s \-2

2 dv. 
obsv^ 58

T herefore  re f in em en t con tinues  u n t i l  Z^ i s

a  minimum. This assumes t h a t  th e  random e r r o r s  a re  p ro p o r t io n a l  

to  th e  observed f r e q u e n c ie s  and the  re f in em en t g ives  a PERCENTAGE 

f i t  t o  them.

The d i f f e r e n c e s  between the  two w eigh ting  methods a re  

unders tood  by c o n s id e r in g  an example o f a molecule w ith  two 

observed  f re q u e n c ie s  a t  1000 cm. ^ and 200 cm

I f  the  dv a re  1 10 a t  200 (5^) 

and t  20 a t  1000 (2^)

Than I i ( d v ^ ) 2  _
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I f  changes a re  made i n  the  fo rc e  c o n s ta n ts  so t h a t  th e  dv 

a re  now i  4 a t  200 (2^)

i  40 a t  1000 (4fo)

Then = I 616

-  20 .10‘ 4

T here fo re  i f  the  w e igh ting  i s  a b so lu te  th e  new s e t  o f  fo r c e  

c o n s ta n ts  g iv e s  a worse f i t .

But i f  th e  w e ig h tin g  i s  pe rcen tag e  th e  new s e t  of fo r c e  

c o n s ta n ts  g iv es  a  b e t t e r  f i t .

I f  a l a r g e r  than  average e r r o r  i s  su sp ec ted  i n  a frequency  i t  

can be allowed f o r  by a f r a c t i o n a l  e n t r y ,  in s te a d  o f u n i t y , i n  

the  denom inator of w^, e .g .  w  ̂ = O.5/  I f  th e r e  i s  net

observed  band which co rresponds  to  a  p a r t i c u l a r  c a lc u la te d  

frequency  then  w. = o f o r  t h a t  band and obv iously  has no e f f e c t  

on the  c a l c u l a t i o n s .

Sometimes i t  i s  r e q u i r e d  t h a t  one o r  more o f  the  fo r c e  

c o n s ta n ts  a re  he ld  a t  a f ix e d  value (no t n e c e s s a r i ly  z e r o ) .  This 

i s  achieved  by in t r o d u c t io n  o f a  m a tr ix  P, dimension m by mr, where 

mr i s  the  number o f  fo rc e  co n s ta n ts  to  be r e f in e d .  I f  the  i t h  fo rc e  

c o n s ta n t  i s  to be h e ld ,  P can be thought o f  as an i d e n t i t y  m a tr ix ,  

dimension m by m, w ith  th e  i t h  column removed. P i s  u n i t a r y ,  i . e .  

PP^ = E, and from equ a tio n  45
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J ^ w A A  = J^WJ A i  

T here fo re  P^J^WAA = P^J^WJPP^ A i

P^J^WAA i s  a .column m atr ix , dimension mr.

P^J^WJP i s  a square  m a tr ix ,  d im ensiprrtar hy mr, and can he
' é

in v e r t e d .

P^A 5 i s  a column m a tr ix ,  dimension mr.

T herefo re  P ^ A i  = (P^J^WJP)"^ P^J^W A  A

and A i  = Pfptj^W JP)"! P̂ Ĵ iliT A A  59

i f  the  i t h  fo rce  constAnt i s  h e ld  c o n s ta n t  then  d/^  = o.

In  the  a c tu a l  c a l c u l a t i o n  a  s im p le r  hut eq u iv a len t  method i s  

used which does n o t in v o lv e  forming P e x p l i c i t l y .  PJ i s  formed 

simply hy removing the  i t h  column from J  and the co rrespond ing  

element in  A5 i s  s e t  equal to  ze ro .

I f  th e  c a lc u la te d  changes d / j  in  the  fo rc e  c o n s ta n ts  a re  

l a rg e  th en  equation  38) th e  c o n d it io n  o f  l i n e a r i t y ,  does not 

n e c e s s a r i l y  h o ld .  The changes a re  t h e r e f o r e  reduced hy the 

in t r o d u c t io n  of a , a  c o n s ta n t  s c a l a r ,  so t h a t

-  i ^  + a A i ^  00

where o .<  a < 1.

This method o f fo r c e  co n s tan t  c a lc u la t io n  i s  u s u a l ly  known 

as th e  Force Constant P e r tu rb a t io n  Method. In  Chapter 3 some o f 

th e  problems which can be encountered a re  d iscu ssed  and o th e r
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methods of c a l c u l a t i o n  review ed.

SECTION 1 .10  The Overlay P rocedure .

The fo rego ing  d i s c u s s io n  has c o n s id e re d  the  re f inem en t o f  a 

fo rc e  f i e l d  to  th e  observed  f re q u e n c ie s  o f  one m olecule . However, 

i f  a s e r i e s  o f  ch em ica lly  s im i la r  m olecu les  i s  under c o n s id e ra t io n  

the  p rocedure  can be ex tended to  f i t  one fo r c e  f i e l d  to a l l  ,

th e se  m olecu les .  This i s  known as th e  o v e r la y  procedure  (? ) •

I f  in  equation  45

C = J^WJ and P = J^W A A  6 l

where C i s  a square m a tr ix ,  dimension m by m, and P i s  a column 

m a tr ix ,  dimension m, i . e .  n e i t h e r  has a  dimension depending on the  

number o f  f r e q u e n c ie s ,  then  the  0 and P m a tr ic e s  are  c a lc u la te d  

fo r  each molecule in  t u r n  and summed, so t h a t

where and P^ a re  th e  C and P m a tr ic e s  f o r  the  n th  m olecule and

the  summation i s  over a l l  m olecu les .  Since i s  square  i t

can be in v e r te d .
y

T herefore  A 5 = { V T P^ 62' A-n '  c-n

The fo r c e  c o n s ta n t  weight m a tr ix  P can be in c lu d ed  and by

comparison w ith  eq u a tio n  59» equation  6 l  becomes

A s  .  c“ ) p)"^ ( p * £ ^ d" )  65
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A ll  t h i s  in vo lves  in  the  com putation i s  th a t  a t  each cy le ,  

f o r  each molecule in  t u r n  the  Jacoh ian  and A A  m a tr ic e s  a re  

c a lc u la te d ,  u s in g  the  common fo rc e  f i e l d .  Composite C and D 

m a tr ic e s  a re  formed hy summing the in d iv id u a l  C and D m a tr ic e s  

fo r  a l l  m olecu les .

I t  i s  obv iously  n e cessa ry  t h a t  the  fo r c e  f i e l d  i s  of a type  

t r a n s f e r a b l e  among m o lecu le s .  I t  i s  f o r  t h i s  reaso n  t h a t  i t  i s  

expressed  in  terms o f  the  i n t e r n a l  c o o rd in a te s  o f  the  m olecu les .

SECTION 1.11 I n t e r n a l  Coordinates  and th e  B m a tr ix .

In  s e c t io n  1 .2  th e  concept of I n t e r n a l  Coordinates was 

in tro d u ce d .  In  t h i s  s e c t i o n  th e  forms th e se  c o o rd in a te s  ta k e  a re  

ex p la in ed . Also the  method of c a l c u l a t i n g  the elements o f  th e  B 

m a tr ix  a r e  developed.

Changes i n  th e  I n t e r n a l  C oordinates  of a  molecule r e f e r  to  

changes in  the bond param ete rs  (u s u a l ly  bond le n g th s  and bond 

an g les )  and a re  more convenien t to  use  when d e sc r ib in g  the  v ib r a t io n s  

of a m olecule than  d isp lacem en ts  of the  atoms in  x ,  y o r  z d i r e c t i o n s .  

There a re  s ix  types  of I n t e r n a l  C oordinate  which a re  d e sc r ib e d  

below. The arrows on th e  atoms show th e  d i r e c t io n s  of motion to  

produce an in c re a se  ( o r  p o s i t i v e  change) in  the I n t e r n a l  C oord ina te . 

W ilson, Pecius and Cross (8 ) ,  Chapter 4» d e f in ed  th e  f i r s t  fou r  

as fo l lo w s .
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1. Bond S trech  d r

The atoms move so t h a t  the  bond len g th  r^^  in c re a se s .

2. Angle Bend dot

1 3
The atoms move so t h a t  the  angle  1 2 3 ( ) in c r e a s e s .

3 . Out of P lane Angle Bend dy 
1

tJL
2 y / > 3  2 3

Note: + i n d i c a t e s  an upward motion out o f  th e  p la n e .

-  in d i c a t e s  a downward motion out o f  the plane. 

The atoms move so t h a t  the  ang le  between th e  bond 1 ,4  

and the  p lan e  2 ,4 » 3 in c re a s e s .

4 . Bond Torsion  dT

The atoms move so t h a t  the  d ih e d ra l  angle between the  

p lan es  1 ,2 ,3  and 2 ,3 ,4  in c r e a s e s .

This s e t  w i l l  com ple te ly  d e f in e  the  i n t e r n a l  motions o f a 

molecule bu t two more I n t e r n a l  C oord inates  a re  u s u a l ly  in tro d u ced .

5. In  Plane Angle Bend d^

3
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The atoms move so t h a t  the  angle between bond 1 ,4  and the 

b i s e c t o r  o f  th e  angle  2 ,4 ,3  in c r e a s e s .  An a l t e r n a t i v e  

d e s c r ip t i o n  i s  d«x ^ -  d«x^.

I t  i s  complementary t o  th e  ou t o f  p lane angle bend and they  

a re  used  u s u a l ly  when atoms 1 ,2 ,3 ,4  a re  c o p lan a r .  In  t h i s  case 

th e  a l t e r n a t i v e  d e s c r ip t i o n  of changes i n  ang les  snd im plies  

no out of p lane  m otion.

6 . S pec ia l  or B e l l  T orsion  d /  
1

4 - ^ 3  ^ 6
This I n te r n a l  C oord inate  was in tro d u ce d  by B e l l  (9) s p e c i f i c a l l y  

to  remove an in c o n s is te n c y  in  app ly ing  T orsion  dT  to  Benzene. I f  

atoms 1 ,2 ,3 ,4  a re  in  the  carbon r i n g  and atoms 5 and 6 a re  the 

s u b s t i t u e n t s  ( in  Benzene, Hydrogen) a to r s io n  d e fin ed  by atoms 

1 ,2 ,3 ,4  w ith  atoms 5 and 6 not moving im p lie s  a  y defo rm ation  of 

bonds 2,5  and 3 ,6 .  In  B e l l ' s  Torsion th e  atoms move so t h a t  the  

d ih e d ra l  angle between p lan es  1 ,2 ,5  and 3>4>6 in c r e a s e s .  I t  i s  

e q u iv a le n t  to djZi (cccc) + d)Zf(HCCH) where d^^cccc) i s  a t o r s io n  of 

atoms 1 ,2 ,3 ,4  and d^(HCCH) i s  a to r s io n  o f atoms 5 ,2 ,3 ,6 *

For co n s is te n cy  a l l  the  I n t e r n a l  Coordinates ' in v o lv in g  a 

change of ang le  a re  s c a le d  by an a p p ro p r ia te  bond le n g th  so t h a t  a l l  

the  I n t e r n a l  C oordinates  have dimensions o f  le n g th  (A). The s c a l in g  

f a c t o r s  a re

1. For an angle  bend d «  , ( r^ ^
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2. For out o f  p lan e  dy and in  p lan e  d/& angle bends,

5 . For to r s io n s  dX and d^,

This s c a l in g  means t h a t  a l l  fo rc e  co n s ta n ts  a re  expressed  

in  u n i t s  of fo rce  p e r  u n i t  len g th  (mdyn. A” ^ ) ,  This fo llow s from 

equ a tio n  I 6

s in ce  dR. and dR. a re  exp ressed  in  Angstroms and V, th e  P o te n t ia l  1 j
Energy, i n  m il l id y n e  Angstroms.

In  S ec tio n  1 .2  th e  concept of the  B m a tr ix  was in tro d u c e d .

The i , k  th  e lem ent, b. , was de f ined  asi , x

h , k  = /  Iqk

To c a lc u la te  the  num erical v a lu es  o f the  G m a tr ix  e lem ents 

i t  i s  n ece ssa ry  to  c a l c u l a t e  the num erica l  v a lu es  o f  th e se  B m atrix  

e lem ents . As t h i s  t h e s i s  i s  concerned w i th  out of p lane  v ib r a t i o n s ,  

only th e  a n a l y t i c a l  e x p re ss io n s  f o r  th e s e  types  o f  I n t e r n a l  

C oordinates  w i l l  be derived#

The Out of P lane Angle Bend

Since a l l  the  m olecu les  under c o n s id e ra t io n  a re  p la n a r  only 

the  e x p re ss io n s  f o r  the  p la n a r  case a re  re q u ire d

y

X
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I f  the fo u r  atoms l i e  in  the  xy p la n e ,  f o r  each atom the  

c a r t e s i a n  d isp lacem en ts  i n  th e  z d i r e c t i o n  re q u ire d  to  change the 

angle between the  bond 1 ,4  and th e  p lan e  d e f in ed  by atoms 2 ,3 ,4  by 

dy i s  c a lc u la te d .  By d e f i n i t i o n  the change occurs so t h a t  atom 1 

can be considered  to  have moved in  the p o s i t i v e  z d i r e c t i o n .

A, For atom 1

dz. Since the  d isp lacem ents  are

sm all dz^ = r^^  dy

Therefore  th e  B m a tr ix  element i s

^14
dZn

64

and th e  s c a l in g  f a c t o r  r^^  i s  inc luded  on the  l e f t  hand 

s id e  o f  the  e q u a t io n .

B. For atoms 2 and 3
3

p o s i t iv e  z d i r e c t i o n .

The angle  between 1 ,4  and 4 ,5  i s  dy. 

By d e f i n i t i o n  2 and 3 move in  a

2 dz, d z .

Since a l l  the  d isp lacem en ts  a re  sm a ll ,

/ b

and

d z .

dz.

a + b 

= c d y

65
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By the  s in e  r u le

s i n  s i n *

^  ^
and s in  (n  -

a

S u b s t i tu t i n g  in  e q u a t io n  65

dy â

s in oc

d z ,  c(a+b)

s in  ^  s in
s in  » r , , sinj^^■34

s in  ^1
r ^4 s inin

T herefore  th e  B m a tr ix  element f o r  atom 3 i s

i i i i  .  i l  «
dz^ 1*54 s in

S im i la r ly  th e  B m a tr ix  element fo r  atom 2 i s

^14 .  f i i  h
dZj s in  67

C. For atom 4 ( th e  apex atom).

I f  the apex atom i s  d is p la c e d  by dz^, a r i g i d  d isp lacem ent of 

the  atom i n  the  o p p o s ite  d i r e c t i o n  by an equal amount r e tu r n s  the 

apex atom to  the  o r i g i n a l  p o s i t i o n  bu t d i s p la c e s  1 ,2  and 3 by -d z^ .  

The change in  angle f o r  s im ultaneous d isp lacem ent of 1 ,2  and 3 by 

-dz^  i s  given by



57

dy » -  f i^ d z^  -  dz^ s in  dz^ s in

7 ^  s in  p^ 7 ^  s i n

T herefore  th e  B m a tr ix  element f o r  atom 4 i s

^^14 ay .  "  1 + r^4 s in  ^3 + ^14
dz4 r j 4 s i n  P24 s in

For Benzene  ̂ = j6, = 120° and i f  . = r and r^ .

r^ ^  = E then

' &  -  :• 1

r  ^  r  dy
dZg dz^ R

r  ^  _ « 1 -  _2Z.
dz . -  E

4

These va lues  agree w ith  th o se  g iven  hy Whiff en ( l 2 ) .  

Bond Torsion

68

As in  th e  case  o f  the  o u t-o f -p la n e  ang le  bend only  the  

ex p ress io n s  f o r  the  p la n a r  case a re  r e q u i r e d .

' V .
\

I f  th e  fo u r  atoms l i e  in  the xy p la n e ,  f o r  each atom the 

c a r t e s i a n  d isp lacem ent r e q u ire d  to  change th e  angle between the 

p lane  d e fin ed  by atoms 1 ,2 ,3  and t h a t  d e f in e d  by atoms 4 ,3 ,2  by a 

sm all amount dT i s  c a l c u l a t e d .
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A. For atom 1.

I f  atom 1 i s  moved out o f  th e  p lan e  o f  the molecule hy 

sm all d is ta n c e  dz^ th e  ang le  between the two p lanes  dT i s  g iven  

ty

dT dz.
r^2 cos(pg-90)

r,2 005(^^2-90)

dZj

1*12 siajdg

AdT
2 3

T herefore  the  B m a tr ix  element

d z .

^2?
dz.

1 1
r i 2 s i 7 ^

09

B. For atom 4«

By s im i la r  re a so n in g  to  t h a t  used f o r  atom 1, i t  can be shown 

th a t  th e  B m atr ix  element f o r  atom 4 i s

11
70

C. For atom 2.

I f  atom 2 i s  d is p la c e d  from th e  m o lecu lar  p lane  by sm all
r o ta t io n

d is ta n c e  dz^ i t  can be r e tu rn e d  to  the  p lane  by rigid/vabout atom 3 

and in  t h i s  case  atoms 1 and 4 &re d is p la c e d  from the p la n e .



59

- > x , y

Atom 1 i s  d is p la c e d  by dz^ where, f o r  sm all d isp lacem ents

-dz^  dZg

’  ^23

Atom 4 i s  d is p la c e d  by dẑ  ̂ where, f o r  small d isp lacem ents

'^^4 _ Ü 2
• ■ ^23

By s u b s t i t u t i n g  f o r  dz^ and dẑ ĵ  u s in g  equation  6L9 and 70 i t

can be shown th a t  the  change in  angle f o r  a sim ultaneous displacem ent

of atoms 1 and 4 i s

dT  = -dZgCrgs^^igGOG^^) dz^ cospy

T herefore  the  B m a tr ix  element f o r  atom 2 i s

cospy Zg^-r^gcospg
dz„ “ sinpL “ r '^ s i n p . 71

2 .

B. For atom 3*

By s im i la r  re a so n in g  to  th a t  used  f o r  atom 2 i t  can be shown 

th a t  th e  B m a tr ix  elem ent f o r  atom 3 i s

^ c o ^  ^ rg:;-r,4C0Bji),
dZj “ "  sinfl^
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For Benzene = 240 sinp,^ = -3 ^ /2  coep^ = ^
i -  - 1

2 " "̂ 2 '  '  ^"^2 

p ^  »  1 2 0  s i n p ^  =  3 ^ / 2  C 0 8 p ,  =  “ V 2

and R = ~~ ^23 * ^34

T herefore

R.dX -  2
d i ^  ■ J

R . d T  +
-4-

-4 -
R . d T
d z j  ■ j t

R .dT  + 2 

? "

These va lues  agree  w ith  th o se  given hy Whiff en ( l 2 ) .

S p e c ia l  Torsion

I f  d T  i s  th e  T ors inn  c o o rd in a te  f o r  atoms 1 ,2 ,3 ,4  

and d T i s  the T orsion  c o o rd in a te  f o r  atoms 5»2 ,3 ,6  

Then the  B m a tr ix  elem ents f o r  a S p e c ia l  Torsion  a re  e a s i l y  

c a lc u la te d  from those  f o r  a  Bond Torsion  u s in g  th e  e x p re ss io n

R .d p  = R .dT'  + R.dT"

A lte r n a t iv e ly  they  can he c a lc u la te d  us ing  the e x p re ss io n  g iven  

hy W hiffen ( l2 )

1
R .dp  = 2 R . d I '  + 2 / 3 2 . R ( d y ^ - d y g )

SECTION 1,12 Symmetry C oordinates

A ll  molecules have elements o f  symmetry and can th e r e f o r e  he
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ass ig n ed  to  a Symmetry P o in t  Group. When a molecule c o n ta in in g  

n atoms i s  d isp laced  th e  c a r t e s i a n  c o o rd in a te s  d e sc r ib in g  the  

system change. These c a r t e s i a n  defo rm ations  transform  as a 

Reducible R ep re se n ta t io n  o f  th e  Symmetry Poin t Group. I f  any 

two s e t s  o f  c o o rd in a te s  (a  and b) a re  connected by a l i n e a r  

t ra n s fo rm a t io n  (T)

i . e .  a = Tb

then  they  tran sfo rm  as the  same Reducible R ep re se n ta t io n ,  

S ince R = Bq

and R = LQ

The changes in  th e  C a r te s ian  C oord ina tes  q

I n t e r n a l  C oord ina tes  R 

and Normal C oord inates  Q 

a l l  transfo rm  as the  same Reducible R ep re se n ta t io n .

For s in g ly  d egenera te  Normal C oord ina tes  each c o o rd in a te  

i s  transfo rm ed  to  -  under any symmetry o p e ra t io n .  This fo llow s  

from th e  f a c t  th a t  th e  P o te n t i a l  and K in e t ic  E nerg ies  a re  in v a r i a n t  

under any symmetry o p e ra t io n .  E quations  26 and 27 s t a t e  t h a t

2T -  l i  2V .  I l  Xi

i f  i n  a  p a r t i c u l a r  v i b r a t i o n a l  s t a t e  only  i s  n o n -ze ro ,  then  

2T .  27 .  X. dQ.2
J J J

I f  under a  symmetry o p e ra t io n  0 

Q j  A

2T
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The c o n d i t io n s  o f  in v a r ia n c e  a re  not s a t i s f i e d ,  s in c e  i f
:2 :2 V ,„2 V ,^22T

as X. ^ X, f o r  s in g ly  degene ra te  normal c o o rd in a te s .J -K /

Therefore  i t  can he s t a t e d  t h a t  a s in g ly  degenera te  n o m a l  

c o o rd in a te  tran s fo rm s  a s  an I r r e d u c ib le  R ep resen ta t io n  (o r  

symmetry sp e c ie s )  o f  th e  Symmetry P o in t Group.

A degeneracy occurs  when a m olecule posse sse s  a th r e e f o ld  or 

h ig h e r  p ro p e r  ax is  o f  r o t a t i o n .  Two o r  more normal co o rd in a te s  a re  

degenera te  when t h e i r  a s s o c ia te d  v i b r a t i o n a l  f r eq u e n c ie s  a re  

i d e n t i c a l .  The members of a degenera te  s e t  belong to  the  same 

symmetry s p e c ie s .  When th e re  a re  d e q u iv a le n t  normal c o o rd in a te s  

i t  i s  c a l l e d  a d fo ld  degeneracy. An example of degenera te  Normal 

C oord ina tes  i s  the  bending modes o f Carbon Dioxide. I f  the  

z a x is  p a sse s  through the  atoms an angle bending mode can occur 

in  e i t h e r  th e  x or y  d i r e c t i o n s .  These two v i b r a t i o n a l  modes have 

the  same frequency bu t a re  o rth o g o n a l.

The co n d it io n s  o f  in v a r ia n ce  under any symmetry o p e ra t io n  f o r  

degenera te  co o rd in a te s  a re  not so s t r i n g e n t .  A symmetry o p e ra t io n  

of th e  molecule tran s fo rm s  a member of a degenera te  s e t  of Normal 

C oordinates  in to  a l i n e a r  combination of the  members of th e  

degenera te  s e t .

Therefore

where e t c .  a re  a l l  members of a d fo ld  Regenerate



63

s e t  and the  summation h i s  ove r  a l l  d members.

By d e f i n i t i o n  each member of th e  s e t  i s  o r th o g o n a l  to  a l l  

o th e r  members and the  c o n d i t io n  o f  in v a r ia n c e  o f  K in e t ic  and 

P o t e n t i a l  Energy i s  g iven  by ( 8 ) ,  p . 107 and ( lO ) ,  p . 49 as

( C b l ) '  = 1

T h e re fo re  i t  can be s t a t e d  t h a t  each s e t  of d f o l d  d eg en e ra te  

Normal C oord ina te s  t r a n s fo rm s  as  a d d im ensiona l I r r e d u c i b l e  

R e p r e s e n ta t io n  o f  th e  Symmetry P o in t Group.

I t  has  a l r e a d y  been shown t h a t  th e  Normal C oord ina tes  form 

a R educ ib le  R e p r e s e n ta t io n  o f  th e  Symmetry P o in t  Group o f  th e  

m o le c u le .  The com bina tion  o f  I r r e d u c i b l e  R e p re s e n ta t io n s  (o r  

Symmetry S p e c ie s )  o f  which t h i s  R educ ib le  R e p re s e n ta t io n  c o n s i s t s  

i s  found u s in g  th e  e q u a t io n ,  ( 8 ) ,  p . 99

= _ i _  I  x (e e )  X4 ( IE )  75

where a^ i s  the  number o f  t im es  th e  i t h  I r r e d u c ib l e  

R e p r e s e n ta t io n  occurs  i n  the  R educib le  R e p r e s e n ta t io n .

g i s  th e  o rd e r  o f  th e  group, i . e .  th e  number o f  symmetry 

o p e r a t io n s  i n  th e  g ro u p ,

X(RR) i s  the  t r a c e  o f  the  R educib le  R e p re s e n ta t io n  f o r  the  

symmetry o p e ra t io n  u n d e r  c o n s id e r a t io n .

X^(IR) i s  the  t r a c e  o f  th e  i t h  I r r e d u c ib l e  R e p re s e n ta t io n  

f o r  th e  symmetry o p e r a t io n  under c o n s id e r a t io n .

and the  summation i s  over a l l  symmetry o p e ra t io n s .
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P rov ided  th e  v i b r a t i o n s  can be a ss ig n e d  to  t h e i r  p a r t i c u l a r  

symmetry s p e c ie s  use  can be made o f  th e s e  symmetry p r o p e r t i e s  to  

reduce  th e  s i z e  of th e  s e c u l a r  e q u a t io n .  To do t h i s  a  new s e t  

o f  c o o rd in a te s  i s  in t r o d u c e d .  They a r e  Symmetry C o o rd in a te s  and 

a re  l i n e a r  com bina tions  o f  the  I n t e r n a l  C oord ina tes  c o n s t r u c te d  

so as to  t ra n s fo rm  as th e  I r r e d u c ib l e  R e p re s e n ta t io n s  o f  th e  

Symmetry P o in t  Group, i . e .  each Symmetry C oord ina te  b e longs  to  a 

Symmetry S p ec ies  o f  th e  m o lecu le .

The t r a n s f o r m a t io n  m a tr ix  i s  c a l l e d  t h e  U m a tr ix

i . e .  S = ÜR 74

and i s  c o n s t r u c te d  so t h a t  i t  i s  u n i t a r y

i . e .  UÛ  = E 75

The K in e t ic  and P o t e n t i a l  Energy e x p re s s io n s  i n  m a tr ix  form

are

2T -  R^G"^R 31 27 = P'^FR 17

S u b s t i t u t in g  f o r  R and R

R = U^S R = TĴ S

2T = S^UG^^U^S 2 7  = S^UFF^S

i f  ^ » UGÛ  and = UFU^

= UG” ^U^

s in c e

T h e r e fo r e

2T = S*&~^8 76 27  = 77

w here th e  P o t e n t i a l  and K in e t ic  E nergy e x p r e s s io n s  a r e  now 

in  Symmetry C o o r d in a te s .
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In  a lg e b r a ic  form

- El.j "j 78 2 7  -  I f , j  Si Sj Si,j 79

where the  summations i  and j  a re  over a l l  Symmetry C o o rd in a te s .

I f  S^ and Sj be long  to  d i f f e r e n t  symmetry s p e c ie s ,  th e r e  

e x i s t s  a  symmetry o p e r a t io n  0 under which

s .  -  s .

s .  ^  + s .  or v ic e  v e r s a
J J

T h e re fo re

S i 8 j ( S T ' ) i . j  -  -  8 .8 .  ^  -  8 ,8 .

However s in c e  th e  K in e t ic  and P o t e n t i a l  E n e rg ie s  must be 

i n v a r i a n t  under a l l  symmetry o p e ra t io n s

-  °  = °

This  means t h a t  th e r e  can be no c ro s s  term s between d i f f e r e n t

symmetry s p e c ie s  and t h e  K in e t ic  and P o t e n t i a l  Energy e x p re ss io n s  

can be p a r t i# n e d .

2T = r
r \ t / „ r >and 2V = I ^ ( S ^ ) * ( '8 ^ ) ( ^ )

The summation r  i s  over a l l  symmetry sp e c ie s .

and X a re  p a r t io n e d  in to  b lo c k s ,  one b lo ck  f o r  each 

symmetry s p e c ie s  and th e s e  b lo ck s  a re  t r e a t e d  in d e p e n d e n t ly .

S ince  by d e f i n i t i o n

R » LQ 25

and 8 = HR
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I f  X the  e igen  v e c to r  m a tr ix  i n  symmetry c o o rd in a te s  i s  

d e f in e d  as

X = UL

T h e re fo re  8 = XO, 80

S u b s t i t u t i n g  f o r  8 and 8 in  e q u a t io n s

2T = 27  -

and comparing w i th  eq u a t io n s  28 and 29

(Sf = XX̂  81 = /L 82

T h ere fo re  f o r  a  g iv en  symmetry s p e c ie s  r ,  the  s e c u l a r  

e q u a t io n  i s

= X"‘ A"‘ 85

and p ro v id ed  th e  U m a tr ix  can be e v a lu a te d  the  e ig e n  v e c to r s  

and e ig e n  v a lu e s  a r e  c a l c u l a t e d  f o r  each symmetry s p e c ie s  i n  tu r n .

A lthough th e  G, P and L m a tr ic e s  a re  now e x p re ssed  i n  term s

of  symmetry c o o rd in a te s  i t  i s  s t i l l  nec 'essary  to  u se  i n t e r n a l

c o o r d in a te s  f o r  th e  f o r c e  c o n s ta n ts  i f  th ey  a re  to  be t r a n s f e r a b l e  

between s i m i l a r  m o le c u le s .  E qua tion  56 r e l a t e s  th e  P, Z and $ 

m a t r i c e s .

P -  [ j  / j  36

T h ere fo re  OTÜ* -  I  -
J J

o r  X » T a 84
J J

F and Z a re  now e x p re ssed  in  symmetry c o o rd in a te s  bu t $ i s  

s t i l l  i n  i n t e r n a l  c o o r d in a t e s .  The symmetry fo rc e  c o n s t a n t s ,  i . e .  

th e  e lem en ts  o f  th e  m a t r ix  k ,  a re  l i n e a r  com binations o f  th e  

i n t e r n a l  fo r c e  c o n s ta n t s  and th e  e lem ents  o f  ^ a re  no t r e s t r i c t e d  

to  b e in g  + o r  -  1 .0 .
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The Jaco h ian  i s  c a l c u l a t e d  u s in g  eq u a t io n  54*

' i . j  = 8 A ,  = L* S^L, 54

I f  L  .  UL.
1

where i s  the  i t h  column of the  e ig en  v e c to r  m a tr ix  f o r  

a g iven  symmetry s p e c i e s ,  th e n

L, = 0^%^

a l s o

s in c e  th e  t r a n s f o r m a t io n  m a tr ix  U i s  u n i t a r y .

S u b s t i t u t i n g  f o r  and 3^ in e q u a t io n  54

J  =
1 , J ^  %

= 85

T h e re fo re ,  p ro v id ed  th e  fo r c e  c o n s ta n t s  a r e  always i n  term s 

of i n t e r n a l  c o o r d in a te s ,  th e  Jaco h ian  can be c a lc u la te d  u s in g  

e i t h e r  \  and X ( i . e .  symmetry c o o rd in a te  e x p re s s io n s )  o r  L and 3 

( i . e .  i n t e r n a l  c o o rd in a te  e x p r e s s io n s ) .

C o n s tru c t io n  o f  the  Symmetry C oord ina te s

The symmetry c o o r d in a te s  a r e  g e n e ra te d  from th e  i n t e r n a l  

c o o rd in a te s  by c o n s id e r in g  how a  r e p r e s e n t a t i v e  i n t e r n a l  c o o rd in a te  

t ran s fo rm s  under th e  symmetry o p e ra t io n s  o f  th e  Symmetry P o in t 

Group. The r e p r e s e n t a t i v e  i n t e r n a l  c o o rd in a te s  a re  s e l e c t e d  by 

c o n s id e r in g  s e t s  o f  i n t e r n a l  c o o r d in a te s ,  which t ra n s fo rm  among 

th em se lv es ,  and ta k in g  one from each s e t .  The symmetry c o o rd in a te s
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a re  th e n  c o n s t r u c te d  u s in g  th e  e q u a t io n ,  (8 ) ,  P . 119,

= N y  OR 86^  o o r

where S i s  a symmetry c o o rd in a te  f o r  the  symmetry s p e c ie s  r .

i s  the  t r a c e  of th e  symmetry o p e ra t io n  0 f o r  the  symmetry 

sp ec ie s  r  ( tak en  from th e  C h a ra c te r  T a b le s ) .

OR  ̂ i s  th e  i n t e r n a l  c o o rd in a te  g e n e ra te d  by o p e ra t in g  on th e  

r e p r e s e n t a t i v e  c o o rd in a te  R^ w ith  symmetry o p e ra t io n  0 .

N i s  a  n o rm a l is in g  f a c t o r .

The summation i s  o v e r  a l l  symmetry o p e ra t io n s .

A symmetry c o o rd in a te  i s  g e n e ra te d  fo r  each r e p r e s e n t a t i v e  

i n t e r n a l  c o o rd in a te  f o r  each symmetry s p e c i e s .  (A symmetry 

c o o rd in a te  i s  no t always g e n e ra te d  s in c e  th e  i n t e r n a l  c o o rd in a te s  may 

sum t o  z e r o ) .

: E qua tion  86 i f  e x p re sse d  in  a lg e b r a ic  form r e l a t e s  th e  i t h

symmetry c o o rd in a te  to  the  change i n  th e  j t h  i n t e r n a l  c o o rd in a te

dRj.

i . e

TJ, . the  i , j t h  elem ent o f  th e  U m a tr ix ,  i s  e v a lu a te d  by the 

above method.

i . e .  I f  under symmetry o p e ra t io n  0

a Bj

For the  symmetry s p e c ie s  r  .

r a
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For n o n -d eg en e ra te  c o o rd in a te s  a = -  1, and th e  n o rm a lis in g  

f a c t o r  N a r i s e s  s in ce  hy d e f i n i t i o n  U i s  u n i t a r y .

I . e .  T±  ^ k , i  “ ^ ^

= 0 j  /  k

For a d - f o ld  d e g e n e ra te  symmetry s p e c ie s  th e r e  e x i s t s  d 

e q u iv a le n t  and o r th o g o n a l  s e t s  o f  symmetry c o o rd in a te s .  The 

symmetry c o o rd in a te s  a r e  g e n e ra te d  in  th e  normal way b u t two 

f u r t h e r  r u l e s  have to  be observed .

1 . For a  g iven  s e t  o f  symmetry c o o rd in a te s  the  r e p r e s e n t a t i v e

i n t e r n a l  c o o rd in a te  must t ran s fo rm  in  the  same manner under a l l  

symmetry o p e r a t io n s .

2 . The r e p r e s e n t a t i v e  i n t e r n a l  c o o rd in a te s  ta k e n  from the

same s e t  used  to  g e n e ra te  symmetry c o o rd in a te s  of d i f f e r e n t  s e t s

must be o r th o g o n a l .

These two r u l e s  mean t h a t  when s e l e c t i n g  a r e p r e s e n t a t i v e  

i n t e r n a l  c o o rd in a te  i t  i s  sometimes n e c e s s a ry  t o  use  a  l i n e a r  

com bination  o f  i n t e r n a l  c o o rd in a te s  which t ran sfo rm  i n  th e  r e q u i r e d  

manner.

In  Appendix I I  the  method c a l c u l a t i n g  symmetry c o o rd in a te s  

i s  a p p l ie d  to  1 ,4  d i f l u o r o  benzene .

S e c t io n  1.13 S e p a ra t io n  o f  i n  and o u t -o f -p la n e  v i b r a t i o n s .

The in t r o d u c t i o n  o f th e  concep t o f  symmetry le a d s  im m ediate ly  

to  the  f a c t o r i s a t i o n  o f  th e  S e c u la r  M atr ix  L f o r  p l a n a r  m olecu les
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b e fo re  the  i n t r o d u c t io n  o f  symmetry c o o r d in a te s .  A p l a n a r  m olecule 

p o s se s s e s  a cr ^ symmetry p la n e ,  i . e .  th e  m o lecu la r  p la n e .  I f  the 

X and y  c a r t e s i a n  axes l i e  i n  t h i s  p la n e  and th e  z a x i s  i s  

p e rp e n d ic u la r  to  i t  c o n s id e r  what happens to  th e se  axes on 

r e f l e c t i o n  through  t h i s  p la n e .

X ^  + X y  ^  + y

z 5 - S  -  z

An in  p lane  i n t e r n a l  c o o rd in a te  R^ ( i . e .  a bond s t r e c h ,  an 

angle  bend, o r  an in  p la n e  an g le  bend) in v o lv e s  only  m otion in

the X and y  d i r e c t i o n s  and on r e f l e c t i o n  a t  t h i s  p lan e

R, ^  + R.
1 1

An out of p la n e  i n t e r n a l  c o o rd in a te  R. ( i . e .  an out o f  p lane
. J

ang le  bend, t o r s i o n  o r  s p e c i a l  t o r s i o n )  in v o lv e s  on ly  m otion in

the  z d i r e c t i o n  and on r e f l e c t i o n  a t  t h i s  p lane

-  » ,

T h e re fo re  th e  te rm s i n  the  K in e t i c  and P o t e n t i a l  Energy 

e x p re s s io n s ,  g iven  by e q u a t io n s  and 17 in  a lg e b r a ic  form, 

in v o lv in g  R^ and R^ change s ig n  on r e f l e c t i o n .

s ' i . j  ^  -  A , à ^1 ,3  V j  ^

S ince  th e  K in e t ic  and P o t e n t i a l  E n e rg ie s  must be i n v a r i a n t  

under a l l  symmetry o p e r a t io n s ,
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I t  a l s o  fo l lo w s  t h a t  

s in c e --------- P ,P ^ ----- 5 " ^ i , j

where i s  the  momentum c o n ju g a te  w ith  (see  S e c t io n  1 .2 ) .

T h e re fo re  th e  G and P m a tr ic e s  can each he f a c to r e d  in to

two b lo c k s ,  G and G , and P and P .xy z ' xy z

T h ere fo re ° ^2:y 0

0 Gz 0 Fz

G F xy xy

The G and F m a t r i c e s  a lone  need be c o n s t r u c te d  when z z

c o n s id e r in g  on ly  ou t o f  p la n e  v i b r a t i o n s .

S e c t io n  1 .14  Redundancies

In  g e n e ra l  to  co m p le te ly  d e f in e  th e  5n-6 fundam ental v ib r a t i o n s  

of an n atom m olecule  i t  i s  n e c e s sa ry  to  in t ro d u c e  more th a n  5n*6 

i n t e r n a l  c o o r d in a te s .  O bviously  no i n t e r n a l  c o o rd in a te  can be 

a r b i t r a r i l y  excluded  as the  i n t e r n a l  c o o rd in a te s  must form a 

complete s e t .  I f  th e s e  a re  m i n t e r n a l  c o o rd in a te s  th e  G, F, L and 

m a tr ic e s  a re  o f  dim ension m so t h a t  when the  s e c u la r  e q u a t io n  i s  

so lved  th e r e  w i l l  be m -  (3n-6) zero  e ig e n  v a lu e s .  T h e ir  

a s s o c ia te d  e ig en  v e c to r s  a re  a l s o  z e ro  s in c e  a zero  e ig en  v a lue  

means no v i b r a t i o n a l  m otion o f  the  atom s.

In  s e c t i o n  1 .2  i t  was s t a t e d  t h a t  

j ; , ( d 7 /d R ,) , s  O
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This i s  only  t r u e  i f  th e  s e t  of i n t e r n a l  c o o rd in a te s  used 

i s  an independen t s e t  i . e .  i t  c o n ta in s  no re d u n d a n c ie s .  Then f o r  

each i n t e r n a l  c o o rd in a te  a t  th e  e q u i l ib r iu m  p o in t

dV/dR^ = 0

I t  i s  always p o s s ib l e  to  ex p ress  the  P o te n t i a l  Energy in  

terms of a s e t  of c o o r d in a te s  which c o n ta in  no redundancie s  but 

such a s e t  i s  u s u a l l y  no t conven ien t s in c e  th e  fo r c e  c o n s ta n ts  

a re  n o t  t r a n s f e r a b l e  between m olecu les  ( l l ) .  T he re fo re  i t  i s  

n e c e s sa ry  to  examine th e  c o n d i t io n s  u nder  which dV/dR^ can be 

ig n o red .

I f  th e  redundancy c o n d i t io n  i s

Z i  -  °

where a^ i s  a  c o e f f i c i e n t  and th e  summation i s  over i n t e r n a l  

c o o rd in a te s  r e q u i r e d  to  d e f in e  the  redundancy .

The c o n d i t io n  f o r  7  to  be a  minimum i s  now, (8) p ,1 7 2 .

I •1 L

T h ere fo re

i  hR. dR^ = o

>>Y
'bR^

-  k a^

o
where k  i s  an unde term ined  m u l t i p l i e r  known as  th e  

In te r m o le c u la r  T ension , (lO) p . 85 . A lthough th e  In te rm o le c u la r  

Tension i s  a  l i n e a r  te rm  i t  can be tra n s fo rm e d  to  a  q u a d ra t ic  term  

by e x p re s s in g  the  redundancy  c o n d i t io n  t o  th e  second o r d e r .  However 

even i f  t h i s  i s  done th e  in te r m o le c u la r  t e n s io n  cannot be e x p l i c i t l y
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e v a lu a te d  and i s  t h e r e f o r e  u s u a l ly  ig n o re d .

Crawford and Overend ( l l )  p o in te d  ou t t h a t  such a term 

can on ly  occu r  i n  the  f u l l y  symmetric symmetry s p e c ie s .  I f  

l i n e a r  te rm s a re  in c lu d e d  and th e  P o t e n t i a l  Energy ex p ressed  in  

symmetry c o o rd in a te s  as

o o
dS^dSjV ^7 dS^

0U j as^bS j
o

only  f o r  th e  f u l l y  symmetric symmetry sp ec ie s  does

f o r  a l l  symmetry o p e r a t io n s .

I f  8,  - 8,

s in c e  th e  P o t e n t i a l  Energy must be i n v a r i a n t  under a l l  

symmetry o p e r a t io n s .

Redundancies can a ls o  a r i s e  when e x p re s s in g  th e  S e c u la r  

E qua tion  i n  symmetry c o o r d in a te s .  A com ple te  s e t  o f  c o o rd in a te s  

must be g e n e ra te d  and t h i s  s e t  can o v e rd e f in e  the  S e c u la r  M atr ix ,  

i f  th e  red u n d an t symmetry c o o rd in a te s  can be i d e n t i f i e d  th e y  a re  

no t in c lu d e d ,  e . g .  in  Benzene S^

where Ŝ . -  + ^4 + ^5 +

th e  sum over a l l  th e  p h ic o o rd in a te s  r e p r e s e n t s  no o v e r a l l  

v i b r a t i o n a l  motion and i s  excluded .

However th e  symmetry c o o rd in a te s  which g ive  r i s e  to  zero  e igen  

v a lu e s  a r e  u s u a l l y  l i n e a r  com binations  o f  th e  o r i g i n a l  symmetry
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c o o rd in a te s  and a re  n o t  alw ays obvious on in s p e c t io n .  W hiffen ( l2 )  

g ives  a l l  th e  i n t e r n a l  r e l a t i o n s h i p s  which g ive  r i s e  to  redundan t 

symmetry c o o rd in a te s  i n  Benzene.

I t  i s  n o t  n o rm a lly  n e c e s sa ry  to  remove the  redundan t 

c o o rd in a te s .  The s e c u l a r  eq u a t io n  can s t i l l  be so lved  w ith  the  

redundant c o o rd in a te s  g iv in g  r i s e  t o  zero  e ig en  v a lu e s .  However 

i t  must be r e a l i s e d  t h a t  i f  red u n d an c ie s  a re  p re s e n t  G i s  

s in g u la r

i . e .  d e te rm in a n t  G = o

and t h e r e f o r e  cannot be i n v e r t e d .  This can g iv e  r i s e  to  

problems when c a l c u l a t i n g  the  C a r te s ia n  D isp lacem ents  o f  th e  

atoms i n  a  normal mode. Gussoni and Z e rb i  ( 13) have g iv en  a method 

of removing red u n d an c ie s  and t h i s  i s  rev iew ed  l a t e r  w i th  o th e r  

a s p e c ts  o f  the  programming o f the  v i b r a t i o n a l  problem .

S e c t io n  1.15 Band Shapes

In  the  gas phase th e  number of m o lecu les  w ith  moments o f  

i n e r t i a  sm all  enough t o  p e rm it  r e s o l u t i o n  and a n a ly s i s  o f  t h e i r  

in d iv id u a l  r o t a t i o n a l  l i n e s  i s  l im i t e d  ( 14 ) .  However u s e f u l  

in fo rm a t io n  can be o b ta in e d  from th e  o v e r a l l  band sh ap es .  A 

m olecule has t h r e e  p r i n c i p a l  moments of i n e r t i a ,  l a b e l l e d  A,B and 0 

such t h a t  C ^ B ^ A ,  R o ta t io n  abou t each of th e s e  axes i s  a s s o c ia te d  

w ith  a p a r t i c u l a r  band sh ap e .

FI GURE 1.2
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The problem i s  to  de term ine  th e  symmetiy s p e c ie s  to  which 

an observed  v i b r a t i o n  w i th  a p a r t i c u l a r  band shape b e lo n g s .

The f i r s t  s te p  i s  to  de term ine th e  magnitude o f  th e  moments

o f  i n e r t i a  and the o r i e n t a t i o n  o f  th e  a s s o c ia te d  p r i n c i p a l  a x es .

I n i t i a l l y  th e  geometry o f  th e  m olecule i s  exp ressed  i n  an

a r b i t r a r i l y  o r i e n t a t e d  s e t  o f  c a r t e s i a n  c o o r d in a te s .  For th e

p la n a r  F lu o r in e  s u b s t i t u t e d  Benzene m o lecu les  c o n s id e re d  in  t h i s

t h e s i s  th e  s e t  used  i s  g iv en  in  F ig u re  1.3«
X

F I GUR E  1. 3

The c o o rd in a te s  o f  th e  c e n t r e  o f  mass a r e  c a l c u l a t e d  u s in g  

th e se  c o o r d in a te s .

C = 1 T m.q. 88

where q i s  x ,  y or z .

T h e re fo re  i s  th e  c o o rd in a te  o f  t h e  c e n t r e  o f  mass and q^

the  c o o rd in a te  o f  the  i t h  atom f o r  th e  a x i s  under c o n s id e r a t io n ,

m  ̂ i s  th e  mass o f  th e  i t h  atom and

M -  ou 89

In  b o th  e q u a t io n s  88 and 89 th e  summation i  i s  over a l l

atoms.

Also the  e lem ents  o f  th e  moment o f  i n e r t i a  t e n s o r  a re  

c a l c u l a t e d .
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= I i  m. r .2  -  (cL̂  -  o ) 90

where 2
- L  -  °n)q 1  q'

The summation i s  over the  th r e e  c a r t e s i a n  axes a.nd t h e r e f o r e

r^  i s  th e  d i s t a n c e  between th e  c e n t r e  o f  mass and th e  i t h  atom.

Also = - Z i  ”>i ( l i  -  -  % ) 91qq' ‘- I  1 ' q '  ' "i q'

This g iv e s  th e  moment o f  i n e r t i a  t e n s o r  T in  t h r e e  c o o rd in a te  

space , a s  d e s ig n a te d  by the  c a r t e s i a n  c o o rd in a te s  x , y , z ,  i n  th e  

form

t t tXX xy xz
t t txy 77 yz

t t txz yz zz

This i s  d ia g o n a l iz e d  t o  f in d  th e  p r i n c i p a l  a x is  t r a n s fo rm a t io n  

R (e ig e n  v e c to r s )  and th e  p r i n c i p a l  moments o f  i n e r t i a  Î  (e ig e n  

value  8 ) .

Thus TR = RI

Both R and I  a re  3 by 3 m a t r ic e s ,  I  i s  d ia g o n a l .

The p ro c e ss  i s  o b v io u s ly  comparable w ith  th e  d i a g o n a l i z a t i o n  

o f  GF to  g iv e  L and / \ . I f  q i s  th e  o r i g i n a l  s e t  o f  c o o rd in a te s  

used to  e x p re ss  th e  moment o f  i n e r t i a  t e n s o r  T, and Q i s  th e  new 

s e t  of c o o rd in a te s  i n  which the  t e n s o r  t a k e s  the  d iag o n a l  foim I ,  

o b v io u s ly

q = RQ ( c f .  R = BQ)

I f  th e  new axes a r e  l a b e l l e d  X,’ Y, Z

and th e  o ld  axes a r e  l a b e l l e d  x ,  y ,  z
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q i s  a column v e c t o r  x and Q i s  a  column v e c to r  X

7 Y

z Z

For th e  p la n a r  m o lecu les  under c o n s id e r a t io n  z i s  always a 

p r i n c i p a l  a x is  and can im m edia te ly  he r e l a b e l l e d  Z. I f  th e  

o r i e n t a t i o n  o f  th e  axes  X and Y w ith  r e s p e c t  to  the  axes x and 

y i s

^ X

e

Then

and

X = X cos 6 -  Y s in  jZJ

y = X s in  Ô + Y cos

z = Z

q = RQ in  f u l l  m a t r ix  form i s

X cos 0 -  s in  0 X

7 = s i n  G cos f) 0 Y

z 0 0 1 Z

R i n  t h i s  form i s  a u to m a t ic a l ly  o r th o g o n a l  

,tRR E

The form o f  th e  r o t a t i o n  m a tr ix  R in  th e  g e n e r a l  c ase  i s  th e  

same a s  t h a t  r e l a t i n g  a r o t a t i n g  to  a  n o n r o ta t in g  a x i s  system 

u s in g  th e  so c a l l e d  E u le r i a n  a n g le s ,  ( 8 ) p . 286.
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The p r i n c i p a l  moment o f  i n e r t i a  m a tr ix  I  i s  o f  th e  form

Ix  o o

o ly

o o Ig

so w ith  each p r i n c i p a l  a x is  Q i s  a s s o c i a t e d  a  p r i n c i p a l  

moment 1^.

These axes  a re  now r e l a b e l l e d  so t h a t  th e  one w i th  th e  

l a r g e s t  moment i s  C, t h e  n e x t  B and th e  s m a l le s t  A.

T h e re fo re  the  m agnitude  and o r i e n t a t i o n  of th e  p r i n c i p a l  

moments o f  i n e r t i a  have been de te rm ined  and l a b e l l e d  A, B and 

C so t h a t  A< B< C.

The second s t e p  i s  to  de te rm ine  th e  symmetry s p e c ie s  to  which

a p a r t i c u l a r  a x i s  b e lo n g s .  I t  i s  n o t  n e c e s sa ry  to  do t h i s  i n

f u l l  by exam ining how each  a x is  t ra n s fo rm s  under a  g iv e n  symmetry

o p e r a t io n ,  s in c e  th e  s e l e c t i o n  r u l e  f o r  a  band to  be i n f r a  r e d

a c t i v e  i s  t h a t  i t s  norm al c o o rd in a te  shou ld  t ra n s fo rm  w i th  th e

same i r r e d u c i b l e  r e p r e s e n t a t i o n  as  a  t r a n s l a t i o n ,  and th e r e f o r e

each p r i n c i p a l  a x i s  c o in c id e s  w ith  a  t r a n s l a t i o n  a x i s .  The

t r a n s l a t i o n  axes a r e  den o ted  T , T and T i n  th e  c h a r a c t e r s  andx '  y  z
t h e i r  o r i e n t a t i o n s  a r e  de te rm in ed  by one o f  two methods. E i th e r

from th e  i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  the  symmetry s p e c ie s  of 

which th e y  a r e  a  member, e . g .  c o n s id e r  a  p la n e  and a  t r a n s l a t i o n  

a x is  Tq,

i f  Tq + Tq i t  l i e s  i n  th e  p la n e

i f  Tq -  Tq i t  i s  p e r p e n d ic u la r  t o  the  p la n e .
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OR, more u s u a l l y ,  a  s e t  o f  axes i s  in tro d u c e d ,  when 

d e te rm in in g  th e  symmetry o f  th e  m o lecu le , in  a  s p e c i f i c  manner 

fo l lo w in g  M i l l i k e n 's  R ules  ( l5 )  and th e s e  axes w i l l  t ra n s fo rm  

as T^, Ty o r T^* These s p e c i f i c  a x es ,  l a b e l l e d  x ,  y ,  z must 

not be con fused  w ith  th e  a r b i t a i y  c a r t e s i a n  axes .

Having de term ined  which symmetry a x i s  co in c id e s  w ith  which 

t r a n s l a t i o n  a  band shape  can be a s s ig n e d  to  t h e i r  a p p ro p r ia te  

symmetry s p e c ie s .

These remarks app ly  only  to  asymm etric top  m o lecu les

i . e .  A /  B /  C. TJeda and Shimanouchi ( l 6 ) have c a l c u l a t e d  th e  

band shapes f o r  40 such m o lecu les .

In  Appendix I I I  th e  above c a l c u l a t i o n s  a re  perform ed on

1 ,2 ,3 ,5  T e t r a  f lu o r o  Benzene.
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CHAPTER TWO The V ib r a t io n a l A ssignm ents and o th er  Input B ata .

SECTION 2 .1  Symmetry P o in t Groups

The method f o r  th e  d e term in a tio n  o f  fo r c e  c o n s ta n ts  

d escr ib ed  in  Chapter One i s  to  be a p p lie d  to  the o u t-o f -p la n e  

v ib r a t io n s  o f  some F lu o r in e  s u b s t itu te d  B enzenes. S in ce  th e se  

m o lecu les  are a l l  c o n s id e r e d  to be p la n a r  the v ib r a t io n s  are  

c o n v e n ie n t ly  c la s s e d  a s  e i t h e r  in  p la n e  or out o f  p la n e . B efore  

the c a lc u la t io n s  on the fo r c e  c o n s ta n ts  can be s ta r te d  the  

fundam ental fr e q u e n c ie s  have to  be determ ined  and a s s ig n e d  to  

th e ir  symmetry s p e c ie s .  Table 2 .1  l i s t s  th e  m o lecu les  co n s id ered , 

th e ir  Symmetry P oint Group c l a s s i f i c a t i o n ,  and the number and 

symmetry s p e c ie s  o f t h e ir  o u t -o f -p la n e  v ib r a t io n s .  The I n fr a  Red 

a c t iv e  v ib r a t io n s  are marked w ith  an a s t e r i s k .

The la b e l l in g  o f  th e  symmetry s p e c ie s  and the o r ie n ta t io n  

o f  th e c a r te s ia n  axes are  in  accordance w ith  th e  Recommendations 

o f  M u llik en  ( l5 )*  They a r e : -

1 . For p lan ar C^  ̂ m o le c u le s .

The z a x is  i s  th e  Ĉ  a x is  (th e  z a x is  i s  alw ays th e a x is  

o f  h ig h e s t  sym m etry).

The X a x is  i s  p erp en d icu la r  to  th e  m olecu lar  p la n e  (R e c .^ a ).

2 .  For p lan ar B^^ m o le c u le s .

The X a x is  i s  p erp en d icu la r  to  th e  m olecu lar  p la n e  (R ec .^ b ).

The z a x is  p a s se s  through the maximum number o f  atoms (R ec .^ b ).

3 . For p lan ar B^^ m o le c u le s .

The z a x is  i s  th e  0^ a x i s ,  and th e r e fo r e  p erp en d icu la r  to  

th e m o lecu la r  p la n e .
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The Symmetry P o in t Groups, and th e  Symmetry S p e c ie s  

o f  th e  O u t-o f-P la n e  V ib ra tio n s  o f th e  

F lu o r in e  s u b s t itu te d  Benzenes

MOLECÜLE SYMMETRY

POINT
GROUP SPECIES

1 .
2 .

5.

Benzene
Hexadeutero  Benzene 

Fluoro  Benzene

^ 6h

^6h

+

3A, + 6b ,»

^ 2u* + ^^2u

4 /  +

4 . Fluoro P en ta d eu te ro  
Benzene ° 2v 3Aj + 6Bi*

5. 1 ,2  d i f l u o r o  Benzene ° 2v 5-A-2 + 4Bi*
6 . 1 ,5  d i f l u o r o  Benzene ° 2v 3Ag + 6B1*

7.
8 .

9.

1 .4  d i f l u o r o  Benzene
1 .4  d i f l u o r o  T e t r a -  

d e u te ro  Benzene

1 , 2 ,5  t r i f l u o r o
Benzene

®2h

®2h

(=2,

Big +

V

3Ag +

3B2g +

3^2g +

+ 5B3U* 

+ 5®3u*

10. 1 ,2 ,4  t r i f l u o r o
Benzene C

S
9A"*

11.

12.

1 .5 .5  t r i f l u o r o
Benzene

1 .5 .5  t r i f l u o r o  
d e u te ro  Benzene °2y

34%"* 

3Ag +

+ 3E" 

6B^*

13. 1 ,5 ,5  t r i f l u o r o  
d id e u te r o  Benzene ®2t 3Ag + 6B^*

14. 1 ,5 ,5  t r i f l u o r o  
t r i d e u t e r o  Benzene ®5h 3A2"* + 3E"

15. 1 ,2 ,5 ,4  t e t r a f l u o r o  
Benzene ° 2 , 5Ag + 4 \ *

16. 1 ,2 ,5 ,5  t e t r a f l u o r o  
Benzene ° 2V 5A2 + 6Bj «̂

17.

18.

1 ,2 ,4 ,5  t e t r a f l u o r o  
Benzene

P e n ta f lu o ro  Benzene
»2h
02? 3Ag +

3%2g +
6B^*

+ 3®3u*

19. P e n ta f lu o ro  D eutero  
Benzene °2v 3Ag + 6Bj *

20. E ex aflu o ro  Benzene »6h 2®2g + +

Table 2 .1
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The X and y axes are d egen era te  and one o f  them must 

c o in c id e  w ith  one o f  th e  a x e s .

4 . For p lan ar m o lecu les*

The z a x is  i s  th e  a x is  and th e r e fo r e  p erp en d icu la r  to  

the m o lecu la r  p la n e .

The X and y  a x es  are d egen era te  and one o f  them must
t

c o in c id e  w ith  one o f  th e  a x e s .
»

The Cg axes and th e  cr̂  p la n e s  p a ss  through the g r e a te r  

number o f  atoms (R e c .5 d ) .

5 . For p lan ar m o le c u le s .

The xy p lan e  i s  th e  p lan e  and th e r e fo r e  the z a x is  

i s  p erp en d icu la r  to  th e  m o lecu la r  p la n e .

The C haracter T ab les u sed  are th o s e o f  W ilson , B eciu s and 

Cross ( 8 ) ,  Appendix X.

SECTION 2 .2  I n te r n a l C oord inates and Symmetry C oord in a tes .

For a l l  th e  m o lec u le s  th e r e  are 12 in te r n a l c o o r d in a te s ,

used to  s e t  up th e  G and F m a tr ic e s  i n i t i a l l y .  The f o r c e  c o n s ta n ts  

are e v a lu a te d  in  term s o f  th e  in te r n a l  co o r d in a te s  as o n ly  in  

t h is  form are th ey  t r a n s fe r a b le  betw een s im ila r  m o lec u les  o f  

d if f e r e n t  symmetry.

These tw e lv e  in t e r n a l  c o o r d in a te s  a re  d e s ig n a te d

1 . r  dy^ i  = 1 ,6  th e  o u t -o f -p la n e  a n g le  b en d s.

2 . R dpf̂  i  = 1 ,6  th e  s p e c ia l  (o r  B e l l )  t o r s io n s .
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where R i s  th e  C-C bond le n g th ,

and r  i s  th e  C-X bond le n g th  (X i s  th e  s u b s t i t u e n t ) .

In  term s o f  th e  Benzene s k e le to n , where the carbon atoms 

are number 1 to  6 , and the s u b s t itu e n ts  7 to  12, th e  in te r n a l  

c o o rd in a te s  are  shown in  F igure 2 .1 .

U sing t h i s  scheme fo r  th e numbering o f  the atoms in  the  

Benzene s k e le to n  and th e  schem es fo r  th e numbering o f  th e atoms 

in  the in te r n a l  c o o r d in a te s  g iv en  in  S e c t io n  1 .1 1 , th e atoms 

in v o lv e d  in  th e  tw elv e  in te r n a l  c o o r d in a te s  are g iv en  in  T ables

2 .2  and 2•3*

Having s e t  up th e  G and F m a tr ic e s  in  in te r n a l co o r d in a te s  

th ey  a re  now ex p ressed  in  symmetry c o o r d in a te s . There are n in e  

d if f e r e n t  tra n sfo rm a tio n s  from in te r n a l  to  symmetry co o rd in a te s  

depending on th e  symmetry and s tr u c tu r e  o f  the m o lec u le . The U 

(o r  tra n sfo rm a tio n ) m a tr ic e s  are g iv e n  in  Appendix 17 , T ables

2 . 4  -  2 .1 2 .  A lso shown are th e symmetry elem ents f o r  the  

m o le c u le s .

Appendix 7  l i s t s  th e  moments o f  i n e r t i a  fo r  the m olecu les  

and th e  symmetiy s p e c ie s  a s s o c ia te d  w ith  a g iv en  band sh a p e . This 

forms a u s e f u l  a id  to  assignm ent o f  th e  observed  fr e q u e n c ie s  o f  

a m o le c u le , provided  th e  gas phase spectrum  can be o b ta in ed .

SECTION 2 ,3  The V ib r a tio n a l A ssignm ents

B efore commencing on the c a lc u la t io n  o f  the fo r c e  f i e l d s  i t  

i s  n e c e ssa r y  to  have a com plete s e t  (a s  f a r  as p o s s ib le )  o f
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12

11

10

8

Figure 2 ,1  The In tern a l Coordinates
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Atoms Involved In  an O ut-of-P lane Angle Bend

INTERNAL COORDINATE
1

ATOM 
2 3 4

rd y i 7 6 2 1

rdyg 8 1 3 2

rdy3 9 2 4 3

rdy^ 10 3 5 4

rd7j 11 4 6 5

rdy^ 12 5 7 6

Table 2 .2

Atoms in volved  in  a S p e c ia l Torsion

INTERNAL COORDINATE
1 2

ATCM 
3 4 5 6

6 1 2 3 7 8

1 2 3 4 8 9

E d /j 2 3 4 5 9 10

3 4 5 6 10 11

4 5 6 1 11 12

Rd^^ 5 6 1 2 12 7

Table 2 .3
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v i b r a t i o n a l  f r e q u e n c ie s  a s s ig n e d  to  t h e i r  symmetry s p e c ie s .  

V ib ra t io n a l  s p e c t r a  and ass ignm ents  f o r  a l l  the m olecu les  

co n s id e red  (w ith  the  e x c e p t io n  o f 1 ,2 ,3  t r i f l u o r o  Benzene) have 

been p re v io u s ly  r e p o r te d  in  th e  l i t e r a t u r e  and form a good 

b a s is  f o r  t h i s  work. However v e iy  l i t t l e  d a ta  e x i s t s  f o r  th e  

f a r  I n f r a  Red re g io n .  T h e re fo re  th e  v i b r a t i o n a l  s p e c t r a  of the  

fo l lo w in g  compounds were re c o rd e d  in  th e  gas phase i n  the  

reg io n  100 -  400 cm

1 ,2  d if lu o r o  Benzene

1 .4  d i f l u o r o  Benzene
1 .2 .4  t r i f l u o r o  Benzene

1 .3 .5  t r i f l u o r o  Benzene

1 . 2 . 3 . 5  t e t r a f l u o r o  Benzene
1 . 2 . 4 . 5  t e t r a f l u o r o  Benzene
P e n ta f lu o ro  Benzene

E ex a f lu o ro  Benzene

The s p e c t r a  a re  d e p ic te d  in  F ig u re s  2 .2  -  2.9«

They were measured in  a  107 cm. gas  c e l l  u s in g  a Grubbs

Parsons cube i n t e r f e r o m e t e r .  The o p t i c a l  layou t i s  shown in

F igure  2 .1 0 .  The o u tp u t  was in  th e  form o f  a  f o u r i e r  t ran s fo rm  

o f the  spectrum  re c o rd e d  on punch ta p e .  This was p ro c e ssed  to  

g ive  a  c o n v en t io n a l  spec trum  by th e  U n iv e r s i ty  o f  London A tla s  

Computer u s in g  an Autocode program.

The compounds w ere a l l  commercial sam ples . They were 

degassed  and d r ie d  and a l low edc to  ev ap o ra te  in to  th e  c e l l  v i a  a
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Fig . 2 ,2  1 ,2  d i f lu o ro  Benzene

F ig . 2 ,3  1 ,4  d i f lu o ro  Benzene

F ig .  2 .4  1 ,2 ,4  t r i f l u o r o  Benzene

F ig . 2 .5  1 ,3 ,5  t r i f l u o r o  Benzene

4 0 0  
I_

3 0 0
I

2 0 0 
 I___

TOO 
___ I



Fig , 2 ,6 1 ,2 ,3 ,5  t e t r a f lu o r o  Benzene

Fig , 2 ,7  1,2,4-,5 t e t r a f lu o r o  Benzene

F ig , 2 ,8  Pen tafluoro  Benzene

F ig , 2 ,9  Hexafluoro Benzene

4 0 0

I__
3 0 0

___ I___

200  

—k—

100 

 I
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Source Chopper

M irror 
-  Moving 

(Step Driven)

Plane
M irror

Beam S p l i t t e r  
(Thin H elinex  Film)

C ell Window 
( Polyethylene)

M irror -  Fixed

ICO cm Gas C ell

C ell Window 
(Polyethylene)

Polyethylene Converging Lens

Golay
D etector

Figure 2.10 O p tica l  Layout o f  In te r fe ro m e te r
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vacuum l in e *  The p r e s s u r e s ,  which were reco rd ed  u s in g  a 

Glycol manometer, were in  th e  re g io n  o f  5-30 cm. o f  Glycol 

( i . e .  from 2.58*10 ^ to  1 . 32.10  ^ m oles , cm”*^)*

A lso , w herever p o s s ib le  th e  s p e c t r a  between 1000 and

400 cm” ^ were rem easured  in  th e  gas phase  i n  a  10 cm. c e l l  u s ing

a P e rk in  Elmer 325 I n f r a  Bed S p ec tro m e te r .

The observed  f r e q u e n c ie s  (o b s .v )  and t h e i r  w e ig h tin g  

f a c t o r s  (w), which were used  in  th e  c a l c u l a t i o n s ,  a re  g iven  f o r  

each m olecu le  i n  t u r n  i n  t a b l e s  2 ,13  -  2*32. Also two s e t s  of 

r e s u l t s  ( i . e .  th e  c a l c u l a t e d  f r e q u e n c ie s  ( c a l c . v ) ,  th e  

d i f f e r e n c e s  between th e  observed  and c a lc u la te d  f r e q u e n c ie s  (dv) 

and th e  s ta n d a rd  d e v ia t io n  of the  c a l c u l a t e d  f r e q u e n c ie s  (cr ( v ) ) )  

a re  g iv e n ,

A, f o r  an 18 p a ra m e te r  fo r c e  f i e l d

B, f o r  a  23 p a ram ete r  fo r c e  f i e l d

Both f i e l d s  were f i t t e d  to  th e  d a t a  f o r  th e  e n t i r e  s e r i e s

o f m o lecu le s .  Also g iv e n  a r e  th e  w eigh ted  square  e r r o r  (WSQEH),

th e  w eigh ted  av erag e  freq u en cy  e r r o r  ( i d v l ) , a n d  th e  w eighted

average s ta n d a rd  d e v ia t io n  ( l o i ) .  A l l  f r e q u e n c ie s  a re  g iv en  

in  u n i t s  o f  cm"^.

The ass ignm ents  a r e  based  n o t  o n ly  on th e  work r e p o r te d  in  

th e  l i t e r a t u r e  and th e  p r e s e n t  s p e c t r a  b u t  a l s o  on a number o f  

s e t s  o f  c a l c u l a t i o n s .  R a d c l i f f e  and S te e le  (24) f i t t e d  a  15 

pa ram ete r  fo r c e  f i e l d  (h e n c e fo r th  r e f e r r e d  to  as th e  f i e l d  o f  EandS)
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to  the o u t - o f - p la n e  v i b r a t i o n s  of Benzene, F luoro Benzene,

1,4 d i f l u o r o  Benzene and t h e i r  f u l l y  d e u te r a te d  analogues  ( i . e .  

m olecules  1 , 2 ,3 ,4 ,7  and 8 in  Table 2 # l)  and the  f r e q u e n c ie s  

c a l c u la te d  f o r  a l l  m o lecu les  u s in g  t h i s  f i e l d  form a good 

s t a r t i n g  p o in t  f o r  th e  a ss ig n m en ts .  Also th r e e  s ta g e s  o f  

p e r tu r b a t io n  a n a ly s i s  were perform ed and a t  each s ta g e  by 

making com parisons between th e  c a l c u l a t e d  f r e q u e n c ie s  and 

observed s p e c t r a  i t  was p o s s ib le  to  make f u r t h e r  a ss ig n m en ts .

V arious  te ch n iq u es  used  in  making the  ass ignm ents  in c lu d e  

the i n e q u a l i t y  r u l e ,  the  exam ination  o f  the  com bination bands 

and the  t h e o r e t i c a l  eq u iv a len c e  o f  th e  f re q u e n c ie s  i n  c e r t a i n  

cases  and th e y  a re  d e s c r ib e d  i n  d e t a i l  where t h e i r  u se  o ccu rs .
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BENZENE

18 Parameter F i e l d 23 Parameter F i e ld

o b s . V w c a l c .  V dv a(v ) c a l c .  V dv cr(v)

■R 990
1

1 . 0 989 .8 -  0 .2 9 .2 1002.8 +12,8 5 . 0
2g

707 1 . 0 727 .7 +20 .7 10 .2 702.5 -  4 .5 5 .6

p 846 1 . 0 8 2 0 .0 —26 * 0 6 .6 8 3 7 .6 — 8 . 4 4 .3
I g

846 0 . 0 8 2 0 .0 —2 6 .0 6 .6 837.6 — 8 . 4 . 4 .3

*̂ 2u 673 1 . 0 6 6 5 .9 -  7 . 1 1 0 .2 673 .4 + 0 .4 5 .4

967 1 . 0 9 5 5 .9 - 1 1 . 1 7 . 1 981.3 +14 .3 4 .5

967 0 . 0 9 5 5 .9 - 1 1 . 1 7 . 1 981.3 +14 .3 4 .5
2u 398 1 . 0 421 .6 +23 .6 6 .8 411 .1 +13 .1 3 .5

)98 0 . 0 4 2 1 .6 +23 .6 6 .8 411 .1 +13 .1 3 .5

1 dvi and cr (v) 14 .8 8 . 3 8 .9 4 .7

WSQER 1 .2 5 9  z  10"-3 0 .618  X 10""3

Table 2.13

The fundam ental f r e q u e n c ie s  of Benzene have been d iscu ssed  

in  g r e a t  d e t a i l  by many a u th o r s .  B rodersen  and Langseth ( I 7) have 

reviewed th e  s u b je c t  as w e l l  a s  a c c u r a t e ly  m easuring th e  f r e q u e n c ie s  

in  th e  gas and l i q u i d  p h a se .  The fundam ental f r e q u e n c ie s  th ey  

g ive  a re  used  h e r e .  T h e ir  ass ignm ents  a re  based on th o se  o f  

Ingo ld  and cow orkers, who p u b l ish e d  a long s e r i e s  o f  p ap ers
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e n t i t l e d  "The S t r u c tu r e  o f  Benzene". P a r t  XXI (1 8 )summarizes 

the  work.

Only one member o f  a s e t  o f  d e g en e ra te  f r e q u e n c ie s  i s  used 

in  th e  c a l c u l a t i o n s  s in c e  the  s e t  r e p r e s e n t s  only one 

o b s e rv a t io n .
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ÏÏEXADEÜTERO BENZENE

18 Param eter F i e ld 23 Param eter  F ie ld

o b s .  v w c a l c .  V dv a (7 ) c a lc .  V dv c(7 )

•R 829 1 .0 837.3 + 8 .3 11.6 832.4 + 3.4 6 .0
2g

599 1 .0 608.9 + 9 .9 8 .9 598.7 -  .3 4 .8

E 660 1 .0 637 .8 -2 2 .2 5.1 651.6 -  8 .4 3.4
Ig

660 0 .0 637.8 -2 2 .2 5 .1 651.6 -  8 .4 3.4

4 u 496 1 .0 489 .1 — 6 .9 7 .5 494.4 — 1.6 3.9

787 1 .0 778.1 -  8 .9 11.2 797.7 +10.7 5.9

787 0 .0 778.1 -  8 .9 11.2 797.7 +10.7 5.9
2u

345 1 .0 366.8 +21.8 5.9 357.7 +12.7 3.4

345 0 .0 366.8 +21.8 5 .9 357.7 +12.7 3 .4

1 dv and <T (v) 13.0 8 .4 6 .2 4.6

WSQER . 572 . 10“*̂ .182 .10"^

Table 2 .14

As f o r  Benzene, the f r e q u e n c ie s  and ass ignm ents  a re  th o se  of 

Brodensen and Langseth  ( l? )*
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FLUORO BENZENE

18 Param eter F ie ld 23 Param eter  F ie ld

o b s . V w c a l c . v dv a(T) c a l c .v dv 0(7)

970 1 .0 952.2 - 17.8 6 .8 960.5 -  9.5 3.6

^2 826 - 1 .0 811.2 —14 .8 6 .1 8I 5.6 - 10.4 3.2

405 1 .0 418.8 +13.8 6.6 4- 8 .5 + 3.5 3.6

997 1 .0 979.3 - 17.7 6 .5 992.5 -  4 .5 3.5

894 1 .0 886 .0 -  8 .0 4 .4 896.7 + 2 .7 2.4

754 1 .0 745 .0 -  9 .0 5.6 747.3 — 6 .7 3 .0
B,1 685 1 .0 687.4 2 .4 5.9 681.6 -  3.4 3.5

500 1 .0 493.5 -  6 .5 5 .4 503.2 + 3.2 3.3

242 1 .0 237.5 -  4 .5 3 .4 242.3 + .3 2.1

1 dv 1 and c  (v) 10.5 5.6 4 .9 3.1

WSQER 1 . 232 . 10“ ^ . 304 . 10*“^

Table 2.15

The f i r s t  com plete assignm ent o f  F luoro  Benzene was t h a t  o f  

Smith e t . a l . ( l 9 ) . '  They observed  type  C bands i n  the  gas phase 

i n f r a  r e d  spectrum  a t  894» 754» 685 and 500 cm which were a ss igned  

to  the  Bĵ  s p e c ie s  (B^ i n  t h e i r  n o t a t i o n ) .  They a lso  a ss ig n e d  the  

Raman band a t  242 cm"^ as  th e  low est b^ v i b r a t i o n .  T h e ir  assignm ents
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f o r  th e  Ag s p e c ie s  and th e  rem ain ing  v i b r a t i o n  a re  in c o r r é c t  

and rea ss ig n m e n ts  were made by S c o tt  e t . a l . ( 2 0 ) ,  which were based 

on the work o f  K olhrausch and W it t ig  ( 2 l ) .  They a ss ig n e d  the  

Ag sp ec ie s  as 97'0> 826 and 405 cm assuming t h a t  th e  826 cm"^ 

band occu rs  i n  th e  l i q u i d  phase i n f r a  r e d  spectrum i n  v i o l a t i o n  

of th e  s e l e c t i o n  r u l e s .  Also th ey  a s s ig n e d  th e  h ig h e s t  b^ 

fundam ental as  997 cm"^. Whiffen (22) g iv e s  a  va lue  o f  980 cm"^ 

f o r  t h i s  band, bu t s in c e  i t  has n o t been observed  as a  type  C band 

in  th e  gas phase i n f r a  r e d  i t  i s  im p o ss ib le  to  make an a c c u ra te  

ass ignm ent.
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FLUORO PENTADEUTERO BENZENE

o b s .  j w

18 Param eter  F ie ld  

c a l c . v  dv a (v )

23 P a ram eter  F ie ld  

c a l c .v  dv o(v)

- 0 .0 776.2 - 11.5 777.3 - 5.9

4 639 1 .0 631.2 -  7 .8 4 .7 634.5 -  4 .5 2.5

350 1 .0 363.4 13 .4 5.6 357.1 + 7 .1 3.0

825 1 .0 8I 7 .2 -  7 .8 8 .2 817.0 -  8 .0 4 .3

767 1 .0 738.6 —28.4 6 .5 761.5 -  5.5 3.8

627 1 .0 624.2 -  2 .8 5 .2 619.6 -  7*4 2.9

556 1 .0 545.6 —10*4 4 .4 549.8 -  6 .2 2.9

427 1 .0 428.3 + 1 .3 5.2 430.5 + 3.5 2.9

229 1 .0 223.4 -  5*6 3.3 228.7 -  .3 2 .1

I dvI £ 

WE

md Œ (v)

3QER .
9 .7

812.10"

5 .4
5 .

5.3

154 . 10"

3.1
5

Table 2 .16

The on ly  r e p o r te d  s p e c t r a  and ass ignm ents  f o r  F luoro  

P en tad eu te ro  Benzene a r e  th o s e  o f  S te e le  e t . a l . ( 2 3 ) .  The s tro n g  

type C bands a t  627, 556 and 427 cm" were a ss ig n e d  im m ediate ly  to  

the  B  ̂ s p e c i e s .  A Raman band a t  229 cm ^ was a ss ig n ed  on th e  

lowest b^ fundam en ta l .  The two rem a in ing  b^ fundam entals  were
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assigned  as 825 snd 717 cm The 825 cm ^ assignm ent presumably 

was based on th e  com bina tion  bands and th e  717 cm"^ assignm ent 

was based  on an ex trem ely  weak type C c o n to u r .  On th e  b a s i s  of 

the  fo r c e  f i e l d  o f  R and S, which i n d i c a t e s  a f requency  o f  757 cm” ^, 

i t  seems re a so n a b le  to  r e a s s i g n  th e  second h ig h e s t  b^ fundam ental 

to  th e  weak Raman band a t  7^7 cm The low est a^ fundam ental 

was a ss ig n e d  to  th e  ex trem e ly  weak Raman band a t  350 cm"^. The 

next a^ fundam ental was a s s ig n e d  to  th e  l i q u i d  phase i n f r a  re d  

band a t  682 cm"^, but t h i s  assignm ent i s  i n c o r r e c t .  I t  i s  

c a lc u la te d  to  be a t  644 cm” ^ u s in g  th e  f i e l d  o f R and S and i s  

th e re fo re  r e a s s ig n e d  a s  th e  medium s t r e n g t h  Raman band a t  639 cm 

A t e n t a t i v e  assignm ent o f  7^9 cm"^ f o r  the  h ig h e s t  a^ fundam ental 

was made on th e  b a s i s  o f  th e  com bination  bands bu t no t used  in  

the  c a l c u l a t i o n s  r e p o r te d  h e r e ,  which in d i c a t e  however t h a t  i t  i s  

c o r r e c t .
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1^2 DIFLUORO BENZENE

18 Param eter F ie ld 23 Param eter F ie ld

o b s .  V w c a l c . v dv (r(7) c a l c .v dv o(v)

982 0.8 975.3 -  6 . 7 5.8 984.8 + 2.8 3 . 1

840 0.8 838.5 -  1 . 5 5 . 1 847.1 + 7 . 1 3 . 0

703 1.0 7 1 5 . 7 +1 2 . 7 8.2 706.3 + 3 . 3 4 . 9

>
0.0 552.6 - 8 . 5 5 5 5 .6 - 4 . 9

198 1.0 1 7 8 . 3 "19.7 3 . 9 1 9 3 .8 — 4 . 2 2 . 9

929 1.0 928.8 — 0.2 5 .3 9 3 1 .3 + 2 . 3 2.8

749. 1 .0 7 4 2 . 2 -  6.8 5.9 744.5 " 4 . 5 3.2

450 1.0 4 5 0 . 1 + .1 5 . 2 4 4 6 . 8 -  3.2 3.5

298 1.0 283.2 - I 4 . 8 4 . 9 279.4 -18.6 2 . 9

1 dvi and cr ( \0 7 . 8 5 . 5 5.8 3 . 3

WSQER . 242 . 10“•3 122 . 10"^

Table 2 .1 ?

S p e c t ra  and a ss ig n m en ts  f o r  1 ,2  d i f l u o r o  Benzene have been 

r e p o r te d  by Nonnenmacher and Mecke ( 2 5 ) , S c o t t  e t . a l .  (2 6 ) ,  and 

Green e t . a l . ( 2 ? ) .  They a l l  r e p o r t  type C bands a t  approx im ate ly  

930, 750 and 450 cm which were a ss ig n e d  to  th e  B  ̂ s p e c ie s .  The 

a c tu a l  v a lu e s  quoted  above a re  th o se  o f  Green. Using the fo r c e



100

f i e l d  o f  R and S the  lo w es t  fundam ental was c a l c u l a t e d  to  be 

a t  298 which a g re e s  w i th  the  ass ignm ent o f  Green. This was

based on a s t ro n g  Raman l i n e  and re -e x am in a t io n  o f th e  Raman 

spectrum confirm ed th e  p re se n c e  o f  a  s t ro n g  band, d e p o la r i s a t io n  

r a t i o  0.75  -  0 . 05 , a t  t j i i s  f req u en cy . The a^ fundam entals were 

c a lc u la te d  to  be a t  978, 811, 743, 545 and 188 cm~^. These v a lues  

are in  re a so n a b le  agreem ent w ith  th e  ass ignm ents  of Green w ith  

the e x c e p t io n  o f  th e  band c a l c u l a t e d  to  be a t  545 cm” ^ . Green 

ass igned  t h i s  fundam enta l as  598 cm ^ on th e  b a s i s  of a weak Raman 

l in e  a t  t h i s  freq u en cy  and a weak l i q u i d  phase i n f r a  re d  band a t  

588 cm"^, a p p ea r in g  in  d e f ia n c e  o f  th e  s e l e c t i o n  r u l e s .  A ll 

c a l c u l a t i o n s  p la c e  t h i s  band in  th e  r e g io n  o f  550 cm On 

re -e x am in a t io n  o f  the  Raman s p e c t r a  no f u r t h e r  bands i n  t h i s  reg io n  

could be observed  due t o  the  p resen ce  o f  th e  s t ro n g  b^ fundamental 

a t  551 cm ^ and th e  s t ro n g  a^ fundam ental at 588 cm The 

a l t e r n a t i v e  assignm ent o f  2 x 298 (b^) = 598 (a^) e x i s t s  f o r  th e  

band a t  598 cm’"^. The 982 and 84O cm"^ a^ fundam entals  a re  g iven  

w eigh ting  f a c t o r s  of 0 .8  s in c e  they  a re  a ss ig n ed  to  l i q u i d  phase 

i n f r a  re d  bands (27) and a re  th e r e f o r e  ap pearing  in  d e f ia n c e  of 

s e l e c t io n  r u l e s .  The 982 cm"^ band i s  ve ry  weak and th e  evidence 

f o r  th e  840 cm ^ band i s  based  a lso  on com bination bands, which do 

not i n d i c a t e  an exac t f r e q u e n cy .  The low est a^ fundamental was 

remeasured and found to  be a t  198 cm ^ r a t h e r  than 198 cm

Hat t a  and Kozima (28) from an i n v e s t i g a t i o n  of the  microwave
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s p e c t r a  made th e  fo l lo w in g  a ss ig n m en ts :  th e  low est fundamental

a t  208 -  10 cm th e  low est a^ fundam ental a t  255 -  10 cm"^; the
+ -1lowest fundam ental a t  500 -  10 cm . The ag and assignm ents

agree w i th  th o se  used  h e re  bu t the  a^ cau ses  some co n fu s io n .

Scott a s s ig n e d  th e  lo w est a^ fundam ental to  a ”v e iy ,  v e iy ,  very

weak" Raman band a t  240 cm"*̂  which was no t d e te c te d  on

re -e x am in a tio n  o f  th e  Raman spectrum . An exam ination o f  th e

gas phase i n f r a  r e d  spectrum  (F igu re  2 .2 )  showed a confused
-1contour c e n te re d  a t  285 cm . I t  cannot be a  type  B band as t h i s

would i n d i c a t e  a  b^ fu n d am en ta l ,  th e  low est o f  which i s  observed

to be a t  440 cm~^ (26) and c a l c u l a t e d  by S ch e re r  (26) to  be a t

424 cm*^. Also th e re  i s  no s t ro n g  Q b ranch  and th e r e f o r e  i t

cannot be th e  b̂  ̂ fundam ental observed in  th e  Raman spectrum a t

298 cm~^. The l i q u id  phase  i n f r a  r e d  spectrum  shows on ly  one

band c e n t r e d  a t  287 cm"^ too  f a r  removed from 298 cm ^ tobe  the

b^ fundam en ta l .  S ch e re r  c a l c u l a t e d  th e  low est a^ fundam ental to
«•1be a t  519 cm . This s u g g e s ts  t h a t  the  low est a^ fundam ental i s

a t  287 cm"^ and t h a t  th e  va lu e  g iven  by H a t ta  and Kozima i s  low.



1 .3  BIFLÏÏORO BENZENE

10?

o b s .v w

18 Param eter F ie ld  

c a l c . v  dv o(v)

25 Param eter F ie ld  

c a l c .v  dv o (v)

879 1 .0 885.6 + 6 .6 5 .0 887.8 + 8 .8 2.9

^2 599 1 .0 565.4 -5 5 .6 5.5 580.8 -1 8 .2 5.7

251 1 .0 241.5 -  9.5 5 .9 248.4 -  2 .6 2.7

978 1 .0 964.6 - 15.4 4 .9 967.0 -1 1 .0 2.6

855 1 .0 867.2 +14.2 4 .1 851.0 — 2 .0 2.8

769 1 .0 775.8 + 6 .8 5.7 778.2 + 9.2 5.2

672 1 .0 666.9 -  5 .1 6.5 671.0 — 1*0 5.7

458 1 .0 447.6 - 10.4 5.5 451.4 -  6 .6 5.1

255 1 .0 227.9 -  7 .1 5 .5 251.0 — 4 .0 1.9

1 dvi and c (v) 12 .1 4 .9 7 .1 5 .0

WSQER 1.181.10*3 . 492 . 10*3

Table 2 .18

S p e c tra  and a ss ig n m en ts  f o r  1 ,5  d i f l u o r o  Benzene have been 

re p o r te d  by Ferguson e t . a l . ( 2 9 )  and Nonnenmacher and Mecke ( 25 ) .

Type C bands were observed  in  th e  gas phase  i n f r a  re d  spectrum  by 

both groups a t  855 and 769 cm"^ and by Nonnenmacher and Mecke a t  

672 and 458 cm"^. Ferguson and coworkers observed the  co rrespond ing
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bands i n  th e  l i q u i d  p h a se .  However they  a ss ig n ed  th e  458 cm*^ 

band as a  b^ fundam ental and one a t  48O cm“ ^ as the  b^ fundamental, 

These ass ignm ents  were re v e r s e d  by Green e t . a l , ( 2 7 ) ,  who r e v i s e d  

many of F e rg u so n 's  a ss ig n m e n ts ,  and t h i s  i s  supported  by 

c a l c u l a t i o n s  u s in g  th e  f i e l d  o f  R and S which in d ic a te  th a t  

t h i s  b^ fundam ental i s  a t  458 cm*^. The low est b^ fundam ental 

was a ss ig n e d  to  a d e p o la r i s e d  Raman l i n e  a t  255 cm*^. Green 

ass igned  th e  h ig h e s t  b^ fundam ental as 978 cm*^. This i s  based  

on th e  i n f r a  r e d  a c t i v e  C-H o u t - o f - p la n e  ang le  bend com bination 

bands found in  th e  r e g io n  I 6OO -  I 9OO cm which fo l lo w  a 

h ig h ly  c h a r a c t e r i s t i c  p a t t e r n  f o r  s u b s t i t u t e d  Benzenes ( 50) .

The f o l lo w in g  bands ta k e n  from F e rg u so n 's  paper i n d i c a t e  a 

fundam ental in  th e  r e g io n  o f  978 cm"^.

c a l c .  obs .

769 + 978 (b^) » 1747 1751

879 (ag) + 978 (b^) = 1857 1852

2 X 978 (b^) = 1956 1961

The ass ignm ents  f o r  the  s p e c ie s  made by Green (assuming 

th a t  t h e i r  value o f  271 cm*^ f o r  th e  low est should r e a d  251 cm 

are  i d e n t i c a l  w ith  th o s e  of Ferguson and a re  used in  th e  

c a l c u l a t i o n s  w ith o u t  m o d i f ic a t io n .
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l . i  DIFLUORO BENZENE

18 Param eter F ie ld 25 Param eter F ie ld

obs .V w c a l c .v dv a (v ) c a l c .v dv o(v)

h g 800 1 .0 8O3 .O + 5 .0 6 .4 799.9 — 0.1 5.7

928 1 .0 925.7 -  4 .5 6 .6 917.2 -1 0 .8 4 .4

692 1 .0 685.5 -  6 .7 8 .2 694.7 + 2 .7 4 .4

575 1 .0 560.2 - 14.8 5.5 580.7 + 5.7 5.5

A 945 1 .0 947.6 + 4 .6 6 .8 955 .2 -  9 .8 4.5
U

405 1 .0 415.8 +10.8 6 .4 406.0 + 1 .0 4 .6

836 1 .0 824.9 -1 1 .1 7 .4 855.4 — 2.6 4 .2

"3u 508 1 .0 515.8 + 7 .8 7 . 2 522.1 +14.1 4 .1

157 1 .0 156.4 — 0.6 2 .8 160.0 + 5 .0 1 .7

1 dv 1 and <J (v) 7 .1 6 .5 5.5 5.8

WSQER . 295 . 10-3 . 547 . 10*3

Table 2.19

S p e c tra  and a ss ig n m en ts  have been re p o r te d  f o r  1 ,4  d i f lu o r o  

Benzene by Ferguson e t . a l . ( 5 l ) ,  S t o j i l j k o v i c  and W hiffen (32) 

made a number of re a ss ig n m e n ts  based on a comparison w i th  1 ,4  

d ic h lo ro ,  1 ,4  dibromo and 1 ,4  d iiodo  Benzene. S te e le  e t . a l . ( 3 3 )  

examined th e  l i q u i d  phase  f a r  i n f r a  r e d  spectrum and a ss ig n ed  a
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band a t  I 64 cm"^ as th e  low est b^^ fundam enta l . An exam ination

of the gas phase f a r  i n f r a  re d  spectrum  (F igu re  2 .5 )  confirm ed

th i s  assignm ent by th e  o b s e rv a t io n  o f  a  band w ith  a type C 
-1contour a t  157 cm The tw o o t h e r  b^^ fu n d a m e n ta ls  w ere a l s o

reexamined in  th e  gas phase  i n f r a  re d  and observed to  be a t  
-1856 and 5O8 cm . For th e  o th e r  symmetry sp ec ie s  th e  ass ignm ents  

of S t o j i l j k o v i c  and W hiffen were used  in  th e  c a l c u l a t i o n s ,  

except f o r  the  lower a^ fundam ental f o r  which they  made no 

ass ignm ent. Gates e t . a l . ( 5 4 )  and Green e t . a l . ( 2 7 )  b o th  g ive  

a va lue  of 405 cm ^ f o r  t h i s  fundam ental bu t  o f f e r  no 

e x p la n a t io n .  Since v i b r a t i o n s  o f  th e  sp ec ie s  a re  i n a c t iv e  i n  ■ 

both th e  i n f r a  r e d  and Raman th e  ass ignm ent i s  presumably made 

on the  b a s i s  o f  th e  com bina tion  bands, o f  which the  fo l lo w in g  

support the  v a lu e  o f  405 cm

405 (a^)  + 800 ( t^ g )  . 

405 ( a j  + 1617 (b jg )

C a lc u la te d

1205

2022 (b j^ )

Observed

1205

2020
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1.4 DIFLUORO TETRADEÏÏTERO BMZEKS

18 Param eter F ie ld 25 Param eter F ie ld

o b s .v w c a l c . v dv o(v) c a l c .v dv c (7 )

h g 614 1 .0 624.7 +10.7 4 .9 622.5 + 8.5 2.9

780 1 .0 768.2 -1 1 .8 9.3 777.9 -  2 .1 5.3

600 1 .0 6O9 .2 + 9.2 6 .5 599.6 — 0*4 4.2

366 1 .0 347.7 - 18.5 5 .4 371.2 + 5.2 3.6

0 .0 774.2 11.9 751.9 7.5
A,u - 0 .0 560.1 - 5.5 356.5 - 2.8

732 1 .0 719.3 - 12.7 9 .1 739.7 + 7 .7 4 .8

422 1 .0 432 .0 +10.0 6 .6 427.8 + 5.8 5.6

163 1 .0 154.1 -  8.9 2 .8 158.4 -  4 .6 1.8

1 dv 1 and cr (v) 11.6 6 .4 4 .9 3.7

WSQER 425 . 10*3 .099.10*3

Table 2 .20

The o n ly  r e p o r te d  s p e c t r a  and assignm ents  f o r  1 ,4  d i f lu o ro

T e tra d e u te ro  Benzene a re  th o se  o f  G ates e t . a l . ( 5 4 ) »  S te e le  e t . a l .

(33) examined the l i q u i d  phase  f a r  i n f r a  r e d  spectrum and a ss ig n ed

the  low est b ,  fundam ental to  a  band a t  I 64 cm T e n ta t iv e  5u
assignm ents  o f  780 and 3^7 cm*^ were made (34) f o r  th e  two a^
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fu n d a m e n ta ls  on th e  b a s i s  o f  a  co m p a r iso n  w it h  1 ,4  d ic h lo r o  

T e tr a d e u te r o  B en zen e b u t s i n c e  t h e y  a r e  i n a c t i v e  i n  b o th  th e  

Raman and i n f r a  r e d  t h e y  w ere  n o t  o b s e r v e d .  The c a l c u l a t i o n s  

show t h a t  t h e y  a r e  i n  t h e  r e g io n s  s u g g e s t e d .
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1 .2 .3  TRIFLÜORO BENZENE

obs . V w

18 Param eter F ie ld  

c a l c . v  dv o(v)

25 Param eter F ie ld  

c a l c .v  dv o(v)

885.6 5 .0 885.5 2.9

A 562.6 5.5 556.7 4.6
^2

257.2 4 .3 248.2 2 .4

965.2 5 .0 966.7 2.6

769.9 4 .5 774.6 2.9

709.5 7 .8 698.0 4 .3

543.6 8 .6 537.4 4.6

301.5 6 .4 289.2 3.7

139.5 3 .9 155.6 3.3

Table 2 .21

Ro s p e c t r a  or ass ignm en ts  have been r e p o r te d  f o r  1 , 2 ,5  t r i f l u o r o  

Benzene. I f  and when they  a re  o b ta in e d  th e  o u t -o f -p la n e  fundam entals 

would be expec ted  to  be in  c lo s e  agreement w ith  the  c a lc u la te d  

f r e q u e n c ie s .
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1 .2 .4  TRIFLÜORO BENZERE

o b s .v w

18 Param eter F ie ld  

c a l c .v  dv a (v )

25 Param eter F ie ld  

c a l c .v  dv cr(v)

928 1 .0 938.5 +10.5 4 .0 925.5 -  2.5 3.4

856 1 .0 867 .0 +11.0 3 .9 848.2 — 7.8 2.8

808 1 .0 812.6 + 4 .6 4 .2 8I 5 .4 + 7 .4 2.6

668 0.8 698.1 + 2 .1 6 .1 700.1 +12.1 4 .5

A' ' 604 1 .0 594.4 -  9.6 5 .2 601.1 -  2 .9 2.8

455 1 .0 449.9 -  5 .1 5 .3 449.1 “ 5.9 3.4

377 0.8 364.4 - 12.4 4 .3 377.0 c . o . o 2.8

231 1 .0 226.0 -  5 .0 3.3 230.5 -  0.5 2 .0

151 1 .0 143.8 -  7 .2 5.2 153.1 + 2 .1 . 1.7

1 dvI and cr r) 7 .5 4 .4 4 .6 2.9

WSQER . 560 . 10'-3 .212.10*3

Table 2 .22

The only  r e p o r te d  s p e c t r a  and ass ignm en ts  f o r  1 ,2 ,4  t r i f l u o r o  

Benzene a re  by Ferguson e t . a l . (35)* As they  only  re p o r te d  l i q u id  

phase i n f r a  r e d  s p e c t r a  i t  was d e s i r a b l e  to  check t h e i r  assignm ents  

by examining th e  gas  phase  s p e c t r a .  Type C bands were found a t  

928, 856, 808, 604, 455, 250 and 151 The f a r  i n f r a  r e d
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spectrum i s  shown in  F ig u re  2.4* These assignm ents  agree  w ith  

those  o f  Ferguson who a l s o  a ss ig n e d  th e  two rem aining a '  ' 

fundam entals  as 688 and 577 cm S ince th e  i n f r a  re d  hands 

a t  th e s e  f r e q u e n c ie s  were observed  to  be o f  medium s t r e n g th  in  

the l i q u i d  phase and d e p o la r iz e d  in  th e  Raman, th e se  

ass ignm ents  were a c c e p te d  b u t  s in c e  no gas phase f r e q u e n c ie s  

a re  known th e y  a re  g iven  w e ig h t in g  f a c t o r s  o f  0 .8 .

F u r th e r  c o n f i rm a t io n  f o r  the  p o s i t i o n s  o f  th e se  two 

fundam entals  i s  a f f o r d e d  by a  com parison w ith  1 ,2  d i f l u o r o  

Benzene, which i s  co n v e r ted  to  1 ,2 ,4  t r i f l u o r o  Benzene by 

rep lacem ent of a  Hydrogen atom by a F lu o r in e  atom in  th e  4 

p o s i t i o n .  According to  th e  in e q u a l i t y  r u l e  o f  S te e le  and 

Whiffen (57) th e  i t h  h ig h e s t  frequency  o f  1 ,2 ,4  t r i f l u o r o  Benzene 

l i e s  between th e  i t h  and i+1 th  h ig h e s t  f r e q u e n c ie s  o f  1 ,2  d i f lu o ro  

Benzene, p ro v id ed  t h a t : -

1 . There i s  no change i n  th e  f o r c e  f i e l d  of th e  C^S^Fg -  

s k e le to n .

2 .  The i n t e r a c t i o n  fo f c e  c o n s ta n ts  between t h i s  s k e le to n  

and th e  s u b s t i t u e n t  ( e i t h e r  Hydrogen o r  F lu o r in e )  a re  

n e g l i g i b l e .

I n t r o d u c t i o n  o f  a  F lu o r in e  atom in  th e  4 p o s i t i o n  o f  1 ,2  

d i f lu o r o  Benzene removes th e  Cg a x is  and th e  Ag and B^ symmetry 

sp ec ie s  c o a le s c e  to  become th e  A*' s p e c ie s  o f  1 ,2 ,4  t r i f l u o r o  

Benzene. The o^ p lan e  i s  r e t a i n e d  so when comparing the  f r e q u e n c ie s
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only th e  o u t - o f - p la n e  v i b r a t i o n s  a re  c o n s id e re d .  The observed  

f req u e n c ie s  and th e  c a l c u l a t e d  f r e q u e n c i e s ,  u s in g  th e  f i e l d  of 

R and S, o f  th e  two m o lecu le s  a re  compared below.

observed  c a lc u la te d

1 ,2  C aH ^ F g 1 , 2 ,4  C ^H ^F^ 1 ,2  0 ( 3 , F g 1 , 2 , 4  <

982 9 7 8
928 9 5 2

9 2 9 9 4 1
856 9 0 3

840 871
808 840

7 5 0 7 5 3
688 7 3 1

7 0 3 7 4 3
6 0 4 5 9 4

5 8 5 5 4 3
4 5 5 4 3 7

4 5 1 4 4 0
3 7 7 • 3 8 3

2 8 9 298
2 3 1 240

1 9 7 188
1 5 1 151

Â3 e x p ec ted ,  the 377 cm*"  ̂ fundam ental o f  1 ,2 ,4  t r i f l u o r o  

Benzene l i e s  between th e  451 and 289 cm"^ fundam entals  o f  1 ,2 

d i f lu o ro  Benzene. The 688 cm*^ fundam ental does no t  l i e  between 

the  750 and 705 cm"^ fundam enta ls  bu t th e  i n e q u a l i ty  r u l e  does 

show t h a t  th e  rem a in in g  fundam ental o f  1 ,2 ,4  t r i f l u o r o  Benzene 

has to  be a s s ig n e d  as th e  f o u r th  h i g h e s t .  Ferguson e t . a l . (55) 

r e p o r t  a  weak i n f r a  r e d  band a t  717 cm*^ but to  a s s ig n  t h i s  as

an a** fundam ental i n  p r e fe re n c e  to  th e  medium s t r e n g th  band a t  

688 cm ^ seems d u b io u s .  Comparison w ith  th e  c a l c u la te d  

f r e q u e n c ie s  shows t h a t  a g a in  the  f o u r t h  h ig h e s t  fundam ental o f
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1 ,2 ,4  t r i f l u o r o  Benzene ( c a l c u l a t e d  to  be a t  731 cm“ ^) does not

l i e  between th e  f o u r th  (753 cm*^) and the  f i f t h  (743 cm"^)

h ig h e s t  fundam enta ls  o f  1 ,2  d i f l u o r o  Benzene. This i s  because

the  second c o n d i t io n  i s  n o t  up h e ld ,  t h e r e  a re  i n t e r a c t i o n  fo rc e

c o n s ta n ts  between th e  s u b s t i t u e n t  and the  r i n g  and fu r therm ore

they change on a l t e r i n g  th e  s u b s t i t u e n t .  S ince the

c a l c u la te d  and observed  f r e q u e n c ie s  d e v ia te  from th e

p r e d ic t io n s  o f  th e  i n e q u a l i t y  r u l e  i n  th e  same manner the
—1assignm ent o f  th e  688 cm band as  an a '*  fundaunental i s  

j u s t i f i e d .

Green e t . a l . ( 56 ) su g g es ted  t h a t  th e  assignm ents  o f  the  

low est a* fundam ental a t  288 cm ^ and the  second low est a** 

fundam ental a t  230 cm“ ^ shou ld  be r e v e r s e d .  However th e  gas
- 1

phase i n f r a  r e d  spectrum  shows c l e a r l y  a  ty p e  C band a t  230 cm 

and a ty p e  A band a t  284 cm
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1 .3 .5  TRIFLÜORO BENZENE

o b s .v

18 Param eter F ie ld

c a l c . v dv

23 Param eter  F ie ld

c a l c . v  dv o(v)

t f
847

664

206

1.0

1 .0

1 .0

857.8

648.7

212.5

+10.8

- 15.3

+ 6 .5

8 .7

9.5

4 .5

847.7

665.0

217.0

+ 0.7  

+ 1 .0  

+11 .0

4 .6

5 .1

2.8

E11

858

858

595

595

253

253

0 .5

0 . 0

1 .0

0.0
1.0

0.0

874.6

874.6

559.4

559.4

240.6

240.6

+16.6

+16.6

"35 .6

"35 .6

"1 2 .4

- 12.4

5 .4

5 .4

5 .4

5 .4

4 .0

4 . 0

853.5

853.5

581.3

581.3

246.6

246.6

' 4 .5

• 4 .5

'13 .7

■13.7  

» 6 .4

‘ 6 .4

4 .1

4 .1

3.6

3.6

2.6  

2.6

dvi and a  (v)

WSQER

16.2  6 .3

1.003.10~3 .113.10

6 .2  3.8

-3

Table 2 .23

S p e c t ra  and ass ignm en ts  f o r  1 ,3 ,5  t r i f l u o r o  Benzene have 

been r e p o r te d  by N ie lse n  e t . a l . ( 38) and by Schere r  e t . a l . ( 40 ) . 

N ie l s e n 's  ass ignm ents  were r e v is e d  by Ferguson (3 9 ) .  The gas 

phase f a r  i n f r a  r e d  spectrum  (F ig u re  2*5) shows a  p re v io u s ly  

unobserved ty p e  C band a t  206 cm This confirm s the  p rev io u s



lU

assignment (38) which was based  on com bination  bands. The

p o s i t io n s  o f  th e  two o th e r  ag* ' fundam enta ls  were a lso  checked

by reexam in ing  the  gas phase  i n f r a  r e d  s p e c t r a  and type  C bands

were observed  a t  847 and 664 cm The ass ignm ents  o f  N ie lsen

fo r  two o f  th e  e '*  fu n d am en ta ls  a re  fo l lo w ed  but th e  assignm ent 
"1of 1191 cm f o r  th e  h ig h e s t  i s  i n c o r r e c t .  Ferguson r e a s s ig n s  

a weak Raman band a t  847 cm~^ to  t h i s  fundam ental ( i t  could  

a lso  be th e  ag * ' fundam en ta l  ap p ea r in g  i n  d e f ian ce  o f  th e  

s e l e c t i o n  r u l e s )  b u t  an ass ignm ent o f  approx im ate ly  858 cm*\, 

on th e  b a s i s  o f  a  medium s t r e n g th  com bination  band a t  1695 cm"^ 

(847 ( û g ' ' )  + 858 ( e " ) )  i s  p r e f e r r e d .  I t  i s  g iven  a w eigh ting  

f a c t o r  o f  0 . 5 .

T h is  c o n c lu s io n  i s  supported  by a comparison w ith  th e  b^ 

fundam entals  o f  1 ,3  d i f l u o r o  Benzene. Replacement o f  a  F lu o r in e  

atom by a  Hydrogen in  th e  5 p o s i t i o n  low ers the  symmetry from 

Dgh to  Ag'* symmetry sp e c ie s  and one s e t  o f  the  doubly

d eg en e ra te  E ' '  s p e c ie s  o f  th e  p o in t  group c o a le sce  to  become 

the  Bg s p e c ie s  i n  th e  p o in t  group Cg^* Thus th e  b^ fundam entals 

of 1 ,3  d i f l u o r o  Benzene a re  compared w ith  th e  combined ag* ' ♦ e "  

fundam entals  o f  1 ,3 ,5  t r i f l u o r o  Benzene.
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1 ,3  CgE^Fg(b^) 1 ,3 ,5  O^E^F^(ag" + e " )

978

853

769

672

458

235

858

847

664

595

253

206

The o th e r  s e t  of the  E ' '  s p e c ie s  becomes the  Ag s p e c ie s  

These fundam enta ls  a re  d is c u s s e d  i n  th e  s e c t io n  on 1 ,2 ,3 ,5  

t e t r a f l u o r o  Benzene.
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1 .3 ,5  TRIFLUORO MONODEOTERO BENZENE

o b s .v w

18 Param eter F ie ld  

c a l c .v  dv o (v)

23 Param eter F ie ld  

c a l c .v  dv (f(v)

- 874.6 - 5 .4 853.5 - 4 .1

^2 595 559.4 - 35.6 5 .4 581.3 - 13.7 3.6

253 240.6 - 12.4 4 . 0 246.6 -  6 .4 2.6

840 863.3 +23.3 5 .4 849.3 + 9.3 3.3

743 743.6 + 9 .6 5.5 747.6 +13.6 3.5

B,
628 610.5 - 17.5 7 .2 622.5 -  5.5 3.7

1 ■
537 527.2 — 9 .8 4 .6 532.4 — 4 .6 2.9

240 227.8 -1 2 .2 4 .1 235.3 -  4 .7 2 .8

- 212.2 - 4 .5 217.0 - 2 .8

I dvi and <y ( v ) 17.2 5.2 8.2 3.2

WSQER
■

T able  2,24

The a s s ig n m e n ts  and f r e q u e n c i e s  f o r  1 , 3,5  t r i f l u o r o  Mono- 

d e u te r o  B enzene  were ta k e n  from  t h e  p ap er  o f  S ch e r e r  e t . a l . ( 4 0 ) "  

They w ere n o t  w e ig h te d  t o  a v o id  o v e r  em phasis  on th e  f r e q u e n c i e s  

o f  t h e  1 , 3,5  t r i f l u o r o  B enzenes  i n  th e  c a l c u l a t i o n s .  The average  

fr e q u e n c y  e r r o s  and a v e r a g e  d i s p e r s i o n s  g i v e n  are  th e  unw eighted  

r e s u l t s  i n s t e a d  o f  t h e  w e ig h t e d .
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1 .5 .5  TRIFLUORO BIDEUTERO BENZENE

18 Param eter F ie ld 23 Param eter F ie ld

o b s .v w c a l c . v dv o(v ) c a l c .v dv o(v)

- 721.1 - 8 .3 712.2 - 5.7

^2 537 528 .0 -  9 .0 5 .4 5 3 6 .0 -  1.0 5.5

236 222.2 - 13.8 4 .2 2 3 0 .4 -  5 .6 2 .9

837 868.9 +31.9 3 .9 851.2 +14.2 2.9

754 756 .0 + 2 .0 8 .1 766.2 +12.2 4 .0

606 582.4 - 2 3 . 6 5.5 598.1 -  7.9 3 .2

527 5 2 5 .6 — 1 .4 4 . 2 526.6 — 0 .4 2.8

250 2 3 3 .8 - 16.2 4 .1 240.7 -  9.3 2.7

“ 212.1 ~ 4 .5 217.0 - 2.8

Idvl and O' (v) 14 .0 5.1
V,

7 .2 3.1

WSQER

Table 2 .25

The ass ignm en ts  and f r e q u e n c ie s  f o r  1 ,5 ,5  t r i f l u o r o  B ideutero  

Benzene were tak en  from th e  paper o f  S ch e re r  e t . a l . ( 40 ) .  They were 

given w e ig h t in g  f a c t o r s  o f  0 .0  to  avo id  o v e r  emphasis on th e  

f r e q u e n c ie s  f o r  th e  1 ,3 ,5  t r i f l u o r o  Benzenes i n  th e  c a l c u l a t i o n s .  

The average  f req u en cy  e r r o r s  and average  d i s p e r s io n s  g iven  a re  the  

unweighted r e s u l t s  i n s t e a d  o f  the  w eig h ted .
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1 .5 .5  TRIFLUORO TRIBEïïTERO BENZENE

o b s  . V w

18 Param eter F ie ld  

c a l c . v  dv o(v) <

23 Param eter F ie ld  

a l c .v  dv o(v)

771 1 .0 764.3 -  6 .7 11.1 779.4 + 8 .4 5.5

A' ' 520 1 .0 522.0 + 2 .0 7.8 517.5 -  2 .5 4 .1
2

214 0 .5 212.0 — 2 .0 4 .5 217.0 + 3 .0 2 .8

- 0 .0 721.1 - 8 .3 712.2 - 5.7

0 .0 721.1 - 8.3 712.2 - 5.7

537 1 .0 528 .0 — 9*0 5.4 536.0 — 1 .0 3.5
E* '

537 0 .0 528.0 — 9 .0 5 .4 536.0 « 1 .0 3.5

236 1 .0 222.2 - 13.8 4 .2 230.4 -  5.6 2.9

236 0 .0 222.2 - 13.8 4 .2 230.4 -  5.6 2.9

1 dvi and <7 (v) 6 .7 6 .6 4 .1 3 .8

WSQER .084.10*3 . 065 . 10*3

Table 2.26

The ass ignm en ts  and f r e q u e n c ie s  f o r  1 ,3 ,5  t r i f l u o r o  T r id eu te ro  

Benzene were ta k en  from th e  paper o f  S ch e re r  e t . a l . ( 40 ) and were 

used w i th o u t  m o d i f i c a t io n .
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1 . 2 . 5 , 4  TETRAFLUORO BENZENE

18 Param eter F ie ld 23 Param eter F ie ld

o b s .v w c a l c . v dv a (v ) c a l c .v dv o(T)

922 0 .5 938.4 +16.4 4 .1 924.6 + 2 .6 3.4

717 0 .5 708.5 — 8.5 8 .1 707.1 -  9 .9 4 .7

A2 537 0 .8 545.1 + 8 .1 5 .7 527.7 -  9.3 4.2

374 . 1 .0 363.4 —10.6 4 .4 373.0 — 1 .0 2.6

169 1 .0 137.9 - 31 .1 4 .3 155.9 - 13.1 3.9

802 1 .0 812,5 +10.5 4 .6 813.1 +11.1 2.9

596 1 .0 620.0 +24.0 8 .5 597.8 + 1 .8 4 .7

286 0 .8 292,5 + 6.5 6 .6 278.5 "  7.5 3.8

154 1 .0 141.8 -1 2 .2 3.5 152.4 — 1.6 2.0

1 dv and a  (▼) 14.2 5.5 6 .2 3.6

WSQER .665.10*3 •189.10*3

Table 2 ,2?

The o n ly  r e p o r te d  s p e c t r a  and ass ignm ents  f o r  1 ,2 ,3 ,4  t e t r a 

f lu o ro  Benzene a re  by S t e e l e  (41 ) .  A reex am in a tio n  o f  th e  gas 

phase i n f r a  r e d  spectrum  confirm ed th e  p resen ce  o f  ty p e  C bands a t  

802 and 596 cm*^. A type  C band was observed  a t  154 ^ iu  the

f a r  i n f r a  r e d  spec trum . No o th e r  type 0 band was observed which
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would co rresp o n d  to  S t e e l e 's  assignm ent o f  the Raman band a t

292 cm"^ as th e  rem a in in g  b^ fu n d am en ta l. However th e re  i s  a
” 1 —Ishou lder a t  286 cm on th e  ty p e  B band c e n tre d  a t  279 cm and

th is  was a ss ig n e d  as  th e  rem ain in g  b^ fundam ental and g iven  a 

w eigh ting  f a c t o r  o f  0 .8 .  To a s s i s t  in  th e  assignm ents o f  the 

Ag sp e c ie s  th e  Raman spectrum  was a lso  reexam ined. The on ly  

assignm ent S te e le  makes f o r  t h i s  s p e c ie s  i s  th e  h ig h e s t  a t  

929 cm"^. This was rem easured  to  be a t  922 cm*^. Using th e  

fo rce  f i e l d  o f  R and S th e  Ug fundam en tals  were c a lc u la te d  to  

be a t  952 , 792 , 538 , 383 aud I 50 cm“ ^ . On t h i s  b a s is  th e  Raman 

bands a t  537» 374 and I 69 cm*^ were a ss ig n e d  as  Sg fu n d am en ta ls . 

The bands a t  374 and I 69 cm*^ were p re v io u s ly  a ss ig n e d  a s  b^ 

fundam entals ( 41 ) .  The weak bands in  th e  l iq u id  phase i n f r a  re d

spectrum  a t  540 and 376 cm"^ a re  th e  Sg fundam entals ap p ea rin g

in  d e f ia n c e  o f  th e  s e le c t io n  r u le s .

These a ss ig n m en ts  w ere used  in  a  f i r s t  s e t  o f c a lc u la t io n s

to  h e lp  to  e s t a b l i s h  th e  p o s i t io n  o f th e  rem ain ing  ag fundam ental. 

They in d ic a te d  t h a t  i t  was in  th e  re g io n  o f 707 cm An 

exam ination  o f  the  com b in a tio n  bands p ro v id ed  fo u r bands which 

suggest a  fundam ental a t  ap p ro x im ate ly  717 cm
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C a lc u la te d  Observed

922(ag ) + T lT fsg ) -  1639 (a^ ) 1638 m.

596 (b^) + T lT fag) -  1313 (bg) 1314 vw.

3 7 4 (a g )  + 717(& 2) -  1091 (a^ ) 1089 w.

286 (b^) + 717(&2) =■ 1003 (bg) 1003 w.

T h e re fo re  th e  f i n a l  a^ fundam ental was a ss ig n ed  as 7 1 7  cm 

and g iv en  a w e ig h tin g  f a c to r  o f 0.5*



122

1 . 2 . 5 . 5  TETRAFLUORO BENZENE

o b s .v w

18 Param eter F ie ld  

c a l c .v  dv o (v )

23 P aram eter F ie ld  

c a lc .v  dv o(v)

838 0 .8 874.5 +36.5 5 .4 851.0 +13 .0 4 .1

4 - 0 .0 558.5 " 5.5 557.2 - 4.5

258 1 .0 236.3 "2 1 .7 4 .5 246.5 - 11.5 2.3

843 1 .0 863.3 +20.3 4 .7 845.4 + 2.4 3.1

706 1 .0 700.5 -  5 .5 7 .0 701.5 -  4 .5 4 .0

610 1 .0 595.9 - 14 .1 4 .7 611.8 + 1 .8 3.2
B,1 368 0 .8 372.5 + 4*5 4 .4 369.5 + 1 .5 2 .6

205 0 .8 211.2 + 6 .2 4 .2 211.1 + 6 .1 2 .4

139 1 .0 124.4 - 14*6 4 .0 138.6 — 0 .4 2 .7

1 dvi and or ("v') 1 5 .4 4 .9 5 .1 3 .1

WSQER 1 . 672 . 10“ ^ . 168 . 10*3

T able 2 .28

The o n ly  r e p o r te d  s p e c tr a  and a ss ig n m e n ts  f o r  1 , 2 , 3 , 5  t e t r a -  

f ln o r o  B enzene a re  by S t e e l e  ( 4 1 )* On r e ex a m in in g  th e  g a s  p h ase  

in f r a  r e d  s p e c tr a  th e  sam ple u sed  was fou n d  t o  be con tam in ated  

w ith  P e n tr a f lu o r o  B e n z e n e . However ty p e  C bands b e lo n g in g  t o
-12 ,3 15 t e t r a f lu o r o  Benzene cou ld  be observed  a t  843>708 and 6IO cm ,
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which a g reed  w ith  th e  a s s ig n m e n ts  o f  S t e e l e ,  and a t  1 5 9  cm“ ^

(F igure 2*6) in  th e  f a r  i n f r a  re d , w hich was p re v io u s ly  

unobserved. U sing th e  f i e l d  o f  R and S the  two rem ain ing  b^ 

fundam entals were c a lc u la te d  to  be 588 and 222 cm"^. No 

a b so rp tio n  was observed  in  th e  re g io n  o f 588 cm*^ so S t e e le 's  

assignm ent o f  368 cm based  on th e  l iq u id  phase i n f r a  re d  

spectrum , was acc e p ted  and g iv en  a w e ig h tin g  f a c to r  o f  0 .8 .

The s tro n g  a b s o rp tio n  in  th e  re g io n  o f  205 cm*^ i s  p a r t ly  due 

to  th e  P e n ta f lu o ro  Benzene im p u rity  bu t th e  band due to  t h i s  

m olecule i s  o b v io u sly  o v e r la id  by som ething on th e  h ig h  freq u en cy  

s ide  (compare F ig u re s  2 .'p  and 2 .g ) .  T his was a ss ig n ed  as th e  

b^ fundam ental o f  1 ,2 ,3 ,5  t e t r a f lu o r o  Benzene, g iven  a va lue  of 

205 cm ^ and a  w e ig h tin g  f a c t o r  o f 0 .8 .

For th e  Cg^ p o in t  group th e  ag v ib r a t io n s  are  a n t i  sym m etr ica l 

to  b oth  th e  o ^ (y z )  and o'^(xz) p la n e s .  T h is means th a t  i f  th e  Og 

a x is  and o ^ (x z )  p la n e  c o in c id e  w ith  fo u r  o f  th e  atoms ( e . g .  f o r  

1 ,2 ,3 » 5 t e t r a f l u o r o  B enzene th e y  c o in c id e  w ith  atom s 2 and 8 , and 

5 and l l )  no ag v ib r a t io n  can  in v o lv e  m otion  o f  th e s e  atom s. T h is  

f o l lo w s  s in c e  an o u t - o f - p la n e  v ib r a t io n  o f  t h e s e  atoms must be  

in  th e  cr^(xz) p la n e  and t h e r e f o r e  can  o n ly  be sy m m etr ica l w ith  

r e s p e c t  t o  t h i s  p la n e .  Thus th e  G m a tr ic e s  f o r  th e  Ag s p e c ie s  

i s  th e  same f o r  a l l  s u b s t i t u t e d  B enzenes w hose o n ly  d i f f e r e n c e s  

are th e  s u b s t i t u e n t s  c o in c id e n t  w ith  th e  Cg a x i s .
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H

F

Y

F ig u re  2 .11

From F ig u re  2 .1 1  can be seen  th a t  one such s e r ie s  i s  

formed by th e  m o lecu les

1 .3  d i f lu o ro  Benzene (X and Y = H)

1 .2 .3  t r i f l u o r o  Benzene (X = H, Y = F)

1 .3 .5  t r i f l u o r o  Benzene (X = F, Y = S)

1 .2 .3 .5  t e t r a f l u o r o  Benzene (X and Y = F)

T h e re fo re  u n le s s  th e re  i s  fo rc e  f i e l d  change, th e  ag 

f re q u e n c ie s , go ing  th ro u g h  th e  s e r i e s ,  w i l l  be i d e n t i c a l .  A 

com parison o f  th e  fu n dam en ta l f re q u e n c ie s  shows th a t  th e re  a re  

some changes b u t th e  th e o ry  s t i l l  forms a c o n s id e ra b le  a id  in  

making a ss ig n m e n ts .

1 ,5  CgEjFg

879

599

251

1 ,5 ,5

858

595

255

1 , 2 , 3 , 5  C^EgF^

838

561

258

S t e e l e  ( 4 1 ) i n c o r r e c t l y  com pared the a^ v ib r a t io n s  o f

1 ,2 ,3 ,5  t e t r a f l u o r o  B enzene w ith  th e  8^*' v ib r a t io n s  o f  1 ,3 ,5  t r i 

f lu o r o  B en zen e . On m aking th e  c o r r e c t  com parison  w ith  th e  e ' '  

v ib r a t io n s  ( s e e  th e  s e c t i o n  on 1 ,3 ,5  t r i f l u o r o  B enzene) th e  lo w e s t
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fundam ental was a s s ig n e d  to  th e  Raman band a t  258 cm“ ^ . The

h ig h e s t Bg fundam ental was o b ta in e d  from th e  C-H summation bands.

According to  W hiffen ( 50 ) th r e e  such bands a re  ex p ec ted : th e

h ig h est b^ + th e  h ig h e s t  a^ fundam ental; 2 x th e  h ig h e s t  b^ ;

and 2 x th e  h ig h e s t  Sg. The medium s t r e n g th  l iq u id  phase i n f r a
“ 1red  band a t  I 68I  cm was a ss ig n e d  as th e  Sg + b^ summation band, 

g iv in g  a freq u en cy  o f  ap p ro x im a te ly  838 cm"^ f o r  th e  a^ fundam ental. 

I t  was g iv en  a w e ig h tin g  f a c t o r  o f 0 .8 .

The a ss ig n m en t o f  th e  r e m a in in g  fu n dam enta l i s  made on

the  b a s is  o f  the  c a l c u l a t i o n s ,  w hich in d ic a te  a va lue  i n  th e

reg io n  o f  557 cm” ^ . S te e le  re p o r te d  a  medium s tre n g th  com bination

band a t  1267 cm” ^ in  th e  l iq u id  phase i n f r a  re d  which was a ss ig n ed

as 997 (a^) + 258 (bg) = 1255 The reassignm en t o f  th e
“ 1258 cm Raman band a s  an a^ fundam ental means th a t  the  com bination 

band would a lso  be an ag v ib r a t io n  and th e re fo re  in a c t iv e  in  the 

i n f r a  r e d .  A p r e fe ra b le  assignm ent o f  706 (b^) + 5^1 (^2 ) *

1267 (bg) in d ic a te s  a  v a lu e  o f  5^1 cm ^ f o r  the  a^ fundam ental, 

which i s  in  good agreem ent w ith  the  c a lc u la t io n s .
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1 . 2 . 4 . 5  TETRAFLÏÏORO BERZEÏÏB

18 Param eter F ie ld 23 P aram eter F ie ld

o b s .v w c a lc .v dv a (v ) c a lc .v dv e(T)

417 1 .0 410.6 — 6 .4 6 .6 410.9 — 6 .1 4 .6

835 0 .8 851.2 +16.2 6 .6 858.3 + 5.5 4 .4

- 0 .0 669.5 - 9.9 696.1 — • 7 .5

295 1 .0 279 .0 - 1 6 .0 6 .8 593.5 + 8.5 4 .1

0 .0 682 .0
-

15.7 676.4 9.1

- 0 .0 115.2 - 4 .0 128.7 - 2.7

868 1 .0 884.9 +16.9 5.9 852.6 - 16.0 4.2

% 457 1 .0 450 .8 -  6 .2 7 .4 455.4 -  5 .6 5 .1

194 1 .0 191 .0 -  3 .0 4 .4 185.5 — 8 .7 2.8

1 dvl and a  (v) 10 .8 6 .3 7 .7

WSQER . 562. 10’ ^ . 296 . 10“ 5

Table 2 .29

The o n ly  re p o r te d  s p e c t r a  and assignm ents f o r  1 ,2 ,4> 5  

te t r a f lu o r o  Benzene a re  by Ferguson e t . a l . ( 4 2 ) .  S te e le  and W hiffen 

have r e p o r te d  fo rc e  f i e l d s  f o r  the i n f r a  re d  a c t iv e  v ib r a t io n s  ( th e
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Biu» ®2u s p e c ie s )  (45) and made some reass ig n m en ts  on the

b a s is  o f a  com parison w ith  P e n ta f lu o ro  Benzene (44) .  Type C bands 

were o bserved  in  th e  gas phase i n f r a  r e d  spectrum  a t 868 and 457 cm“ ^, 

which ag reed  w ith  th e  p re v io u s  a ss ig n m en ts , and a t  197 cm"^ in  th e  

f a r  i n f r a  re d  spectrum  ( f ig u r e  2 . 7 ) ,  w hich was p re v io u s ly  

unobserved . The assignm en t o f  417 cm ^ f o r  th e  b^^ fundam ental 

was a cc e p ted . The v a lu e  o f 87I  cm ^ f o r  th e  h ig h e s t  b^^ fundam ental 

appeared to  be too  h ig h . On exam ination  o f th e  C-H summation 

band re g io n  no band was o bserved  w hich would su p p o rt t h i s  

assignm ent b u t a  medium s t r e n g th  band was observed  a t  I 705 cm"^.

This in d ic a te s  a v a lu e  o f  ap p ro x im a te ly  835 cm“ ^ (835 (^2g^’*‘

868 (b^y) = 1703 (b ^ y )) f o r  th e  h ig h e s t  b^^ fundam ental. There 

i s  a weak Raman band a t  832 cm“ ^, which Ferguson a ss ig n e d  a s  an 

a fu n d am en ta l. S te e le  su g g es ted  th a t  t h i s  fundam ental shou ld  be
O

in  the re g io n  o f  280 cm“ ^ and p ro v id ed  th e  a l t e r n a t iv e  assignm ent 

of 2 X 417 (b^g j .  834 (a,g) f o r  th e  832 cm“ ^ band. A l te r n a t iv e ly  

i t  cou ld  be th e  h ig h e s t  bg^ fundam ental which i s  Raman a c t iv e .

The p o s i t io n s  o f  a l l  th e  b^^ fundam entals  a re  supported  by a 

com parison w ith  th e  b^ fundam en tals  o f P e n ta flu o ro  Benzene, which 

are  w e ll known, and a p p l ic a t io n  o f th e  in e q u a l i ty  r u l e .  In  going 

from p o in t group to  ®2g ®3u symmetry sp ec ie s

co a le sce  to  become th e  B^ s p e c ie s .
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1,2 ,4 ,5  CgHjF  ̂ (tgg  + t;* )  CgEFg (t^)

868

835

669

457

295

194

837

697

555

323

206

158

A ll th e  1 ,2 ,4 ,5  t e t r a f lu o r o  Benzene fundam entals occupy 

the  p re d ic te d  p o s i t io n s .  The two o th e r  assignm ents o f  669 

and 295 cm“ ^ a re  th o s e  o f  Ferguson (42 ) .  The 669 cm*^ v a lu e , 

though n o t u sed  in  th e  c a lc u la t io n s ,  i s  p robab ly  c o r r e c t .

The two a^ fu n d am en ta ls  a re  in a c t iv e  in  bo th  th e  i n f r a  red  

and Earn an and no v a lu e s  were used  in  th e  c a lc u la t io n s .  Ferguson 

gave a v a lu e  o f  I 40 cm” ^ f o r  th e  low er a^ fundam ental based  on 

com bination  b an d s. The c a lc u la t io n s  in d ic a te  a  s l i g h t l y  low er 

v a lu e . For th e  h ig h e r  fundam ental Ferguson su ggested  th a t  one 

of fo u r  weak bands in  th e  l i q u id  phase i n f r a  re d  in  th e  re g io n  o f 

600 cm“ ^ i s  p o s s ib ly  t h i s  fundam ental ap p ea rin g  in  d e f ia n c e  o f th e  

s e le c t io n  r u l e s .  The h ig h e s t  one a t  677 cm ^ ag rees w e ll w ith  

th e  c a lc u la t io n s .
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PEUTAFLÏÏORO BENZENE

o b s .v w

18 P aram eter F ie ld  

c a l c .v  dv c (v )

23 Param eter F ie ld  

c a lc .v  dv c (v )

- 0 .0 681,9 - 15.7 651.4 8.7

*2 591 1 .0 407.3 +16.3 6 .6 397.0 + 6 .0 3.8

•• 0 .0 113.6 - 4 .3 128.8 3.2

837 1 .0 869.6 +32.6 4 .1 845.1 + 8 .1 3 .0

697 1 .0 693.4 — 3 .6 9 .9 700.0 + 3 .0 5.9

556 1 .0 571.8 +15.8 4 .7 554.8 -  1.2 4 .1
h

323 1 .0 319.8 -  3 .2 4 .1 321.5 -  1.5 2.9

206 1 .0 210.6 + 4 .6 4 .3 206.0 0 .0 2 .8

158 1 .0 137.8 - 20.2 4 .4 154.6 -  3 .4 3.4

1 dvl and 0* (v) 13.8 5 .4 3 .3 3.7

WSQER 1 . 269 . 10"^ .080.10*3

Table 2 .5 0

The on ly  r e p o r te d  s p e c t r a  and ass ig n m en ts  fo r  P e n ta flu o ro  

Benzene a re  by S te e le  and W hiff en (44)* On reex am in a tio n  of th e  gas 

phase i n f r a  re d  spectrum  ty p e  C bands were observed  a t  837,697 and 

556 cm which confirm ed  th e  p rev io u s  a ss ig n m en ts , and a t  206 and 

158 cm ^ in  th e  f a r  i n f r a  re d  (F ig u re  2 .8 ) .  The rem ain in g  b^
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fundam ental was c a lc u la te d  to  be a t  534 cm*^ u s in g  th e  f i e l d  of

R and S. No c l e a r ly  i d e n t i f i a b l e  ty p e  C band was observed  in

“ 1th is  re g io n  but the  sh arp  sh o u ld e r a t  323 cm on th e  low frequency

side  o f th e  type B band c e n tre d  a t  329 cm“ ^ was a ss ig n e d  as the

b^ fu n d am en ta l. S te e le  and W hiff en a ss ig n e d  th e  Raman band a t

391 cm*^ as an a^ fundam en ta l and t h i s  assignm ent was a cc e p ted .

They a lso  a s s ig n e d  th e  Raman band a t  I 7I  cm"^ as the low est ag

fundam ental b u t a l l  th e  c a lc u la t io n s  in d ic a te  th a t  t h i s  i s  too

h ig h . The band was rem easured  as I 64 cm*^, on ly  6 cm"^ above

the  gas phase i n f r a  re d  v a lu e  o f 158 cm*^ f o r  th e  low est b^

fundam ental so i t  i s  p ro b a b ly  due to  t h i s  fundam ental d isp la c e d

in  the  l iq u id  phase Raman s p e c t r a .  Ro assignm ent cou ld  be made
••1fo r  th e  fu n d am en ta l. A v a lu e  o f 673 cm f o r  th e  h i ^  a^ 

fundam ental was o b ta in e d  from a c o n s id e ra t io n  o f  the com bination  

bands.

C a lc u la te d  Observed
(gas phase)

8 3 7 (b i)  + 675 (82 ) -  1510 (bg) 1504

556(b^) + 673 (82 ) -  1229 (bg) 1228 A

206(bj^) + 673 (82) -  879 (bg) 879

The v a lu e  was n o t u sed  in  th e  c a lc u la t io n s  which show th a t

i t  i s  p ro b a b ly  c o r r e c t .  I t  i s  su p p o rted  by th e  assignm ent o f the
-1

h ig h e r a^  fundam en ta l o f 1 ,2 ,4 ,5  t e t r a f lu o r o  Benzene as 677 cm . 

These ass ig n m en ts  a re  d is c u s s e d  f u r th e r  in  th e  s e c tio n  on H exafluoro 

Benzene.
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PERTAFLUORO BEIJTERO EERZERE

o b s .v w

18 P aram eter F ie ld  

c a l c .v  dv c (v )

23 P aram eter F ie ld  

c a lc .v  dv c (v )

0 .0 681.9 - 15.7 651.4 - 8.7

4 0 .0 407 .3 - 6 .6 397.0 3.8

- 0 .0 113.6 " 4 .3 128.8 3.2

738 1 .0 727 .4 —10.6 6 .1 731.2 -6*8 4.9

674 1 .0 692 .0 + 18.0 9.5 669.2 —4 .8 5 .4

494 1 .0 524.9 +30.9 4 .8 507.4 +13.4 3 .1

- 0 .0 503.2 - 4 .0 307.0 - 2.7

- 0 .0 209.5 4 .1 205.9 - 2 .7

0 .0 136.9 - 4 .4 153.6 3.3

1 dvl and O’ (v) 19.8 6 .8 8.3 4 .4

WSQER . 638 . 10*3 .1 1 0 .1 0 -3

Table 2*31

I n  t h e i r  p ap er on P e n ta flu o ro  Benzene S te e le  and W hiffen (44) 

a lso  r e p o r te d  some ass ig n m en ts  fo r  P e n ta f lu o ro  B eutero  Benzene, The 

only ass ig n m en ts  th ey  made f o r  the  o u t o f p la n e  v ib ra t io n s  were 

fo r  th e  th re e  h ig h e s t  b^ fundam entals  based  on th e  band shapes*

They were used  in  th e  c a lc u la t io n s  w ith o u t m o d ifica tio n #
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TTEXAFLUORO ben zen e

o b s .v w

18 P aram eter F ie ld  

c a l c .v  dv o (v )

23 Param eter F ie ld  

c a lc .v  dv c (v )

0 .0 682.1 17.5 696.2 10.6
2g - 0 .0 170.7 6 .1 195.3 4 .8

370.0 1 .0 403 .9 +33.9 6 .6 385.9 +15.9 4 .8
E,

I s 370 .0 0 .0 403.9 +33.9 6.6 385.9 +15.9 4 .8

"^2u 210 .0 1 .0 226.0 +16.0 8 .4 203.9 — 6 .1 5.3

- 0 .0 681.9 15.7 623.2 - 11.9

0 .0 681.9 15;7T 623.2 11.9
^2u - 0 .0 112 .0 4 ,7 128.8 3 .8

- 0 .0 112 .0 4 .7 128.8 3 .8

id7i and O’ (v ) 25 .0 7 .5 11 .0 5 .0

WSQER . 255 . 10*3 . 053.10 -3

Table 2 .32

S p e c tra  and ass ig n m en ts  have been re p o r te d  f o r  H exafluoro 

Benzene by D e lb o u ille  (45 and 46 ) and by S te e le  and W hiffen (37)» 

who have a ls o  c a lc u la te d  a  fo rc e  f i e l d  based  on t h e i r  assignm en ts  (47)*
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H exafluoro Benzene i s  a member o f th e  p o in t group and th e re fo re

has many in a c t iv e  fu n d a m e n ta ls . Of the  o u t-o f -p la n e  v ib r a t io n s

the a^^ fundam ental i s  i n f r a  re d  a c t iv e  and th e  d eg en e ra te  e^^

fundam entals a re  Raman a c t iv e ,  th e  b^^ and e^^ fundam entals  a re

in a c t iv e  in  b o th . The assignm ent by S te e le  and W hiffen (37) of

a medium s t r e n g th  d e p o la r iz e d  Raman band a t  370 cm“ ^ as the  e^^

fundam entals  was a c c e p te d . This assignm ent i s  su p p o rted  by a

com parison o f th e  b^^ and a^ fundam entals  o f 1 ,2 ,4 ,5  t e t r a f lu o r o

Benzene, th e  a^ fu n d am en ta ls  o f P e n ta f lu o ro  Benzene, and one s e t

of th e  e_ and one s e t  o f th e  e« fu n d am en ta ls  o f  H exafluoro Ig  4u
Benzene, w hich a l l  become th e  a^ fundam en tals  when t h e i r  

r e s p e c tiv e  m o lecu les  a re  c o n s id e re d  as  members o f th e  p o in t 

group and a l l  then  have i d e n t i c a l  G m a tr ic e s  f o r  t h i s  s p e c ie s .  

T herefo re  any changes in  th e  f re q u e n c ie s  in  t h i s  s e r i e s  a re  due 

to  fo rc e  c o n s ta n t  ch anges.

1 ,2 ,4 ,5  CgHgPj (b ig  + a^) CgEfy(a2) C gFgfsig + «2%)

(677) ( 673) ( 647)
»

417 391 370

(140) -  ( 123)

A lthough th e  a ss ig n m en ts  o f th e  two e^^ fundam entals a re  

not known a c c u ra te ly  th e  c a lc u la t io n s  show th a t  they  l i e  above and 

below th e  e^^ fu n d am en ta l. By com parison w ith  the two s im i la r  

fundam entals o f  the  o th e r  two m o le c u les , which a re  known a c c u ra te ly
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the value  of 570 cm ^ f o r  th e  e^^ fundam ental of H exafluoro Benzene 

is  seen to  he p re fe ra b le  to  B e lb o u ille  ' s v a lu e  o f 435 cm~^ (45 and

46) .

The assignm ent o f  th e  a^^ fundam ental has been the  s u b je c t  

of much d is c u s s io n .  The f a r  i n f r a  re d  s p e c t r a  c o n ta in s  two bands 

o f s im i la r  i n t e n s i t i e s  in  th e  re g io n  o f  315 and 215 cm*^. In  

the  gas phase  spectrum  ( f ig u r e  2 .9 )  th ey  were observed to  have 

s im i la r  band shap es  and th e  m easured f re q u e n c ie s  were 313 and 

210 cm"^. One o f  th e s e  bands i s  th e  a^^  fundam ental and th e  o th e r  

the lo w est fundam ental o f th e  in p la n e , i n f r a  re d  a c t iv e  sp ec ie s . 

B e lb o u ille  (45) o r i g i n a l l y  a ss ig n e d  th e  313 cm*^ band as th e  

e^^ fu ndam en ta l and th e  210 cm"^ band as th e  a^^ fundam ental bu t 

l a t e r  (45) re v e rse d  th e s e  a ss ig n m en ts . S te e le  and W hiffen (37) 

agreed  w ith  h is  o r ig i n a l  a ss ig n m en ts . Person  e t . a l . ( 4 8 )  from a 

study of th e  band sh ap es  concluded  th a t  the  210 cm ^ band was a 

p a r a l l e l  band o f H ex aflu o ro  Benzene, an o b la te  symmetric to p , and 

th e re fo re  due to  th e  ag^ fundam ental and th a t  the  313 cm ^ band 

was a p e rp e n d ic u la r  band and th e re fo re  due to  th e  e^^ fundam ental. 

However th ey  a lso  p o in te d  ou t t h a t  th e  band a t  313 cm ^ showed no 

s p l i t t i n g  in  the  i n f r a  re d  spectrum  of th e  c i y s t a l  w h i ls t  th e  

o th e r  e^^ fundam en tals  a t  1531 and 1020 /l002  cm ^ b o th  showed t h i s  

c h a r a c t e r i s t i c  s p l i t t i n g  observed  fo r  th e  e^^ fundam entals of 

Benzene (4 9 ) .  They t e n t a t i v e l y  su g g es ted  th a t  th e  low in te n s i ty  

o f th e  313 cm*^ was th e  re a so n  th a t  th e  s p l i t t i n g  was n o t observed .
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However the  c o n c lu s io n s  of Person  and coworkers were 

based on a  com parison o f  o bserved  and c a lc u la te d  v a lu e s  f o r  th e  

s p e ra tio n  o f th e  P and R b ranch  maxima, which a re  no t in  agreem ent 

w ith o th e r  r e s u l t s .  T h e ir  v a lu e s  were a s e p a ra t io n  o f 6 cm~^ 

fo r  th e  513 cm ^ band, 13*5 cm ^ f o r  th e  210 cm*^ band and a 

c a lc u la te d  s e p a ra t io n  o f  I 6 cm*^ f o r  a p a r a l l e l  band o f H exafluoro 

Benzene. W heatley ( 50) o b serv ed  s e p a ra t io n s  o f  10.7 cm” ^ f o r  

the  313 cm"^ band, 10*3 cm” ^ f o r  the  210 cm*^ band and c a lc u la te d  

a value o f  11 .4  cm*^ a t  298.15°% (25°C ). The v a lu e s  observed  

in  th e  p re s e n t  work w ere 11 ,5  cm*^ and 10 .5  cm*^. The v a lu e  

o f P erson  and cow orkers f o r  th e  513 cm*^ band i s  much low er than  

the two o th e r  v a lu e s  b u t th e  spectrum  shown in  t h e i r  p ap e r on ly  

ag rees w ith  th e  p re s e n t  one i f  i t  i s  assumed th a t  the a b s c is s a  

s c a le  i s  in c o r r e c t ly  marked in  u n i t s  o f  5 cm*^ in s te a d  o f  10 cm 

This would make th e  s e p a r a t io n  o f  th e  P and R band maxima 12 cm ^ 

in  much b e t t e r  agreem ent w ith  th e  o th e r  two o b s e rv a tio n s . However 

the  ev id en ce  from  th e s e  s e p a ra t io n  v a lu e s  i s  in c o n c lu s iv e  s in c e  

th e  o bserved  s e p a ra t io n s  f o r  th e  two bands a re  app ro x im ate ly  th e  

same.

The o v e r a l l  band shapes a re  more h e lp f u l ,  th e  s tro n g e r  Q 

branch o f  th e  210 cm"^ band su g g es ts  t h a t  i t  i s  a  p a r a l l e l  band. 

Also th e  c a lc u la t io n s  o f  Nonnenmacher and Mecke (25) gave a v a lu e  

o f 199 cm"^ f o r  th e  a^^  fundam ental and th o se  u s in g  th e  f i e l d  of 

R and S a  v a lu e  o f  229 cm"^.
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A com parison w ith  P e n ta f lu o ro  Benzene (37) and a p p l ic a t io n  

of the  in e q u a l i ty  r u l e  y i e ld s  no u s e f u l  in fo rm a tio n  on th e  a^^ 

fundam ental w hich sh o u ld  l i e  between th e  b^ fundam entals a t  325 

and 206 cm*^ and co u ld  th e r e f o r e  be e i t h e r  the  513 cm*^ o r th e  

210 cm*^ band . However i t  shows th a t  th e  low est e^^ fundam ental 

should l i e  betw een th e  fundam en tals  a t  325 and 272 cm“ ^ which 

su p p o rts  th e  assignm ent o f 515 cm*^ as t h i s  fundam ental.

The on ly  su p p o rt f o r  th e  l a t e r  assignm ent o f  B e lb o u ille  (46) 

comes from  Fujiyam a and Crawford ( 5 l )  in  a  somewhat novel approach 

based on tim e c o r r e l a t i o n  f u n c t io n s .  The th e o iy  was developed 

fo r  v ib r a t io n a l  t r a n s i t i o n s  by Gordon (52) from a c o n s id e ra tio n  

of th e  tim e developm ent (o r  H eisenberg ) approach to  s p e c t r a l  

a b so rp tio n  as  opposed to  th e  co n v en tio n a l s t a t i c  (o r S ch ro d in g er) 

approach , which i s  concerned  w ith  changes between s t a t e s  o f 

d i f f e r e n t  energy  l e v e l s .  To quote  Gordon:

The H eisenberg  p i c tu r e  o f sp ec tro sco p y  le ad s  n a tu r a l ly  
to  th e  c o n s id e ra t io n  o f  a  spectrum  as th e  F o u r ie r  
tra n s fo rm  o f an a p p ro p r ia te  tim e c o r r e la t io n  fu n c t io n .

For i n f r a  re d  sp e c tro sc o p y  th e  tim e c o r r e la t io n  fu n c tio n  0 ( t )  

i s  d e f in e d  as

C (t)  -  ( p ( 0 ) . | i ( t ) )  

where j i ( t )  i s  th e  v e c t o r i a l  p ro je c t io n  o f th e  d ip o le  moment along 

the o r ig i n a l  d i r e c t io n  o f th e  t r a n s i t i o n  d ip o le  moment a t  tim e t .  

The b a r in d ic a te s  t h a t  th e  fu n c tio n  i s  an ensemble av e rag e .
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C o n sid er  a sy stem  i r r a d ia t e d  o v e r  th e  e n t ir e  fre q u en cy  

range o f  th e  hand . At t  « o by d e f i n i t i o n  a l l  th e  d ip o le s  are  

a lig n e d  a lo n g  th e  o r i g i n a l  d i r e c t io n  o f  th e  t r a n s i t i o n  d ip o le  

and th e  tim e c o r r e l a t i o n  f u n c t io n  i s  n o r m a lise d  so  th a t  c ( o )  = 1 .  

Then as  th e  sy ste m  r e l a x e s ,  the d ip o le s  r o t a t e  and c ( t )  drops in  

va lu e  but a t  a sh o r t  tim e i t  s t i l l  h as some dependence on the  

o r ig in a l  o r ie n t a t io n  o f  th e  d ip o le s .  At lo n g  tim e th e  d ip o le s  

w i l l  be o r ie n t a t e d  random ly w ith  r e s p e c t  to  t h e ir  o r ig i n a l  

d ir e c t io n s  and c ( t )  w i l l  be z e r o .

I f  l ( w )  i s  th e  i n t e n s i t y  o f  th e  band (n o r m a lise d  so  th a t  

Jband ** aud h en ce  c ( o )  = l )  a t  freq u en cy  w (where w

i s  th e  c i r c u l a r  fr e q u e n c y  m easured from  th e  band c e n tr e  and 

e x p r e sse d  in  u n i t s  o f  r e c i p r o c a l  t im e )  i t  can be shown th a t  ( 5 2 ) ,

l ( w )  -  1 /2  j  e“ ^** ( | i ( o ) . j i ( t )  )  d t  

A gain  q u o tin g  Gordon:

T h is e q u a t io n  e x p r e s s e s  th e  H e ise n b e r g -ty p e  d e s c r ip t io n  
o f  an  i n f r a  r e d  band sh ap e; The d i s t r ib u t io n  o f  
a b s o r p t io n  f r e q u e n c ie s  about th e  v ib r a t io n  freq u en cy  
i s  th e  F o u r ie r  tra n sfo r m  o f  th e  avera g e  m otion  o f  th e  
t r a n s i t i o n  d ip o le  moment.

P r o v id ed  th e  o b se r v e d  spectrum  e x te n d s  over the e n t ir e  

range o f  r o t a t i o n  — v ib r a t io n  f r e q u e n c ie s  o f  th e  band th e n  th e  r e a l  

part o f  th e  in v e r s e  F o u r ie r  i n t e g r a l  a l lo w s  th e  average m otion  o f  

the t r a n s i t i o n  d ip o le  moment to  be r e c o n s tr u c te d . T h erefo re

c ( t )  -  J ta n d  K " )
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This i s  e v a lu a te d  u s in g  a summation o f th e  form given 

by Fujiyam a and Craw ford (53)» The tim e c o r r e la t io n  fu n c tio n  o f 

the band i s  c a lc u la te d  f o r  a s e r ie s  o f tim e in te r v a l s  ( th e  tim e 

sca le  in v o lv ed  i s  o f  th e  o rd e r  o f p ic o se c o n d s , i . e .  10*^^ s e c .)  

and a g raph o f  c ( t )  v e rsu s  t  p lo t t e d .

Fujiyam a and Crawford (5 l )  showed th a t  in  s o lu t io n  the  

e^^ fu n dam en ta ls  a t  1531 and 1020/1002 cm“ ^ had s im i la r  curves 

but th a t  th e  band a t  313 cm ^ was c o n s id e ra b ly  d i f f e r e n t .  They 

th e re fo re  concluded  t h a t  th e  313 cm"^ band could n o t be an e^^ 

fundam ental and th e r e f o r e  must be th e  ag^ fundam ental and th e  band 

a t 210 cm"^ th e  e^^ fu n d am en ta l. However they  d id  n o t in v e s t ig a te  

the 210 cm“ ^ band so t h i s  was u n d ertak en  in  th e  cou rse  o f th e  

p re se n t work. The tim e  c o r r e la t io n  fu n c tio n s  o f th e  313 and 

210 cm*^ bands o f H exafluoro  Benzene m easured in  Cyclohexane 

s o lu tio n  to g e th e r  w ith  t h a t  f o r  th e  1531 cm ^ band c a lc u la te d  u s in g  

th e  d a ta  g iv e n  by Fu jiyam a and Crawford ( 51) a re  shown in  f ig u re  

2 . l2 .  As can be see n , th e  313 cm ^ band does n o t decay a t  th e

same r a t e  a s  th e  1531 cm*^ band bu t n e i th e r  does the 210 cm ^ band.
-1

In  f a c t  th e  s i m i l a r i t y  i s  b etw een  th e  313 and 210 cm b an d s.

These can n o t be members o f th e  same symmetry sp ec ie s  and th e re fo re  

the assignm ent o f  th e  315 cm ^ band as the  ag^ fundam ental on the 

b a s is  o f tim e c o r r e l a t i o n  fu n c tio n s  i s  r e j e c t e d .

The tim e  c o r r e l a t i o n  fu n c tio n s  f o r  th e  315 and 210 cm
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Figure 2 .1 2  Time C o r r e la t io n  F u n c tio n s  f o r  th e  
1 5 2 7 , 315 and 215cm” Bands o f
H e x a flu o ro  B enzene in  S o lu t io n
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Figure 2.13 Time C o rre la tio n  Functions fo r  the 
315 and 215 cm Bands o f
H exafluoro Benzene in  the  
Gas Phase

A ctual
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hands m easured in  th e  g a s  phase a re  shown in  f ig u re  2 .1 3 . Also 

shown a re  th e  f u n c t io n s  ex p ec ted  f o r  H exafluoro  Benzene f r e e ly  

r o ta t in g  about e i t h e r  th e  p e rp e n d ic u la r  o r one o f th e  p a r a l l e l  

axes. These a re  c a lc u la te d  u s in g  th e  e q u a tio n s  given by 

R o th sch ild  (54)»

c ( t ) ( f r e e l y  r o t  l l )  exp /  -  (k T /l^  ) t^  /

c ( t ) ( f r e e l y  r o t  -L ) exp /  -  ^  kT ( l / l ^  + l / l „  ) t ^ /

where and In  a re  th e  moments o f i n t e r i a  p e rp e n d ic u la r

and p a r a l l e l  to  th e  u n iq u e  a x i s ,

The cu rv es  f o r  th e  210 cm" band and th e  p a r a l l e l  f r e e  

r o ta to r  a re  a lm ost i d e n t i c a l  f o r  2 p s e c . in d ic a t in g  th e  th e  band 

i s  a p a r a l l e l  band (and th e r e f o r e  th e  a^^ fundam ental) and th a t  th e  

m olecu les behave a s  f r e e  r o t a t o r s  about t h i s  a x is  f o r  2 p sec . b e fo re  

the r o ta t io n s  become h in d e re d  by in te r a c t io n s  between the  

m o lecu les. The cu rv es  f o r  the  513 band and th e  p e rp e n d ic u la r

f re e  r o t a t o r  a re  v a s t l y  d i f f e r e n t .  I t  i s  p o s s ib le  t h a t  t h i s  i s  

due to  th e  f a c t  t h a t  th e  band i s  broadened by C o rio lis  in te r a c t io n s

between the  doubly  d e g e n e ra te  fundam entals  ( 50)» which i s  not

taken  in to  accoun t in  th e  f r e e  r o t a t o r  th e o ry .

I t  was th u s  concluded  th a t  th e  o n ly  p o s i t iv e  ev idence 

in d ic a te s  t h a t  th e  210 cm"^ i s  the  a^^ fundam ental and th e  515 cm"^ 

band th e  lo w est e^^ fu n d am en ta l.

The a ss ig n m en ts  o f th e  in a c t iv e  fundam entals o f th e  and 

^2u s p e c ie s  has to  be based  on th e  com bination  bands. S te e le  and
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Whiffen (37) gave v a lu e s  o f  714 and 249 f o r  the  h« fundam entals<tg
-1and 595 and 175 cm f o r  th e  e^^ fu n d am en ta ls . Of th e se  

assignm ents o n ly  th e  h ig h e r  fundam ental i s  su p p o rted  hy th e  

c a lc u la t io n s .  The a l t e r n a t i v e  assignm ents o f  714 and 190 cm“ ^ 

fo r  th e  hgg fu n d am en ta ls  and 647 and 123 cm"*̂  f o r  th e  

fu n dam en ta ls , which a re  in  agreem ent w ith  th e  c a lc u la t io n s ,  a re  

proposed. They a re  b ased  on th e  i n f r a  re d  a c t iv e  com bination 

bands. Table 2 .35  l i s t s  th e  fundam en ta ls  and the  observed  and 

c a lc u la te d  com bination  bands which g iv e  r i s e  to  th e se  assig n m en ts .

The observed  f re q u e n c ie s  and th e  summation r u le s  a re  tak en  from 

S te e le  and I h i f f e n  (37)* The summation r u le s  a re  based on th o se  

given by B a ile y  e t . a l . ( 5 5 )  f o r  Benzene, which show th a t  b^^ + 

b^^ = Og^ (n o t e^^ as  g iv en  by S te e le  and W hiffen) and

” 2g + ®2u "  ®lu * 2 * ) '

These a ss ig n m en ts  a re  in  good agreem ent w ith  th e  b^ fundam entals 

of P e n ta f lu o ro  Benzene.

OgEPj (b ^ )  CgFg (b g g  + + agu  + * 2u )

837
697

555

323

206

158

714

647

370

210

190

123

As can he seen  th e  in e q u a l i ty  r u le  h o ld s  th roughou t w ith  

th ese  assignm en ts  w hereas w ith  S te e le  and W h iffen 's  assignm ents 

i t  does n o t .
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THE COMBINATION BANDS OF HEXAFLUORO BENZEHE

COMBINATION BANDS

FMDAHEHTALS CALCULATED OBSERVED

®2g Blu ^2u

714 + 1323 2037 2040 1

714 + 640 1354 1348 1

190 + 1323 1513 1513 g
190 + 640 830 841 1

^ 2u " 2g ■̂ 2u

647 1655 2302

647 + 1157 I 8O4 1802 g

647 + 443 1090 1092 g

647 + 264 911

123 + 1655 1778

123 + 1157 1280 1277 1

123 + 443 566 569 1
123 + 265 387

^2u " ig S lu

647 + 370 1017

123 + 370 493 489 g

^2u ®2g S lu

647 + 714 1361

647 + 190 837 841 1

123 + 714 837 841 1

123 + , 190 313

1 -  band observed  in  l iq u id  phase 
g -  band observed  in  gas phase

Table 2 .33



144

The eq u iv a len c e  o f th e  and fundam entals of 1 ,2 ,4 ,5

T e tra flu o ro  Benzene, th e  a^ fundam entals  o f P e n ta flu o ro  Benzene

and th e  e^^ and e^^ fu n d am en ta ls  o f H exafluoro  Benzene was

p re v io u s ly  d is c u s se d  in  c o n ju n c tio n  w ith  the  assignm ent o f  th e

e^^ fundam ental* I t  i s  a lso  a  u s e fu l  com parison f o r  th e  e^^

fundam en ta ls . The v a lu e  o f  647 cm"^ f o r  the  h ig h e r e^^ fundam ental

of H exafluoro  Benzene i s  in  re a so n a b le  agreem ent w ith  th e

p o s tu la te d  v a lu e s  of 677 f o r  th e  h ig h e r  a^ fundam ental of

1 ,2 ,4 ,5 T e tra f lu o ro  Benzene and 675 cm"^ f o r  th e  h ig h e s t  a^

fundam ental of P e n ta f lu o ro  Benzene and len d s  support to  the

s e r ie s  a s  a  w hole. L ikew ise th e  v a lu e  o f  123 cm"^ f o r  the  low er
“ Ie^^ fundam ental o f  H exafluo ro  Benzene and I 40 cm f o r  th e  low er 

fundam en tal o f 1 ,2 ,4 ,5  T e tra f lu o ro  Benzene a re  in  good 

agreem ent.

“ 1The v a lu e  of 123 cm f o r  th e  low er e^^ fundam entals i s  

su p ported  a lso  by th e  c a lc u la t io n s  o f C ounsell e t . a l . ( 56) ,  who 

found i t  n e c e ssa ry  to  p o s tu la te  a  fundam ental a t  125 cm ^ in  

o rd er to  g e t agreem ent betw een th e  observed  and c a lc u la te d  m olar 

e n tro p ie s .  However th ey  assumed th a t  th e  o th e r  assignm ents of 

S tee le  and W hiffen (37) w ere c o r r e c t  so subsequen t reass ig n m en ts  

might a f f e c t  t h i s  v a lu e .

I t  must be remembered th a t  w hile  th e se  p o s tu la te d  fundam ental 

assignm ents ag ree  re a so n a b ly  w ith  th e  a v a i la b le  d a te  f o r  

co n firm a tio n  a  com plete assignm ent o f  H exafluoro  Benzene i s  re q u ire d
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in c lu d in g  c a lc u la t io n s  o f  th e  in  p lan e  fu n d am en ta ls . T his i s  

necessa ry  s in c e  th e  re a ss ig n m e n ts  o f th e  com bination bands 

made h e re  le a v e  some b an d s, p re v io u s ly  ex p la in ed  by S te e le  

and W hiffen (37)> w ith o u t e x p la n a tio n  and make m u ltip le  

assignm ents f o r  o th e r s .
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SECTION 2 .4  M asses and Geometry

The atom ic w e ig h ts  u sed  in  a l l  th e  c a lc u la t io n s  were ( in  

atomic mass u n i t s ) :

Hydrogen 1 .0 0 7 9 7

D euterium  2.01410

Carbon 12.01115

F lu o r in e  18.99840

The v a lu e s  were ta k e n  from Kaye and Laby ( l ) ,  p . 118.

The bond le n g th s  u sed  were ( in  A ngstrom s):

C -  C 1 .3 9 7

C -  F 1 .3

C - H  1.084

The v a lu e s  f o r  th e  C -  C and C -  H bonds, which a re  th o se  

c a lc u la te d  f o r  B enzene, were a lso  tak en  from Kaye and Laby ( l ) ,  

p . 159* The v a lu e  f o r  th e  C -  F bond was th a t  used by R a d c lif fe  

and S te e le  (24) in  t h e i r  c a l c u la t io n s .

P la n a r i ty  was assumed f o r  a l l  th e  m olecu les.

A l l  th e  bond a n g le s  ( i . e .  th e  4. C-C-C, 4  C-C-H and th e  4 C-C-f ) 

were assum ed to  be 1 2 0 ° .

I t  was n e c e s sa ry  to  assume th a t  a l l  th e  m olecu les have th e  

same bond le n g th s  and a n g le s  s in ce  in  th e  Harmonic O s c i l l a to r  

A pproxim ation

2 Ï  -  1 1 dE. dE. 161 ,J  1 J

I f  th e  i n t e r n a l  c o o rd in a te s  a re  s c a le d  by a p p ro p r ia te  bond
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len g th s  to  be u n i t i e s s ,  a l l  th e  fo rc e  c o n s ta n ts  have to  be 

s im ila r ly  s c a le d  (and t h e i r  v a lu e s  a re  th e n  quoted in  m illid y n e s  

per A ngstrom ). This s c a l in g  o f  th e  fo rc e  c o n s ta n ts  was im p l ic i t  

in  a l l  th e  c a lc u la t io n s  and f o r  such fo rc e  c o n s ta n ts  to  be 

t r a n s f e r a b le  betw een m o lecu les  th e  i n t e r n a l  co o rd in a te s  to  

which th e y  r e f e r r e d  had to  c o n ta in  bonds of c o n stan t le n g th .

The com plete m o le c u la r  s t r u c tu r e  o f  P luoro  Benzene was

determ ined by Nygaard e t . a l . ( 57) from t h e i r  microwave s p e c tra

of fo u r  mono (^^C) s u b s t i t u te d  F luoro  Benzenes and e a r l i e r

d a ta  on v a r io u s  D euterium  s u b s t i t u te d  F luo ro  B enzenes. T h e ir

r e s u l t s  show a s l i g h t  sh o r te n in g  o f th e  two C -  C bonds n e a re s t

the F lu o r in e  atom w h ile  th e  r e s t  o f  th e  m olecule i s  p r a c t i c a l l y
o

l ik e  Benzene and a C -  F bond le n g th  o f 1 .35 However s in ce  

t h e i r  geom etry has d i f f e r e n t  le n g th s  f o r  C -  C and C - H  bonds 

a t  d i f f e r e n t  p o s i t io n s  com parative  f r e q u e n c ie s  were n o t 

c a lc u la te d .  McCulloh and Pollnow (58) concluded th a t  F luoro  

Benzene i s  p la n a r  from m easurem ents o f  th e  moments o f i n e r t i a .  

C r ita s  e t . a l . ( 5 9 )  d e te rm in ed  a ground s t a t e  geom etry f o r  Fluoro 

Benzene as a  s t a r t i n g  p o in t  f o r  the  i n t e r p r e t a t i o n  o f  th e  

r o ta t io n a l  c o n s ta n ts  o f th e  f i r s t  s in g le t  e x c ite d  s t a t e  in  term s

m o le c u la r  geom etry . T h e ir  bond param ete rs are

C -  C 1.597 A 121°

C -  F 1.519 A . ^
120°

C - H 1.084 A ^ CiCgH^ 

^  C4C3H3

120°

120°
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The carbons a re  numbered acco rd in g  to  th e  scheme shown in  

F igure 2 ,1 ,  The s u b s t i t u e n t s  a re  numbered acco rd ing  to  which 

carbon atom th e y  a re  a t ta c h e d , w ith  the  F lu o rin e  atom a tta c h e d  

to  C^. C r i ta s  and cow orkers u sed  a  number o f assum ptions in  

de term in ing  t h i s  geom etry . Using th i s  geom etry and an 

a p p ro p r ia te ly  r e s c a le d  23 p a ram ete r fo rc e  f i e l d  the  fundam ental 

f re q u e n c ie s  o f F luo ro  Benzene were r e c a lc u la te d  and compared 

w ith th e  f r e q u e n c ie s  c a lc u la te d  u s in g  th e  s ta n d a rd  geom etry.

S tan d ard  Geometry C r i t a s 's  Geometry

960 961

Ag 816 815

408 403

994 994

899 898

: i
745 745

683 687

502 507

242 238

The g r e a t e s t  d isc rep a n c y  between th e  two s e ts  o f  

c a lc u la te d  f re q u e n c ie s  i s  5 cm  ̂ and th e  average i s  2 .5  cm , 

in d ic a t in g  t h a t  f o r  work o f h ig h  accuracy  i t  would be n e ce ssa ry  

to  know th e  a c c u ra te  geom etry but f o r  th e  type  o f c a lc u la t io n s  

co n sid ered  h e re  th e  s ta n d a rd  geom etry used  f o r  F luoro Benzene 

is  ad eq u a te .



149

The e f f e c t  o f  chang ing  th e  geom etry i s  n u l l i f i e d  to  

some e x te n t  by th e  f a c t  t h a t  th e  fo rc e  f i e l d  has to  be re s c a le d  

so th a t  f .  . dR. dR. i s  a c o n s ta n t in d ependen t o f geom etry.X, j  1 J 
T herefore  i f

f^ ^  i s  a  d ia g o n a l fo rc e  c o n s ta n t r e f e r r in g  to  a C -  F 

bond le n g th  o f  1 .3  A

( 1 . 5/ 1 .3 )^  i s  a  d iag o n a l fo rc e  c o n s ta n t r e f e r r in g  

to  a  C -  F bond le n g th  o f  1 .5  A.

Nygaard e t . a l . ( 6 0 )  a ls o  examined th e  microwave spectrum  

of 1 ,2  d i f lu o r o  Benzene and 1 ,3  d if lu o ro  Benzene. They 

concluded from  th e  sm a ll v a lu e s  o f th e  i n e r t i a l  d e fe c t th a t  

both m o lecu les  a re  p la n a r .  Assuming an  u n d is to r te d  sk e le to n

w ith  120° a n g le s , a  C -  C bond le n g th  o f  1 .397 A and a C -  H 

bond le n g th  o f  I.O 84 A, th e y  c a lc u la te d  C -  F bond le n g th s  of 

I . 3I 8 A in  1 ,2  d i f lu o r o  Benzene and I . 3O8 A in  1 ,3  d if lu o ro  

Benzene. They a lso  concluded  th a t  th e  CCF an g les  d i f f e r  by le s s  

than 0 . 5° from 120°.

Almenningen e t . a l . ( 6 l )  de term ined  th e  geometry o f H exafluoro 

Benzene from  e le c t r o n  d i f f r a c t i o n  m easurem ents in  th e  gas p h ase . 

T heir bond le n g th s  a r e  f o r  th e  C -  0 bond 1.394 -  *007 A and 

fo r  the  C -  F bond 1 .327  -  .007 A. They a lso  concluded th a t  

th e re  i s  no s ig n i f i c a n t  d e v ia t io n  from p la n a r i ty .  Using t h i s  

geom etry and a r e s c a le d  23 param eter fo rc e  f i e l d  the fundam entals 

were r e c a lc u la te d  and compared w ith  th o s e  c a lc u la te d  u s in g  the 

s tan d a rd  geom etry .



150

S tan d a rd  Geometry Almenningen’s Geometry

694 690

197 194

585 581

204 200

656 631

150 128

The f r e q u e n c ie s  a r e  s y s te m a t i c a l l y  lowered hy an average 
—1o f  4 cm due to  th e  in c r e a s e d  C -  P bond le n g th s .  The s tan d a rd  

geometry i s  s t i l l  adequate  hu t the  r e s u l t s  do in d ic a te  t h a t  th e  

value u sed  f o r  the  C -  P bond le n g th  i s  s l i g h t l y  low.
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CHAPTER THREE The Force F ie ld s  and t h e i r  C a lc u la t io n .

SECTION 5 .1  The C a lc u la t io n  o f  Force C onstan ts .

The most d i r e c t  way o f  o b ta in in g  th e  in d iv id u a l  e lem ents  o f  

the F m a tr ix  i n  th e  s e c u l a r  eq u a t io n

HL = L A.

where OF = E

i s  by expansion  o f  th e  s e c u la r  d e te rm inan t

|E  -  X e | « 0

I f  t h e r e  a re  n v i b r a t i o n a l  f r e q u e n c ie s  a  polynom ial equation  

of the  form

+ Ĉ  X^"*  ̂ . . . .  + C X + C -  0 1 n n

i s  o b ta in e d .

The c o e f f i c i e n t s  c a re  r e l a t e d  to  the  r o o t s  (o r  e igen  v e c to r s )

X , X , , ,  .X and a l s o  to  th e  in d iv id u a l  e lem ents o f  th e  m a tr ix  H r  c n

and th u s  n e lem ents  o f  F can be c a l c u l a t e d .  The forms o f th e se  

r e l a t i o n s h i p s  a re  g iv e n  i n  Wilson, Decius and Cross (S ) ,  p . 214.

In p r a c t i c e  t h i s  method i s  tim e consuming and im p ra c t ic a b le  f o r  

n g r e a t e r  th an  f i v e .

Methods o f  s t a r t i n g  w i th  a  s e t  o f  t r i a l  fo rc e  c o n s ta n ts  which 

are  g r a d u a l ly  r e f i n e d  u n t i l  a  s e t  i s  o b ta in e d  which most n e a r ly  

rep roduces  the  observed  f r e q u e n c ie s  a r e  p r e f e r a b le  s in c e  they  

invo lve  on ly  l i n e a r  a lg e b r a  and a re  t h e r e f o r e  amenable to  machine
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com putation . These methods a l l  depend on the  c a l c u l a t i o n  o f  th e  

Jacohian which r e l a t e s  changes in  the  e ig en  v a lu es  (o r  sometimes 

f r e q u e n c ie s )  to  th o s e  i n  th e  fo r c e  c o n s ta n ts .

Mann e t . a l . ( 6 2 )  o b ta in e d  the Jaco b ian  by making an increment 

of .01 mdyn.A"^ in  one o f  th e  fo r c e  c o n s ta n ts  and s o lv in g  the  

s e c u la r  e q u a t io n  f o r  th e  new F m a t r ix .  The r e s u l t i n g  changes in

the  e ig en  v a lu e s  gave th e  d X./djZf, f o r  a l l  X. and one jZf., i , e .1 1 J
the  j t h  row o f  th e  J a c o b ia n .  This p ro c e ss  was re p e a te d  f o r  each 

fo rce  c o n s ta n t  in  t u r n  and th e  Jaco b ian  c o n s t r u c te d .  The new s e t  

of f o r c e  c o n s ta n ts  was th e n  o b ta in ed  by the  method of l e a s t  

squares  (a s  o u t l in e d  i n  s e c t io n  1 -7 ) • Such a  method i s  te d io u s  

and in  view o f  t h i s  Mann and coworkers used  only  one Jaco b ian ,  

c a lc u la te d  a t  the  s t a r t  o f  the  i t e r a t i o n  c y c le ,  i n s t e a d  of 

r e c a l c u l a t i n g  a  new one a t  each s tag e  o f  re f in e m e n t .  The method 

of c a l c u l a t i n g  th e  Jac o b ia n  from th e  e igen  v e c to r s  (as  o u t l in e d  

in  s e c t io n  1 .8 )  i s  t h e r e f o r e  p r e f e r a b l e .  This method, which 

appears  to  have been f i r s t  a p p l ie d  to  th e  v i b r a t i o n a l  problem 

by King ( 63 ) ,  though i t  i s  g iven  i n  e ssen ce  by Wilson e t , a l . ( 8 ) ,  

p . 275 , was developed  by Overend and S che re r  ( 64)* Although t h e i r  

method o f  d e r iv in g  th e  e x p re ss io n  f o r  th e  Jacob ian  g iv es  th e  

c o r r e c t  r e s u l t  i t  c o n ta in e d  some u n n ecessa ry  assum ptions as 

p o in ted  o u t  by long e t . a l . ( 6 & ) .  H i l l s  (65) d e r iv ed  the  same 

ex p re ss io n  u s in g  a s l i g h t l y  d i f f e r e n t  t r e a tm e n t ,  which was s t i l l  

based however, a s  were th e  o th e r  methods (6Ô and 64 ) ,  on f i r s t -  

o rder p e r t u r b a t i o n  th e o r y .  The term p e r tu r b a t io n  i s  th e r e f o r e
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more c o r r e c t l y  a p p l ie d  to  th e  d e r i v a t i o n  of the  Jacob ian  r a t h e r  

than the  e n t i r e  p ro c e s s  o f  fo r c e  c o n s ta n t  e v a lu a t io n .

There a re  a  number o f  d i f f i c u l t i e s  which can be encountered  

in  t h i s  type  o f  c a l c u l a t i o n  and th e s e  can be l i s t e d  in  th re e  

main groups •

1* M u lt ip le  S o lu t io n s

The fu n c t io n  X was in t ro d u c e d  i n  S ec tio n  I .7  as a  measure 

o f  th e  l a c k  of agreement between the  observed and c a lc u la te d  

eigen v a lu e s .

i . e .  X = w^ ( -  X^)^

Since each X^ i s  a fu n c t io n  o f  the  fo rc e  c o n s ta n ts m

i t  fo l lo w s  t h a t  X i s  a l s o  a  f u n c t io n  o f  the fo rce  c o n s ta n ts .

i . e .  X = X

T h ere fo re  X can be r e p r e s e n te d  as  a s e r i e s  o f  h y p e rsu rface s  

in  m + 1 d im ens iona l sp a c e .

Thus a s e t  o f  m f o r c e  c o n s ta n ts  can be p o s tu la te d  and a s e t  

o f  n e ig en  v a lu e s  c a l c u l a t e d .  The q u e s t io n  now a r i s e s  o f  how 

th ese  c a l c u l a t e d  e ig e n  v a lu e s  a re  to  be compared w i th  the  n  observed 

eigen v a lu e s .  I f  th e  observed  e igen  v a lu e s  a re  l i s t e d  in  

d e c rea s in g  o rd e r  th e  n c a l c u l a t e d  e ig en  v a lu e s  can be o rdered  

and compared in  n l  d i f f e r e n t  ways ( 6 7 ) and hence A1 v a lu e s  o f  X 

c a lc u la te d .  With each e ig e n  v a lu e  X^ th e re  i s  a s s o c ia te d  an e igen 

v e c to r  Li ( th e  i t h  column o f L), which d e sc r ib e s  the  i t h  normal 

co o rd in a te  i n  term s o f  th e  i n t e r n a l  c o o rd in a te s  and which can be
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app lied  to  each o bse rved  e ig en  v a lu e  i n  t u r n .  So th e se  n i 

arrangem ents co rre sp o n d  to  th e  n i p o s s ib le  e igen  v e c to r  

d e s c r ip t i o n s  o f  th e  o b serv ed  e ig en  v a lu e s .  Although th e  

arrangement which g iv e s  r i s e  t o  th e  low est X value  might be 

thought o f  as  the  " c o r r e c t "  s e t ,  i n  f a c t  by s t a r t i n g  a t  each 

of th e se  n i  d i f f e r e n t  p o in t s  in  tu rn  and p rov ided  t h a t  the  e igen  

v ec to r  d e s c r i p t i o n  o f  th e  observed  e ig en  v a lu e s  i s  r e t a i n e d ,  by 

r e f i n i n g  th e  fo r c e  c o n s t a n t s  convergence can be ach ieved  to  n i 

d i f f e r e n t  minima. I f  n  = m an e x ac t  s e t  of s o lu t io n s  i s  found 

each t im e , i . e .  X = 0 f o r  a l l  n i  minima. In  th e  more normal 

case  n^m and g e n e r a l l y  X i s  n o t  equal to  z e ro .

I f  th e  problem i s  f a c t o r e d  i n t o  symmetry b lo ck s  th e r e  a re  

minima where n^ i s  th e  number o f  e igen  v a lu es  f o r  th e  i t h  

symmetry b lo ck  and m u l t i p l i c a t i o n  i s  over a l l  symmetry b lo c k s .

This s t i l l  a p p l ie s  when more than  one m olecule i s  c o n s id e re d  ( i . e .  

the o v e r la y  p ro ced u re  i s  u s e d ) ,  s in c e  X cannot d i s t i n g u i s h  between 

m o lecu les .

Needham and S c h e re r  (66) c o n s id e re d  th e  two a^ s t r e t c h i n g  

v i b r a t i o n s  o f  HCN, w hich a re  observed  a t  2089 and 3312 cm 

From the  two f r e q u e n c i e s ,  two s e t s  o f  fo r c e  c o n s ta n ts  were 

o b ta in e d .  The f i r s t  s e t  ( f ^ g  « 5*88, f^ g  = 17.88 md.A ^) gave 

3312 cm*"  ̂ as th e  CH s t r e t c h i n g  frequency  and th e  2089 cm ^ a s  the  

CN s t r e t c h i n g  f req u e n cy  whereas th e  second s e t  (fprr * 2 .3 7 ,CH

fgg » 4 0 .4 8  md.A"^) gave th e  r e v e r s e  ass ignm en t,  which i s  in c o r r e c t ,
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When c a l c u l a t i n g  t h e  fo rc e  c o n s ta n ts  the s o lu t io n  ob ta in ed  

depends on the  re f in e m e n t  method and the i n i t i a l  fo r c e  f i e l d .  

Needham and S che re r  (66) d e sc r ib e  a  method whereby a s e t  of 

assignm ents can  be in t ro d u c e d  in to  th e  c a l c u l a t i o n s  so t h a t  even 

i f  the  i n i t i a l  f i e l d  i s  th e  second s e t  o f  fo rc e  c o n s ta n ts ,  the 

c a lc u la te d  2089 cm ^ f req u en cy  can be compared w ith  the  observed 

CH s t r e t c h i n g  freq u en cy  a t  3312 cm” ^ and l ik e w ise  the  c a lc u la te d  

3312 cm ^ frequency  w ith  th e  observed  CN s t r e t c h i n g  frequency  

a t  2089 cm” ^ . T h e re fo re  th e  convergence w i l l  be t o  the  f i r s t  

(and c o r r e c t )  s e t  o f  f o r c e  c o n s ta n t s .  However, i f  th e  observed 

and c a l c u l a t e d  f r e q u e n c ie s  a re  l i s t e d  i n  descending o rd e r  and 

compared th e  f i n a l  s e t  o f  f o r c e  c o n s ta n ts  o b ta in ed  depends on 

the i n i t i a l  s e t  and u s in g  t h i s  method th e  f i r s t  s e t  could never 

be o b ta in e d  from th e  second .

The method used  i n  comparing th e  f re q u e n c ie s  in  th e  

c a l c u l a t i o n s  r e p o r te d  h e re  i s  t h i s  second method of l i s t i n g  the  

c a l c u la te d  f r e q u e n c ie s  i n  descend ing  o rd e r  and th e  observed  

f r e q u e n c ie s  i n  a p red e te rm in ed  o rd e r .  There i s  one h y p e rsu rface  

£  w ith  n! minima i n  t h i s  c a s e ,  ( in  the  method o f  Needham and 

Overend (66) th e r e  a r e  n! hyper sur f a c e s  w ith  one minima e a c h ) .

A maxima between two minima i s  a  " c ro s s -o v e r"  p o in t  between the  

two p o s s ib le  e ig en  v e c to r  d e s c r ip t io n s  o f  two f r e q u e n c ie s .  In  

the HCN example (66) s t a r t i n g  from th e  maxima between the  two 

minima convergence co u ld  be to  e i t h e r  o f  th e  two s e t s  o f  s o lu t i o n s .
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This method r e q u i r e s  t h a t  th e  i n i t i a l  and f i n a l  fo r c e  f i e l d s  a re  

in  the  same re g io n  o f  h y p e rsp ace ,  which i s  assumed to  he the  

reg io n  which y i e l d s  th e  c o r r e c t  s o l u t i o n s .

R a d c l i f f e  and S te e le  (24) found two a l t e r n a t i v e  fo r c e  f i e l d s  

fo r  a s e r i e s  o f  Bromine s u b s t i t u t e d  Benzenes. The two s e t s  o f  

fo rce  c o n s ta n ts  had s i m i l a r  v a lu e s  and corresponded  to  a 

p e rm u ta t io n  o f  th e  mode d e s c r i p t i o n s  o f  th e  681 and 756 em” ^ b^ 

v ib r a t i o n s  o f  Bromo Benzene. Long and Gravenor (6&) c o n s id e red  

a h y p o th e t i c a l  two f re q u e n c y ,  two s o l u t i o n  problem and how the  

s o lu t io n  o b ta in e d  depended on th e  method of re f in e m e n t .

Toman and P l i v a  (68) su g g es ted  a method whereby a l l  p o s s ib le  

s o lu t io n s  might be o b ta in e d  but i t s  nu m erica l  com plexity  makes 

i t  im p r a c t ic a b le  (69 ) .  S p i r lc o  and Horavek ( 69) sugges ted  an 

a l t e r n a t i v e  method b a sed  on a s t a t i s t i c a l  s im u la t io n  (o r  Monte 

C arlo) te c h n iq u e .  Random s e t s  o f  i n i t i a l  fo r c e  c o n s ta n ts  were 

g e n e ra te d  ( l i m i t e d  to  -  20 mdyn/A) and then  convergence was 

ach ieved  by th e  s ta n d a rd  p e r t u r b a t i o n  method. This method i s  a lso  

l im i te d  i n  t h a t  i t  r e q u i r e s  an i n f i n i t e  number of s e t s  to  be 

g en e ra te d  to  ach iev e  a l l  p o s s ib le  s o lu t io n s #  I t  does however 

in t ro d u c e  some measure o f  p h y s ic a l  r e a l i t y  by e x c lu d in g  a l l  fo rc e  

c o n s ta n ts  l a r g e r  th a n  -  20 mdyn/A (which would r u l e  ou t th e  second 

s e t  of s o lu t i o n s  to  th e  HCN prob lem ).

2 . S in g u l a r i t y

I f  m a t r ic e s  C and D a re  a s  d e f in e d  by equation  6 l  ( s e c t io n  I . I O ) ,
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equation  47 ( s e c t i o n  I . 7 ) becomes 

A i *

and t h i s  i s  the  e q u a t io n  to  be so lv ed  to  o b ta in  the  changes 

which have to  be made i n  th e  f o r c e  c o n s ta n t s .

The m a tr ix  C i s  s i n g u l a r  i f  i t s  d e te rm in an t  i s  equal to  

zero and i n  t h i s  c a se  i t  cannot be i n v e r t e d .  This e q u a l i t y  to  

zero can be ex ac t  o r  a c c id e n ta l  ( p s u e d o - s in g u la r i ty )  where th e  

de te rm inan t i s  so sm all  t h a t  i t  has  l a r g e  computer round ing  

e r r o r s .

Exact s i n g u l a r i t y  i s  due to  th e  e x is te n c e  of one or more 

l i n e a r  r e l a t i o n s h i p s  between the fo r c e  c o n s ta n t s .

I . e .  ^ • a  » / •  * 01 ^ 1

l i  \  -  0

e t c ,  depending on th e  number o f  r e l a t i o n s h i p s ,

where a^ ,  b ^  a re  C o n stan ts  and th e  summation i  i s  over

a l l  m fo r c e  c o n s t a n t s .

The form o f  th e s e  l i n e a r  r e l a t i o n s h i p s  can be o b ta in e d  from 

the  m a tr ix  C by examining i t s  e ig en  v e c to r s  V and e ig e n  v a lu e s  A. ,

CY * V A

and i f  X. = 0, m a t r ix  C i s  s i n g u la r .

Then ’ ' i j  '  °

This i s  known as  s i n g u l a r i t y  due to  ex ac t  l i n e a r  dependence 

and th e s e  l i n e a r  r e l a t i o n s h i p s  must be re c o g n ise d  and removed 

befo re  the  problem can  be so lv ed .  An example i s  co n s id e re d  l a t e r
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in  co nnec tion  w ith  th e  f o r c e  c o n s ta n ts  of Benzene,

A sm all  d e te rm in a n t  i s  due u s u a l l y  to  one o r  more n e a r  

l i n e a r  r e l a t i o n s h i p s  amongst the  f o r c e  c o n s ta n t s .

e t c .

where u a ,  uh . . . .  a l th o u g h  f u n c t io n s  o f  the  f o r c e  c o n s ta n ts  

change v e ry  l i t t l e  as  the  fo r c e  c o n s ta n t s  change. Lees (?0) and 

Bruton and Woodward ( ? l )  have g iven  g e o m e tr ic a l  i n t e r p r e t a t i o n s  

of n e a r  l i n e a r  dépendance, which can a l s o  be re c o g n ise d  by 

look ing  f o r  sm a l l  e ig e n  v a lu e s  of C. Near l i n e a r  dependence i s  

due to  i n s u f f i c i e n t  d a t a  and can be d i s t in g u is h e d  from ex ac t  

l i n e a r  dependence by th e  i n t r o d u c t io n  o f  a r t i f i c i a l  d a ta  (70) 

in to  th e  c a l c u l a t i o n .  This  would ta k e  the  form o f  in t ro d u c in g  

c a l c u l a t e d  f r e q u e n c ie s  as though th ey  were observed f r e q u e n c ie s .  

Provided  th e  new s e t  of d a ta  i s  l a r g e  enough any n e a r  l i n e a r  

dependencies  w i l l  be removed whereas any ex ac t  l i n e a r  dependencies 

w i l l  be u n a f f e c t e d .

Assuming C can be i n v e r t e d  a n o th e r  t e s t  f o r  n e a r  l i n e a r  

dependence i s  t o  examine th e  s t a t i s t i c a l  e r r o r s  in  th e  fo rc e  

c o n s ta n ts  and th e  d eg ree  o f  coup ling  between them (7 0 , 72 ) .

The rms e r r o r  a  ( / ^ ) i n  the  i t h  f o r c e  c o n s ta n t  i s  o b ta in ed
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from

or 2 ( ^ . )  = a  I (C-^)

where r  0 = l i  " i  /  (»-m) :

where n i s  th e  number of o b se rv ab le s  ( f re q u e n c ie s )  

and m i s  the  number o f  unknowns ( f o rc e  c o n s t a n t s ) .  

Summation i  i s  o v e r  a l l  n o b s e rv a b le s .

The c o r r e l a t i o n  c o e f f i c i e n t  t .  . which i s  a  measure o f  th e
1 ; J

degree o f co u p lin g  between th e  i t h  and j t h  fo rc e  c o n s ta n t s  i s  

given by

• i , j  ■

I f  a  n e a r  l i n e a r  dependency e x i s t s  i n  a  s e t  of fo r c e  c o n s ta n ts  

then  th e  a s s o c ia te d  c o r r e l a t i o n  c o e f f i c i e n t s  w i l l  approach -  1, (yo) .

Aldous end M il l s  (?2) sugges ted  t h a t  a  simple t e s t  f o r  

s i n g u l a r i t y  was to  compare th e  d e te rm in an t  o f  C w ith  th e  p roduct 

o f  i t s  d iag o n a l  e le m e n ts .  I f  C i s  a  d ia g o n a l  m a tr ix

i c l  .  H i

and a l l  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  z e ro .

With th e  i n t r o d u c t i o n  of o f f - d ia g o n a l  e lem ents  th e  de term inan t 

g e ts  s m a l le r  bu t p ro v id e d  th e y  a re  sm all  th e  p roduc t and th e  

d e te rm in an t a re  o f  th e  same o rd e r  o f  magnitude and th e  c o r r e l a t i o n  

c o e f f i c i e n t s  rem ain u n im p o r ta n t .  But as th e  o f f  d iag o n a l  elem ents
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get l a r g e r  the  p ro d u c t  becomes much g r e a t e r  th an  th e  d e te rm in an t ,

C approaches s i n g u l a r i t y  and some of the  c o r r e l a t i o n  c o e f f i c i e n t s  

s t a r t  t o  approach  u n i t y .  I n  t h i s  c a se  u s u a l ly  one of the  

d iagonal e lem en ts  o f  C ^ w i l l  be l a r g e ,  g iv in g  r i s e  to  a h igh 

u n c e r t a in ty  in  th e  a s s o c i a t e d  fo rc e  c o n s ta n t  ( ? 2 ) .

To overcome any n e a r  l i n e a r  dependencies  i t  i s  n e ce ssa ry  

e i t h e r  to  in t ro d u c e  more d a ta  and th e re b y  remove them o r ,  i f  

t h i s  i s  no t p o s s i b l e ,  to  c o n s t r a in  one o f  each s e t  o f  fo r c e  

c o n s ta n ts  g iv in g  r i s e  to  a  n e a r  l i n e a r  dependency o f  a f ix e d  

v a lu e .  The most e f f e c t i v e  fo r c e  c o n s ta n t s  to  c o n s t r a in  a re  

those  which have l a r g e  rms e r r o r s  b u t  u n l ik e  exac t l i n e a r  

dependencies  th e s e  c o n s t r a i n t s  a re  made on p h y s ic a l  r a t h e r  than 

m athem atica l grounds ( 72 ) .

Papousek e t . a l . ( 7 5 )  sug g es ted  t h a t  th e  method o f  damped 

l e a s t  sq u a re s  (74) co u ld  be a p p l ie d  t o  fo r c e  c o n s ta n t  c a lc u la t io n s ,  

The p s u e d o - s in g u la r i t y  i s  removed by th e  a d d i t io n  of a  w eigh ting  

f a c t o r  to  th e  d iag o n a l  e lem ents  of C. This f a c t o r  i s  chosen 

w ith c a re  (68 ,73) and has  th e  e f f e c t  o f  b r in g in g  the r a t i o  of 

the d e te rm in an t  o f  C to  th e  p roduc t o f  i t s  d iagonal e lem ents 

c lo s e r  to  u n i t y .

3. N o n - l in e a r i ty

In  S e c t io n  1.7» e q u a t io n  $8 i s  th e  l i n e a r  approx im ation  o f  

eq ua tion  37 &nd i s  o b ta in e d  by assuming t h a t  th e  changes i n  the  

fo rce  c o n s ta n t s  a re  sm all  so t h a t  term s o f  th e  type  d / .  d / .  can
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be n e g le c te d .  I f  th e  i n i t i a l  fo r c e  f i e l d  i s  no t c lo se  to  the  

f i n a l  fo r c e  f i e l d  t h i s  c o n d i t io n  does no t n e c e s s a r i l y  hold  and 

second and h ig h e r  o r d e r  te rm s  become im p o r ta n t .  In  t h i s  case 

equation  3® i s  no lo n g e r  v a l i d  so by ig n o r in g  th e se  term s the  

f i t  may g e t  worse*

The t e s t  f o r  n o n - l i n e a r i t y  as  g iv e n  by Duinker ( 3 ) ,  p*32 

and Aldous and M il l s  (?2) i s  to  compare th e  r e s i d u a l s  a t  the  n th  

s tage  of re f in e m e n t  w i th  th e  e r r o r s  a t  th e  (n + l ) t h  s t a g e .

The r e s i d u a l  t .

and the  e r r o r  a s

n+1 \Obs \ n + l
®i = A. -  X.

The c o n d i t io n  o f  l i n e a r i t y  i s  t h a t

i i * i  ( * ; ) '-  l i ' i  O '
This fo l lo w s  from s u b s t i t u t i n g  f o r  X^ iii the  r e s i d u a l  u s ing  

eq u a tio n  39, S e c t io n  1.7«

r “ > -  ( X;+" -  I j  -  [ j

\o b s  V n+1 n+1
•  / i  "  “  ®i

Thus i f  the  problem were t r u l y  l i n e a r  the  r e s i d u a l  a t  th e  

n th  s t a g e  would e x a c t ly  eq u a l  th e  e r r o r  a t  the  ( n + l ) th  stage*

The d isc rep a n c y  between th e  two m easures th e  d e v ia t io n  from 

l i n e a r i t y .

I f  the  c o n d i t io n  o f  l i n e a r i t y  i s  no t upheld and th e  changes
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in  th e  f o r c e  c o n s ta n t s  a r e  l a r g e  th e  u s u a l  techn ique  to  overcome 

t h i s  problem i s  to  ta k e  on ly  a  f r a c t i o n a l  q u a n t i ty  of th e  

c a lc u la te d  changes ( 6b ) ( 72 ) (S e c t io n  1*9) so t h a t  second and 

h ig h e r  o rd e r  te rm s can ag a in  be n e g le c te d .  Long and Gravenor (6b) 

examined th e  e f f e c t  d i f f e r e n t  s c a l i n g  p a ram ete rs  had on the  

r a t e s  of convergence f o r  a  h y p o th e t i c a l  two f requency , two fo rce  

c o n s tan t  problem . Some o f  th e  r e s u l t s  were s u r p r i s i n g ,  f o r  

in s ta n c e  th e y  found t h a t  ad d in g  on on ly  h a l f  the  c a l c u la te d  

fo rce  c o n s ta n t  changes gave more r a p id  convergence th a n  adding 

the  e n t i r e  change. They a l s o  examined th e  second o rd e r  term s 

f o r  t h i s  problem and found t h a t  t h e i r  com plexity  r u le d  o u t the  

e x ten s io n  o f  t h e i r  use  to  problems of g r e a t e r  s i z e .

One o f  the  most i n t e r e s t i n g  improvements to  th e  p e r tu r b a t io n  

p ro c e ss  has been d e s c r ib e d  by S ch ach tsch n e id e r  (7 ,75 )*  This 

i s  th e  i n c lu s io n  o f  s t a t i s t i c a l  t e s t s  a t  each s tag e  of the  

re f in e m e n t  to  de term ine  which fo r c e  c o n s ta n t s  are  to  be v a r i e d .

I t  i s  p a r t i c u l a r l y  u s e f u l  when d e a l in g  w ith  la rg e  numbers o f  

fo re ’s c o n s t a n t s .  I t  can  r e p r e s e n t  a c o n s id e ra b le  improvement 

over th e  method d e s c r ib e d  in  S e c t io n  1*9 whereby th e  fo rc e  

c o n s ta n t  w eigh t m a tr ix  i s  in t ro d u c e d  by hand.

I f  i s  a  column m a tr ix  of th e  r e s i d u a l s  (as  p re v io u s ly  

d e f in e d )  a t  th e  n th  s t a g e  o f  re f in em en t

and i s  a  column m a tr ix  o f  e r r o r s  a lso  a t  th e  n th  s tag e

of re f in e m e n t .
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e q u a t io n  4 can be ex p ressed  in  m a tr ix  form as

* A  A 5  5

The w eigh ted  sq u are  r e s i d u a l  i s

R̂ WR = ( A A -  J A s )^ W ( A A -  J  A s ) 6

where th e  s u p e r s c r i p t  n has  been dropped as a l l  m a tr ic e s  are  

de fined  a t  th e  n th  s t a g e  o f  r e f in e m e n t .

I f  m a t r ic e s  C and I) a re  as d e f in e d  by eq u a tio n  6 l ,  S ec t io n  1 .1 0 ,

i . e .  C = J^WJ and D = J^W A A

and A  5 =

By expanding and s u b s t i t u t i n g  e q u a t io n  6 becomes

R̂ WR = AA^W  A A  -  D̂ C*"̂ D

By d e f i n i t i o n  X *AA^WA A  -  th e  w eighted  square  e r r o r  a t  

the  n th  s t a g e .

I f  AX = X -  R̂ WR =

th e  r e d u c t io n  i n  e r r o r  o b ta in e d  by a d ju s t in g  the  j t h  fo r c e  

c o n s ta n t  on ly  i s  g iven  by

From e q u a t io n  1 th e  s t a t i s t i c a l  e r r o r  i n  the  j t h  fo rce  co n s ta n t  

i s  g iven  by

r  2 Cfj) .  r  2 ( 0 - 1 ) .

S c h a ch tsc h n e id e r  d e f in e d  two c o n d i t io n s  f o r  th e  in c lu s io n  o f  

fo rce  c o n s ta n ts  i n  th e  re f in em en t p r o c e s s .
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C o nd ition  A i s

X / ( n - m ) > A X .  / (n -m + l)  > e., 
d J-

I t  compares th e  r e d u c t io n  o f  th e  w eigh ted  square  e r r o r  in  

the  computed e ig en  v a lu e s  due to  ad ju s tm en t o f  w ith  the  

s tan d a rd  e r r o r  o b ta in e d  i f  t h i s  f o r c e  c o n s ta n t  i s  n o t  a d ju s te d ,  

e^ i s  an a r b i t a r i l y  f i x e d  sm a ll  number r e p r e s e n t in g  th e  s m a l le s t  

r e d u c t io n  i n  th e  e r r o r  w orth  c o n s id e r in g .

C o n d itio n  B i s

(fL )  -  < «2

I t  compares th e  s t a t i s t i c a l  e r r o r  in  the  j t h  fo r c e  c o n s ta n t  

w ith  the  fo rc e  c o n s ta n t  i t s e l f .

I f  bo th  c o n d i t io n s  ho ld  th e  f o r c e  c o n s ta n t  i s  r e f i n e d  a t  

the n th  s ta g e  o f  r e f in e m e n t .

I f  c o n d i t io n  B does n o t  h o ld ,  i . e .  the  e r r o r  exceeds the  

fo rc e  c o n s ta n t  by more th a n  e^ , an a b i t r a r i l y  f ix e d  number, th e  

f r e q u e n c ie s  a re  p ro b a b ly  n o t  dependent on the  fo r c e  c o n s ta n t  Ĵ .
V

and i t  i s  t h e r e f o r e  dropped from the c a l c u l a t i o n s ,  i . e .  pu t equal 

to  z e r o .

F i n a l l y  i f  c o n d i t io n  B i s  uphe ld  bu t n o t c o n d i t io n  A, fo rc e  

c o n s ta n t  jZf. i s  r e t a i n e d  i n  the  c a l c u l a t i o n s  bu t  no t a d ju s te d  a t
tJ

the n th  s ta g e  o f  r e f in e m e n t .

Use of t h i s  method en su re s  t h a t  o n ly  th e  s i g n i f i c a n t  fo r c e  

c o n s ta n ts  a re  r e f i n e d  and av o id s  problem s due t o  s i n g u l a r i t y .
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However i t  must be r e a l i s e d  t h a t  the  f o r c e  c o n s ta n ts  in  a problem 

are n o t  independen t and th e r e f o r e  h o ld in g  some c o n s ta n t  o r  

p u t t in g  them equal to  zero  a f f e c t s  the  f i n a l  v a lu e s  o f  th o se  

allowed t o  v a ry .

Many methods o f  c a l c u l a t i n g  the  F m a tr ix  d i r e c t l y  have been 

proposed and th e se  a re  d is c u s s e d  in  S e c t io n  3 «2 i n  co n n ec tio n  

w ith the  g e n e ra l  harmonic f o r c e  f i e l d .

F i n a l l y ,  an e n t i r e l y  d i f f e r e n t  approach  to  the  c a l c u l a t i o n

of fo rc e  c o n s ta n ts  i s  by d i r e c t  d i f f e r e n t i a t i o n  o f  the  p o t e n t i a l

energy V to  o b ta in  th e  te rm s of th e  ty p e  (h ^ v /  bR. b R .)  . I n i t i a l l y1 j  e

V i s  c a l c u l a t e d  as  a  fu n c t io n  o f  a  s e t  o f  c o o r d in a te s .  This 

r e q u i r e s  a  wave-m echanical approach  to  th e  problem. Then the  

p o in t  where a l l  dV/dR^ « 0 i s  found . (T h is  a l s o  g iv e s  the  

c o o rd in a te  p a ram ete rs  f o r  th e  e q u i l ib r iu m  geometry o f  the  molecule 

under c o n s i d e r a t i o n ) .  F i n a l l y  the  second d e r iv a t iv e s  b^v/XR bR1 tJ
a t  t h i s  p o in t  a r e  c a l c u l a t e d .  Pul ay d e sc r ib e d  such a method (?6) 

and a p p l ie d  i t  s u c c e s s f u l l y  to  c a l c u l a t i n g  the  fo u r  fo r c e  c o n s ta n ts  

of HgO ( 77 )* G e r r a t t  and M i l l s  (78) d e sc r ib e d  a n o th e r  method 

which they  a p p l ie d  t o  some sim ple d ia to m ic s .  C a lc u la t in g  f o r c e  

c o n s ta n ts  from som ething  o th e r  th a n  e x p e r im en ta l  d a ta  i s  an 

i n t r i g u i n g  p ro s p e c t  e s p e c i a l l y  when th e  r e s u l t s  from th e  two 

types o f  c a l c u l a t i o n  a r e  in  agreement b u t aga in  the  com plexity  

of th e  methods and th e  l a r g e  amount o f  t im e ,  both  human and 

computer, r e q u i r e d  (79) appears  to  r u l e  out t h e i r  e x te n s io n  to  

l a r g e r  m olecu les  i n  th e  n e a r  f u t u r e .
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SECTION 5.2 Force  C onstan ts  and Force F ie ld s

The most e x p l i c i t  q u a d ra t ic  fo r c e  f i e l d  f o r  any molecule 

i s  the  g e n e r a l  q u a d r a t i c  fo r c e  f i e l d  (GQFF). This i s  composed 

of a l l  th e  e n t r i e s  i n  th e  F m a t r ix .  I f  t h i s  i s  s e t  up in  terms 

of the  i n t e r n a l  c o o rd in a te s  and th e r e  a re  n f r e q u e n c ie s  th e re  

are n ( n + l ) /2  fo r c e  c o n s ta n t s  in  the  F m a tr ix  (no t n^ as i t  i s  

sym m etric). I f  th e  m olecu le  c o n ta in s  no e lem ents  of symmetry 

( i . e .  i s  a  member o f  th e  Ĉ  p o in t  g roup) they  a re  a l l  d i f f e r e n t .

I f  i t  i s  n e c e s sa ry  t o  in c lu d e  r  re d u n d an c ie s  i n  the  i n t e r n a l  

c o o rd in a te s  th e r e  a r e  (n + r ) ( n + r + l ) /2  f o r c e  c o n s ta n t s .  However 

th e se  f o r c e  c o n s ta n ts  a re  n o t  in d ep en d en t .  I f  th e  redundancies  

a re  e l im in a te d  th ey  a re  reg rouped  i n to  n ( n + l ) /2  independent s e t s  

(80) so t h a t  even in  th e  most fa v o u ra b le  c a se s  only n ( n + l ) /2  

fo rc e  c o n s ta n ts  can  be e v a lu a te d .  These n (n + l ) /2  f o r c e  c o n s ta n ts  

cannot be e v a lu a te d  from th e  n  f r e q u e n c ie s  a lo n e ,  o n ly  n fo rce  

c o n s ta n ts  can . T h e re fo re  the  problem i s  underdeterm ined  by 

degree d = n ( n - l ) / 2 .  Only f o r  n= l does d=0, i . e .  a  d ia tom ic  

m olecu le .

I f  th e  m olecule  p o s s e s s e s  any e lem en ts  of symmetry n o t a l l  

the n ( n + l ) / 2  fo r c e  c o n s ta n t s  a re  d i f f e r e n t .  However by t ra n s fo rm in g  

to  a non -redundan t s e t  of symmetry c o o rd in a te s  i f  t h e r e  a re  n^ 

f r e q u e n c ie s  be lo n g in g  to  th e  i t h  symmetry s p e c ie s ,  th e r e  a re  

n i ( u i + l ) / 2  d i f f e r e n t  symmetry fo r c e  c o n s ta n t s  in  t h i s  s p e c ie s .

Again, o n ly  i f  n^= 1 can a l l  the  symmetry fo r c e  c o n s ta n ts  be
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c a lc u la te d  from the  v i b r a t i o n a l  f r e q u e n c ie s  a lone .

Summing over a l l  th e  symmetry b locks  o f th e  m olecule under 

c o n s id e ra t io n  th e r e  a r e  n ^ ( n ^ + l) /2  d i f f e r e n t  symmetry fo rc e  

c o n s ta n ts  and assuming t h a t  th ey  a l l  can be e v a lu a te d  on ly  the  

same number o f  i n t e r n a l  (n o rm ally  c a l l e d  v a len ce )  fo r c e  

c o n s ta n ts  can be e v a lu a te d .

R e f e r r in g  back t o  th e  c ase  where n^ * 1 and th e r e  i s  one 

symmetry fo r c e  c o n s ta n t ,  t h i s  i s  found a t  l e a s t  once in  a l a rg e  

number o f  h ig h ly  sy m m etr ica l  m olecu les  but f o r  only  a  sm all  

number o f  m o lecu les  do a l l  th e  n^ * 1 . B esides  th e  t r i v i a l  

example o f th e  d ia to m ic  m olecule  i t  occu rs  in  symmetric l i n e a r  

t r i a to m ic  m o lecu les  o f  th e  type AB  ̂ which be long  to  the  

p o in t  g roup . In  t h i s  example th e re  a re  f o u r  v i b r a t i o n s ,  one a^^, 

one and a p a i r  of d e g en e ra te  e ^ ^ 's  (which c o n s t i t u t e  on ly  

one p ie c e  of d a ta  as th e  symmetry fo r c e  c o n s ta n ts  a r e  th e  same). 

T herefore  th e  t h r e e  v a le n c e  fo r c e  c o n s ta n ts  can be de te rm ined , 

the  AB s t r e t c h ,  th e  s t r e t c h / s t r e t c h  i n t e r a c t i o n  and th e  ang le  

bend. There i s  no i n t e r a c t i o n  fo rc e  c o n s ta n t  between the  s t r e t c h  

and the ang le  bend due to  symmetry r e s t r i c t i o n s .  Also th e  

m olecu le , which i s  t e t r a h e d r a l  in  shape and th e r e f o r e  be longs to  

the T^ p o in t  g roup , has one a  p a i r  o f  degene ra te  e v ib r a t io n s

and a t r i p l e t  o f d e g e n e ra te  f  v i b r a t i o n s .  Therefore  t h r e e  

symmetry fo r c e  c o n s ta n t s  can be c a l c u l a t e d  and from them th r e e  

va lence  fo r c e  c o n s t a n t s .  These can be i n  two s e t s .
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i .  the  bond s t r e t c h  and two ty p e s  o f  s t r e t c h / s t r e t c h  

i n t e r a c t i o n .

i i .  th e  angle  bend and two ty p e s  o f  an g le -b en d /an g le -b en d  

i n t e r a c t i o n .

These two s e t s  a re  e q u iv a le n t  (8 1 ,8 2 ) ,  one can be o b ta in ed  

from th e  o th e r  u s in g  s im ple  r e l a t i o n s h ip s *

Many methods o f  o b ta in in g  the  com plete  P m a tr ix  from th e  

f r e q u e n c ie s  alone f o r  c a se s  i n  which d^O have been proposed , most 

u s in g  some form o f  e x t r a  c o n s t r a i n t  on th e  system . A ll  s u f f e r  

from th e  b a s ic  problem t h a t  th e re  a re  more unknowns th an  d a ta  

and any a t te m p t  to  s e t  up th e  Jac o b ia n  and proceed  from th e r e  

would f a i l  a s  the  m a t r ix  C would be s i n g u l a r .  Averbukh e t . a l . ( 8 3 )  

have c r i t i c a l l y  rev iew ed  a  number o f  th e s e  methods and found 

f a l l a c i e s  i n  a l l  o f them. Freeman ( 84 ) has d e sc r ib e d  a  method 

and rev iew ed  some o f  th e  l i t e r a t u r e  concerned w ith  fo r c e  c o n s ta n t  

c a l c u l a t i o n s .

For th e  case  where d = 1, i . e .  a  two frequency , th r e e  fo rc e  

c o n s ta n t  problem , T ork in g to n  ( 85) has  d e s c r ib e d  a method whereby 

each d ia g o n a l  f o r c e  c o n s ta n t  i s  p l o t t e d  a s  an e l l i p t i c a l  fu n c t io n  

of th e  o f f - d ia g o n a l  f o r c e  c o n s ta n t .  T h is  method, now known as 

th e  f o r c e  c o n s ta n t  d i s p l a y  method, g iv e s  a  range of p o s s ib le  

s o lu t io n s  t o  th e  f o r c e  c o n s ta n ts  and has been ap p l ie d  to  many 

problems by many w o rk e rs ,  e . g .  Sawodny (86) and Duncan and M ills  

(87, 88) .  A te ch n iq u e  to  f i n d  th e  ra n g e s  of p o s s ib le  s o lu t io n s  ô f
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h igher  o rd e r  problem s, u t i l i s i n g  an analogue computer, has been 

d esc rib ed  by Lehmann e t . a l , ( 8 0 ) .

The o n ly  method of o b ta in in g  th e  c o r r e c t  GQFP i s  to  c a l c u l a t e  

the n ( n + l ) /2  unknowns from n ( n + l ) /2  o r more o b s e rv a t io n s .  This 

means u s in g  more d a ta  th a n  th e  n  v i b r a t i o n a l  f r e q u e n c ie s .  Other 

e x p e r im en ta l ly  de te rm in ed  q u a n t i t i e s  which can be used  in  

c a l c u l a t i n g  f o r c e  c o n s ta n t s  a r e : -

C o r io l i s  c o u p lin g  c o n s ta n t s  (8 9 ) ,

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 n ts  (90 , 91)»

Mean square  am p li tu d es  (9 2 ) ,

1 - type  d o ub ling  (9 3 ) ,

I n e r t i a  d e f e c t s  (9 4 ) ,

Raman i n t e n s i t y  d a ta  (95)-

By ap p ly in g  f i r s t  o rd e r  p e r tu r b a t i o n  theo ry  to  th e  a p p ro p r ia te  

e q u a t io n s  M i l l s  ( 65 ) has  o b ta in e d  th e  Jaco b ian s  which r e l a t e  

changes i n  the  C o r io l i s  co u p l in g  c o n s ta n t s  and in  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 n t s  to  changes in  th e  fo r c e  c o n s ta n ts  so t h a t  

they  can be in c o rp o ra te d  w i th  the  v i b r a t i o n a l  f r e q u e n c ie s  i n  an 

i t e r a t i v e  f o r c e  c o n s ta n t  re f in e m e n t  c a l c u l a t i o n .  U n fo r tu n a te ly  

such q u a n t i t i e s  can u s u a l l y  on ly  be de term ined  f o r  sm all h ig h ly  

sym m etrical m o le c u le s ,  e . g .  th e  Methyl H a lides  ( 96) ,  so f o r  

l a r g e r  m olecu les  an a l t e r n a t i v e  approach  has to  be used .

The n e c e s sa ry  a d d i t i o n a l  in fo rm a t io n  can be v i b r a t i o n a l  

f r e q u e n c ie s .  One f o f c e  f i e l d  can be a p p l ie d  to  a number o f
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molecules which a re  c h e m ic a l ly  e q u iv a le n t  but d i f f e r  in  th e  

p a r t i c u l a r  i s o to p e  p r e s e n t  o f  one or more atoms. Since th e  fo rce  

f i e ld  i s  a fu n c t io n  o f  th e  e l e c t r o n i c  s t r u c t u r e  o f  the  molecule 

s u b s t i t u t i n g  one i s o to p e  o f  an atom f o r  a n o th e r  of th e  same 

atom does no t  e f f e c t  th e  f o r c e  f i e l d  acco rd in g  to  th e  Bom - 

Oppenheimer app ro x im a tio n  (97)* The masses a re  changed however 

and t h e r e f o r e  the  G m a t r ic e s  and so th e  v i b r a t i o n a l  f r e q u e n c ie s  

and the  normal c o o r d in a te s  a re  changed. I f  t h i s  change i n  mass 

i s  sm all  th e  changes i n  th e  v i b r a t i o n a l  f r e q u e n c ie s  a re  a lso  

sm all and as normal f req u en cy  d a ta  th e s e  new f r e q u e n c ie s  p rov ide  

no u s e f u l  e x t r a  d a t a .  However, as shown by Chalmers and McKean (98 ) ,  

p rov ided  th e  f r e q u e n c ie s  can be measured a c c u ra te ly  th e  changes 

in  f requency  in  i s o t o p i c  s u b s t i t u t i o n  can  prove to  be h ig h ly  

s i g n i f i c a n t  i n  f i x i n g  th e  v a lu e s  o f the  o f f -d ia g o n a l  fo r c e  

c o n s ta n t s .  S u b s t i t u t i o n  o f  Deuterium f o r  Hydrogen causes a 

la rg e  r e l a t i v e  change i n  mass and as can be seen from the 

a p p ro p r ia te  s e c t io n s  in  C hapter Two th e  changes in  frequency  

are u s u a l l y  l a r g e  enough to  p ro v id e  u s e f u l  e x t r a  in fo rm a t io n .

I t  m ight t h e r e f o r e  appear t h a t  i f  x i s o t o p i c a l l y  s u b s t i t u t e d  

m olecules  a?o a v a i l a b l e  the  number o f  p ie c e s  o f  d a ta  a v a i l a b l e  to  

determ ine th e  fo r c e  f i e l d  i s  xn and i f  x b (n + l) /2  th e  GQFP can 

be co m p le te ly  so lv ed .  However th e r e  a re  a  number o f  r u l e s  which 

r e l a t e  th e  f r e q u e n c ie s  of a  s e r i e s  o f  i s o to p ic  m olecules  to  each 

o th e r ,  in d e p en d e n t ly  o f  th e  fo r c e  f i e l d  and th e r e f o r e  l i m i t  th e
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amount o f  independen t d a ta  a v a i l a b l e .  The f i r s t  of th e se  i s  the  

R e d l ic h - T e l le r  p ro d u c t  r u l e  ( s e e ,  f o r  i n s t a n c e ,  W ilson, Decius and 

Cross ( 8 ) ,  p .183) which s t a t e s  t h a t  th e  p roduc t o f  th e  v i b r a t i o n a l  

f r e q u e n c ie s  of a m olecu le  b e a r s  a  c o n s ta n t  r a t i o  to  th e  same 

product o f  an i s o t o p i c  d e r i v a t i v e .

i . e .  ^ i  / %  = c o n s ta n t

The c o n s ta n t ,  w hich  i s  d e r iv a b le ,  i s  a  fu n c t io n  o f  th e  masses 

of th e  atoms and sometimes the  moments of i n e r t i a  and th e  masses 

of the  m o lecu les  a s  a  w hole . The r u l e  can be a p p l ie d  to  two 

m olecules  as  a  whole or t o  a symmetry s p e c ie s  which i s  common to  

bo th .  T h e re fo re  i n  a  symmetry b lo c k ,  dimension n^, common to  two 

m olecu les  th e  number o f  independen t f r e q u e n c ie s  i s  2 n ^ - l .

F or i n s t a n c e ,  i n  th e  s p e c ie s  of H^O , and DgO, n_ = 2 and 

th e r e f o r e  th e r e  a r e  t h r e e  f o r c e  c o n s ta n t s  and th r e e  independent 

f r e q u e n c ie s .  Also th e  in c lu s io n  o f  TgO adds no e x t r a  in fo rm a t io n ,  

s in ce

(w,w ) (w.Wp) (WnW )
'  V  .  0,  V  -  0 ,  '  V  .  03

Tv^p) T«vy) TŵwT)

There a r e  t h r e e  e q u a t io n s  r e l a t i n g  s i x  f r e q u e n c ie s  so s t i l l  

only th r e e  a re  in d e p en d e n t .

For th e  s p e c ie s  o f  SgO, DgO and T^O, n^ = 1 so on ly  one 

of th e  t h r e e  f r e q u e n c ie s  i s  in d ep en d en t .
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A sum r u l e ,  which i s  a p p l ie d  to  th e  f re q u e n c ie s  o f  th r e e  o r  

more i s o t o p i c  m o le c u le s ,  has  been g iv en  by Decius and Wilson (9 8 ) .  

Again i t  can  e i t h e r  be a p p l i e d  t o  the  m olecules  as  a  whole o r  to  

common symmetry b lo c k s .

As a p p l i e d  to  EgO, D^O and EDO i t  i s ’

^ EDO " HgO ■*” DgO

In  t h i s  c ase  th e  sum r u l e  must be a p p l ie d  to  a l l  th r e e  

v ib r a t io n s  of each m o lecu le  a s  i n t r o d u c t io n  o f  one D i n to  EgO, 

which i s  a member of th e  symmetry p o in t  group, d e s t ro y s  the  

Cg a x i s  and o-^(yz) p la n e  and th e  two a^ and one b^ v ib r a t io n s  

c o a le sce  t o  become th e  t h r e e  a '  v i b r a t i o n s  o f  the  EDO m olecu le , 

which i s  a  member o f  th e  0^ symmetry p o in t  group. Using th e  

p roduc t r u l e  two f u r t h e r  r e l a t i o n s h i p s  between the f r e q u e n c ie s  

o f  th e s e  m olecu les  can be formed so t h a t  EDO can su p p ly  no 

a d d i t io n a l  in fo rm a t io n  to  the  fo r c e  f i e l d .  This a l s o  a p p l ie s  to  

HTO and DTO, so of t h e  18 v i b r a t i o n a l  f r e q u e n c ie s  o f  s i x  m olecules 

only 4 a r e  independen t and de term ine  u n iq u e ly  th e  4 fo rc e  c o n s ta n t s .

The e x is t e n c e  o f  h ig h e r  o rd e r  i s o to p e  r u l e s  has a l s o  been 

re c o g n ise d  (9 9 ,100 ,101 ) which f u r t h e r  l i m i t s  the  amount of 

independent d a ta  a v a i l a b l e  from l a r g e r  m o lecu les .

I t  must be s t r e s s e d  t h a t  th e se  r e l a t i o n s h i p s  on ly  h o ld  s t r i c t l y  

fo r  harmonic f r e q u e n c ie s  ( f o r  t h i s  re a so n  the  symbol w i s  used  f o r  

the  f r e q u e n c i e s ) .  F req u e n c ie s  c o r r e c t e d  f o r  anharm onicity  should
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be used  i n  th e  c a l c u l a t i o n  o f  harmonic fo r c e  f i e l d s .  The use  

of u n c o r re c te d ,  anharmonic f r e q u e n c ie s ,  which do no t obey the  

r u l e s ,  does no t  in c r e a s e  th e  amount o f  u s e f u l  d a ta ,  i t  on ly  

in c re a s e s  th e  e r r o r s  i n  the  c a l c u l a t i o n .

The n ex t  s ta g e  i s  to  ex tend  th e  d a ta  s e t  of v i b r a t i o n a l  

f r e q u e n c ie s  to  in c lu d e  m o le cu le s ,  which a lthough  n o t  i s o t o p i c a l l y  

r e l a t e d ,  a r e  s i m i l a r  and t h i s  can be c o n s id e re d  as th e  p o in t  o f  

in t r o d u c t io n  o f  c l a s s i c a l  ch em is try  i n t o  fo r c e  c o n s ta n t  

c a l c u l a t i o n s .  This e x te n s io n  i s  based  on th e  assum ption t h a t  

bonds which a re  a l i k e  i n  th e  s e t  of m olecu les  have s im i l a r  

e l e c t r o n i c  env ironm ents  and t h e r e f o r e  th e  fo r c e  f i e l d  i s  

t r a n s f e r a b l e  between th e  m o lecu les .  I t  i s  im portan t to  r e a l i s e  

t h a t  i t  i s  th e  fo r c e  f i e l d  which i s  t r a n s f e r a b l e  between m olecules 

and no t in d iv id u a l  f o r c e  c o n s ta n ts  s in c e  a fo rc e  c o n s ta n t  i s  

d e f in e d  on ly  i n  te rm s o f  th e  fo rc e  f i e l d  ©f which i t  i s  a  member,

(s )  p . 176 . The f a c t  t h a t  th e  f o r c e  f i e l d  i s  be ing  t r a n s f e r r e d  

between m o lecu les  means t h a t  i t  w i l l  p ro b ab ly  not rep roduce  the  

GQFF of each  m olecule  e x a c t ly  but th e  d i f f e r e n c e  between t h i s  

" t h e o r e t i c a l "  GQFF and th e  a c tu a l  QFF w i l l  be s l i g h t  u n le s s  the  

concept o f  t r a n s f e r a b i l i t y  has broken down. C arefu l ch o ice  of the  

s e t  of m o lecu les  to  be co n s id e re d  should  avoid  t h i s .

One o f  th e  b e s t  examples of th e  o v e r la y  techn ique  i s  due to  

S c h ach tsch n e id e r  and Snyder (102) who f i t t e d  a  35 pa ram eter  fo rc e  

f i e l d  to  270 v i b r a t i o n a l  f r e q u e n c ie s  o f  20 n -a lk an es  (o r  n - p a r a f f in s )
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This f i e l d  has formed th e  b a s is  o f many c a lc u la t io n s  on s im ila r  

m o lecu les .

So fa r  the c a lc u la t io n  o f  fo r c e  f i e l d s  has been d isc u sse d  in  

terms o f  the G eneral Q uadratic Force F ie ld .  However when the  

data s e t  i s  not la r g e  enough to  c a lc u la t e  the GQFP or such a 

d e ta i le d  f i e l d  i s  n o t req u ired  a s im p ler  f i e l d  can be used in  

which c e r ta in  in t e r a c t io n  fo r c e  c o n s ta n ts  are ignored* Such a 

f i e l d  i s  o n ly  an approxim ation  but p rovid ed  th a t  the fo r c e  

c o n sta n ts  to  be ig n o red  are  chosen  on a c o r r e c t  b a s is  i t  should  

s a t i s f a c t o r i l y  reproduce th e  observed  v ib r a t io n a l fr e q u e n c ie s .  

U su a lly  in  a s im p l i f ie d  f i e l d  th e  number o f fo r c e  c o n sta n ts  i s  

l e s s  than th e  number o f  fr e q u e n c ie s  and the a d d it io n a l fr e q u e n c ie s  

prov id e a check on th e  fo r c e  f i e l d .  S in ce  in  th e s e  c a s e s  any 

d a ta , a d d it io n a l to  fr e q u e n c ie s ,  i s  n o t u s u a lly  known a d d it io n a l  

checks o f  t h i s  n atu re do n o t e x i s t .

The s im p le s t  approxim ation  i s  th e  V alence Force F ie ld  (VFF) 

which c o n s i s t s  o n ly  o f  th e  d iag o n a l e lem en ts o f  the F m atrix  when 

i t  i s  ex p ressed  in  term s o f  the in te r n a l  c o o r d in a te s . A ll  the  

in t e r a c t io n  term s are  assumed to  be zero  so  th a t th e  bending or 

s t r e t c h in g  o f  one c o o r d in a te  a f f e c t s  none of the o th e r s .  For CÔ  

the P o t e n t ia l  Energy e x p r e ss io n  in  term s o f  the VFF i s

T .  f p  ( a r g ) '  +

where f^  i s  th e  s t r e t c h in g  fo r c e  co n sta n t and dr^ snd drg are 

the s t r e t c h in g  c o o r d in a te s
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and i s  the  an g le  bending fo r c e  c o n s ta n t  and da i s  the  

angle bending c o o r d in a te .

Even f o r  t h i s  m olecule  and o th e r  l i n e a r  symmetric t r i a to m ic  

m olecules  the  ap p ro x im a tio n  i s  n o t  a  good one, (lO) p . 72. For 

COg th e  p r e d ic te d  r a t i o  of th e  asymmetric to  th e  symmetric 

s t r e t c h i n g  f r e q u e n c ie s  i s  1*915 as compared to the  a c tu a l  va lue  

of 1*749 8Jid i t  fo l lo w s  t h a t  the s t r e t c h / s t r e t c h  i n t e r a c t i o n  

cannot be ig n o re d .  That t h e r e  i s  an i n t e r a c t i o n  between the  two 

s t r e t c h e s  has  been shown u s in g  quantum m echanical resonance  

th eo ry  ( 103)* COg i s  r e p r e s e n te d  as  a  hy b rid  o f  t h r e e  forms

0 » C SB 0 i
0 - c = 0 i i
0 = c — 0 i i i

I f  th e  l e f t  hand bond i s  s t r e t c h e d  th e  s t r u c t u r e  ten d s  

towards i i  which im p l ie s  a  s h o r te n in g  o f  th e  r i g h t  hand bond* 

T here fo re  th e  v i b r a t i o n  I s  no t co n f in ed  to  one bond, th e r e  i s  an 

i n t e r a c t i o n .  A ccording to  s e c t io n  1*2 the  i n t e r a c t i o n  fo r c e  

c o n s ta n t  i s  p r e d ic te d  to  be p o s i t i v e  a s  i t  i s  found to  be i n  

p r a c t i c e .

S ince th e  YFF i s  no t  adequate  i t  i s  n ecessa ry  to  in tro d u ce  

some i n t e r a c t i o n  f o r c e  c o n s ta n ts*  The fo r c e  f i e l d s  o b ta in ed  can 

be d iv id e d  i n t o  two g e n e r a l  ty p e s  depending on the method of 

s e l e c t i n g  th e  i n t e r a c t i o n  f o r c e  c o n s ta n ts  to be inc luded*

Force  f i e l d s  o f  th e  f a s t  group, known g e n e r a l ly  as  M odified
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Valence Force  F ie ld s  (MVFF), a re  s im ply  the  VFFs of th e  m olecules 

under c o n s id e r a t io n  p lu s  c e r t a i n  a d d i t i o n a l  i n t e r a c t i o n  fo r c e  

c o n s ta n ts  which m ight he expec ted  to  be s ig n i f ic a n t*  The a d d i t io n s  

are  o f te n  ad hoc e m p ir ic a l  m o d if ic a t io n s  o f te n  w ithou t any 

t h e o r e t i c a l  b a s i s  and c a re  has to  be taken  t h a t  any assum ptions 

made a re  sound. C a l i fa n o  ( 104) has p o in te d  out the f a l l a c i e s  in  

two common a ssu m p tio n s .  The f i r s t  and more s e r io u s  i s  t h a t  

the fo r c e  c o n s ta n t s  f o r  th e  i n t e r a c t i o n  o f  a  C -  H s t r e t c h  w ith  

any o th e r  c o o rd in a te s  can be n e g le c te d .  This i s  based  on th e  

f a c t  t h a t  s in c e  th e  C -  ÏÏ s t r e t c h i n g  f r e q u e n c ie s  a r e  u s u a l l y  

much g r e a t e r  than  th e  o th e r s  i t  i s  p o s s ib le  t o  f a c t o r i s e  th e  

s e c u la r  e q u a t io n  and c a l c u l a t e  the  0 -  E s t r e t c h i n g  f r e q u e n c ie s  

s e p a r a te ly ,  (8) p . 174* This i s  a  m athem atica l procedure  w ithou t 

any chem ical b a s i s  and cannot be a p p l ie d  to  C -  D s t r e t c h e s  

s in ce  th e s e  f r e q u e n c ie s  a re  much c l o s e r  to the  o th e r s  and th e  

i n t e r a c t i o n  fo rc e  c o n s t a n t s  cannot be neg lec ted*  But the  fo r c e  

c o n s ta n ts  f o r  C -  H s t r e t c h e s  should  be t r a n s f e r a b l e  t o  C -  D 

s t r e t c h e s  and v ic e  v e r s a  and the  above assum ption i s  no t v a l id *

The second assum ption  o f t e n  made i s  t h a t  i n t e r a c t i o n s  between 

c o o rd in a te s  become l e s s  im p o r tan t  th e  f u r t h e r  a p a r t  they  a re  in  

the  m olecule* This i s  a  re a so n ab le  approx im ation  f o r  some la rg e  

m olecules  b u t  n o t  f o r  system s c o n ta in in g  con jugated  bonds, l i k e  

Benzene, where re so n an ce  s t r u c t u r e s  become im p o r tan t .

C o lifan o  ( 104) a l s o  su g g es ts  t h a t  the  method o f  in s p e c t in g
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the  e lem ents  of th e  J a c o h ia n  f o r  s e l e c t i n g  i n t e r a c t i o n  fo r c e  

c o n s ta n ts .  Only th o s e  f o r c e  c o n s ta n ts  f o r  which a t  l e a s t  one 

element i s  g r e a t e r  th a n  a f a c t o r ,  which determ ines  i f  they a re  

im p o r tan t ,  a re  in c lu d e d  i n  th e  fo rc e  f i e l d .  The method of 

S ch ach tsch n e id e r  o u t l i n e d  in  s e c t io n  5«1 can a lso  he used  hut 

t h i s  has th e  d isad v a n ta g e  t h a t  the  m a t r ix  C (» J^WJ) must be 

i n v e r t a b l e  and th e r e f o r e  th e  number of f o r c e  c o n s ta n ts  used 

i n i t i a l l y  must be l e s s  th a n  the number of f r e q u e n c ie s .  Using 

C a l i f a n o 's  method th e  i n i t i a l  t r i a l  fo r c e  f i e l d  can be of any 

s iz e  p ro v id ed  s u f f i c i e n t  f o r c e  c o n s ta n ts  a re  d is c a rd e d  b e fo re  

the  m a tr ix  C i s  i n v e r t e d .

The second group o f  f o r c e  f i e l d s  a re  th o se  in  which th e  

i n t e r a c t i o n  fo r c e  c o n s ta n ts  a re  s e l e c t e d  on a t h e o r e t i c a l  b a s i s .  

The most w e l l  known of such  f i e l d s  i s  th e  Urey-Bradley Force F ie ld  

(UBFF) ( 105) ,  which b e s id e s  th e  d iag o n a l  v a len ce  f o r c e  c o n s ta n ts  

in c lu d e s  f o r c e s  a r i s i n g  from i n t e r a c t i o n s  between non-bonded 

atoms, which w i l l  a l s o  be d ia g o n a l  e n t r i e s  in  th e  F m a tr ix .  For 

in s ta n c e  i n  a l i n e a r  t r i a to m i c  m olecu le  ABC th e re  a re  fo u r  

i n t e r n a l  c o o r d in a te s ,  th e  AB s t r e t c h ,  th e  BC s t r e t c h ,  the  ABC 

angle t e n d  and th e  AC non-bonded r e p u l s i o n ,  and th e r e f o r e  fo u r  

d iag o n a l  harmonic f o r c e  c o n s t a n t s .  S ince th e re  a re  on ly  th re e  

v i b r a t i o n a l  deg rees  of freedom f o r  t h i s  system there  e x i s t s  a 

redundancy c o n d i t io n  between the  fo u r  i n t e r n a l  c o o rd in a te s ,  

(ob v io u s ly  s t r e t c h i n g  e i t h e r  o f  th e  bonds or a l t e r i n g  th e  angle
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a f f e c t s  the  AC non-bonded d i s t a n c e ) .  For t h i s  re a so n  i t  i s  

necessary  to  in c lu d e  l i n e a r  term s i n  th e  p o t e n t i a l  energy 

exp ress ion  (see  S e c t io n  1 .2 )  bu t p ro v id ed  the  redundancy c o n d i t io n  

i s  known th e s e  l i n e a r  te rm s  can be equa ted  to  z e ro .  However 

the  m athem atics  in v o lv e d  f o r  even t h i s  simple ABC system a re  

ted io u s  ( r a t h e r  than  com plex), (lO) p . 85 .

The UBFF in  i t s  s t r i c t  form canno t always reproduce  the  

observed v i b r a t i o n a l  f r e q u e n c ie s  and i t  has  been n ecessa ry  to  

in tro d u ce  i n t e r a c t i o n  f o r c e  c o n s ta n t s  i n  c e r t a i n  c a s e s .  Thus 

Scherer  and Overend (IO6 ) in t ro d u c e d  th e  so c a l l e d  Kekule 

c o n s ta n t  i n t o  th e  f o r c e  f i e l d  o f  Benzene so as  to  c a l c u l a t e  

c o r r e c t l y  th e  B^^ r i n g  v i b r a t i o n .  But as C alifano  (IO4 ) p o in ts  

out t h i s  i s  i n  r e a l i t y  n o t  a  U rey-B radley  fo rc e  c o n s ta n t  but 

a m o d if ied  v a len c e  f o r c e  c o n s ta n t .  I t  i s  in  view of t h i s  and 

o th e r  ad hoc a t te m p ts  t o  " save"  the  Urey-Bradley Force  F i e l d  t h a t  

S te e le  ( lO ) ,  p . 83 s t a t e s  "Few people  to d a y  would uphold th e  view 

th a t  the  UBFF i s  a  g e n e r a l l y  v a l i d  f i e l d " .  F u r th e r  l i m i t a t i o n s  

of th e  f i e l d  have been p o in te d  ou t by Duncan ( 107) .

L i n n e t t ’s O r b i t a l  Valence Force F ie ld  (OVFF) in tro d u ce d  

f u r t h e r  terms in to  th e  VFF to  account f o r  changes in  the  overlap  

of a tom ic o r b i t a l s  d u r in g  bending v i b r a t i o n s .  Thus i n  CĤ  i f  a  

Hydrogen atom moves i n  a  d i r e c t i o n  a t  r i g h t  ang les  to  the  C -  H 

bond a fo r c e  a c t s  te n d in g  to  r e s t o r e  i t  to  i t s  o r ig i n a l  p o s i t i o n .  

This i s  a  v a len ce  f o r c e  c o n s ta n t .  I n  c e r t a i n  v ib r a t io n s  however,
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i t  i s  p o s s ib le  to  r o t a t e  the  o r b i t a l s  of th e  carbon atom as a 

whole to  improve the  o v e r lap  o f  the  carbon bonding o r b i t a l s  and 

those on th e  d i s p la c e d  Hydrogen atoms (108 ) , I t  i s  in  in t ro d u c in g  

e x tra  term s to  a l lo w  f o r  t h i s  o r b i t a l  fo l lo w in g  t h a t  th e  OVFF 

d i f f e r s  from th e  VFF, The OVFF was a p p l ie d  o r i g i n a l l y  to  

p la n a r  XY  ̂ m olecu les  (IO9 ) and th e  same fo r c e  c o n s ta n t  was used 

f o r  bo th  i n  and 'o u t - o f - p la n e  bonding v ib r a t io n s  as opposed to  

the VFF which r e q u i r e s  the  in t r o d u c t io n  o f  an a d d i t io n a l  fo r c e  

c o n s ta n t  to  a l lo w  f o r  o u t - o f - p la n e  v i b r a t i o n s .

The id e a  t h a t  i n t e r a c t i o n  fo r c e  c o n s ta n ts  a re  r e l a t e d  to  

e l e c t r o n i c  charge  movements has a l r e a d y  been mentioned in  

co n n ec tio n  w ith  the  s t r e t c h / s t r e t c h  i n t e r a c t i o n  f o r c e  c o n s ta n ts  of 

COg* S im i la r  r e a s o n in g  can  be a p p l ie d  to  s t r e t c h / a n g l e  bend 

i n t e r a c t i o n s .  I t  i s  g e n e r a l l y  acc e p ted  t h a t  in  s -p  h y b ride  

o r b i t a l s  an in c r e a s e  i n  p c o n te n t  r e s u l t s  in  a  lo n g e r  bond and 

an in c r e a s e  i n  s c o n te n t  r e s u l t s  i n  a  s h o r t e r  bond ( l l O ) .  Thus 

i f  an  in c r e a s e  i n  a  p a r t i c u l a r  bond angle r e s u l t s  i n  th e  in c re a s e  

of s c o n te n t  f o r  a p a r t i c u l a r  bond th e  energy  can be minimised by 

sh o r te n in g  th e  bond and acco rd in g  to  S e c t io n  1 .2  t h i s  im p lie s  a 

p o s i t i v e  i n t e r a c t i o n  f o r c e  c o n s ta n t .  These id eas  have been put 

on a q u a l i t a t i v e  b a s i s  by M il l s  ( l lO )  so t h a t  mot o n ly  can the  

s igns  o f  th e  i n t e r a c t i o n  fo r c e  c o n s ta n ts  be p r e d ic te d  bu t a l s o  

the  r a t i o  th e y  b e a r  to  th e  s t r e t c h  f o r c e  c o n s ta n t s .  M il ls  c a l l s  

a f o r c e  f i e l d  d e r iv e d  t h i s  way as  a  Hybrid O rb i ta l  Force F ie ld  (HOFF)
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These th re e  " th e o r e t i c a l "  f i e l d s  so f a r  m entioned a l l  

are w ide ly  a p p l ic a b le  bu t th e  UBFF i s  th e  on ly  one which has been 

w idely u sed , A number o f o th e r  " th e o r e t ic a l "  f i e l d s  have been 

suggested  b u t th e se  have been g e n e r a l ly  r e l a t e d  to  p a r t i c u l a r  

problem s. Thus Jones has proposed  b o th  th e  resonance  in te r a c t io n  

valence  fo r c e  f i e l d  ( i l l ,  112) a p p lie d  to  o c ta h e d ra l X(YZ)g type 

complexes and th e  T T -e lec tro n  in t e r a c t io n  v a lence  fo r c e  f i e l d  

(113) a p p lie d  to  t e t r a h e d r a l  X(YZ)^ type  Complexes. Also 

B u rd e tt ( I I 4 ) has a p p l ie d  th e  v a len ce  s h e l l  fo rce  f i e l d  to  

M(CO)^ and M(CN)g^” ty p e  com plexes.

SECTION 3 .5  The F orce  F ie ld s  f o r  th e  F lu o r in e  s u b s t i tu te d  
B enzenes.

So f a r  in  t h i s  c h a p te r  fo r c e  f i e l d s  and t h e i r  c a lc u la t io n  

have been c o n s id e re d  in  g e n e ra l te rm s . I t  i s  now n e ce ssa ry  to  

c o n s id e r  th e  o u t-o f -p la n e  v ib r a t io n s  o f  th e  f lu o r in e  s u b s t i tu te d  

B enzenes. The P o te n t i a l  Energy e x p re ss io n  f o r  a l l  th e se  m olecules 

i s
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21

+2 +2 (rdy^^.rdyj^^g)

+2 ^iffP frdy^ .rdy^^^)

+

+2 I . f f ° ( E d / i . E d / . + i ) +2 [ i f fG fE d / i .E d / i+ g )

+2 £.ffP(Edi/^.Edj^^^j)

+2 l i f f *  rdyi(Rd/^_^ - E d /i)

+2 I j f f *  rdy^(Ed/^_2 - Edf^.^l)

+2 [ j f f *  rdy^(Edjfj_j - Ed/i^2)

where sximmation i  i s  from 1 to  6 in  a  c y c lic  m anner, so 

th a t  i f  i  = 6 , i  + 2 = 2 .

Both o u t-o f -p la n e  an g le  hends rdy^

and s p e c ia l  to r s io n s  Rd/^ a re  numbered 1 to  6 as g iven  in  

F ig u re  2 .1 ,

The f a c t o r  2 o c cu rs  in  co n n ec tio n  w ith  the  i n t e r a c t io n  term s 

s in ce  f o r  each fo r c e  c o n s ta n t f .  . th e re  should be a n o th e r f . . 

which i s  e q u iv a le n t .

The n e g a tiv e  term  o c cu rs  in  th e  y /  in te r a c t io n s  s in c e  th e  

b ra c k e te d  /  te rm s a lth o u g h  e q u iv a le n t have o p p o s ite  s ig n s .  This 

is  c l e a r l y  i l l u s t r a t e d  i n  F ig u re  5*1 which shows th e  m otions 

in v o lv ed  in  a y /  m eta i n t e r a c t io n .
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+

♦

F ig u re  3*1

The ch o ice  o f  w hich in te r a c t io n  i s  d e fin e d  as th e  p o s i t iv e  

one i s  a h i t a r y .

The P o te n t ia l  Energy e x p re s s io n  i s  com plete ly  g e n e ra l bu t 

does n o t d i f f e r e n t i a t e  betw een th e  d i f f e r e n t  s u b s t i tu e n ts  on 

d i f f e r e n t  m olecu les  and can th e r e f o r e  show the  fo rc e  c o n s ta n ts  

only in  th e  most g e n e ra l  te rm s . The G7PF*s f o r  a l l  th e  m olecules 

can be c o n s tru c te d  from  th e  fo rc e  f i e l d  g iven  in  Table 3*1* (The 

n o ta t io n  A,B • • •  e t c .  i s  u sed  f o r  convenience o n ly ) . I t  co n ta in s  

50 d i f f e r e n t  fo rc e  C o n sta n ts  and in c lu d e s  a l l  p o s s ib le  ty p es  of 

i n te r a c t io n  between th e  f i v e  ty p es  o f in te r n a l  c o o rd in a te  bu t 

excludes any e f f e c t s  from  atoms w hich a re  n o t in v o lv ed  in  th e  

in t e r n a l  c o o rd in a te s  d e f in in g  a p a r t i c u l a r  fo rc e  c o n s ta n t .  Thus 

th e re  i s  o n ly  one i n t e r a c t i o n  fo rc e  c o n s ta n t between two m eta 

c o o rd in a te s  and t h i s  fo r c e  c o n s ta n t i s  assumed to  be independent 

o f the  s u b s t i tu e n t  on th e  Carbon atom which i s  between the  two 

meta Carbon atom s. This i s  i l l u s t r a t e d  in  F ig u re  3*2.
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50 Param eter Force F ie ld

^HH yp ^FF

yfl A,a°,a®*,aP ac^,ac® ,acP 7f B ,b°,b^,bP b c°,bc”*,bcP

4m G,GO,c%,cP ^HH E,e°,e™ ,eP

ab ° ,ab ^ ,ab ^

7E

^HF ^FF ^HH ^HF

ad°,ad™^adP ae°,ae® ,aeP YF bc*^,bc®,bcP be®,be%eP

HF

HF D ,d * ,d * ,d P

^HF ^ FF AHF

HH od°,cd™,cdP ce°,ce™ ,ceP ^FF de^,de®,de^

Table 3 .1
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19 Param eter Force F ie ld

YH

^HH yp /pp

A,a°,a®,aP aĉ ,ac°̂ yp B,bO,b%,bP bcO,bc*

Ci,cO /pF C3,c°

HH

H ab°,ab^ ,abP

^FF ^HH ^HF

ac°,ac®^ ao°,ao™ yj, bc°,bo® boOfbc*

^HF

^HF C2,o°

ĤF /pp ^HF

0° c*̂ /pp c®

Cl = C 
C2 “  D 
C3 = E

in  th e  50 Param eter Force F ie ld

Table 3 .2
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H

H

H

H

F ig u re  5*2

I f  th e  50 p a ram e te r fo rc e  f i e l d  d e fin e d  in  Table 5. I  were 

to  he c a lc u la te d  i t  would n o t n e c e s s a r i ly  rep roduce  th e  G VFF o f 

each m olecu le  s in c e  i t  would assume th a t  term s la b e l le d  th e  same 

in  d i f f e r e n t  m o lecu les  have th e  same v a lu e s .  T herefo re  i t  would 

he an o v e rla y  fo r c e  f i e l d  f o r  a l l  th e  m o lecu les . In  f a c t  th i s  

50 p a ram ete r fo rc e  f i e l d  i s  n o t used  s in c e  i t  i s  too la rg e  and 

complex and would n o t he a  good t e s t  o f th e  t r a n s f e r a b i l i t y  o f 

the  fo r c e  c o n s ta n ts  betw een m o lecu le s . T herefo re  a sm a lle r  f i e l d  

i s  r e q u ir e d .

The VFF i s  o b v io u s ly  to o  sm all a s  i t  co n ta in s  o n ly  th e  f iv e  

d iag o n a l fo r c e  c o n s ta n ts  and th e  ch o ice  i s  between a MVFF and a 

’’t h e o r e t i c a l ” f i e l d .  The f i e l d  used  i s  a  MVFF but b e fo re  i t  i s  

d e sc rib e d  th e  r e a s o n s  why a l l  th e  " th e o r e t i c a l ” f i e l d s  are 

in ad eq u a te  a re  g iv e n .

The UBFF would c o n ta in  on ly  th e  f iv e  d iag o n al fo rc e  c o n s ta n ts  

p lu s  th e  f i v e  c o rre sp o n d in g  l i n e a r  te rm s s in c e  f o r  th e  v e ry  sm all 

am p litudes o f  m otion in v o lv e d  th e  d is ta n c e s  between non-bonded 

atoms do n o t change d u r in g  an  o u t-o f -p la n e  v i b r a t i o n . .  That i t
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i s  n o t a p p l ic a b le  to  a l l  m o lecu les  i s  one o f th e  g e n e ra l drawbacks 

of th e  UBFF,

The OVFF u ses  th e  same fo rc e  c o n s ta n ts  f o r  b o th  in  and o u t-  

o f-p la n e  an g le  b en d s. These m otions a re  d i f f e r e n t  however, as 

w i l l  be shown in  P a r t  I I  where t h i s  p o in t  i s  d isc u sse d  in  

co n n ec tio n  w ith  d ip o le  moment d e r iv a t iv e s .

The HOFF is  r e a l l y  j u s t  a  method o f  c a lc u la t in g  s t r e tc h /a n g le  

bend in t e r a c t io n  fo rc e  c o n s ta n ts  from  the  d iag o n al s t r e t c h  fo rc e  

c o n s ta n ts  and i s  th e r e f o r e  n o t a p p lic a b le  to  o u t-o f -p la n e  v ib ra t io n s

T h e re fo re  th e  fo r c e  f i e l d  has to  be a  MVFF and th e  problem 

i s  to  d e c id e  which i n t e r a c t i o n  fo rc e  c o n s ta n ts  a re  to  be included# 

R a d c lif fe  and S te e le  ( 24 ) i n  t h e i r  work on th e  o u t-o f -p la n e  

v ib r a t io n s  o f  th e  F lu o ro  Benzenes and S ch ere r ( I I 5) in  h is  work 

on th e  o u t-o f -p la n e  v ib r a t io n s  o f th e  C hloro Benzenes bo th  used 

fo rc e  f i e l d s  s im i la r  to  th e  19 p a ram ete r fo rc e  f i e l d  g iv en  in  

Table 3 .2 .  R a d c l i f f e  and S te e le  used  a 15 param éer f i e l d  the  

d if f e r e n c e s  b e in g  t h a t : -

i  b° and b^ w ere n o t a p p lic a b le  to  th e  m olecu les they  

s tu d ie d  ; 

i i  Og .  i  (C^ + C j) ;

i i i  ac^ -  0 , t h i s  b e in g  i t s  Benzene v a lu e .

S c h e re r  used  a 23 p a ram ete r fo rc e  f i e l d  in  which th e  d iag o n a l 

o u t-o f -p la n e  bending  f o r c e  c o n s ta n ts  A and B were each  re p la c e d
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by th re e  fo rc e  c o n s ta n ts  A^, A^, A  ̂ and B^, B y  These 

term s w i l l  be e x p la in e d  l a t e r .  He a lso  used  T  to r s io n  c o o rd in a te s  

( a c tu a l ly  ^  c o o rd in a te s  in  h is  n o ta t io n )  which means th a t  a lth o u g h  

the fo rc e  c o n s ta n t d e s c r ip t io n s  a re  v e ry  s im ila r  d i r e c t  

num erical com parisons canno t be made. N e ith e r  R a d c lif fe  and 

S te e le  ( 24) n o r S c h e re r  ( I I 5 ) e x p la in ed  t h e i r  cho ice  of fo r c e ,  

f i e l d  so th e  fo llo w in g  argum ents a re  p roposed  to  j u s t i f y  th e  

19 p a ram ete r fo rc e  f i e l d .

One o f th e  t e s t s  f o r  t r a n s f e r a b i l i t y  i s  th a t  th o se  fo rc e  

c o n s ta n ts  in  th e  MVFF a p p lie d  to  a l l  th e  F luoro  Benzenes which 

occur in  Benzene, a re  in  re a so n a b le  agreem ent w ith  th e  v a lu es  

c a lc u la te d  s e p a ra te ly  f o r  Benzene. Both M ille r  and Crawford ( I I 5 ) 

and W hiffen ( l2 )  have made thorough  s tu d ie s  on th e  o u t-o f -p la n e  

fo rc e  f i e l d  o f B enzene. The two s e t s  o f r e s u l t s  a re  b a s ic a l ly  

the same bu t s in c e  M il le r  and Crawford used  S c o o rd in a te s  and 

exp ressed  t h e i r  r e s u l t s  in  symmetry fo rc e  c o n s ta n ts ,  th e  fo rc e  

f i e l d  used  to  t e s t  t r a n s f e r a b i l i t y  was W hiffen’s ,  who used /  

c o o rd in a te s  and i n t e r n a l  c o o rd in a te  fo rc e  c o n s ta n ts .

In  th e  GVFF f o r  th e  o u t-o f -p la n e  v ib ra t io n s  o f  Benzene 

th e re  a re  11 in t e r n a l  c o o rd in a te  fo rc e  c o n s ta n ts  ( i f c ’s ) ,

A a* a*  a? C c °  c *  cP ac*  a c *  ac?

There a re  9 v ib r a t i o n s ,  ^B^^ + + A^^ + 2 E^^ and u s in g

the  U m a tr ix  g iven  in  Table 2*12 11 symmetry c o o rd in a te s , 2Bgg +

2 + Ag^ + 2 ^2xi* th e re  a re  two red u n d an cies  in  the
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B symmetry g ro u p . A ccording to  W hiffan ( l2 )  th e  redundancy 
Ig

c o n d itio n s  a re

S i ^ / r  = 3 V 2 . 8 , . / a2a'

» 3^/2* ^ 2 h /^  ^

The symmetry c o o rd in a te s  a re  as g iven  in  Table 2 .1 2 . R i s  

th e  C -  C bond le n g th  and r  th e  C -  ÏÏ bond le n g th .

U sing th e  tra n s fo rm a tio n  m a trix

1
R

-  X

1

where x = 3 ^ /2 . r /R  and N i s  a n o rm a lis in g  f a c t o r  so th a t

the t ra n s fo rm a tio n  i s  o r th o g o n a l, a  new s e t  o f sywmmetry c o o rd in a te s

i s  form ed. Thus i f  S and S a re  th e  new symmetry c o o rd in a te sr a  a
such th a t

Spa .  N
1 -  X S la

Sa X 1 ^2a

= N -  x Sg^) -  0

Sa “ S^a + S ja )

and th e  red u n d an t c o o rd in a te  can be dropped.

U sing th e  same tra n s fo rm a tio n  th e  e q u iv a len t redundant 

c o o rd in a te  8^^ can a ls o  be dropped .

W ith th e  red u n d an t c o o rd in a te s  removed from th e  symmetry
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c o o rd in a te s  th e  11 i n t e r n a l  c o o rd in a te  fo rc e  c o n s ta n ts  can 

he grouped in to  8 d i f f e r e n t  symmetry c o o rd in a te  fo rc e  c o n s ta n ts  

( in c lu d in g  on ly  one s e t  from  each p a i r  o f  d eg en era te  b lo c k s ) .

These 6 symmetry c o o rd in a te  fo rc e  c o n s ta n ts  can be c a lc u la te d  

u sing  freq u en cy  d a ta  from  Benzene and E exadeutero  Benzene but 

from them 11 d i f f e r e n t  i n t e r n a l  c o o rd in a te  fo rc e  c o n s ta n ts  

cannot be c a lc u la te d .  However u s in g  th e  two redundancy co n d itio n s  

p re v io u s ly  g iv en  p lu s  a  t h i r d

d^^ + dpfg + djZlj + dj^^ + d^^ + d^^ = 0

(w hich i s  n o t in c lu d e d  in  th e  symmetry c o o rd in a te s  s in ce  i t  

i s  th e  so le  member o f th e  symmetry c la s s )  W hiff en ( l2 )  

s u b s t i t u te d  f o r  c e r t a i n  te rm s in  th e  P o te n t ia l  Energy ex p re ss io n  

to  remove e x p l i c i t  r e f e re n c e  to  th e  fo rc e  c o n s ta n ts  c^ , c^ and 

acP. Thus in  th e

o“  (EdjZ!^.

oP (E d /^ . E d /i+ ,.)

ac^ rdy^(Ed/^_^ -

i n t e r a c t io n  te rm s th e  /  c o o rd in a te s  a re  r e w r i t te n  i n  o th e r  term s 

so as to  ex clude  r e f e r e n c e  to  th e se  ty p e s  o f in t e r a c t io n .  The 

P o te n t ia l  Energy e x p re s s io n  i s  reg ro u p ed  acco rd in g  to  the in te r n a l  

c o o rd in a te s  and the  fo r c e  c o n s ta n ts  ex p ressed  in  t i l d e  form .
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The P o te n t ia l  Energy e x p re ss io n  i s : -

2V « A

+2a° +2a“ Y^rdy^.rdy^^g

*2aP  ^ ^ rd yj^ .rd y^ ^ j

+ C [ ^ ( E d /^ ) ^  +20° [^E d /i-E d /j.^ ]^

+2ac° Y

+2ac“  Yirdy^(Edj[(^_g -  Ed/^^^^)

and th e  t i l d e  fo r c e  c o n s ta n ts  a re

A » A + 2 y (c ^ -c P )  -  2 z .a c P  'c = c -  4c^ + 3c^

a^ = a° + y (c ^ -c P )  -  z .a c ^  c° = c° -  3c™ + 2c^

a°̂  = a™ -  y(c™ -cP ) + z .a c ^  ac^ ■ ac^ -  ac^

aP = a? -  2y(c™ -cP) + 2 z .a c P  ac™ = ac™ -  2acP

w here y  = 4 /3 *  (R /r )^  and z = 4 /3^ *  R /r

U sing th e  P o te n t i a l  E x p ress io n  th e  8 t i l d e  fo rc e  c o n s ta n ts  

can he c a lc u la te d .  T his i s  n o t th e  same as p u tt in g  c°^, cP and 

acP eq u a l to  z e ro , th e s e  fo rc e  c o n s ta n ts  a re  im p l ic i t  in  W hiffen*s 

t i l d e  fo r c e  c o n s ta n ts .  However th e se  fo rc e  c o n s ta n ts  were 

presum ably chosen  f o r  t h i s  tre a tm e n t s in c e  t h e i r  v a lu e s  m ight be 

expected  to  be sm all i n  com parison w ith  th e  o th e r  fo rc e  c o n s ta n ts . 

T here fo re  in  th e  MVFF th e y  a re  put eq u a l to  zero and th en  th e

c a lc u la te d  v a lu e s  o f A a^ a™ aP c^ ac^ ac^ in  t h i s  MVFF can

be compared d i r e c t l y  w ith  H ïh iffen 's  t i l d e  fo rc e  c o n s ta n ts  f o r
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Benzene in  th e  t e s t  f o r  t r a n s f e r a b i l i t y .

O’R e i l ly  ( l l 7 )  h as a ttem p ted  to  c a lc u la te  a l l  11 in te r n a l  

co o rd in a te  fo rc e  c o n s ta n ts  o f Benzene by in tro d u c in g  the  th re e  

e x tra  c o n s t r a in t s  t h a t  th e  v a lu e  o f  a  symmetry fo rc e  c o n s ta n t 

a s s o c ia te d  w ith  a  red u n d an t c o o rd in a te  ( i . e .  zero  v ib r a t io n a l  

freq u en cy ) i s  z e ro . However he i n c o r r e c t ly  g iv e s  and 

as the  red u n d an t symmetry c o o rd in a te s  in  th e  E., symmetry 

group in s te a d  o f th e  l i n e a r  com binations p re v io u s ly  d isc u sse d .

Kydd ( l l 8 )  p o in ts  o u t f u r th e r  d e f ic ie n c ie s  in  O 'R e i l ly ’s 

symmetry c o o rd in a te s  and a ls o  th a t  s in c e  th e  redundan t 

c o o rd in a te s  cannot be d is p la c e d  i t  i s  no t p o s s ib le  to  measure 

t h e i r  r e s i s t a n c e  to  any d isp lacem en t and th e re fo re  th e  v a lu e s  

of th e  a s s o c ia te d  fo r c e  c o n s ta n ts  a re  in d e te rm in a te . Kydd goes 

on to  g iv e  an a l t e r n a t i v e  method o f c a lc u la t in g  the  d iag o n al 

to r s io n  fo r c e  c o n s ta n t  in  Benzene fo llo w in g  Anno ( l l9 )>  who 

su g g es ted  th a t  th e  v a lu e  o f  a  to r s io n a l  fo rc e  c o n s ta n t about a 

C -  C bond i s  p ro p o r t io n a l  to  th e  p ro d u c t of th e  a s s o c ia te d  

TT -  bond o rd e r  and th e  o v e r la p  i n t e g r a l .  However Kydd (118) 

s t a t e s  t h a t  W hiff en ( l2 )  p u t c™, c^ and ac^ equal to  z e ro , 

d i r e c t l y  com pares h is  C to r s io n a l  fo r c e  c o n s ta n t w ith  W hiff e n 's  C 

and co n clu d es  t h a t  W h iffe n 's  v a lu e  i s  in c o r r e c t .  E ydd 's  v a lu e  fo r  

C shou ld  be s u b s t i t u t e d  in to  W h iffen 's  v a lu e  fo r  C to  e v a lu a te  

4c* -  3cP.
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A s im i la r  s e t  o f  t i l d e  fo rc e  c o n s ta n ts  could  be c o n s tru c te d  

fo r  H exafluoro  Benzene from  B b° b* b^ E e° e* e^ be° be* be^ 

but th e y  could  n o t be c a lc u la te d  s in c e  is o to p ic  frequency  d a ta  

i s  no t a v a i l a b le .  However f o r  c o n s is te n c y  i t  i s  re a so n a b le  

th a t  e* , eP and be^ a re  excluded  from th e  MVFF.

So f a r  the  50 p a ra m e te r  fo rc e  f i e l d  has been reduced  by 

only  6 te rm s . The n e x t s t e p ,  which im m ediately  red u ces  i t  to  

th e  19 p a ram ete r MVFF, i s  th a t  in  a l l  th e  in t e r a c t io n  term s 

in v o lv in g  a /  c o o rd in a te  no d i s t i n c t i o n  i s  made between th e  

th re e  ty p e s  and Thus i t  i s  assumed t h a t  th e re

a re  no e le c t r o n ic  d i f f e r e n c e s  betw een th e se  c o o rd in a te s , th e  

mass d if f e r e n c e s  a re  tak en  ca re  of in  th e  G m a tr ix . The 

d i f f e r e n c e s  a re  r e t a in e d  in  th e  d iag o n a l te rm s, th u s  C, D and 

E become C^, and r e s p e c t iv e ly .  As w i l l  be seen  l a t e r  in  

any t r u e  fo rc e  f i e l d  th e  d i f f e r e n c e s  betw een th e se  term s a re  

s l i g h t  th u s  p ro v id in g  a s e l f  j u s t i f i c a t i o n  o f th e  fo rc e  f i e l d .  

Under t h i s  c o n d it io n  th e  fo r c e  c o n s ta n t a s s o c ia te d  w ith  a l l  

te rm s i s  c* ,̂ th e  / / *  and / / P  term s a re  excluded in  

accordance  w ith  th e  Benzene and H exafluoro  Benzene c o n d it io n s , 

the fo rc e  c o n s ta n ts  a s s o c ia te d  w ith  th e  y / °  and y /^  term s a re  

ac^, bc° and ac* , be* depending  on w hether th e  y c o o rd in a te  i s  

CH or CF and th e  y /P  term s a re  excluded  a g a in  in  accordance 

w ith  th e  Benzene and H exafluo ro  Benzene c o n d itio n s .
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Thus th e  P o te n t ia l  Energy e x p re ss io n  fo r  a l l  th e  F lu o rin e  

s u b s t i tu te d  Benzenes becom es:-

O T.0  .^ o

2 V  = I i ( A , B )  (rd y ^ ) '

+ 2 £ ^ ( a ° , a b ° , b ° )  rdy^.rdy^^^

+ 2 J ]^ (a * ,a b * ,b * )  rdy^.rdy^^^^

+2 I^ (a P ,a b P ,b P )  rd y ^ .rd y ^ ^ ^

+ l i f C i 'C g .C , )  ( M / . f  +2 [ . c °  R d /..R d /,^ ^

+2 [ i ( a c ° , b c ° )  rdy^(R d/^^^  -  Rd/^,)

+2 5^^(ac™,bc™) rdy^(Rd/j,^2 "

Thus a sm all o v e r la y  m o d ified  v a le n c e  fo rc e  f i e l d  has been 

p o s tu la te d  fo r  th e  o u t-o f -p la n e  v ib r a t io n s  o f  th e  F lu o r in e  

s u b s t i tu te d  B enzenes, th e  fo rc e  c o n s ta n ts  have been s e le c te d  on 

a lo g i c a l  b a s is  and i t  i s  e a s i ly  com parable w ith  th e  known fo rc e  

f i e l d  o f  Benzene to  check  th a t  th e  s o lu t io n s  a re  in  the  c o r r e c t  

minimum in  fo rc e  c o n s ta n t  space#

A c tu a lly  th e  MVFF was n e v e r c a lc u la te d  on th i s  19 param eter 

form bu t in  two very  s im i la r  form s a s  18 and 23 p a ram ete r fo rc e  

f i e l d s .

A. The 18 P aram eter Force F ie ld

I n  t h i s  f i e l d  Cg = -g- (C^ + C^), i . e .  the  va lue  of the  

d ia g o n a l HF to r s io n a l  fo r c e  c o n s ta n t l i e s  midway between th e  HH 

and FF v a lu e s .  This assum ption  b r in g s  th e  fo rc e  f i e l d  in  l in e  

w ith  t h a t  o f R a d c l i f f e  and S te e le  ( 24 ) which i s  th e  s t a r t i n g  p o in t 

to  a l l  th e  c a lc u la t io n s  and i s  a ls o  an a d d it io n a l  check on th e  

s o lu t io n s .
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B. The 23 P aram eter Force F ie ld

This f i e l d  i s  v e ry  s im i la r  in  d e s c r ip t io n  to  S c h e re r 's  

f i e l d  f o r  th e  Chloro Benzenes ( I I 5 ) ,  ex cep t th a t  S ch e re r used  

T to r s io n  c o o rd in a te s .  I t  in tro d u c e s  a  ne ighbouring  s u b s t i tu e n t  

dependence in to  th e  d ia g o n a l y c o o rd in a te s .  Thus th e  two 

d iag o n a l o u t-o f -p la n e  bending  fo rc e  c o n s ta n ts  A and B a re  each 

re p la c e d  by th re e  f o r c e  c o n s ta n ts  A^, A^, A  ̂ and B^, B^, B^.

A^, Ag and A^ a re  d ia g o n a l y^^ fo rc e  c o n s ta n ts  w ith  HH, HF and 

FF r e s p e c t iv e ly  as th e  n e ig h b o u rin g  s u b s t i tu e n ts  and B^, B^ and 

B  ̂ a re  d ia g o n a l y^^  fo r c e  c o n s ta n ts  w ith  HE, HP and FF r e s p e c t iv e ly  

as th e  n e ig h b o u rin g  s u b s t i t u e n t s .  They a re  i l l u s t r a t e d  in  

f ig u r e s  3*3 and 3*4»

H H H

H /  H ( F ) /  F ( H )  F
A-j A2 A3

F ig u re  3*3

H /  H ( F ) /  \ F ( H )  F /  \ F
B2 B3

F ig u re  3*4

S c h e re r ( I I 5 ) found th a t  in tro d u c in g  t h i s  s u b s t i tu e n t  

dependence c o n s id e ra b ly  reduced  th e  w eigh ted  s q u a re -e r ro r  sum 

(WSQER) in  th e  m o lecu les  he s tu d ie d .  H is r e s u l t s  w e re :-
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f o r  a 23 p a ram e te r fo rc e  f i e l d ,  WSQER = 0 .5  x 10*^, 

f o r  a 21 p a ram e te r fo r c e  f i e l d  ( s u b s t i tu e n t  dependence 

removed from th e  d ia g o n a l % fo rc e  c o n s ta n ts ) ,  WSQER = 0 ,6  x lO "^.

f o r  a  17 p a ra m e te r fo rc e  f i e l d  ( s u b s t i tu e n t  dependence 

removed a ls o  from th e  d ia g o n a l y fo rc e  c o n s ta n ts ) ,  WSQER = 2 .2  x 10**^,

A ttem pts w ere a ls o  made to  in tro d u c e  s u b s t i tu e n t  dependence 

in  o n ly  th e  o f f -d ia g o n a l  fo r c e  c o n s ta n ts  b u t no w eigh ted  sq u a re -  

e r r o r  sums approached  th e  0*5 x  lO” ^ fo r  th e  23 p a ram ete r fo rc e  

f i e l d ,  so th e  c o n c lu s io n  i s  t h a t  by f a r  th e  most s ig n i f ic a n t  

re d u c tio n s  in  e r r o r  were ach iev ed  by in tro d u c in g  th i s  s u b s t i tu e n t  

dependence in to  the  d ia g o n a l y fo rc e  c o n s ta n ts .

An i n t e r e s t i n g  consequence o f s u b s t i tu e n t  dependence i s  in  

co n n ec tio n  w ith  th e  e q u iv a le n c e  o f th e  Ag symmetry b lo ck s  o f the  

G m a tr ic e s  of c e r t a i n  m o lecu les  as d is c u s s e d  in  th e  p a r t  o f  

s e c t io n  2 .3  d e a lin g  w ith  1 ,2 ,3 ,5  T e tra f lu o ro  Benzene. W ithout 

th e se  e x t r a  fo r c e  c o n s ta n ts  th e  F m a tr ic e s  o f th e se  m olecu les a re  

e q u iv a le n t to o  and th e r e f o r e  the c a lc u la te d  fre q u e n c ie s  a re  th e  

same. However s in c e  the  observed  f re q u e n c ie s  a re  u s u a lly  

d i f f e r e n t ,  th e  F m a tr ic e s  must a ls o  be d i f f e r e n t  and now 

allow ance can be made f o r  t h i s .  This p o in t can be c l a r i f i e d  by 

s tu d y in g  F ig u re s  2 .1 1 , 3*3 and 3*4*

As has been f r e q u e n t ly  m entioned , S ch ere r ( l l 5 )  has 

p u b lish e d  a s im ila r  s tu d y  on the C hloro Benzenes to  t h a t  on the
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Fluoro Benzenes b e in g  re p o r te d  h e re .  I t  would th e re fo re  be 

u s e fu l  to  compare h is  r e s u l t s  f o r  th e  Chloro Benzenes w ith  

those  f o r  th e  F lu o ro  B enzenes. There i s  a  drawback in  th a t  

S ch ere r u sed  T  to r s io n  c o o rd in a te s  a s  opposed to  the  /  

c o o rd in a te s  used  h e re  and th e re fo re  th e  two s e ts  of r e s u l t s  

cannot be d i r e c t l y  com pared. However th e  two ty p es  of 

c o o rd in a te  a re  r e l a t e d  a cc o rd in g  to  th e  e q u a tio n  g iven  by 

W hiffen ( l 2 ) ,

RdjZÎ. = 2RdI. + 2 .3 ^  R (dy. -  d y .^^ )

and a fo rc e  f i e l d  in  term s o f y , /  c o o rd in a te s  can r e a d i ly  

be c o n v e r ted  in to  one in  te rm s of y ,T  c o o rd in a te s  and v ic e  

v e rs a . F i r s t l y ,  u s in g  th e  above e q u a tio n , th e  Rd/^ term s are  

s u b s t i t u te d  f o r  in  th e  P o te n t ia l  Energy e x p re ss io n , then  l ik e  

in te r n a l  c o o rd in a te  te rm s a re  c o l le c te d ,  i . e .  a l l  th e  ( rd y ^ )^ , 

(R d X )^ , rdy^ R (dl^  ^ -  d T  ) te rm s, e t c .  The fo rc e  c o n s ta n t 

c o e f f i c i e n t s  of th e s e  te rm s a re  th e  y,X  fo rc e  c o n s ta n ts  

ex p ressed  in  term s o f th e  y , /  fo rc e  c o n s ta n ts .
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For th e  MVFF th e  e x p re ss io n s  f o r  the  Benzene fo rc e  c o n s ta n ts

are

A = A — 2 z .a c  + 2y(C^ — c^)

a° = a° -  y(C^ -  2c ° )  + z (a c °  -  ac*)
m m  o ma » a -  y .c  + z .a c

= aP 

f l  = 4^1 

s l  = 4c°

ac° = 2ac® -  y(C^ -  c ° )
m - m oac = 2ac -  y .c

where th e  y ,X  fo rc e  c o n s ta n ts  a re  th o se  u n d e rlin e d  and 

y = 4/ 3 . (R /r /^  z = 4/ 3^ . R /r

A s im i la r  s u b s t i t u t i o n  fo r  H exafluoro  Benzene g iv e s :

^  = B -  2 z .b c°  + 2y(C^ -  c°)

y(C^ -  2g^) + z (bc° -  be*) 
o , m

b °  c b °

= b“

^  - \P

f l -
4C

40'

3 
o

bc° = 2bc° -  y (C j -  c °) 

be* = 2bc* -  y .c °
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The rem ain in g  e x p re s s io n s  a re  tak en  to  be:

ab = ab — y^Cg — 2c^) +

z /2 .( a c ^  + bc° -  ac™ -  be™) 

ab* = ab* -  y .c °  + z /2 ,(a c *  + be*) 

abP = abP

^2 “ 4^2

The e x p re ss io n s  f o r  A^, ^  a re  c a lc u la te d  by s u b s t i tu t in g  

A^, Ag, A^ as a p p ro p r ia te  f o r  A and l ik e w ise  f o r  3 ^ , B^.

SECTION 3 .4  C a lc u la t io n  o f  th e  Force F ie ld s

The fo r c e  f i e l d  to  be u sed  h av in g  been d ec id ed , th e  Z m a tric e s  

fo r  each m olecule were s e t  u p , f i r s t  in  in te r n a l  c o o rd in a te s , then  

u s in g  the U m a tr ic e s  g iv en  in  s e c t io n  2 .2  in  symmetry c o o rd in a te s . 

And w ith  th e  G m a tr ic e s  and th e  observed  fre q u e n c ie s  the  fo rc e  

f i e l d s  cou ld  no* be c a lc u la te d .  The fo rc e  f i e l d s  could  be f i t t e d

to  th e  freq u e n cy  d a ta  f o r  a l l  tw enty  m olecu les a t  once and t h i s

was done bu t a lso  the  fo rc e  f i e l d s  were f i t t e d  to  on ly  some o f  th e  

m o le c u le s . The m o lecu les  were d iv id e d  in to  th re e  s e t s : -

A, The N il ( i . e .  B enzene), Mono and Di F luoro  Benzenes,

B, The D i, T r i and T e tra  F lu o ro  Benzenes,

C, The T e tra , P en ta  and Eexa F lu o ro  Benzenes,

(p lu s  s e t  Z, a l l  th e  m o le c u le s ) .

The id e a  i s  to  in v e s t ig a te  how th e  fo rc e  c o n s ta n ts  change on
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going from  one s e t  to  a n o th e r .

The o rd e r  o f c a lc u la t io n  i s  d e sc r ib e d  below.

18 P aram eter Force F ie ld

1 . U sing th e  f i e l d  of R a d c lif fe  and S te e le  ( 24) as th e  

i n i t i a l  f i e l d  th e  f o r c e  f i e l d  f o r  s e t  Z was c a lc u la te d  a llo w in g  

a l l  th e  f o r c e  c o n s ta n ts  to  v a ry .

2 . Using th e  f i e l d  f o r  s e t  Z as th e  i n i t i a l  f i e l d  th e  

fo rc e  f i e l d  fo r  s e t  B was c a lc u la te d ,  f i r s t l y  a llo w in g  only  

the 4 d iag o n a l fo rc e  c o n s ta n ts  to  v a ry , th en  u s in g  t h i s  f i e l d  

as th e  i n i t i a l  f i e l d  a llo w in g  a l l  fo rc e  c o n s ta n ts  to  v a ry .

3 . U sing th e  f i e l d  f o r  s e t  B as th e  i n i t i a l  f i e l d  the  fo rce  

f i e l d  f o r  s e t  A was c a lc u la te d ,  f i r s t l y  a llo w in g  o n ly  th e  4

d iag o n a l fo rc e  c o n s ta n ts  to  v a iy  th en  u s in g  t h i s  f i e l d  as th e

i n i t i a l  f i e l d  a llo w in g  15 fo rc e  c o n s ta n ts  to  v a ry , but no b ° , b* 

and bP. These fo r c e  c o n s ta n ts  were excluded  s in ce  th ey  occur 

on ly  in  th e  U iflu o ro  B enzenes. T h e re fo re  no new freq u en cy  d a ta  

to  in f lu e n c e  t h e i r  v a lu e s  i s  in tro d u c e d  b u t some i s  removed ( i . e .  

th a t  f o r  th e  T r i and T e tra f lu o ro  B e n z e n e s .) . A llow ing them to  

v a ry  when th ey  a re  dependent on v e ry  l i t t l e  d a ta  m ight r e s u l t  in  

h ig h ly  in d iv id u a l  n o n - t r a n s f e r a b le  V a lu es .

4 . Using th e  f i e l d  f o r  s e t  B as th e  i n i t i a l  f i e l d  th e  fo rc e  

f i e l d  f o r  s e t  C was c a lc u la te d ,  f i r s t l y  a llo w in g  on ly  the  4 d iag o n al

fo rc e  c o n s ta n ts  to  v a ry  th en  u s in g  t h i s  f i e l d  as th e  i n i t i a l  f i e l d
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a llo w in g  15 fo rc e  c o n s ta n ts  to  v a ry , t u t  n o t a®, a^ and a^ .

These fo r c e  c o n s ta n ts  w ere excluded  s in c e  th ey  occur on ly  in  

the T e tra f lu o ro  B enzenes, and fo r  s im i la r  reaso n s  to  th o se  

d iscu ssed  above.

5 . U sing th e  f i e l d  fo r  s e t  Z as th e  i n i t i a l  f i e l d  th e

fo rce  f i e l d s  f o r  f i r s t  s e t  A and th e n  s e t  C were c a lc u la te d

v a ry in g  o n ly  th e  d ia g o n a l fo r c e  c o n s ta n ts .

23 P aram eter F orce F ie ld

1* U sing th e  18 p a ram e te r fo rc e  f i e l d  fo r  s e t  Z as th e  

i n i t i a l  f o r c e  f i e l d  th e  23 param ete r fo rc e  f i e l d  f o r  s e t  Z was 

c a lc u la te d ,  f i r s t  a llo w in g  th e  9 d iag o n a l fo rc e  c o n s ta n ts  to  

v a ry , th e n  u s in g  t h i s  f i e l d  as th e  i n i t i a l  f i e l d  a llo w in g  a l l  

fo rc e  c o n s ta n ts  to  v a ry .

2 . Using th e  f i e l d  f o r  s e t  Z as  the  i n i t i a l  f i e l d  the  fo rce  

f i e l d  f o r  s e t  B was c a lc u la te d  f i r s t  a llo w in g  th e  9 d iag o n al 

fo rc e  c o n s ta n ts  to  v a ry  and th en  u s in g  t h i s  f i e l d  as  th e  i n i t i a l  

f i e l d  a llo w in g  a l l  th e  fo r c e  c o n s ta n ts  to  v a ry .

3 . U sing th e  f i e l d  f o r  s e t  B a s  th e  i n i t i a l  f i e l d  th e  fo rc e

f i e l d  f o r  s e t  A was c a lc u la te d  f i r s t  a llo w in g  5 d iag o n al fo rc e  

c o n s ta n ts  (A^, A^, C^, C^) to  v a ry . A y  and were not

allow ed  to  v a ry  s in c e  th e y  occur o n ly  in  th e  B iflu o ro  Benzenes 

and B j does n o t o ccu r a t  a l l  in  s e t  A ( i t  re q u ire s  th re e  ad jac e n t 

F lu o rin e  s u b s t i t u e n t s ) .  Then u s in g  t h i s  f i e l d  as th e  i n i t i a l
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f i e l d  th e  fo rc e  f i e l d  was c a lc u la te d  a llow ing  16 fo r c e  c o n s ta n ts  

to v a ry . Those fo r c e  c o n s ta n ts  n o t in c lu d e d  were th e  4 d iag o n a ls  

k y  Bg* and and th e  3 o f f -d ia g o n a ls  h ° , and b^ .

4 . Using th e  f i e l d  f o r  s e t  B as th e  i n i t i a l  f i e l d  th e  

fo rce  f i e l d  f o r  s e t  C was c a lc u la te d  f i r s t  a llow ing  5 d iag o n al 

fo rce  c o n s ta n ts  (A^, B^, B^, Cg, C^) to  v a ry . A^, B^ and 

were n o t a llow ed  to  v a ry  s in c e  th ey  occu r only  in  th e  T e tra f lu o ro  

Benzenes and does n o t occur a t  a l l  i n  s e t  C. Then u s in g  

t h i s  f i e l d  as th e  i n i t i a l  f i e l d  th e  fo rc e  f i e l d  was c a lc u la te d  

a llo w in g  16 Force c o n s ta n ts  to  v a ry . Those fo rc e  c o n s ta n ts  not 

in c lu d e d  w ere th e  4 d ia g o n a ls  A^, A^, B^ and and th e  th re e  

o f f -d ia g o n a ls  a ° , and a ^ .

The f re q u e n c ie s  w ere n o t c o r re c te d  f o r  an h arm o n ic ity . Gayles 

e t . a l . ( 7 5 )  made such c o r r e c t io n s  to  th e  observed  fre q u e n c ie s  of 

Propane and i t s  d e u te ro  d e r iv a t iv e s  u s in g  a method re q u ir in g  a 

knowledge o f a l l  th e  b in a ry  com bination  and f i r s t  overtone  

f r e q u e n c ie s .  They co n c lu d ed  t h a t :

"very  a c c u ra te  d a ta  i s  needed to  o b ta in  anharm onicity  
c o r r e c te d  f r e q u e n c ie s  to  d e term ine  m o lecu lar p o te n t ia l  
fu n c t io n s  t h a t  r e p r e s e n t  any s ig n i f i c a n t  improvement 
on th e  z e ro th  ap p ro x im atio n  o f ju s  t  u s in g  th e  observed  
fundam en tal f r e q u e n c ie s  in  th e  c a lc u la t io n .  "

B rodersen  and L angseth  ( l ? )  found th a t  in  Benzene th e  e r r o r s  

due to  an h arm o n ic ity  w ere sm a ll. This should  app ly  to  th e  F luoro 

Benzene as th e  rep lacem en t o f l i g h t  Hydrogen atoms w ith  much
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h e a v ie r  F lu o r in e  atom s would be ex p ec ted  to  cause a re d u c tio n  

in  th e  an h arm o n ic ity  o f  v ib r a t io n .  This fo llo w s  from th e  f a c t  

th a t  the an h arm o n ic ity  o f a  v ib r a t io n  i s  c o r r e la te d  s tro n g ly  

w ith  th e  am plitude  o f  m otion  in  th a t  v ib r a t io n ,  (3 ) p . 23 .

Where no c o r r e c t io n  i s  made fo r  anharm onicity  Aldous and 

M ills  ( 72 ) argued  t h a t  s in c e  th e  d if f e r e n c e s  between observed  

and c a lc u la te d  f r e q u e n c ie s  a re  no t due to  ex p erim en ta l e r r o r  but 

to  anh arm o n ic ity  th e n  th e s e  e r r o r s  w i l l  be la r g e r  f o r  h ig h e r  

f re q u e n c ie s  and p e rc e n ta g e  w eig h tin g  shou ld  be u sed . Overend 

and S c h e re r ( I I 9 ) c o n s id e re d  th a t  anharm on ic ity  e f f e c t s  a re  not 

random and th e r e f o r e  can n o t be d e a l t  w ith  in  t h i s  manner and 

th e re fo re  th e  w e ig h tin g  shou ld  be a b so lu te  s in ce  th e e r r o r s ,  f o r  

which th e  c o r r e c t io n  i s  b e in g  made ( i . e .  ex p erim en ta l e r ro r )  

a re  even ly  d i s t r i b u t e d .

The W eighting f a c to r  used  h e re  was a b so lu te , n o t f o r  any 

th e o r e t i c a l  reaso n s b u t f o r  th e  more mundane f a c t  t h a t  i t  gave 

a b e t t e r  f i t .  I t  was found in  a s e r i e s  of com parative t e s t s  

th a t  th e  two w e ig h tin g  f a c to r s  gave s im i la r  f i t s  to  th e  low er 

f re q u e n c ie s  b u t a t  th e  h ig h e r  fre q u e n c ie s  th e  f i t  was much worse 

when u s in g  p e rc en ta g e  w e ig h tin g .

A ll  th e  fo rc e  f i e l d s  were c a lc u la te d  u s in g  a p e r tu rb a t io n  

program w hich g iv e s  fo u r  re fin em en t c y c le s .  This was s u f f i c i e n t  

in  a l l  c a s e s  to  ach iev e  a convergence which could  be d e sc r ib e d
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as co m p le te . In  th e  c a se  of th e  18 p a ram eter fo rc e  f i e l d  fo r  

s e t  Z c o n t in u a t io n  o f  th e  p e r tu r b a t io n  f o r  an o th er fo u r  cy c le s  

reduced  th e  WSQER from  0.0125384 to  O.OI25OO4 , This i s  no t a 

s ig n i f i c a n t  change and in  f a c t  th e  w eigh ted  average frequency  

e r ro r  was in c re a s e d  from 11.753  to  11 .766  cm"^. (T his apparen t 

anomaly i s  due to  th e  f a c t  t h a t  the  WSQER co n sid e rs  the  square 

o f th e  e r r o r s ,  and t h i s  i s  th e  q u a n t i ty  reduced  in  th e  

p e r tu rb a t io n  c y c le , as opposed to  th e  w eigh ted  average frequency  

e r r o r ,  which does n o t in v o lv e  any sq uared  q u a n t i t i e s ) .  In  no 

case  were th e  i n i t i a l  and f i n a l  s o lu t io n s  in  d i f f e r e n t  minima.

This can be deduced from th e  f a c t  th a t  th e  convergence was 

always sm ooth, i . e .  th e r e  were no sudden changes in  th e  WSQER.

In th e  m a jo r i ty  o f c a se s  th e  s c a lin g  f a c to r  a  was u n i ty .

The c a lc u la te d  fo r c e  f i e l d s  a re  g iven  in  Tables 3*3 to  3*12.

The v a lu e  g iven  in  b ra c k e ts  a f t e r  a  fo rc e  co n stan t i s  i t s  d is p e rs io n  

or r .m .s .  e r r o r  c a lc u la te d  u s in g  e q u a tio n  1 g iven in  s e c t io n  3*1 

( s i n g u l a r i t y ) . I f  a  f o r c e  c o n s ta n t i s  no t v a r ie d  in  a p a r t i c u la r  

c a lc u la t io n  i t  cannot have a d is p e r s io n  v a lu e  and th e re fo re  none 

is  shown. In  some t a b le s  no d is p e r s io n  v a lu es  a re  g iven  and 

th o se  fo rc e  c o n s ta n ts  w hich a re  n o t v a r ie d  a re  s t a r r e d  thus * .

The number o f fo rc e  c o n s ta n ts  in  a  p a r t i c u l a r  f i e l d  i s  shown 

above th e  f i e l d  w ith  th e  number of fo rc e  c o n s ta n ts  v a r ie d  in  

c a lc u la t in g  th a t  f i e l d  shown in  b r a c k e ts .  The fo llo w in g  va lu es
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are  g iv en  below each f i e l d .

1 . The w eigh ted  sq u are  -  e r r o r  sum (WSQER) 

where WSQER = w\ (dX^)^

and dX. _ X.<=^^° -  X i°t8

2 . The w eigh ted  av erag e  freq u en cy  e r r o r  ( |dv | ) 

where dv = w  ̂ ( |d v ^ |)  /  n

and jd v ^ l i s  th e  a b s o lu te  v a lu e  o f

dT. .  V ocale _

3* The w eigh ted  av erage  s ta n d a rd  d e v ia t io n  ( <7 (v) )

where <j (v ) = Z i  * i  ( o" ( ? i )  ) /  ^ 10

and (T (v^) i s  th e  s ta n d a rd  d e v ia t io n  o r c a lc u la te d  e r r o r  in  

the i t h  c a lc u la te d  fre q u e n c y .

In  th e  above e q u a tio n s  th e  summation i  i s  over a l l  observed 

f re q u e n c ie s  and w  ̂ i s  th e  w e ig h tin g  f a c to r  fo r  the i t h  frequency  

as g iven  ih. th e  t a b l e s  in  C hapter Two. The w eig h tin g  f a c to r s  a re  

not s c a le d  to  be e i t h e r  a b so lu te  o r p e rc e n ta g e .

4* The r a t i o  o f  th e  d e te rm in an t o f  m a trix  C to  th e  product 

of i t s  d iag o n a l e lem en ts  ( | C | /  ^ ) .  This i s  a t e s t  fo r

s in g u la r i ty  a s  d is c u s s e d  in  s e c t io n  3*1* ( i t  i s  g iv en  th e  symbol 

C/c in  th e  t a b l e s ) .

The u n i t s o f  th e  fo rc e  c o n s ta n ts  and fo rc e  c o n s ta n t d is p e r s io n s  

a re  mdyn.A**^, th o se  o f  th e  WSQER*s a re  frequency  sq u ared , and th o se

o f I dv I and cr (v) a re  cm . 1^1/11^ ± t s  u n i t l e s s .  An arrow

th u s , X -> T, in d ic a te s  t h a t  f i e l d  Y i s  c a lc u la te d  from f i e l d  X.



205

The Tables a re  as  fo llo w s:

Table T i t l e  Page

3.3  Comparison o f  IS and 23 Param eter Force F ie ld s
fo r  s e t  Z . 206

3 .4  Comparison o f  13 and 23 Param eter Force F ie ld s
fo r  s e t  A (p lu s  th e  15 Param eter Force F ie ld  o f  
R a d c lif fe  and S te e le ) .  207

3.5 Comparison o f  18 and 23 Param eter Force F ie ld s
f o r  s e t  B. 203

3.6 Comparison o f  13 and 23 Param eter Force F ie ld s
fo r  s e t  G. 209

3 .7  Comparison o f  18 Param eter Force F ie ld s  fo r  s e ts
A, B and C. 210

3 .3  Comparison o f  23 Param eter Force F ie ld s  fo r  s e ts
Ay B and C. 211

3 .9  Comparison o f  13 Param eter Force F ie ld s  fo r  s e ts
A, B and C. D iagonal Force C onstants o n ly .
(O ff -D iagonals from s e t  B). 212

3.10 Comparison o f  13 Param eter Force F ie ld s  fo r  s e ts
A, B, C and Z . D iagonal Force C onstants on ly .
(Off«-Diagonals ffom s e t  Z ) . 213

3.11 Comparison o f  23 Param eter Force F ie ld s  fo r  s e ts
A, B and C. D iagonal Force C onstants on ly .
(O ff-D iagonals from s e t  B ). 214

3.12 Comparison o f  23 Param eter Force F ie ld s  fo r  s e ts
B and Z . D iagonal Force C onstants on ly .
(O ff-D iagonals from s e t  Z ) . 215

3.13 Frequency E rro rs  fo r  in d iv id u a l m olecules
c a lc u la te d  u sing  18 Param eter Force F ie ld s . 216

3.14  Frequency E rro rs  fo r  In d iv id u a l m olecules
c a lc u la te d  u sing  23 Param eter Force F ie ld s . 217



206

Com parison o f  18 and 23 P aram eter F o rce  F ie ld s  f o r  s e t  Z

FORCE FIELD 23(23) 13(18) -  23(9)

FORCE CONSTMT

Al 0.2664  ( . 0096) 0.2720 (.0027)
A2 .2361 ( . 0109) 0.2662 (.0185) .2628 ( . 0025)
4 .2128 (.0116) .2505 ( . 0030)

Bl .2479 ( . 0055) .2336 ( . 0041)
B2 .2247 (.0064) .2147 (.0083) .2154 ( . 0049)
B3 .1922 ( . 0062) .2011 (.0043)

ao .0114  ( . 0022) .0085 ( . 0041) .0085
à® - .0 1 4 7  ( . 0050) -.0121  ( . 0096) -.0121
aP - .0 1 1 4  ( . 0034) -.0119  ( . 0064) -.0119

ab® .0131  (.0031) .0224  ( . 0047) .0224
ab“ -.0205  (.0037) -.0208  ( . 0065) —•0208
abP -.0 1 3 7  ( . 0050) -.0140  ( . 0095) —•014.0

b° .0126  ( . 0029) .0187 ( . 0049) .0187
b“ -.0 1 3 2  (.0032) -.0178  (.0057) -.0178
bP -.0 1 0 8  (.0066) .0050 ( . 0120) .0050

Cl .0354 ( . 0026) .0367 ( . 0046) .0347 (.0008)
Cg .0360 (.0028) .0306 ( 00011)
C3 .0362  ( . 0032) .0251  ( . 0043) .0344  ( . 0033)

c° -.0 0 7 6  ( . 0014) -.0079  ( . 0025) -.0079

ao° .0119 ( . 0014) (g.0146 (.0027) .0146
ao™ .0001 (.0016) -.0001  ( . 0031) -.0001
bc° .0000  ( . 0019) .0013 ( . 0033) .0013
be® 0.0063  ( . 0019) 0.0010  ( . 0034) 0.0010

WSQER 3.6x10-3 12.5x10-3 7.2x10-3

1 d v  1 5.85 11.75 8.53

o ( v ) 3.59 5.93 3.08

C/o 3.96x10^) 8.82x10-3 1.65x10-1

Table 3.3
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Oomparison o f  18 and  23 P a ra m e te r  F o rce  F ie ld s  f o r  s e t  A

FORCE FIELD 23(16) 18(15) E+S

FORCE CONSTAI'ÏT

Al 0.2850  ( . 0056)
A2 . 264.0 ( . 0050) 0.2667 ( . 0150) 0.2606
A3 .2487

Bl .2506  ( . 0054)
B2 .2227 .2265 (.0071) .2126
B3

ao .0152  ( . 0019) .0108 ( . 0035) .0132
- .0 2 3 4  ( . 0032) -.0 1 3 1  ( . 0077) -.0112

aP -.0 1 7 8  ( . 0024) -.0128  ( . 0053) -.0121

abo .0221 (.0022) .0265 ( . 0043) .0166
abP̂ -.0 2 2 1  (.0026) -.0172  (.0043) —*0041
abP -.0 2 0 7  ( . 0053) -.0016  (.0071) —#0040

b° .0158 .0112
b® -.0 1 8 3 -.0155
bP -.0 1 8 7 .0057 .0154

Cl .0304  ( . 0018) .0341  ( . 0036) .0357
Cg .0282 (.0018)
°3 .0401 .0219 ( . 0044) .0332

0° - .0 1 0 2  (.0010) -.0 0 8 4  (.0020) -.0072

ac® .0145  ( . 0009) .0134 (.0022) .0123
ac® .0024  ( . 0812) .0000  ( . 0026)
bo° -.0 0 2 9  ( . 0022) -.0073  ( . 0030) -.0107

0.0037  ( . 0015) -.0039  (.0021) -.0067

VJSQER 2.0x10-3 4.1x10-3

1 dv 1 5.78 8 .02

cr(v) 3 .92 5.41

C/c 4.28x10-6 1,63x10-6

T able 3 .4
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Com parison o f  18 and 23 P a ra m e te r  F o rce  F ie ld s
f o r  s e t  B

FORCE FIELD 23(23) 18(18)

FORCE COKSTAHT

■̂ 1 0.3001  ( . 0223)
A.2 .2719 ( . 0223) 0.2090  ( . 0180)
h .2487 ( . 0224)

% .2485 (.0077)
.2227 (.OO80) .2091  ( . 0089)

B3 .2051  (.OO81)

a ° .0144  ( . 0048) -.0 0 5 7  (.0073)
a» -.0 3 1 6  (.0112) .0168 ( . 0110)
aP -.0 1 6 2  ( . 0057) -.0003  ( . 0061)

ab° .0177 ( . 0043) .0127 ( . 0053)
ab ° -.0257  ( . 0053) -.0187  (.0067)
abP -.0 2 2 2  (.0079) .0061 ( . 0104)

b° .0158 ( . 0034) .0112 (.0056)
-.0 1 8 3  ( . 0033) -.0155  ( . 0060)
-.0187  (.0087) .0057 (.0127)

C l .0336 (.0038) .0526 (.OÇêî)
C2 .0368  ( . 0032)
C3 .0401  (.0034) .0400 ( . 0058)

0° -.0063  (.0018) -.0011  ( . 0033)

a o ° .0179 (.0035) .0110 ( . 0019)
ao“ .0089 ( . 0039) -.0 0 6 6  ( . 0032)
bc° .0021  ( . 0021) .0010  ( . 0031)
bo® 0.0059  ( . 0022) 0.0028  ( . 0032)

VSQEE l.lx lO " 3 4.6x10^3

1 dv 1 4 .4 0 8.07

o(v) 3.60 5.77

C/o 3 .1 6 x 1 0 "^ 1.50x10^2

T a b le  3 .5
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C om parison o f  18 and 23 P a ra m e te r  F o rce  F ie ld s
f o r  s e t  C

FORCE FIELD 23(16) 18(15)

FORCE CONSTANT

0.2719 0.1666 (.0218)

h .2508 ( . 0054)

Bl .2435
Bg .2375  (.0078) .1717 (.0173)
B3 .1899 (.0056)

a° .0144 -.0057
a® -.0 3 1 6 .0168
aP -.0 1 6 2 -.0003

ab° .0158 ( . 0034) -.0105  (.0083)
ab“ -.0276  (.CO35) .0000 (.0083)
abP -.0145  ( . 0057) .0273 ( . 0096)

b° .0131 (.0030) -.0121  (.0081)
b® - .0121  ( . 0029) -.0013  (.0089)
bP -.0 0 7 2  (.0066) .0579 (.0182)

Cl .0336 .0622 (.0115)
C2 .0340 (.0028)
C3 .0365 ( . 0035) .0465 (.0084)

e° -.0 0 8 3  (.0017) -.0013 ( . 0056)

ao° .0201 (.0011) .0125 ( . 0035)
ac .0105  ( . 0021) -.0 0 4 4  ( . 0042)
bo° .0 (0 4  ( . 0022) -.0127  ( . 0051)
be 0.0067 ( . 0023) -.0075  (.0065)

WSÎER 0.3x10"^ 1.5xlO"2

Idv 1 3 .7 4 7 .5 4

o(v) 4.43 8 .2 4

C/e 3.60x10 4.14x10^^

T a b le  3 .6
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Com parison o f  18 P a ra m e te r  F o rce  F ie ld s  f o r
s e t s  A. B and C

FORCE FIELD 18(15) * 13(18) -3-18(15)

FORCE CONSTANT

A 0.2667 0.2090 0,1666

B .2265 .2091 .1717

a° .0108 -.0057 -.0057*
a’̂ -.0 1 3 1 .0168 .0168*
aP -.0128 -.0003 -.0003*

ab° .0265 .0127 -.0105
ab™ -.0172 -.0187 .0000
a ^ -.0016 .0061 .0273

b° .0112® .0112 -.0121
-.0155® -.0155 -.0013

.0057* .0057 .0579

Cl .0341 . 052# .0622
C3 .0219 .0400 .0465

—. 0084. -.0011 -.0013

ac® .0134 .0110 .0125
ac® .0000 —*0066 —.0044
be® -.0073 .0010 -.0127
be® -.0039 0.0018 -.0075

Force C onstants marked th u s  §r a re  no t v a ried  
in  c a lc u la t io n .

Table 3 .7
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Com parison o f  23 P a ra m e te r  F o rce  F ie ld s  f o r
s e t s  A, B and C

FORCE FIELD 23(16) * 23(23) H- 23(16)

FORCE CONSTANT

Al 0.2850 0.3001
A2 .2640 .2719 0.2719*
A3 .2487* .2487 .2508

Bl .2506 .2485 .2485*
B2 .2227* .2227 .2375
B3 .2051 .1899

a° .0152 .0144 .0144*
a® -.0 2 3 4 -.0316 -.0316*
aP -.0178 -.0162 -.0162*

ab® .0221 .0177 .0158
ab® -.0 2 2 1 -.0257 -.0276
abP -.0207 -.0222 -.0145

b® .0158* .0158 .0131
b® -.0183* -.0183 -.0121
bP -.0 1 8 7 * -.0187 -.0072

Cl .0304 . .0336 .0336*
C2 .0282 .0368 .0340
C3 .0401* .0401 .0365

c® -.0 1 0 2 -.0063 —.0083

ac® .0145 .0179 .0201
ac® .0024 .0089 .0105
be® -.0 0 2 9 .0021 .0004
be® 0.0037 0.0059 0.0067

Force C onstants marked th u s  «  a re  n o t v a ried  
in  c a lc u la t io n

T a b le  3 .8
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S Ô D ip a r iso n  o f  18 P a ra m e te r  F o rce  F ie ld s  f o r  s e t s
A. B and C

D iag o n a l F o rce  C o n s ta n ts  o n ly

FORCE HELD S e t A 
18(4) "

S e t B S e t C 
18(18) -  18(4)

FORCE CONSTANT

A 0.2198 0.2090 0.2031

B .2112 .2091 .2004

Gl .0499 .0526 .0469

^2 0.0401 0.0400 0.0400

WSQER 13.63dO"^ 4 . 6x10 ^ 2.9xlO"3

1 dv 1 11.76 8.07 11.39

a(v ) 4 .15 5.77 5.16

C/c 2.81x l0”^ 1.50x10^^ 1 . 30x10"^

O ff-D iagonal Force C onstants from S e t B

Table 3 «9
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Com parison o f  18 P a ra m e te r  F o rc e  F ie ld s  f o r  s e t s  A .E.C and  Z
D ia g o n a l F o rce  C o n s ta n ts  o n ly

FORCE FIELD S et A 
18(4)

S e t B 
18(4)

S et C 
18(4)

S e t Z

FORCE CONSTANT

A 0.2679 0.2541 0.2492 0.2622

B .2232 .2185 .2686 .2147

Cl .0351 .0381 .0340 .0367

C2 0.0256 0.0282 0.0301 0.0251

WSQER 5.1x10-3 5.9x10-3 2.9x10-3

1 dv I 9 .20 9 .27 11.68

a(v) 2.90 2.73 3.21

c/o 3.13x10“^ 1.90x10"! 1.27x10"!

O ff-D iagonal Force C onstants from S e t Z

Table 3*10
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Com parison o f  23 P a ra m e te r  F o rce  F ie ld s  f o r  s e t s
Â. B and  G

D ia g o n a l F o rc e  C o n s ta n ts  o n ly

FORCE FIELD S et A , 
23(5)

S e t B _ 
23(23)

S e t C 
23(5)

FORCE CONSTANT

Al 0.2965 0.3001
^2 .2727 .2719 0.2719*
h .2487 .2487 .2493

h .2 4 8 3 , .2485 . 2485*
.2227 .2227 .2300

4
.2051 .1930

Gi .0346 .0336 .0336*
C2 .0367 .0368 .0349
C3 0.0401 0.0401 0.0361

WSQER 5.5x10-3 1.1x10-3 0.9x l0"3

Idvl 8 .2 4 4.40 6.98

a(v) 3 .22 3.60 3.68

C/c 2.90x10"! 3 .16x10"!! 1.32x10"!

O ff-D iagonal Force C onstants from S e t B

Force co n s tan ts  marked th u s  sc a re  n o t v a rie d  in  
c a lc u la t io n .

T a b le  3 .1 1
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Com parison o f  23 P a ra m e te r  F o rce  F ie ld s
f o r  s e t s  B and Z

D iag o n a l F o rce  C o n s ta n ts  o n ly

FORCE HELD S e t B «
23(9 )

_ S e t Z

FORCE CONSTANT

Al 0.2626 0.2644
Ag .2328 .2361
A3 .2128 .2128

.2466 .2479
®2 .2220 .2247

.2001 .1922

Cl .0376 .0354
Cg .0365 .0360
0 3 0.0380 0.0362

WSQER l.S x iC r3

1 dv 1 5.45

o(v) 2.41

c/o 1.05x10-1

O ff-D iagonal Force C onstants from S e t Z

Table 3 .12
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Freouency E rro rs  fo r  In d iv id u a l m olecules c a lc u la te d  using 
18 Param eter Force F ie ld s

MOLECULE
dv FJSQER

S e t Z

dv WSQER

S et A

dv WSQER

1. Benzene
2. Eexadeutero Benzene
3 . F luoro Benzene
4 . Fluoro P en tadeu tero

Benzene
5. 1 ,2  d if lu o ro  Benzene
6 . 1 ,3  d if lu o ro  Benzene
7 . 1 ,4  d if lu o ro  Benzene
8 . 1 ,4  d if lu o ro  T e tra -

deu tero  Benzene
9 . 1 ,2 ,3  t r i f l u o r o

Benzene
10. 1 ,2 ,4  t r i f l u o r o

Benzene
11. 1 ,3 ,5  t r i f l u o r o

Benzene
12. 1 ,3 ,5  t r i f l u o r o

Deutero Benzene
13. 1 ,3 ,5  t r i f l u o r o

D ideutero Benzene
14. 1 ,3 ,5  t r i f l u o r o

T rid eu te ro  Benzene
15.  1 ,2 ,3 ,4  te t r a f lu o r o

Benzene
16. 1 ,2 ,3 ,5  t e t r a f lu o r o

Benzene
17. 1 ,2 ,4 ,5  te t r a f lu o r o

Benzene
18. P en ta flu o ro  Benzene
19 . P en ta flu o ro  Deutero

Benzene
20. Eexafluoro  Benzene

14.8
13.0
10.5

1.26
0.57
1.23

9 .1
7 .4
6 .4

0.56
0.30
0.56

9 .7
7 .8  

12 .1
7 .1

0.81
0.24
1.18
0.29

7 .3
8 .9

12.8
3 .6

0 .31
0.44
1.37
0.21

11.6 0.42 9 .2 0.37

7 .5 0.36

16.2 1.00

6 .7 0.08 S e t C

14.2 0.66 7 .0 0.14

15 .4 1.67 6 .3 0.28

10.8
13.8

0.56
1.27

10.6
5 .2

0.50
0.29

19.8
25.0

0.64
0.26

9 .3
10.9

0.21
0.05

xlO-3 xlO-3

S e t B

9.9  0.52 
8 .9  0.91  
6 .6  0.34

8 .1  0.43

3 .7  0.09  

11.1 0 .54

1 .7  0.01 

12 .2  0.73 

10 .6  0.93 

6 .0  0.14

xlOr 3

Table 3 .1 3
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Frequency E rro rs  fo r  In d iv id u a l m olecules c a lc u la te d  using  
23 Param eter Force F ie ld s

MOLECULE
dv WSQER dv %3QER dv WSQER

S e t Z S et A

1. Benzene 8 .9 0.62 7 .7 0.36
2. Hexadeutero Benzene 6 .2 0.18 6 .3 0.30
3. Fluoro Benzene 4 .9 0.30 5.0 0.36
4 . Fluoro Pen tadeu tero S e t B

Benzene 5.3 0.15 4 .3 0.10
5. 1 ,2  d if lu o ro  Benzene 5.8 0.12 4 .5 0.09 4 .9 0.16
6. 1 ,3  d if lu o ro  Benzene 7 .1 0.49 8 .4 0.51 4 .9 0.18
7 . 1 ,4  d if lu o ro  Benzene 5.5 0.35 5.0 0.20 5.9 0.22
8. 1 ,4  d if lu o ro  T e tra -

deu tero  Benzene 4 .9 0.10 5.5 0.11 2.7 0.04
9 . 1 ,2 ,3  t r i f lu o r o

Benzene
10. 1 ,2 ,4  t r i f l u o r o

Benzene 4 .6 0.21 4 .0 0.13
11. 1 ,3 ,5  t r i f l u o r o

Benzene 6 .2 0.11 3 .4 0.04
12. 1 ,3 ,5  t r i f l u o r o -

Deutero Benzene
13. 1 ,3 ,5  t r i f lu o r o

DiDeu te ro  Benzene
14. 1 ,3 ,5  t r i f lu o r o

T rid eu te ro  Benzene 4 .1 0.06 oeu u 2 .7 0.01
15. 1 .2 .3 .A te t r a f lu o r o

Benzene 6 .4 0.19 3 .8 0.05 4 .1 0.08
16. 1 ,2 ,3 ,5  t e t r a f lu o r o

Benzene 5.1 0.17 3 .7 0.06 5.3 0.16
17. 1 ,2 ,4 ,5  te t r a f lu o r o

Benzene 7 .7 0.30 5.8 0.18 5 .0 0.12
18. P en ta flu o ro  Benzene 3 .3 0.08 2 .2 0.03
19. P en ta flu o ro  Deutero

Benzene 8 .3 0.11 1.8 0.01
20. Eexafluoro Benzene 11 .0 0.05 5.7 0.01

xlO~3 xl0""3

Table 3 .U
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SECTION 5 .5  D is c u s s io n  o f  th e  F o rce  F i e ld s .

D iscussion  o f  the Frequency Errors

In tro d u c tio n

Before d isc u ss in g  th e  fo rce  f ie ld s  ftcm th e  p o in t o f  view o f 

the  fo rce  co n sta n ts  which c o n s t i tu te  them, they  a re  considered from 

the p o in t o f  view o f  t h e i r  a b i l i t y  to  reproduce th e  observed 

freq u en c ie s .

D iscu ssion

As expected th e  23 param eter fo rce  f i e ld s  give a b e t te r  f i t  

to  th e  observed freq u en c ies  than  th e  18 param eter fo rce  f ie ld s #

The WSQER fo r  th e  18 param eter f i e l d  fo r  s e t  Z i s  12.53x10“’̂ , 

ccrnipared w ith  3*61x10’’ fo r  th e  23 param eter f i e l d ,  a  considerab le  

re d u c tio n  in  e r r o r  f o r  th e  a d d itio n  o f  only f iv e  fo rce  c o n s ta n ts . 

This dem onstrates th e  s ig n if ic a n c e  o f  th e  in tro d u c tio n  o f  th e  

concept o f s u b s t i tu e n t  dépendance.

Taking th e  sm a lle r WSQER v a lues fo r  th e  D i- and TetraH-uoro 

Benzenes, th e  sum over a l l  twenty m olecules o f  th e  in d iv id u a l 

WSQER v a lues (see  Table 3 .13 ) fo r  th e  18 param eter fo rce  f ie ld s  

fo r  s e ts  A, B and C i s  5•4-8x10*’ * So d iv id in g  th e  m olecules in to  

th re e  s e ts  and f i t t i n g  a  d i f f e r e n t  18 param eter fo rce  f i e ld  to  

each s e t  i s  n o t a s  e f f e c t iv e  a s  f i t t i n g  a  23 param eter fo rce  

f i e l d  to  a l l  th e  m o lecu les .

Extending th e  arguments to  inc lu d e  th e  23 param eter fo rce  

f ie ld s  fo r  s e t s  A ,  B and C, i t  i s  ag a in  seen th a t  th ese  f ie ld s  

give a  much b e t t e r  f i t  to  th e  observed frequencies than  th e  18 

param eter f i e l d s .  Taking th e  sm aller VSQER values fo r  th e  Di— 

and T e tra f lu o ro  Benzenes, th e  sum over a l l  twenty m olecules o f
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the in d iv id u a l WSQER v a lues (see  Table 3 .14) fo r  th e  23 param eter 

fo rce  f i e ld s  fo r  s e t s  A, B and G i s  2.1Cxlo" .  This red u c tio n  in  

e r ro r  i s  n o t p a r t i c u la r ly  la rg e  when compared w ith th e  WSQER 

o f 3.61x10 fo r  s e t  Z in  view o f  th e  red u c tio n  in  th e  number o f  

freq u en cies  to  which th e  f ie ld s  were f i t t e d .

Conclusion

The 23 param eter fo rce  f i e ld s  a re  f a r  b e t te r  a t  reproducing 

th e  observed freq u en c ies  th an  the  18 param eter fo rce  f i e ld s ,  

showing th e  s ig n if ic a n c e  o f  s u b s t i tu e n t  dependence. For th e  23 

param eter f i e l d s ,  th e  f i e ld s  fo r  s e ts  A, B and C a re  n o t much 

b e t te r  a t  rep roducing  th e  observed freq u en cies  than  th e  f i e ld  

fo r  s e t  Z , showing th a t  th e  changes in  th e  freq u en cies  on going 

through th e  m olecules from Benzene to  Hexafluoro Benzene a re  

accounted f o r ,  to  a  la rg e  e x te n t ,  by th e  in tro d u c tio n  o f  s u b s ti tu e n t 

dépendance in to  th e  f i e l d  fo r  s e t  Z , w h ils t reducing  th e  number 

o f freq u en c ies  to  which t h i s  f i e ld  i s  f i t t e d  i s  no t so im portan t 

in  reducing  th e  e r r o r s .

Comparison o f  Force F ie ld s  w ith Whiffen*s Benzene F ie ld

In tro d u c tio n

The two s e ts  A and Z in c lu d e  th e  Observed frequencies  fo r  

Benzene. T herefore  f o r  th e  fo rce  f ie ld s  f i t t e d  to  th ese  s e ts  fo  

be v a l id ,  th o se  fo rce  c o n s ta n ts  vMch occur in  the  fo rce  f i e ld  

fo r  Benzene must be in  agreement w ith W hiffen 's t i l d e  fo rce  

co n stan ts  fo r  Benzene (1 2 ) .

D iscussion

This agreem ent w i l l  n o t n e c e s sa r ily  be exac t so i t  has 

to  be decided  t i ia t  e r r o r  l im i t s  a re  to  be p laced on th e  fo rce
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constan ts  c a lc u la te d  h e re . Following Scherer (115), the a c tu a l 

e rro r  in  a fo rce  c o n sta n t i s  taken  a s :

d ( / i )  = o ( / i ) ‘ I dvl
c(v)

2
11

where d ( /^ )  i s  th e  a c tu a l  e r ro r  in  the  i t h  fo rce  c o n sta n t, 

(j(/^ ) i s  th e  d is p e rs io n  o f  th e  i t h  fo rce  c o n s ta n t,

Idvl i s  th e  w eighted average frequency e rro r  

and a(v) i s  the  w eighted average d isp e rs io n  o f  th e  ca lc u la te d  

freq u e n c ie s •

Both Idvl and a(v) a re  c a lc u la te d  from th e  freq uencies 

which a re  c a lc u la te d  using  th e  fo rce  f i e ld  o f  which i s  a 

member# The v a lues o f  b o th  th e se  q u a n t i t ie s  p lu s  th e  o ( /^ )  values 

a re  g iven  to g e th e r  w ith  th e  a p p ro p ria te  fo rce  f ie ld s  in  Tables 

3 .3  to  3 .1 2 .

The terra |dv l/cr(v ) i s  squared s in ce  th e  fo rce  co n stan ts  a re  

determ ined Arora th e  e igen  v a lu es , which a re  p ro p o rtio n a l to  the  

squares o f  th e  fre q u e n c ie s .

For th e  23 param eter fo rce  f i e ld  fo r  s e t  Z,

I ld v |/a (v )  I = 2.66 

so d ( /^ )  = 2 .66  (j(/^ )

i s  taken  a s  th e  a c tu a l  e r ro r  in  th e  fo rce  c o n s ta n ts . The 

range o f  s o lu tio n s  fo r  th e  Benzene fo rce  co n stan ts  in  the  23 

param eter fo rce  f i e l d  fo r  s e t  Z, c a lc u la te d  using  t h i s  r e la t io n s h ip ,  

a re  g iven  in  Table 3 .15  to g e th e r  w ith N hiffen^s t i l d e  fo rce  

c o n s ta n ts •
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FORCE FIELD 23 PARAMETER F .F . WHIFFEN'S F .F .

FORGE CONSTANT

^1 +.2912 to  +.2409 .286
0a +.0173 to  +.0055 .012

a® -.0 2 8 0  to  -.0014 -.0 2 2

aP -.0 2 0 4  to  -.0024 -.017

Cl +.0423 to  +.0285 .029

c° -.0113  to  -.0039 -.0 1 0

ac® +.0156  to  +.0082 .014

ac® +.0044  to  -.0042 .000

Table 3.15

As can be seen th e  t i l d e  fo rce  co n stan ts  a l l  l i e  w ith in  

the  in d ic a te d  ranges so i t  i s  concluded th a t  th e  23 param eter 

f i e ld  fo r  s e t  Z i s  a  v a l id  f i e l d .  I f  th e  d isp ers io n s  were taken  

a s  th e  a c tu a l  e r ro r s  in  th e  fo rce  co n stan ts  some o f  th e  t i l d e  

fo rce  c o n s ta n ts  would l i e  o u ts id e  th e  In d ic a ted  ran g es . Most 

n o tab le  o f  th e se  i s  A^, fo r  which th e  range would be +.2760 to  

+0.2568  compared w ith th e  t i l d e  value  o f  *286*

Using eq u a tio n  11 to  c a lc u lâ t»  th e  a c tu a l  e r ro rs  in  a l l  

o f  th e  o th e r  f i e ld s  fo r  s e t s  A and Z i t  i s  found th a t  th e  t i l d e  

fo rce  c o n s ta a ts  always l i e  w ith in  th e  in d ic a te d  ran g es .
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Conclusions

Using equation  11 as th e  d e f in i t io n  o f  a c tu a l  e r ro r  in  a  fo rce  

co nstan t a l l  th e  fo rc e  f i e ld s  c a lc u la te d  fo r  s e ts  A and Z a re  v a l id .  

This i s  th e  method a p p a ren tly  used by Scherer (115) to  c a lc u la te  

the a c tu a l  e r ro r s  in  fo rce  co n stan ts  b u t he does no t ex p la in  i t .

I t  allow s fo r  th e  f a c t  th a t  th e  s t a t i s t i c a l  e r ro r  in  a  c a lc u la te d  

frequency i s  n o t g e n e ra lly  equal to  th e  a c tu a l  e r r o r ,  which i s  th e  

d iffe re n c e  betvjeen th e  observed and c a lc u la te d  freq u en c ies . However, 

i t  i s  r a th e r  g e n e ra l in  th a t  i t  makes no a ttem pt to  c o r re la te  th e  

a c tu a l e r ro r  in  a  s p e c if ic  frequency w ith  p a r t ic u la r  fo rce  

co n s ta n t. Also i t  appears to  overestim ate  th e  e r ro rs  in  some fo rce  

co n stan ts  so whether i t  g ives th e  t ru e  e r ro r  in  a  given fo rce  co n stan t 

i s  d o u b tfu l.

D iscussion  o f  th e  fo rce  f ie ld s  fo r  s e t  Z 

In tro d u c tio n

Three fo rce  f i e ld s  were f i t t e d  to  th e  frequency d a ta  fo r  s e t  

Z, th e  23(23) f i e l d ,  th e  23(9) f i e ld  and th e  18(18) f i e ld  (see  Table 

3 .3 ) .  These fo rce  f i e ld s  a re  th e  s ta r t in g  p o in ts  fo r  th e  o th e r 

c a lc u la tio n s  so th ey  a re  considered  f i r s t ,  b u t befo re  th i s  i s  done 

i t  i s  in s t r u c t iv e  to  co n sid e r b r ie f ly  what r e s u l t s  might be expected. 

Since th e  f i e ld s  a re  f i t t e d  to  id e n t ic a l  frequency d a ta  i t  i s  to  be 

expected th a t  th e  fo rc e  f i e ld s  a re  very s im ila r .  T herefo re , fo r  th e  

23(23) and th e  18(18) f ie ld s *

Ag (23) should equal A (1 8 ) , i . e .  A in  th e  18 param eter f i e ld
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should re p re se n t th e  m id -po in t o f  Ag, A3 i n  th e  23 param eter 

force f i e ld :

Bg ( 23) should equal B (1 8 );

( 23) should equal [^ (IB );

C3 ( 2 3 ) should  equal 03(18) ;

Cg (23) should equal i  (Cj_ + C3 ) fo r  th e  18 f i e ld ;

th e  o ff -d ia g o n a l fo rce  co n stan ts  in  th e  two f ie ld s  should be

equal.

The 23(9 ) f i e l d  i s  c a lc u la te d  as  a m id-po in t between th e  18(18) 

and th e  23(23) f i e l d s .  I f  th e  o ff-d ia g o n a l fo rce  co n stan ts  fo r  th ese  

tvt> f ie ld s  a re  e q u a l, th en  th e  d iagonal fo rce  co n stan ts  in  th e  23(9) 

f i e ld  should equal th o se  in  th e  23(23) f i e l d .

D iscussion

Comparing th e  23(23) and 18(18) param eter fo rce  f i e l d s ,  i t  i s  

seen th a t  th e  o ff -d ia g o n a l elem ents in  th e  two f ie ld s  a re  s im ila r , 

except fo r  b^ . S ince fo r  bo th  f ie ld s  a®, a ^ , ab®, ab^ and b® a re  a l l  

negative  and fo r  th e  23(23) f i e ld  b^ i s  a lso  n e g a tiv e , i t  i s  reasonab le  

to  expect bP to  be n eg a tiv e  fo r  th e  18(18) f i e l d .  S ince , i t  i s  n o t, 

doubt i s  c a s t  on th e  a c c e p ta b i l i ty  o f  th e  18(18) f i e l d .  However, 

s ince  fo r  bo th  f i e ld s  th e  a c tu a l  e r ro r  in  bP i s  la rg e r  than  th e  fo rce  

co n stan t I t s e l f ,  t h i s  r e s u l t  a lone  i s  no t very s ig n i f ic a n t .

A comparison o f  th e  d iagonal fo rce  co n stan ts  must inc lude  th e  

2 3 (9 ) f i e l d  which i s  th e  i n i t i a l  f i e ld  fo r  th e  c a lc u la tio n  o f  th e  23(23 )  

f i e ld  and i s  i t s e l f  c a lc u la te d  from th e  18 param eter f i e ld  allow ing 

only th e  9 d iag o n a l fo rc e  co n stan ts  to  v a ry . For th e  A fo rce  

c o n sta n ts , A2 in  th e  2 3 (9 )  f i e ld  i s  alm ost id e n t ic a l ly  equal to  A in  

the  18(18) f i e l d ,  w ith  A^ and A^ f a i r l y  equ ally  spaced above and
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below, as would be expec ted . However, th e se  A fo rce  co n stan ts  a re  

higher th an  t h e i r  e q u iv a len t fo rce  co n stan ts  in  th e  23( 23) f i e l d .

For the  B fo rce  c o n s ta n ts  ag a in , B^ in  th e  23(9) f i e ld  i s  alm ost 

id e n t ic a l  to  B in  th e  18(18) f i e l d ,  w ith  B^ and B3 f a i r l y  equally  

spaced above and below . These B fo rce  co n stan ts  a re  c lo se r  to  those  

fo r  the  23( 23) f i e l d  th an  th e  A fo rce  co n stan ts  b u t a re  s t i l l  

d i f f e r e n t .  S ince th e se  th re e  f ie ld s  a re  f i t t e d  to  th e  same d a ta , 

th is  la c k  o f  agreem ent between them i s  d isap p o in tin g  and i t  suggests 

th a t  e i th e r  th e  23( 23) f i e ld  o r th e  18(18) and 23(9 ) f ie ld s  are  

unaccep tab le .

The C fo rc e  c o n s ta n ts , so f a r  n o t d iscu ssed , show c le a r ly  th a t  

the 18(18) and 23(9) f i e ld s  a re  th e  unacceptable ones. Comparing 

the  C-j_ and fo rc e  co n stan ts  fo r  th e  23( 23) and 18(18) f i e ld s ,  th e  

0 fo rce  co n s ta n ts  a re  s im ila r  b u t fo r  th e  23( 23) f i e ld  i s  s l ig h t ly  

h igher than  C] ,̂ whereas fo r  th e  18(18) f i e ld  C3 i s  considerab ly  lower 

than C] .̂ I t  would be expected fo r  th e  23(9) f i e ld  th a t  and C3 

would be s im ila r  to  and in  the  18(18) f i e ld  and th a t  in  th e  

23(9 ) f i e ld  would be approxim ately equal to  (C^ + C^)/2 in  th e  18(18) 

f i e ld .  T his l a t t e r  co n d itio n  i s  s a t i s f i e d ,  fo r  the  18(18) f i e ld  

(Cl ♦ C ^)/2 = .0 3 0 9  compared w ith  a  value fo r  C^ o f  *0306 in  the  

2 3 (9 ) f i e l d .  The C]_ fo rc e  co n stan ts  in  th e  two f ie ld s  a re  s im ila r  

but th e  C^ fo rce  co n s tan ts  a re  very  d i f f e r e n t .  C3 in  th e  23(9) f i e ld  

i s  alm ost th e  same as  C^* I t  would appear th a t  th e  in h e re n t value 

o f Gg in  th e  18(18) f i e l d ,  to g e th e r  w ith  th e  ap p ro p ria te  o ff-d ia g o n a l 

fo rce c o n s ta n ts  a re  t o t a l l y  c o n tro ll in g  th e  value o f  C^. Removing th e

co n d itio n  th a t  Cg = (C^ + C ^)/2 i n  th e  23(9) f i e ld  allow s th e  C^

v l
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value tô  r i s e  by

Conclusions

The behaviour o f  th e  d iagonal fo rce  c o n s ta n ts , e sp e c ia lly  the  

C c o n s ta n ts , i n  th e  18(18) and 23(9) fo rce  f ie ld s  makes them 

unaccep tab le . However, th e  23(23) f i e ld  i s  a ccep tab le . I t  obeys 

the Benzene c o n d itio n , th e  fo rce  co n stan ts  do no t change in  an 

e r r a t i c  manner and, as w i l l  be seen l a t e r ,  th e  changes in  th e  A, B 

and C fo rce  c o n s ta n ts  a re  in  th e  same d ir e c t io n  as those found by 

Scherer (115) fo r  th e se  fo rce  co n stan ts  in  th e  Chloro Benzenes, i . e .  

decreases in  th e  A and B fo rce  co n stan ts  and in c re ase s  in  th e  C 

fo rce  c o n sta n ts  on going through th e  s e r ie s  fVom 1(HH) to  3 (F F).

The in tro d u c tio n  o f  s u b s t i tu e n t  dépendance in  th i s  f i e l d ,  thereby  

allow ing fo r  changes in  th e  fo rce  f i e ld  on going through th e  m olecules 

from Benzene to  Hexafluoro Benzene causes a co n sid erab le  red u c tio n  

in  th e  VSQER. Not a llovdng  fo r  changes in  th e  fo rce  co n stan ts  in  

the  18 param eter f i e l d  i s  probably th e  reason  fo r  i t s  f a i l u r e .

D iscussion o f  th e  23 Param eter Force F ie ld s  fo r  S ets B and Z.

In tro d u c tio n

The n ex t s te p  i s  to  compare th e  23 param eter fo rce  f ie ld s  fo r  

s e ts  A, B, C and Z , s t a r t in g  w ith  th e  f ie ld s  fo r  s e ts  B (Table 3 .5 ) 

and Z (Table 3 .3 ) .  The s e t  B m olecu les, i . e .  th e  D i, T ri and T e tra  

Fluoro Benzenes re p re se n t th e  m id -sec tio n  o f  th e  s e t  Z m olecu les. 

T herefo re , i t  i s  to  be expected th a t  th e  changes in  th e  fo rce  f ie ld s  

on going from s e t  Z to  s e t  B would be s l ig h t  b u t ,  s in ce  th e  number 

and range o f  freq u en c ies  to  which th e  s e t  B f i e ld  i s  f i t t e d  a re  

sm alle r, th e  v a rian ce s  in  th e  fo rce  co n stan ts  fo r  th i s  f i e ld  should 

a lso  be sm alle r than  th e  v a rian ces  in  th e  fo rce  co n stan ts  fo r  s e t  Z#
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D iscu ssion

The o ff -d ia g o n a l fo rce  co n stan ts  In  the two f ie ld s  a re  s im ila r  

bu t th e  v a rian ces  o r d isp e rs io n s  fo r  th e  s e t  B fo rce  co n stan ts  a re  

s l ig h t ly  la rg e r  th an  th o se  fo r  th e  s e t  Z f i e l d .  The B fo rce  

co n stan ts  a re  s im ila r  in  th e  two f ie ld s  w ith  again  s l ig h t ly  la rg e r  

d isp e rs io n s  fo r  th e  s e t  B fo rce  c o n s ta n ts . The two s e ts  o f  C fo rce  

co n stan ts  a re  s l ig h t ly  d i f f e r e n t ,  in  the  s e t  B f i e ld  i s  g re a te r  

than in  th e  s e t  Z f i e ld  and in  th e  s e t  B f i e ld  i s  le s s  th an  

in  th e  s e t  Z f i e l d ,  whereas reducing  th e  number o f  frequencies  

might be expected to  have th e  op p o site  e f f e c t .  The most s ig n if ic a n t  

d iffe re n c e s  in  th e  d iag o n a l fo rce  c o n s ta n ts , however, occur in  th e  

A fo rce  c o n s ta n ts 5 each fo rce  c o n s ta n t in  s e t  B being  about 12^ 

h igher th a n  th e  e q u iv a le n t fo rce  c o n s tan t in  s e t  Z . Also th e  

d isp e rs io n s  o f  th e se  fo rce  co n stan ts  in  s e t  B a re  tw ice  as la rg e  as 

those  in  s e t  Z.

T his behaviour i s  n o t observed in  th e  f i e ld  midway between 

th ese  two f i e l d s ,  i . e .  th e  23(9) f i e l d  ob ta ined  fo r  s e t  B ftom th e  

2 3 ( 2 3 ) f i e ld  fo r  s e t  Z vary ing  only th e  d iag o n al fo rce  co n stan ts  (see  

Table 3 .1 2 ) .  For t h i s  f i e l d  th e  A and B fo rce  c o n s ta n ts , as expected , 

have h ard ly  changed from th e  va lues fo r  s e t  Z . The C fo rce  co n stan ts  

have r i s e n  s l i g h t ly ,  i s  now g re a te r  than  Cg, though th i s  i s  no t 

too  s ig n i f ic a n t  when th e  e r ro rs  in  th e  fo rce  c o n sta n ts  a re  tak en  

in to  acco u n t. Going from t h i s  23(9) f i e l d  to  th e  23(23) f i e l d  fo r  

s e t  B, th e  B fo rce  c o n s ta n ts  hard ly  change, th e  C fo rce  co n stan ts  

change s l ig h t ly  and th e  A fo rc e  co n stan ts  change s ig n i f ic a n t ly .  Of 

co u rse , i t  must be remembered th a t  in  going from th e  23(9) to  th e
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23(23) f i e l d  th e  o ff -d ia g o n a l fo rce  co n stan ts  a re  being allow ed to  

vary as  w e ll a s  th e  d iag o n al fo rce  c o n s ta n ts . T herefo re , changes 

in  th e  A fo rce  co n stan ts  w i l l  be a sso c ia te d  w ith  changes in  th e  o f f -  

d iag o n a ls . I t  i s  i n te r e s t in g  to  no te  th a t  th e  VJSQER i s  reduced 

from 1 . 8x10"* fo r  th e  23(9) f i e ld  to  l .lx lO " *  fo r  th e  23(23) f i e l d ,  

a no t p a r t i c u la r ly  g re a t  re d u c tio n  in  e r ro r  co n sid erin g  th e  

changes in  th e  fo rce  c o n s ta n ts .

This 23(23) f i e l d  does appear to  be th e  c o r re c t  23 param eter 

fo rce  f i e l d  fo r  s e t  B, s in c e  ta k in g  as th e  i n i t i a l  f i e ld  a 

p rev io u sly  c a lc u la te d  18 param eter fo rce  f i e ld  fo r  s e t  B (c a lc u la te d  

before  a l l  th e  frequency assignm ents were made) th e  23 param eter 

fo rce  f i e l d  g iven  i n  Table 3 .5  i s  s t i l l  th e  f i n a l  f i e l d .

The ex p lan a tio n  o f  th e se  anomalous fo rce  co n stan t changes 

appears to  be due to  a  n ear l in e a r  dépendance in  th e  m a trix  C fo r  

th i s  c a lc u la t io n .  The r a t i o  IC I /  Jf c^ ^ i s  3 .1 6 x 1 0 "^  fo r  th e  

f i e ld  fo r  s e t  B compared w ith  3o96H0"^ fo r  th e  f i e ld  fo r  s e t  Z. 

Aldous and M ills  (9 6 ) , in  t h e i r  s tu d ie s  on th e  M ethyl B a lid es , 

considered  th a t  th e  equations were i l l  cond itioned  i f  th e  r a t i o  was

o f  th e  o rd e r  o f  lO " # However, one o f  th e  m olecules they  s tu d ie d
n

was M ethyl F lu o rid e  (72) fo r  which ICj was 2.76x10 and was
-5

4.68x10 * Both th e  r a t i o s  g iven  above fo r  th e  c a lc u la tio n s

considered  here  a re  much sm alle r th an  10* b u t th i s  r a t i o  i s  always 

the  r a t i o  o f  two la rg e  numbers. For th e  f i e ld  fo r  s e t  B, 1C I i s  

7.71x10^^ and fo r  th e  fo rc e  f i e ld  fo r  s e t  Z , ICl i s  8.60x10^©  In  

n e ith e r  case i s  C approaching s in g u la r i ty .  Sbwever, th e  r a t i o

lC |/T T iC i^ i f o r  s e t  B i s  100 tim es sm alle r th an  th a t  fo r  s e t  Z .
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The c o r r e la t io n  c o e f f ic ie n ts  fo r  th e  A fo rce  co n stan ts  in  th e  

f i e ld  fo r  s e t  Z a r e ,

A i Ag A3

Ai 1 .0  0 .9 3 5 5  0.8947
Az 1.0  0.9635
A3  1 .0

and those  fo r  s e t  B a re ,

A^ A2 A^

Ai 1 .0  0.9694  0.9544
Ag 1.0 0.9901
A3  1 . 0

The c o r r e la t io n  c o e f f ie ie n ts  in  th e  f i e l d  fo r  s e t  Z a re  la rg e  

and th o se  in  th e  f i e l d  fo r  s e t  B approach u n i ty .  The changes in  th e  

A fo rce  c o n s ta n ts  on going from s e t  Z to  s e t  B a re  

S e t Z S e t B B — Z

Ai .2 6 6 4  .3 0 0 1  .0337
Ag .2361 .2719 .0356
A3  .2128 .2487 .0 3 5 9

The s e t  B fo rc e  c o n s ta n ts  a l l  r i s e  by n e a rly  th e  same amount 

and i t  i s  t h i s  n ear l in e a r  dependency which i s  causing th e  anomalous 

changes i n  th e  A fo rc e  co n stan ts  Ag, A3 ,

Conclusion

Dae to  a  n ear l in e a r  dépendance in  th e  A fo rce  co n stan ts  th e  

23 param eter fo rc e  f i e l d  fo r  s e t  B i s  u n accep tab le . The reaso n  fo r  

t h i s  n ear l in e a r  dependence would appear to  be th a t  on going from 

s e t  Z to  s e t  B th e  number o f  freq u en c ie s  to  which th e  f i e ld s  a re  

f i t t e d  i s  reduced and fo r  s e t  B th e  number o f  freq u en cies  in  th e  

p e r tu rb a tio n  c a lc u la t io n  i s  to o  sm all to  p u t enough c o n tro ls  on th e  

fo rce  f i e l d .
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D iscussion o f  th e  23 Param eter Force F ie ld s  fo r  S e ts  A. B and C

In tro d u c tio n

I f  th e  23 param eter fo rce  f i e ld  fo r  s e t  B i s  unaccep tab le , 

then any f i e l d  c a lc u la te d  from i t ,  when n o t a l l  fo rce  co n stan ts  

are allow ed to  vary  ( i . e .  th e  23 param eter fo rce  f ie ld s  fo r  s e t  A 

(Table 3 .4 ) and s e t  C (Table 3 .6 ) ) ,  must a lso  be unaccep tab le .

However, i t  i s  s t i l l  o f  i n t e r e s t  to  compare the  th re e  23 param eter 

fo rce  f i e ld s  fo r  s e ts  A, B and C (A comparison o f  th e  th re e  f ie ld s  

i s  g iven  in  Table 3 .8 ) ,

D iscussion

For th e  o ff -d ia g o n a l fo rce  co n stan ts  th e  yy meta and para 

in te ra c t io n s  a re  a l l  n e g a tiv e , as they  a re  in  th e  23 param eter 

fo rce  f i e l d  fo r  s e t  Z , and th e re  a re  no g re a t changes on going through 

the s e r ie s  from s e t  A to  s e t  C« Of co u rse , i t  must be remembered 

th a t  some o f  th e se  fo rc e  c o n sta n ts  a re  n o t allow ed to  vary on going 

from s e t  B to  s e ts  A and C.

Examining th e  d iagonal fo rce  co n s tan ts  fo r  each s e t  in d iv id u a lly , 

i t  i s  seen th a t  th e re  i s  a  decrease  in  value going through th e  two 

s e r ie s  A^, A^, A^ and B^, B^, B  ̂ and an in c re a se  in  value going 

through th e  s e r ie s  C2 , C3 (excep t fo r  to  C2 in  s e t  A ). This 

i s  shown g ra p h ic a lly  in  F igures 3 .5  and 3 .6 .  The v e r t i c a l  l in e s  

re p re se n t th e  a c tu a l  e r ro r s  in  th e  fo rce  co n stan ts  (F igure  3 .6  

shows th a t  th e  anomalous v a lues o f  and C2 in  s e t  A a re  n o t 

s ig n if ic a n t  when co n sid erin g  th e  e r ro r s  in  th e  two fo rce  co n stan ts  

and th e  sm all d if fe re n c e  between them ). However, th e re  i s  no c le a r  

p a t te rn  o f  change in  value  fo r  th e  in d iv id u a l fo rce  co n stan ts  when 

going from s e t  A, through s e t  B, to  s e t  C. This random behaviour
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i s  a lso  seen in  th e  fo rce  f i e ld s  fo r  s e ts  A, B and C c a lc u la te d  

using the  o ff-d ia g o n a l fo rce  co n stan ts  fo r  s e t  B (see  Table 3,11)* 

Conclusions

As p o in ted  o u t i n  th e  In tro d u c tio n , the  23 Param eter Force 

F ie ld s  fo r  s e ts  A and C must be unaccep tab le  s in ce  they a re  

c a lc u la te d  from th e  f i e l d  fo r  s e t  B. This i s  confirmed by a 

comparison o f  th ese  fo rce  f i e ld s  w ith  th e  23 param eter fo rce  f i e ld  

fo r  s e t  Z and by th e  u n p re d ic ta b i l i ty  o f  th e  clianges in  the  fo rce  

co n stan ts  on going from s e t  A, through s e t  B, to  s e t  C.

D iscussion o f  th e  13 Param eter Force F ie ld s  fo r  s e ts  A. B and G 

In tro d u c tio n

R eturn ing  to  th e  18 param eter fo rce  f i e l d s , i t  has a lread y  

been decided  th a t  th e  f i e l d  c a lc u la te d  fo r  s e t  Z i s  unacceptable 

and i t  i s ,  th e re fo re ,  d o u b tfu l i f  th e  f ie ld s  fo r  s e ts  A, B and C, 

which a re  c a lc u la te d  from th e  f i e l d  f o r  s e t  Z , w i l l  be acceptable#  

However, s in ce  the  f i e l d  fo r  s e t  B i s  c a lc u la te d  fi*om th a t  fo r  s e t  

Z, a llow ing  fo r  a l l  fo rce  co n stan ts  to  v a ry , t h i i  cannot be decided 

u n t i l  th e  fo rce  c o n s ta n ts  a re  known. Even i f  they a re  unaccep tab le , 

i t  i s  s t i l l  o f  i n t e r e s t  to  examine b r i e f ly  and compare th e  various 

18 param eter fo rce  f i e ld s  which m ight be expected to  be s im ila r#  

D iscussion

Since th e  only  f i e l d  so f a r  accepted  i s  th e  23 param eter fo rce  

f i e ld  fo r  s e t  Z , any o th e r  accep tab le  f i e l d  must agree w ith  i t#  

Comparing t h i s  f i e ld  w ith  th e  18 param eter f i e ld  fo r  s e t  B (Table 

3*5), i t  i s  im m ediately obvious th a t  they  a re  n o t a t  a l l  a l ik e .  

T herefore , the  18 param eter fo rce  f i e l d  fo r  s e t  B i s  unacceptable  

and, s in ce  th e  f i e ld s  fo r  s e t  A (Table 3*4>) and fo r  s e t  C (Table 3#6)
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are c a lc u la te d  from i t  w ithou t allow ing  a l l  fo rce  co n stan ts  to  v a ry , 

they too  must be u n accep tab le .

In  th e  f i e ld s  fo r  s e ts  A, B and C (see  Table 3 .7 ) the  s im ila r i ty  

o f the  o ff -d ia g o n a ls  i s  n o t re ta in e d ;  in  f a c t ,  many change s ig n  on 

going from one s e t  to  a n o th e r . For th e  d iagonal fo rce  co n stan ts  

th e re  i s  a s teady  decrease  in  A and B on going from s e t  A to  s e t  C

and a steady  in c re a se  in  and (T his i s  shown g ra p h ic a lly  in

Figure 3*7 ). These changes, e s p e c ia lly  fo r  th e  C fo rce  c o n s ta n ts , 

are  la rg e .

Also c a lc u la te d  a re  d iag o n al fo rce  co n stan ts  fo r  s e ts  A, B and

C using  th e  o ff -d ia g o n a ls  from; th e  18 param eter fo rce  f i e ld  fo r

s e t  B (Table 3 .9 ) ;  and th e  18 param eter fo rc e  f i e ld  fo r  s e t  Z (Table 

3 .1 0 ) . In  th e  case o f  th e se  f i e ld s ,  th e  d iagonal fo rce  co n stan ts  

hardly  change, showing th a t  th e  la rg e  changes noted above occur 

only in  co n ju n ctio n  w ith  th e  somewhat random changes in  th e  o f f -  

d iagonal fo rce  c o n s ta n ts . The sm all changes th a t  do occur in  the  

A and B fo rce  co n sta n ts  conform to  th e  same decreasing  p a t te rn  and, 

comparing th e  18 param eter fo rce  f ie ld s  fo r  s e t  Z w ith  those 

c a lc u la te d  fo r  s e ts  A, B and C using  th e  o ff-d ia g o n a l fo rce  co n stan ts  

fo r s e t  Z (see  Table 3 .1 0 ) ,  th e  d iagonal fo rce  co n stan ts  fo r  s e t  Z 

are s l ig h t ly  b ia sed  towards those  fo r  s e t  A, which probably r e f l e c t s  

the preponderance o f  d a ta  fo r  th e  m olecules in  th i s  s e t .

Conclusions

By com parison w ith  th e  23 param eter fo rce  f i e ld  fo r  s e t  Z , i t  

i s  seen th a t  th e  18 param eter fo rce  f ie ld s  fo r  s e ts  A, B and C a re  

unacceptable*



234

a
43
§-p
io
<0o

0

2 8

2 6

2 4

22

20

18

1 6

. ' 1 4

<4
i

■p
■p
I01

S e t  A S e t  B S e t  C

os

.  - 0 7

0 6

0 5

0 4

_ "03

•02

01

S e t  A S e t  B S e t  C

Figure 3 .7  Diagonal Force Constants fo r  th e  IB Param eter Force F ie ld s  
fo r  s e ts  A, B and C



235

D is c u s s io n  o f  th e  F o rc e  F i e ld s  f o r  S e ts  A. B and  C

F in a l ly ,  comparing th e  18 and 23 param eter fo rce  f ie ld s  

(Tables 3 .4  to  3 .6 ) ,  i t  i s  seen th a t  fo r  s e ts  B and C in  each case 

the  two f ie ld s  a re  com pletely  u n a lik e , showing how f a r  a p a r t they  

have become although  they  can a l l  be tra c e d  back to  th e  same f i e ld .  

In  the  case  o f  th e  two f i e ld s  fo r  s e t  A they are  s im ila r  except fo r  

the  C fo rce  c o n s ta n ts . Also the  fo rce  co n stan ts  agree where 

a p p lic ab le  w ith  R a d c lif fe  and S te e le ’ s 15 param eter fo rce  f i e ld  

excep t, a g a in , fo r  th e  C fo rce  c o n s ta n t.

G eneral Conclusion

The conclusions from th ese  a c c e p ta b i l i ty  t e s t s  a re  th a t  the  

23 param eter fo rce  f i e l d  fo r  s e t  Z i s  the  only f i e ld  capable o f 

expressing  th e  P o te n t ia l  Energy fu n c tio n  fo r  th e  o u t-o f-p lan e  

v ib ra tio n s  o f  th e  F lu o rin e  s u b s t i tu te d  Benzenes. This conclusion  

agrees w ith  t h a t  reached from th e  study o f  which f ie ld s  g ive th e  

b e s t f i t  to  th e  observed v ib ra t io n a l  freq u e n c ie s .

The f a i lu r e  o f  th e  18 param eter fo rce  f i e ld  fo r  s e t  Z i s  due

to  th e  non-allow ance o f  fo rce  f i e l d  changes on going through th e

m olecules from Benzene to  H exafluoro Benzene. '

The f a i lu r e  o f  th e  23 param eter fo rce  f ie ld s  fo r  s e ts  A, B and

C i s  due to  th e  f a c t  t h a t  th e  number o f  freq u en c ies  to  which th ese

f ie ld s  a re  f i t t e d  i s  to o  sm all to  p u t adequate c o n tro ls  on th e  

fo rce  f i e l d .

I t  m ight appear th a t  th e  18 param eter fo rce  f ie ld s  fo r  s e ts  

A, B and C would be accep tab le  s in ce  th ey  avoid th ese  two p i t f a l l s .  

By d iv id in g  th e  m olecules in to  th re e  s e t s ,  allow ances a re  made fo r
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changes in  th e  fo rce  f i e ld s  and by n o t allow ing fo r  s u b s t i tu e n t  

dependence th e  number o f  fo rce  co n stan ts  i s  reduced . However, a  

comparison o f  th e  23 param eter fo rce  f i e ld  fo r  s e t  Z w ith  th e  

18 param eter fo rce  f i e ld s  fo r  s e ts  A, B and C showed th a t  th e se  

f i e ld s  to o  a re  u n accep tab le .

Comoarison w ith S ch e re r’ s Force F ie ld  fo r  th e  Chloro Benzenes.

In tro d u c tio n

As p rev io u s ly  m entioned, one o f  th e  reasons why th e  23 

param eter fo rce  f i e l d  fo r  s e t  Z i s  accep ted , i s  i t s  s im i la r i ty  to  

S cherer’ s 23 param eter fo rce  f i e l d  fo r  th e  Chloro Benzenes (115)# 

This s im i la r i ty  i s  now examined*

D iscussion

Before th e  two f ie ld s  can be compared, S cherer’s f i e ld  has 

to  be expressed  in  term s o f  y and i  in te r n a l  c o o rd in a te s , using  

th e  conversion  f a c to r s  g iven  in  S ec tio n  3*3. The conversion ,  in  

f a c t ,  can only be made ex ac tly  fo r  one m olecule a t  a  tim e and 

th ese  f a c to r s  a re  th e re fo re  only  an  approxim ation* To em p aré  th e  

two f i e ld s  w ith  th e  g r e a te s t  accuracy i t  would be necessary  to  

re p e a t th e  c a lc u la t io n s  fo r  th e  Chloro Benzenes using  y and ^  

in te r n a l  co o rd ina tes*  However, th e  Chloro Benzene f i e ld  c a lc u la te d  

using  th e  ex p ress io n s  g iven  in  S ec tio n  3*3 i s  adequate fo r  th e  

comparison d iscu ssed  here* A f in a l  p o in t b e fo re  th e  comparison 

can be made concerns th e  u n i ts  o f  th e  fo rce  constan ts*  When 

When comparing fo rce  c o n sta n ts  fo r  m olecules w ith d i f f e r e n t  

s u b s ti tu e n ts  i t  i s  n ecessa ry  to  remove th e  sc a lin g  fa c to rs  

in tro d u ced  to  g ive  a l l  in t e r n a l  co o rd in a tes  th e  u n i ts  o f  length* 

The fo rce  co n sta n ts  a re  now expressed in  m illid y n esx  Angstroms*
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Comparison o f 23 Param eter Force F ie ld s  fo r  the  
Chloro Benzenes and th e  Fluoro Benzenes

FORCE FIELD CHLORO BENZENES
y,T  y , /  y , /

FLUORO BENZENES

FORCE CONSTANT

h 0.381 0.265 0.311 0.313
^2 .365 .249 .293 .277
h •352 .236 .277 .250

.200 .150 .434 .419
B2 .187 .137 .396 .380
B3 .175 .125 .361 .325

a^ —.061 .081 .095 .013
a”" .003 - .0 1 4 —.016 -.0 1 7
a^ - .0 1 2 -.0 1 2 —.014 - .0 1 3

—.049 - .0 0 2 —.004 .018
.003 -.0 1 1 -.0 2 0 -.029

ab^ -.0 1 1 -.0 1 1 —*020 —.019

b° - .0 2 3 .015 .045 .021
.003 —.010 - .0 2 9 - .0 2 2

bP —.006 —.006 -.0 1 7 —.018

Cl .133 .033 .064 .069
C2 .138 .035 .068 .070
C3 .178 .045 .088 .070

- .0 3 3 - .0 0 8 —*016 -.0 1 5

ac^ -.1 0 0 *011 .017 .017
ac® .023 -.0004 -.0006 .0001
bo° -.0 7 7 .012 .029 .000
bc“ 0.022 0.003 0.007 0.011

md.A"^ md.A"^ md.A*^ md.A*^

T a b le  3 .1 6
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The two f o r c e  f i e l d s  a r e  g iv e n  i n  T a b le  3 .16#

The agreem ent between th e  two f ie ld s  i s  rem arkably good.

Fot th e  o ff -d ia g o n a l fo rce  co n stan ts  th e  w orst d isc rep an c ie s  

occur in  th e  th re e  yy° in te r a c t io n s ,  a ° ,  ab^ , b°# This could 

be a consequence o f  th e  approxim ations used in  c a lc u la tin g  the  

f i e ld  fo r  th e  Chloro Benzenes. For th e  d iagonal fo rce  c o n s ta n ts , 

and C^, th e  two fo rc e  co n stan ts  which involve only Hydrogen 

s u b s t i tu e n ts ,  a re  a lm ost id e n t ic a l  in  th e  two f i e ld s .  There i s  

a s teady  d ecrease  going through th e  s e r ie s  A]_, A2 * A3 and 

B i, B2 ,  B3 in  bo th  f i e l d s ,  th e  r a t e  o f  decrease  being g re a te r  in  

bo th  s e r ie s  fo r  th e  F luoro Benzenes f i e l d .  For th e  C fo rce  

c o n s ta n ts , th e re  i s  a sm all in c re a se  on going through th e  s e r ie s  

C l, C2 ,  C3 in  bo th  f i e l d s ,  in  t h i s  case  th e  r a t e  i s  s l ig h t ly  

g re a te r  fo r  th e  Chloro Benzenes f i e l d .

Conclusions

The s im i la r i ty  o f  th e se  t\jo  f ie ld s  i s  in te r e s t in g  in  t h a t  

i t  su g g ests  t h a t  th e  frequency d if fe re n c e s  between a  Chloro 

Benzene m olecule and th e  eq u iv a len t Fluoro Benzene a r e ,  to  a 

la rg e  e x te n t ,  due to  mass r a th e r  than  e le c tro n ic  e f f e c t s .  

C onsidering j u s t  th e  d iag o n al y fo rce  c o n s ta n ts , th e  opin ion  o f  

R a d c lif fe  and S te e le  (24) t h a t  naive re h y b rid iz a tio n  arguements 

would sug g est th a t  th e  fo rce  req u ire d  fo r  u n i t  angu lar d isplacem ent 

out o f  th e  p lane  o f  th e  r in g ^  i s  supported  fo r  th e  C hlorine and 

F lu o rin e  fo rce  co n s ta n ts  b u t n o t fo r  th e  Hydrogen fo rce  constan ts#
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D is c u s s io n  o f  t h e  D ia g o n a l F o rce  C o n s ta n ts

In tro d u c tio n

The decrease  in  th e  A and B fo rce  co n stan ts  in  going through 

the  s e r ie s  from 1 to  3 having been no ted , the  q u estio n  th a t  now 

a r is e s  i s  why do th e se  changes occu r. The in c rease  in  th e  C fo rce  

c o n stan ts  i s  s l ig h t  and much sm aller than  the  e r ro rs  in  th e  fo rce  

c o n stan ts  (see  F igure 3 .8 ) and, th e re fo re , i s  no t considered  

f u r th e r .  The fo rce  c o n s ta n ts  fo r  th e  f lu o ro  Benzenes a re  shown in  

F igure 3*8. The v e r t i c a l  l in o s  in d ic a te  th e  a c tu a l  e r ro rs  in  the  

fo rce  co n s ta n ts  and th e  two arrows th e  p o s itio n s  o f  th e  A^ and C  ̂

fo rce  co n s ta n ts  fo r  Benzene. The C fo rce  co n stan ts  a re  p lo tte d  on 

two d i f f e r e n t  s c a le s ,  one te n  tim es th e  o th e r .

D iscussion

One3 o f  th e  fa c to r s  which m ight be expedèd to  in flu en ce  the  

r e s u l t s  would be in te r fe re n c e  between neighbouring su b s ti tu e n ts  due 

to  overlapp ing  Van der Wadi’ s r a d i i .  Using values given by Pauling 

(120), t h i s  p o s s ib i l i ty  i s  in v e s t ig a te d  fo r  both  th e  Chloro and the  

Fluoro Benzenes, u s in g  F igure 3*9. I t  i s  seen t h a t :  F lu o rin e , 

F lu o rin e ; F lu o rin e , Hydrogen; and Hydrogen, Hydrogen neighbours 

have no o v erlap  o r o v erlap  only s l ig h t ly .  This would suggest 

th a t  A.2 '  ̂ and Bq_'̂  82" 'B3 fo r  th e  Fluoro Benzenes. For th e  

Chloro Benzenes; C h lo rin e , C hlorine and C h lo rine , Hydrogen neighbours 

overlap  co n sid e rab ly . This would suggest th a t  A^< A^< A^ and 

Bl< B^. The f a c t  th a t  a l l  th e se  p re d ic ted  tre n d s  a re  co n tra ry  

to  th e  a c tu a l  ones and a lso  th a t  th e  considerab le  degree o f  

overlap  in  th e  Chloro Benzenes i s  c o n tra ry  to  t h e i r  knov/n p la n a r i ty  

(115) in v a l id a te s  th e  h ypo thesis  th a t  overlapping  Van der W all’s
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I

1 A

S ca le : 2 A to  3 cm 

Van der Wadi’ s R adii Bond Lengths

H 1 .2 0  A 
F 1 .35  A 
Cl 1 .8 0  A

C-C 1 .395 A
C-H 1 .084  A
C-F 1 .300  A
C-Cl 1 .700  A

Figure 3 .9  Van der Wadi’ s R adii
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r a d ii  are in f lu e n c in g  the r e s u l t s .  The reason  i s  th a t Van der W all’ s 

r a d ii  s t r i c t l y  apply only  a long bond a x es .

Another fa c to r  which might be expected  to  in flu en ce  the  

r e s u lt s  would be e l e c t r o s t a t ic  a t tr a c t io n  and rep u ls io n  between th e  

atoms. I f  i t  i s  assumed th a t  the bond moment o f  a  C-H bond i s

0 .3D , w ith  Hydrogen a t  the p o s it iv e  end o f  the d ip o le , and the  

bond moment o f  a C-F bond i s  0.65D , w ith  F luorine a t  the n ega tive  

end o f  the d ip o le  ( s e e  Chapter S even ), the change in  energy on 

moving a Hydrogen atom lA out o f  the m olecular p la n e , when i t s  

neighbouring su b s t itu e n ts  are Hydrogen atoms ( i . e .  A  ̂ fo rce  c o n sta n t) , 

i s  + 2 .l6 x l(r ‘̂ ^g.cm^.sec"^ (in c r e a se  in  energy) w h ils t  the change 

in  energy on moving a Hydrogen atom lA out o f  th e m olecular p lan e, 

when i t s  neighbouring su b s titu e n ts  are one Hydrogen and one 

F luorine atom ( i . e .  Ag fo rce  c o n s ta n t) , i s  -3.42X10“ g.cm .sec "  

(decrease  in  en erg y ). T herefore,

dV(Ai) -  dVCAj) = +5.58:dO“^^g.ciii^.sec"^ 

when co n sid erin g  changes in  P o te n t ia l Energy due to  e le c tr o 

s t a t i c  fo r c e s .

The a c tu a l change in  energy fo r  a change in  one In te rn a l

2coord inate i s  7  = ^ f  (dR) , so fo r  a lA movement o f  th e  su b stitu en t  

out o f  th e  m olecular plane

dV (Aj^) -  dV(Ag) = 150xi0"^^g.oiD^.seo“®

T herefore, th e  energy changes due to  e le c t r o s t a t ic  fo rces  

can on ly  ex p la in  a sm all f r a c t io n  o f  th e  a c tu a l energy d iffe r e n c e s  

between th e A^ and A  ̂ fo rce  c o n sta n ts . This a p p lie s  a ls o  to  a l l  

other p a ir s  o f  s im ila r  fo rce  co n sta n ts .

The major cause o f  th e  d if fe r e n c e s  between th e  fo rce  con stan ts
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i s  probably  e le c tro n  a t t r a c t io n  and re p u ls io n . When a s u b s ti tu e n t 

moves ou t o f  th e  p lane  o f  th e  Benzene r in g ,  some sp^ c h a ra c te r  i s  

in troduced  in to  th e  e le c tro n  o r b i t a l s  o f  the  Carbon atom to  which 

the  s u b s t i tu e n t  i s  a t ta c h e d . Since F luo rine  i s  h igh ly  e le c tro 

n eg ativ e  ( i . e .  i t  a t t r a c t s  e le c tro n s  to  i t s e l f  away from th e  r in g ) ,  

the  energy changes due to  re h y b rid iz a tio n  would be expected to  be 

sm a lle r , i f  th e  moving s u b s ti tu e n t  has F luo rine  as i t s  neighbours 

t a th e r  th an  Hydrogen. T h e re fo re , th e  p re d ic ted  tren d s  a re  A^>A2 >A^ 

and >62 ">B^, th e  same as those  observed . A lso, since  

C hlorine i s  n o t so h ig h ly  e lc tro n e g a tiv e  as F lu o rin e , th e  tren d s  

would be p re d ic te d  to  be th e  same, b u t no t so s te e p , as  w ith  

F lu o rine  and, a g a in , t h i s  i s  what i s  observed.

C onclusion

T h ere fo re , on a  q u a l i ta t iv e  b a s is ,  e le c tro n  flow  can ex p la in  

the  d if fe re n c e s  between th e  fo rce  c o n s ta n ts . To give a  q u a n tita tiv e  

ex p lan a tio n  would probably  re q u ire  c a lc u la tio n s  o f  a  quantum- 

m echanical type*
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CHAPTER FOUR The Computer Programs

In  C hapter One th e  th e o ry  o f norm al c o o rd in a te  a n a ly s is ,  

th e  p rim ary  aim o f  which was th e  a c c u ra te  c a lc u la t io n  o f  fo rc e  

c o n s ta n ts ,  was o u t l in e d .  In  C hapter Three i t  was a p p lie d  to  

the o u t-o f -p la n e  v ib r a t io n s  o f th e  F lu o ro  Benzenes. In  th i s  

c h a p te r  i t  i s  n o t in te n d e d  to  d e s c r ib e  in  g re a t d e t a i l  th e  

com puter program s used  in  th e  a p p l ic a t io n  o f t h i s  th e o ry  bu t 

to  o u t l in e  b r i e f l y  th e  g e n e ra l  te c h n iq u e s .

SECTION 4 .1  Program s GZEYAL 1-4

These fo u r  program s a re  b a s ic a l ly  th e  same in  th a t  th e y  use 

i d e n t i c a l  in p u t d a ta  and make id e n t i c a l  c a lc u la t io n s .  For a 

g iven  m olecule  th e  in p u t  d a ta  c o n s is t s  o f : -  

th e  m o lecu la r geom etry ,

th e  cod ing  u sed  to  c o n s t r u c t  th e  B m a trix  ( i . e .  th e  ty p e  o f 

i n t e r n a l  c o o rd in a te  and th e  atoms in v o lv e d ) , 

th e  m asses o f th e  atom s, 

th e  f o r c e  f i e l d ,  

th e  unsym m eterized Z m a tr ic e s , 

th e  U m a tr ic e s  -  one f o r  each symmetry b lo ck , 

p lu s  th e  d im ensions o f  th e  v a r io u s  m a tr ic e s  where re q u ire d .

The end p o in ts  o f  th e  c a lc u la t io n  a re  th e  e ig en  v e c to r s  and 

e igen  v a lu e s  f o r  t h i s  m olecu le  bu t th e s e  a re  no t n e c e s s a r i ly  th e  

r e q u ire d  d a ta .  The mode o f o p e ra tio n  i s  o u tl in e d  b r i e f l y  in  

F ig u re  4 .1 .
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START
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 N = 0
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TORSIONIN-PLANE
ANGLE
BEND

BOND
STRETCH

SPECIAL
TORSION

NOAT = Number o f  Atoms
NR = Number o f  I n te r n a l  C oordinates
NDEF = Number Code f o r  Deformation

Figure 4*1* Flow Diagram fo r  GZEVAL 1-4 .
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H g u r e  4 * 1  (c o n t in u e d )
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The program s d i f f e r  in  the ty p e  and q u a n tity  o f  o u tp u t

d a ta  and t h i s  depends on th e  purpose o f th e  c a lc u la t io n *  If*'

i t  form s th e  f i r s t  p a r t  o f  a s e r i e s  o f c a lc u la t io n s  on fo rc e  

f i e l d s ,  th e n  th e  im p o rta n t o u tp u t d a ta  a re  the  sym m etrized G 

and Z m a tr ic e s ,  punched on c a rd s , read y  fo r  in p u t to  the program s 

GZjDATA 1-5 and MLTPRB 1 . I f  th e  fo r c e  f i e l d  i s  known and no 

f u r th e r  c a lc u la t io n s  a re  en v isag ed  th en  th e  im p o rtan t o u tp u t 

d a ta  a re  th e  e ig en  v e c to r s  and e ig en  v a lu e s  (ex p ressed  as 

f r e q u e n c ie s ) .  O ther o u tp u t can c o n s i s t  o f  a  p r in t - o u t  o f  th e  

B, ISç and X m a tr ic e s  and th e  in p u t d a ta  to  check on i t s  a ccu racy .

The f i n a l  p o in t  in  t h i s  s e c t io n  concerns the c a lc u la t io n  o f

th e  e ig en  v e c to r s  and e ig en  v a lu e s  o f th e  m a trix  I t  can he

d ia g o n a liz e d  as i t  i s  h u t s in c e  i t  i s  an unsym m etrical m a tr ix  

the  fo llo w in g  method i s  p r e f e r a b le .

F i r s t  th e  ^  m a tr ix  i s  d ia g o n a liz e d ,

.  D r

where B i s  th e  e ig e n  v e c to r  m a tr ix

and r  i s  th e  e ig e n  v a lu e  m a trix  f o r

S in ce  = E

^  -  D  D *

-  1
and i f  B = B %

& = BB 1

l e t  A = 2
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and A can he d ia g o n a liz e d  so th a t

5AY = YA.'

where Y i s  th e  e ig e n  v e c to r  m a tr ix  

and /V  the  e ig e n  v a lu e  m a trix  f o r  A.

P re m u ltip ly in g  e q u a tio n  3 hy B and s u b s t i t u t in g  fo r  A,

DB^^DY = DYA' 

t h e r e f o r e  &^BY = I)Y\' 

and th e  e igen  v e c to r  m a trix  f o r  GP i s  

X * BY

and th e  e ig en  v a lu e  m a trix  i s  

A = A !

The advan tage o f t h i s  method i s  th a t  th e  two m a tr ic e s  to  he

d ia g o n a liz e d  ISc and A a re  sym m etrical and tim e i s  th e re fo re  saved

in  th e  com puting, s in c e  th e  tim e to  d ia g o n a liz e  a  sym m etric
2m a trix  i s  p r o p o r t io n a l  to  n and f o r  an unsymmetric m a tr ix  i t  i s  

p ro p o r t io n a l  to  n ^ , w here th e  dim ensions o f  the  m a tr ix  a re  n hy n . 

The c a lc u la t io n  o f  th e  e ig en  v a lu e s  and e igen  v e c to rs  i s  done in  

a s ta n d a rd  s u b ro u tin e  u s in g  J a c o b i 's  m ethod.

SECTION 4 .2  Program GZEYAL 9

This program  u se s  th e  same in p u t d a ta  as th e  o th e r  GZEYAL 

program s h u t c a lc u la te s  th e  c a r t e s i a n  d isp lacem en ts  o f  th e  atoms 

in  a  g iv en  norm al c o o rd in a te .  U sing th e  r e la t io n s h ip s  from 

C hapter One R * B^, S = UR and S » i t  fo llo w s th a t
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Q =

and th e  m a trix  X"^UB can he c a lc u la te d  fo r  each symmetry 

h lock  i n  tu r n ,  p ro v id ed  th a t  X can he in v e r te d .  This means 

th a t  th e  s e t  o f symmetry c o o rd in a te s  must have no re d u n d a n c ie s . 

However red u n d an c ie s  f r e q u e n t ly  do occur and th e se  can he 

d i f f i c u l t  to  d e te c t  and rem ove. T h ere fo re  the  g e n e ra l method 

proposed  hy Gussoni and Z e rh i ( 13) i s  used  to  remove th e  

red u n d an t symmetry c o o rd in a te s .

The G m a trix  i s  d ia g o n a liz e d

= D r

and i f  th e r e  a r e  red u n d an t symmetry c o o rd in a te s  some o f  th e  

e lem ents of F a re  z e r o .  T h e re fo re  i f  = 0 , th en  th e  i t h  column 

of D, can he rem oved. B’ i s  th e  m a trix  B w ith  th e  i t h  

column removed and f '  i s  th e  e ig en  v a lu e  m a tr ix , then

iSB‘ = B ’ f

T his e q u a tio n  i s  s t i l l  v a l id  s in c e  on ly  zero  v a lu e s  have 

heen removed hu t B* i s  no lo n g e r  sq u are  and cannot he an e igen  

v e c to r  m a tr ix .  However s in c e

B 'B '*  = G 

B'^ÜB' = r '

The m a tr ix  B’^ i s  c o n s id e re d  to  he a  new symmetry m a trix  

so t h a t  th e  new n o n -red u n d an t symmetry c o o rd in a te s  S ' a re  r e la te d
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to  the o ld  S v ia  the  tra n s fo rm a tio n

S ' = D'^S 4

and S ' = D'^UR 5

T h ere fo re  = f

and d ia g o n a l iz es so th a t  i t s  e ig en  v e c to r  m a trix

i s  E, th e  i d e n t i t y  m a tr ix , and i t s  e ig en  v a lu e  m a trix  i s  id e n t ic a l  

to  i t s e l f .

In  th e  new symmetry c o o rd in a te s  th e  k m a trix  i s

and th e r e f o r e  th e  m a tr ix  A i s

i  , i
A' = r '2 r*^  6

where F '  ̂ i s  e q u iv a le n t  to  the  m a tr ix  D in tro d u ce d  in  

e q u a tio n  2* S u b s t i tu t in g  f o r  k ' in  e q u a tio n  6

A' = r* ^  R '^PI)' F '^

and A' i s  e q u iv a le n t to  the  m a trix  A d efin ed  by eq u a tio n  2

excep t t h a t  th e  rows and columns co rre sp o n d in g  to  redundan t

c o o rd in a te s  have been rem oved.

T h e re fo re  A 'Y ' = Y'A.
JL

and X* = F '^Y ' 7

A ll th e  red u n d an t symmetry c o o rd in a te s  have been removed 

th e r e f o r e  can be in v e r te d ,  so t h a t  from eq u ation  7 i t  fo llo w s  

th a t  -
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= v h r - r ^

s in c e  Y 'Y '*  .  E

The norm al c o o rd in a te s  Q a re  r e l a t e d  to  th e  symmetry 

c o o rd in a te s  S ’ by th e  t ra n s fo rm a tio n

S ’ = X'Q 

T h e re fo re  q  = (X’ )"^  R’'^UBq

and a l l  th e se  q u a n t i t i e s  can be c a lc u la te d .

The r e v e r s e  tr a n s fo rm a tio n  can be shown to  be

and i f  q = T^Q and Q = T^q

i t  fo llo w s  th a t

T^ = wr^Tg*

I n  the  program  GZEViL 9 i s  th e  m a tr ix  c a lc u la te d ,  w hich 

can th e n  be c o n v e rted  to  T^. T^ i s  im p o rtan t in  co n n ec tio n  

w ith  th e  th e o ry  o f  G riboy (se e  S e c tio n  5*7)•

SECTION 4»5 Program s GZDATA 1 and 2

The s o le  pu rpose  o f GZDATA 1 i s  to  check the  d a ta  p r io r  to  

in p u t to  th e  p e r tu r b a t io n  program# T h is in p u t d a ta  c o n s is t s  o f : '

th e  fo r c e  f i e l d  m a tr ix  î  and th e  w eight m a trix  P,

th e  number o f  m o le c u le s ,

th e n  f o r  each m olecu le  in  tu rn
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t h e  num ber o f  sym m etry  b lo c k s ,

th e  o b s e r v e d  f r e q u e n c y  m a t r i x a n d  th e  w e ig h t  m a tr ix  W,

th e n  f o r  ea c h  sy m m etiy  b lo c k  i n  t u r n ,

th e  sy m m e tr iz e d  G and Z m a t r i c e s ,

p lu s  th e  d im e n s io n s  o f  th e  m a t r ic e s  and v a r io u s  i n d i v i d u a l  

p i e c e s  o f  d a ta  w h ere r e q u ir e d .

The mode o f  o p e r a t io n  i s  o u t l i n e d  i n  F ig u r e  4 # 2 .

Program  GZDATA 2 u s e s  th e  sam e in p u t  d a ta  a s  GZDATA 1 and 

m akes th e  same c a l c u l a t i o n s .  I t  a l s o  c a l c u l a t e s  t h e  w e ig h te d  

s q u a r e - e r r o r  sum and t h e  w e ig h te d  a v e r a g e  fr e q u e n c y  e r r o r ,  

u s in g  e q u a t io n s  8 and 9 ,  S e c t io n  3 * 4 »  b o th  f o r  th e  m o le c u le s  

i n d i v i d u a l l y  and a l l  m o le c u le s  u s in g  t h e  same f o r c e  f i e l d .

SECTION 4 . 4  Program  GZDATA 3

T h is  p rogram  u s e s  t h e  same in p u t  d a t a  a s  GZDATA 1 and 2 .

I t  d o e s  n o t  p r o c e e d  t h e  p e r t u r b a t io n  program  b u t f o l l o w s  t h e  

c a l c u l a t i o n  o f  t h e  f i n a l  f o r c e  f i e l d .  I t  c a l c u l a t e s  th e  

v a r ia n c e s  ( o r  s ta n d a r d  d e v i a t i o n s )  and th e  c o r r e l a t i o n  c o e f f i c i e n t s  

o f  th e  f o r c e  c o n s t a n t s ;  t h e  e r r o r  and th e  s ta n d a r d  d e v i a t i o n  

o f  e a c h  f r e q u e n c y ;  t h e  w e ig h te d  s q u a r e - e r r o r  sum , th e  w e ig h te d  

a v e r a g e  f r e q u e n c y  e r r o r  and th e  w e ig h te d  a v e r a g e  s ta n d a r d  

d e v i a t i o n ,  b o th  f o r  t h e  i n d i v i d u a l  m o le c u le s  and f o r  a l l  m o le c u le s  

w h ich  u s e  t h e  same f o r c e  f i e l d .  I t s  mode o f  o p e r a t io n  i s  s i m i l a r  

t o  t h a t  f o r  GZDATA 1 and  2 ,  shown i n  F ig u r e  4 * 2 , e x c e p t  t h a t  i n
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each symmetry b lock  fo llo w in g  th e  c a lc u la t io n  o f  th e  e ig en  

v e c to r s  and e ig en  v a lu e s ,  th e  Jaco b i an f o r  t h i s  b lo ck  i s  a ls o  

d e te rm in ed . The J a c o b ia n s  f o r  a l l  th e  symmetiy s p e c ie s  o f a l l  

the m o lecu les  th e n  form  a f i n a l  m aste r Jaco b ian , d im ension 

n by m, which r e l a t e s  a l l  th e  f r e q u e n c ie s  to  th e  fo rc e  c o n s ta n ts ,  

(n i s  th e  t o t a l  number of f r e q u e n c ie s  and m i s  th e  number of 

fo rc e  c o n s ta n t s ) .  The m a tr ix  C i s  c a lc u la te d

C « P^J^WJP

where P i s  the  fo r c e  c o n s ta n t w eight m a trix  (see  S e c tio n  1 .9 ) 

and W i s  the  d ia g o n a l m a trix  o f  freq u en cy  w e ig h tin g  f a c to r s .

The s ta n d a rd  d e v ia t io n  o f the  i t h  c a lc u la te d  e ig en  v a lu e  

Œ (X^) i s  g iv en  by ( 96 ) ,

J P C 'lp t j t I   ̂ ^ 2
11 ,1  c

obs . c a l c \2
where *̂ c “ ^ i  ^ i^  ^ i  ^ " ^ i  /(n -m )

as  g iv e n  in  S e c tio n  5 .1 ,  e q u a tio n  2 .

To c a lc u la te  th e  s ta n d a rd  d e v ia t io n  in  the i t h  frequency  

cr (v ^ ) , an u p per and low er l im i t  f o r  t h i s  frequency  a re  c a lc u la te d , 

^^u p p er + 0- (X ^),

from X^ -  O' (X ^).

Then a  (v^) -

The e r r o r  in  the  i t h  frequency  i s  sim ply 

1 i  i
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The w eigh ted  s q u a r e - e r r o r  sum, th e  w eigh ted  average  freq u en cy  

e r ro r  and th e  w eigh ted  averag e  s ta n d a rd  d e v ia t io n  a re  c a lc u la te d  

u s in g  e q u a tio n s  8 ,9  and 10 (S e c tio n  5*4) and the v a r ia n c e s  and 

c o r r e la t io n  c o e f f i c i e n t s  u s in g  e q u a tio n s  1 and 3 (S e c tio n  3 . l ) .

SECTION 4 .5  Program MLTPEB 1

This i s  th e  p e r tu r b a t io n  program  w hich c a lc u la te s  the  f i n a l  

fo rc e  c o n s ta n ts  from  th e  i n i t i a l  t r i a l  s e t .  I t s  mode o f o p e ra tio n  

i s  shown in  F ig u re s  4*5 and 4*4* In  th e  f i r s t  p a r t  ( F ig .4 .3 )  

a l l  th e  in p u t d a ta  a re  c o l le c te d  ( th e  d a ta  a re  id e n t i c a l  to  th a t  

fo r  GXMTA 1̂ to  3) and s to re d ,  re ad y  f o r  u se  in  th e  second p a rt#

To save tim e G i s  d ia g o n a l iz e d  in  th e  f i r s t  p a r t  ( s in c e  G i s  

independen t o f  th e  fo r c e  c o n s ta n ts  i t  does no t change) and th e  

m a trix  D i s  s to r e d .  In  the  second p a r t  (F ig .4 . 4 ) th e  new fo rc e  

c o n s ta n ts  a re  c a lc u la te d .  As shown t h i s  i s  re p e a te d  a number o f 

tim e s . Four i s  u s u a l ly  s u f f i c i e n t  so t h a t  com plete convergence 

i s  a c h ie v e d .
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INTRODUCTION

In  th e  in tro d u c tio n  to  P a rt I  th e  th re e  c h a r a c te r i s t ic s  o f  

an in f r a r e d  band were d iscussed*  They were;

i .  Frequency, 

i l *  I n te n s i ty ,  

i i i .  Shape*

In  P a r t  I I  th e  in fo rm atio n  th a t  can be ob ta ined  from in f ra re d  

band i n t e n s i t i e s  i s  examined.

In f ra re d  band in t e n s i t i e s  a re  c lo se ly  r e la te d  to  movements o f  

o f e le c tro n ic  charges in  a  m olecule during  a  v ib ra t io n . S ince th i s  

v ib ra t io n  in v o lv e s , u s u a lly , a l l  atoms in  a g iven m olecule, i t  i s  

d i f f i c u l t  to  r e l a t e  th e se  changes to  movements o f  in d iv id u a l bonds* 

th e  change in  d ip o le  moment w ith  re sp e c t to  th e  change 

in  a  normal co o rd in a te  fo r  a  p a r t ic u la r  band, i s  p ro p o r tio n a l to  

th e  square ro o t  o f  th e  a b so lu te  in f ra re d  in te n s i ty  o f  th a t  band so 

i t s  value can be c a lc u la te d , a p a r t  from th e  sign* Provided a l l  

àji/èQ va lues f o r  th e  in f ta r e d  bands o f  a g iven  symmetry sp ec ies  and 

th e  e igen  v e c to rs , which r e l a t e  changes In  th e  symmetry co o rd in a tes  

to  changes in  th e  normal c o o rd in a te s , a re  known, th en  th e  

v a lu e s , th e  change in  d ip o le  moment w ith  re s p e c t to  th e  change in  

a symmetry co o rd in a te , fo r  t h a t  symmetry sp ec ie s  can be ca lcu la ted *  

However, th e se  v a lu es  s t i l l  r e l a t e  to  th e  molecule as a 

whole and wiiat i s  u su a lly  re q u ire d  i s  an in te r p r e ta t io n  o f  

in  term s o f  th e  d ip o le  moments o f  bonds (bond moments) and th e  

changes in  d ip o le  moments o f  bonds w ith  re s p e c t to  a deform ation 

o f  th a t  bond (bond moment d e r iv a t iv e s )#
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The Bond Moment H ypothesis a ttem pts to  do th i s  b u t th e  

c o n s tra in ts  i t  p lace s  on th e  understanding  o f  changes in  d ip o le  

moment a re  so r ig id  th a t  th e  values c a lc u la te d  fo r  bond moments 

and bond d e r iv a tiv e s  a re  n o t g e n e ra lly  t r a n s fe ra b le  between m olecules 

and r a r e ly  even tr a n s fe ra b le  between d i f f e r e n t  symmetry sp ec ie s  o f 

the  same m olecu le. However, th e  id ea  o f  t r a n s f e r a b i l i ty ,  o r th a t  

s im ila r  m olecules d isp la y  s im ila r  p ro p e r t ie s ,  i s  a  b a s ia  te n e t  o f  

p h y s ica l chem istry  and i t  i s ,  th e re fo re , d e s ira b le  to  p o s tu la te  a  

theo ry  which allow s fo r  th e  t r a n f e r  o f  bond moments and bond moment 

d e r iv a tiv e s  between s im ila r  m olecules.

S te e le  and W heatley (156) examined th e  in ftrared  a c tiv e  

v ib ra tio n s  o f  Benzene and Hexafluoro Benzene and concluded th a t  fo r  

the  o u t-o f-p la n e  v ib ra t io n s ,  besid es  th e  c o n tr ib u tio n  to  the  change 

in  th e  d ip o le  due to  r e o r ie n ta t io n  o f  th e  bond moments as  the  

atoms move, th e re  i s  a  c o n tr ib u tio n  from th e  r e d is t r ib u t io n  o f  

e le c tro n ic  charge in  th e  p^ o r b i t a l s  o f  th e  carbon atoms forming 

the  Benzene r in g .  This " re h y b rid iz a tio n  moment" i s  o f  th e  same 

magnitude and d ir e c t io n  in  bo th  Benzene and Hexafluoro Benzene.

In  P a r t  I I  th e  in f r a r e d  in t e n s i t i e s  o f  th e  o u t-o f-p lan e  

v ib ra tio n s  o f  1 ,4  d if lu o ro  Benzene and 1 ,3 ,5  t r i f lu o r o  Benzene a re  

measured and th e  r e s u l t s  examined to  see i f  they  support th e  id ea  

th a t  a  re h y b r id iz a tio n  moment a c ts  du ring  th e  o u t-o f-p lan e  v ib ra tio n s  

o f  Benzene and m olecules which EBe d e r iv a tiv e s  o f  Benzene. To 

analyse  th e se  measurements and in te r p r e t  them in  term s o f  bond 

param ete rs , use i s  made o f  th e  e le c t r o - o p t ic a l  th eo ry  o f  Gribov 

(136, 137, 138). T his th eo ry  g iv es  a  g en e ra l exp ress io n  fo r
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in  term s o f  bond momenta and bond moment d e r iv a t iv e s , which Gribov 

r e f e r s  to  as e le c t r o - o p t ic a l  param eters , and can be ap p lied  to  a l l  

molecules#

In  C hapter Five th e  g en e ra l methods involved in  c a lc u la tin g  

in f ra re d  i n t e n s i t i e s  and in te rp re t in g  them in  term s o f  bond 

param eters a re  o u tl in e d . In  Chapter S ix  th e  measurement o f  the  

in te n s i t i e s  o f  th e  b^^ v ib ra tio n s  o f  1 ,4  d if lu o ro  Benzeae and the  

&2 v ib ra t io n s  o f  1 ,3 ,5  t r i f lu o r o  Benzene i s  d e sc rib e d . F in a lly , 

in  Chapter Seven th e  r e s u l t s  from th ese  measurements a re  analysed .
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CHAPTER FIVE G enera l Theory o f A bso lu te  In f ra r e d  I n t e n s i t i e s

SECTION 5 .1  Induced  Em ission and A bsorp tion  o f  R a d ia tio n ,

There a re  two p ro c e s s e s  in v o lv ed  in  an induced v ib r a t io n a l  

t r a n s i t i o n  which o c cu rs  when e le c tro m a g n e tic  r a d ia t io n  i n t e r a c t s  

w ith  an a b so rb in g  medium ( C o t t r e l l  ( l 2 l ) ,  p .2 0 ) .  They a re

i .  Induced A b so rp tio n  in  which a quantum of r a d ia t io n  o f 

energy hw and freq u en cy  w i s  absorbed  by a  m olecule M to  g ive  an 

estc ited  m olecu le  M*.

M + hw M*

i i .  Induced E m ission  in  which a  quantum o f r a d ia t io n  o f 

energy hw and freq u en cy  w i n t e r a c t s  w ith  an e x c ite d  m olecule M* 

to  g iv e  a n o th e r quantum o f  th e  same energy  and freq u e n cy , w h ile  

the m olecule r e v e r t s  to  a  low er energy  s t a t e .

M* + hw -) M + 2hw

To th e  ap p ro x im a tio n  t h a t  a l l  n u c le a r  m otions a re  harm onic 

the q u a n tis e d  v ib r a t io n a l  energy  of a  m olecu le  i s

where n̂  ̂ i s  th e  quantum number a s s o c ia te d  w ith  th e  i t h  

v ib r a t io n a l  freq u en cy  w  ̂ and i t  can have v a lu e s  0 ,1 ,2 ,5  «. . .  

and th e  summation i s  o v e r a l l  v ib r a t io n a l  modes.
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The low est en erg y  le v e l  o r ground le v e l  o f  a  m olecule i s  

when a l l  n^ = 0 . The le v e l  fo r  which a l l  n^ = 0 excep t one, n^ 

which e q u a ls  1 i s  th e  j t h  fundam ental l e v e l .  The s e le c t io n  ru le  

which has to  he obeyed f o r  a  v ib r a t io n ,  o r  t r a n s i t i o n  betw een two 

energy l e v e l s ,  to  occu r i s  t h a t  dn^ = + 1. This means t h a t  no t 

only  a re  t r a n s i t i o n s  a llo w ed  between s t a t e s  0 and 1 ( th e  

fundam ental v ib r a t io n )  b u t betw een any two energy  s t a t e s  p rov ided  

the r u le  i s  obeyed. Thus f o r  d ia to m ic  m olecu les (o n ly  one 

fundam ental v ib r a t io n )  t r a n s i t i o n s  a re  a llow ed  between s t a t e s  

1 and 2 , 2 and e t c .  and f o r  po lyatom ic  m olecu les from  any 

s t a t e  n^ , n^ , . . .  n^ . . .  to  s t a t e  n^, n^ • • •  n ^ ^ ^ . . ,  e t c .  These 

t r a n s i t io n s  g iv e  r i s e  to  h o t bands w hich o ccu r a t th e  same 

frequency  as th e  fundam ental ( in  th e  harm onic o s c i l l a t o r  a p p ro x i

m ation) and th e r e f o r e  canno t be s e p a ra te d  from  i t  ( l2 2 ) .  ( i t  must 

be remembered th a t  the  v e ry  g re a t  m a jo r ity  o f  m olecu les a re  in  the 

ground s t a t e  and th e  fundam en ta l v ib r a t io n  i s  always th e  dom inant 

one ) .

I f  th e  number o f  m o lecu les  p e r  u n i t  volume in  low er s t a t e  

(th e  quantum number o f  th e  s t a t e  be ing  n '* )  i s  N (n’ *)> th e  number 

o f t r a n s i t i o n s  g iv in g  r i s e  to  induced  a b so rp tio n  from low er s t a t e  ** 

to  upper s t a t e  ' ( th e  quantum number o f  t h i s  s t a t e  b e in g  n*) i s

N+ - l ^ , ,  N (n '- )  p(w)

where B^,,Qyp(w) g iv e s  th e  r a t e  of t r a n s f e r  o f m olecu les
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from s t a t e  "  to  s t a t e  i s  th e  E in s te in  c o e f f ic ie n t  o f

induced a b so rp tio n  and p(w) i s  th e  r a d ia t io n  d e n s ity  o f frequency  w, 

which i s  g iv en  by

w = (E ' -  E " ) / h  2

where E* i s  th e  energ y  of th e  upper s t a t e  and E ' ' i s  th e  

energy o f th e  low er s t a t e .

The summation in  e q u a tio n  1 i s  over a l l  low er s t a t e s  (th u s  

hot bands a re  in c lu d e d ) .

S im ila r ly  i f  th e  number o f m o lecu les p e r u n i t  volume in  

s t a t e  ’ i s  N (n’ ) th e  number o f t r a n s i t i o n s  g iv in g  r i s e  to  an induced 

em ission  from  upper s t a t e  ' to  lower s t a t e  '* i s

p W  3

where B ^ ,^ ,,p (w ) g iv e s  th e  r a te  o f t r a n s f e r  o f  m olecu les from

s ta t e  * to  s t a t e  B , , , i s  the  E in s te in  c o e f f ic ie n t  o f  inducedn * n ’ *
em issio n .

The summation in  e q u a tio n  3 i s  ov er a l l  upper s t a t e s .

Each induced  t r a n s i t i o n  (w hether em ission  o r  a b so rp tio n )  i s  

accompanied by an exchange of energy  hw of th e  ab so rb in g  medium w ith  

the r a d ia t in g  f i e l d .  T h e re fo re  th e  n e t  change in  energy  of th e  

r a d ia t in g  f i e l d  on t r a v e r s in g  a sm all d is ta n c e  d l  of ab so rb in g  

medium o f u n i t  c ro ss  s e c t io n  i s

-d l(w )  = hw (N"̂  -  N“ ) d l

= hw p(w) S d l  4
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.There ^ ,N (n "  ) B^, , -  j ; ^ , U ( n ' ) B „ , 5

The f a c t  th a t  change o f e n e r g y  i s  -d l(w ) shows th a t  th i s  

i s  an energy  l o s s .

The i n t e n s i t y  o f a  r a d ia t in g  f i e l d  i s  r e la te d  to  the 

r a d ia t io n  d e n s i ty  by th e  e x p re ss io n

l(w ) = cp(w)

T h e re fo re  s u b s t i t u t i n g  fo r  p(w) in  equation  4 and 

re a r ra n g in g

•^dl(w) hw S d l  X-
i t t r  “  ~  ^

T his e x p re ss io n  can  be in te g r a te d  between the l im i t s  Ig(w) 

the  i n i t i a l  i n t e n s i t y  o f  freq u en cy  w and l(w ) th e  i n t e n s i ty  a f t e r  

t r a v e r s in g  d is ta n c e  1 th ro u g h  the  ab so rb in g  medium.

T h ere fo re  r l ( w )  hw S f ^ d l

ln |l ^ ( w ) / l ( w )  I = M  S I  7
c

SECTION 5 .2  The E in s te in  C o e f f ic ie n ts

I t  i s  now re q u ire d  to  examine th e  ex ac t form o f th e  E in s te in  

c o e f f ic ie n t s  o f  induced  a b so rp tio n  and em ission  in tro d u ce d  in  

S ec tio n  5*1* They a re  in  f a c t  eq u al f o r  a  t r a n s i t i o n  between 

s ta t e  ' and s t a t e  #

i*®* : ® n* 'n ' “ ® n 'n "



2 6 6

This does no t mean th a t  f o r  t r a n s i t i o n s  between th e  two 

s ta t e s  th e re  i s  no n e t  lo s s  in  energy from the  r a d ia t in g  f i e l d  as 

th e  p o p u la tio n  of th e  low er energy s t a t e  i s  always g r e a te r  th an  

th a t o f th e  upper s t a t e .

The E in s te in  c o e f f i c i e n t  of induced  a b so rp tio n  i s  given by

2® n* 'n ‘ '  ^ ' | f * ( n " )  ^  f (n » )d “C

where 5 ( n ')  i s  th e  wave fu n c tio n  o f th e  upper energy  s t a t e  

and f * ( n ' ' )  i s  th e  complex co n ju g a te  of th e  wave fu n c tio n  

o f the  low er energy  s t a t e ,

i s  the  d ip o le  moment o f  th e  system .

The l im i t s  o f in te g r a t io n  a re  -  i n f i n i t y  and in te g r a t io n  i s

over a l l  sp a c e ,

( i t  i s  n o t p roposed  to  d e riv e  eq u a tio n  8 h e re , an e x c e lle n t

e x p la n a tio n  o f i t  i s  g iven  in  Barrow (2 ) ,  C hapter 4)*

For co n v en ien ce , l e t

I  .  f $ * ( n " )  ^  ( n ' )  d T

I f  ^  i s  in v a r ia n t  d u rin g  a v ib r a t io n  

I  « p # * ( n ' ' )  f ( n ' )  -  0 

s in c e  f*^(n* ') and f ( u ’ ) a re  o rth o g o n a l.

T h e re fo re  u n le s s  th e r e  i s  a change in  the  d ip o le  moment o f 

the m olecu le  d u rin g  a  v ib r a t io n  th e re  can be no in te r a c t io n  w ith  

e lec tro m ag n e tic  r a d i a t i o n  and hence no I n f r a  Red band*

The d e f in i t i o n  o f d ip o le  (o r e l e c t r i c )  moment o f  a m olecule
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i s  (a s  g iv en  by W ilson, D ecius and Cross (8 ) ,  p ,5 )  a v e c to r

q u a n ti ty  whose d i r e c t io n  i s  th a t  o f a l in e  jo in in g  th e  c e n tre  of

charge o f n e g a tiv e  ch arg es  w ith  th e  c e n tre  o f  charge o f  th e

p o s i t iv e  ch a rg es  and whose m agnitude i s  the  len g th  o f th a t  l in e

m u lt ip l ie d  by th e  t o t a l  n e g a tiv e  o r p o s i t iv e  charge (which a re

equal in  a  n e u t r a l  m o le c u le ) . I t  can be re so lv ed  in to  components

u , u and u (deno ted  g e n e r a l ly  by u  ) a long  th e  th re e  c o o rd in a te s  < X * y ' z ' q
X, y and z (d eno ted  g e n e r a l ly  by q ) , The va lue  o f i s  g iv en  by

fq,  “ I i  ® i« i

where e^ i s  th e  charge  on th e  i t h  p a r t i c l e  

and q^ i s  i t s  c o o rd in a te .

The summation i  i s  over a l l  p a r t i c l e s .

When th e  m olecu le  v ib r a te s  th e  charged  p a r t i c l e s ,  which 

d e fin e  th e  d ip o le  moments, move and th e  d ip o le  moment changes. The 

most c o n v en ien t c o o rd in a te  used  to  d e f in e  a v ib ra t in g  m olecule are  

the Normal C o o rd in a te s  (see  S ec tio n  1*4) so th a t  ih®

in s ta n ta n e o u s  d ip o le  moment, which i s  a fu n c tio n  o f  the normal 

c o o rd in a te s , can be expanded as a T aylor s e r ie s  (see  S e c tio n  1 .2 )  in  

the Normal C o o rd in a te s . T herefo re

+ h ig h e r  term s 

where Q® e t c .  a re  th e  eq u ilib riu m  norm al c o o rd in a te s  

and i s  th e  q th  component o f th e  d ip o le  moment

a t e q u il ib r iu m .
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The summation i  i s  over a l l  norm al c o o rd in a te s .

In  th e  double harm onic o s c i l l a t o r  approx im ation  the  h ig h e r 

terms a re  ig n o re d . I t  i s  a double harm onic o s c i l l a t o r  approx im ation  

s in ce  h e re  th e  assum ption  o f e l e c t r i c a l  h a rm o n ic ity  i s  made and 

in  S e c tio n  1 .2 ,  when c o n s id e r in g  the  P o te n t ia l  E x p ress io n , th e  

assum ption  o f  m echan ica l h a rm o n ic ity  was made.

The wave fu n c tio n s  can  a ls o  be ex p re ssed  in  term s of th e  

normal c o o rd in a te s .

$  = 0 Mi $ (Qi) 10
where ^ i s  th e  e le c t r o n ic  wave fu n c tio n  

and i s  th e  v ib r a t io n a l  wave fu n c tio n  fo r  th e  i t h

normal c o o rd in a te .

M u l t ip l ic a t io n  i s  over a l l  norm al c o o rd in a te s .

The r o t a t i o n a l  wave fu n c tio n s  a re  n o t c o n sid e re d .

S ince th e  m olecule  i s  alw ays in  th e  ground e le c tro n ic  s t a t e  

f o r  th e  t r a n s i t i o n s  c o n s id e re d  here  th e  e le c tro n ic  wave fu n c tio n  

n o rm alizes  to  u n i ty .  T h e re fo re  s u b s t i t u t in g  fo r  ^  u s in g  eq u atio n  

9 and $ * (n ' ^) and $ ( n ')  u s in g  e q u a tio n  10 , eq u a tio n  8 becomes

ïïi K  dQ.l ïïit’( \ ) i T
4  1

11

where

and



269

The summation o v e r q i s  n e ce ssa ry  s in c e  ^  has been re so lv e d  

in to  i t s  th r e e  com ponents. For convenience i t  w i l l  now be dropped. 

L a te r i t  w i l l  be shown why i t  i s  n o t no rm ally  re q u ire d .

I  is  now expanded and d iv id ed  in to  two p a r ts  and I ^ .

h  “ f a  Hi1''(Qi)dT 12

=  0

T his fo llo w s  s in c e  on ly  th e  i t h  v ib r a t io n  i s  being  

co n s id e red , f o r  which

P i \ )  -  0

|t '  ' (Qi)t'(Qi)|^' ' ( Q g ) # ' ( Q i ) d Q i t ’ (Qi) dT 
e i j

A gain , s in c e  o n ly  th e  i t h  v ib r a t io n  i s  be ing  c o n s id e re d , 

only th e  i t h  te rm  in  th e  summation rem a in s.

Now » 1 e tc .

S ince  f o r  th e s e  term s n ’ ’ = n ' 

T h e re fo re

This in t e g r a l  i s  equal to  zero  excep t when n ’ = n '*  + 1.

Then Ig  = h f n "  + 1)
12 N 14

8 T ow. e

(F or an e x p la n a tio n  o f t h i s  in te g r a t io n  see W ilson, Decius 

and Cross ( 8 ) ,  p . 37 and Appendix I I I ) .
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R etu rn in g  to  e q u a t io n  8 and s u b s t i t u t i n g  fo r  I

2
Bn '  ’n ’ TT

3how^
-by.

where n* = n "  + 1 and i s  th e  frequency  o f th e  i t h  hand.

The d e r i v a t i o n  of , the  E i n s t e in  c o e f f i c i e n t  of

induced em iss io n  i s  ve ry  s i m i l a r  to  t h a t  o f  . In  t h i s  case

The i n t e g r a l  i s  equa l to  zero  excep t when n ' ' = n '  -  1 

Then I „ hn' i

8 n ^cw^ e

bu t s in c e  n* = n ' '  + 1  t h i s  i s  i d e n t i c a l  to  eq u a tio n  14 and 

\ ’ »n' “ \ ’n '*  p r e v io u s ly  s t a t e d .

15

SECTION 5*5 The I n t e n s i t y  of a  T h e o re t ic a l  Band

R e tu rn in g  to  e q u a t io n  5 and s u b s t i t u t i n g  f o r  th e  E in s te in  

c o e f f i c i e n t s

S =
3 hew.

1 2

•j e

S ince  n* and n ’ * a r e  quantum numbers f o r  the  same system and 

n '  a n '  ' + 1, i t  fo l lo w s  t h a t
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TT
3hcw.

2
I „ i + ! ) •

e

At e q u i l ib r iu m  th e  p o p u la t io n  o f  energy s t a t e s  fo llow  the  

Boltzmann d i s t r i b u t i o n .  T herefo re

N(n» 0

where u = hcw/kT

^T ~ ^n** the  t o t a l  number of moleculew pe r  u n i t

volume

and e z p ( - u n ' ' ) ,  the  v i b r a t i o n a l  p a r t i t i o n  fu n c tio n ,

T h e re fo re  s u b s t i t u t i n g  f o r  N(n’ *) and N (n’ ’ + l )  in  

equ a tio n  I 6

TT
3hcWj,

16

T ^ ^ , , ( n ' '  + 1) e x p (-u n ’ *) -  e x p ( - u ( n ' '+ l ) )

17

I f

Then

T ^ , , = (n * ’+1 ) | e x p ( - u n '*) -  e x p ( -u (n * ’+ l ) )

T h e re fo re

T = 1 -  e~* o

= 2 ( e - "  -  e"^“ ) 

Tg = 3 ( e ' ^ “  -  e‘ ^“ ) 

e t c .

I n '  I ^ ®
u -2u e

T h e re fo re  e q u a t io n  17 becomes

TT

3 hew.
N,T 18
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S u b s t i t u t i n g  f o r  S i n  equ a tio n  7

TT i  w 1 2

I f  = pN

where p i s  th e  m olar c o n c e n t ra t io n

and N i s  A vagadro 's  Number

S u b s t i t u t i n g  i n  e q u a t io n  19 and r e a r ra n g in g

» TT NX .  In  I„ (w ) / I (w )  
p i  — w ,  2 3c w^

19

20

The o n ly  ap p ro x im a tio n s  made in  d e r iv in g  t h i s  eq u a tio n  a re  

those  o f  e l e c t r i c a l  and m echanical h a rm o n ic i ty .  I t  a p p l ie s  to  a l l  

a llowed t r a n s l a t i o n s  which a re  accompanied by an exchange o f  energy 

hw^ between th e  a b so rb in g  medium and th e  r a d i a t i n g  f i e ld *  I t  i s  

a lso  te m p e ra tu re  in d e p en d e n t ,  th e  in c re a s e  in  ho t band a b so rp t io n  

e x a c t ly  c a n c e l l i n g  th e  in c r e a s e  i n  induced em ission  as the  tem perature  

i s  r a i s e d  ( 123) .

SECTION 5 .4  The I n t e n s i t y  of an Experim ental Band

An e x p e r im e n ta l ly  observed  i n f r a  re d  band does n o t  have an 

i n f i n i t e l y  narrow  band w id th  as  assumed in  eq ua tion  20. In  f a c t  the 

time development o r  H e isenberg  approach to  s p e c t r a l  a b s o rp t io n  (see  

S ec tion  2 .3 ,  Hexafluoro Benzene) shows t h a t  even a p e r f e c t l y  harmonic 

band would have some b roaden ing  due to  u n c e r t a in t y .  T h e re fo re  in
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eq u a tio n  20, | In  ( l ^ ( w ) / l ( w ) )  [ /  w i s  r e p la c e d  by an i n t e g r a l  

over th e  e n t i r e  band. E quation  20 thus  becomes

1“  | l o ( v ) / l ( v ) |   ̂ 1 2Fi
Band dv ttN

23c

where i s  th e  i n t e n s i t y  o f  the  i t h  band.

S ince  th e  i n t e g r a t i o n  on th e  r i g h t  hand s id e  of Equation  21 

i s  over an e x p e r im e n ta l ly  observed i n f r a  r e d  band, the  harmonic 

frequency  w i s  r e p la c e d  by the  a c tu a l  f requency  v .  w^, the  frequency 

of th e  fundam enta l t r a n s i t i o n ,  i s  a c o n s ta n t  f o r  a  g iven  band and so 

i s  I T h e re fo re  i s  a lso  c o n s ta n t  f o r  a given band.

An a l t e r n a t i v e  d e f i n i t i o n  o f  i n t e n s i t y  i s

A,
p i Band

1̂ 1 l o ( v ) / l ( v )  I dv = ttN^
23c w^

1 2

e

where the  f req u e n cy  f a c t o r  v i s  n o t  inc luded  on the r i g h t  

hand s i d e .  The f  d e f i n i t i o n  o f  i n t e n s i t y  i s  p r e f e r r e d  h e re .

The b roaden ing  o f  i n f r a  re d  bands in  the gas phase i s  due 

mainly t o  two f a c t o r s .

1 . Anharm oni c i t y . In  S ec tio n  5*1 th e  assum ption t h a t  the

fundam ental and a l l  h o t  band t r a n s i t i o n s  occur a t  the  same frequency  

was made. This would be th e  case  i f  the  P o te n t i a l  Energy fu n c t io n  

was p e r f e c t l y  harm onic . U n fo r tu n a te ly  i t  i s  n o t ,  th e  spac ing  between 

the energy  l e v e l s ,  and t h e r e f o r e  the  t r a n s i t i o n  f r e q u e n c ie s ,  decrease  

as th e  quantum number i n c r e a s e s .  These d i f f e r e n c e s  in  frequency

21

22
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are  v e ry  sm a l l  and th e  hands a re  no t r e s o lv e d .  The o v e r a l l  shape 

of th e  hand i s  t h e r e f o r e  a  sharp  r i s e  on the  h igh  frequency  s id e  

due to  th e  fundam ental t r a n s i t i o n  and a  f a l l  on the  low frequency 

s id e ,  which can b e s t  be d e sc r ib e d  as f a i r l y  s te e p ,  due to  t r a n s i t i o n s  

in v o lv in g  energy l e v e l s  w i th  h igh  quantum numbers and th e r e f o r e  

low p o p u la t io n s .  The i n t e g r a t i o n  in  eq u a t io n  21 i s  c a r r i e d  out 

over a l l  t r a n s i t i o n s ,  w^ should  s t i l l  be tak en  as th e  harmonic 

frequency  o f  th e  band. U n fo r tu n a te ly  harmonic f req u e n c ie s  a re  known 

f o r  o n ly  a  few m olecu les  and so w^ i s  ta k en  as th e  frequency  o f 

the fundam enta l  t r a n s i t i o n .  (T his  i s  n o t  th e  same as the  harmonic 

frequency  as anh arm o n ic i ty  cau ses  a s l i g h t  decrease  in  the  energy 

le v e l  w i th  n = l ) .

2 . R o ta t io n a l  F ine  S t r u c t u r e .  In  S ec tio n  5*2 the  

r o t a t i o n a l  p a r t  o f  the  wave fu n c t io n  was ignored  and a l th o u g h  the  

i n t e n s i t y  o f  th e  v i b r a t i o n  t r a n s i t i o n  i s  the  re q u i re d  q u a n t i ty ,  in  

the  gas phase t h e r e  a r e  t r a n s i t i o n s  in  which not only th e  v i b r a t i o n a l  

quantum numbers change bu t a l s o  r o t a t i o n a l  quantum numbers. For 

most m o lecu les  t h i s  r o t a t i o n a l  f in e  s t r u c t u r e  i s  n o t re s o lv e d  and 

the observed  spectrum  has  one o f  th e  f a m i l i a r  type  A, B o r  C band 

shapes d is c u s s e d  i n  S e c t io n  1.15# When measuring the  i n t e n s i t y  of 

an i n f r a  r e d  band the  i n t e g r a t i o n  Jin I ^ ( v ) / l ( v ) | /  v .d v  o r  

J l n | l g ( v ) / l ( v ) |  dv i s  c a r r i e d  out ove r  a l l  the  r o t a t i o n a l  f i n e  

s t r u c t u r e .  When u s in g  A f o r  the i n t e n s i t y  i t  i s  n ecessa ry  to  

in c lude  a  c o r r e c t i o n  f a c t o r  i n  eq u a tio n  22 to  allow f o r  th e  in c lu s io n
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of the  r o t a t i o n a l  s t r u c t u r e  In  th e  i n t e g r a t e d  i n t e n s i t y  ( 124) ,

but as  shown by Crawford ( 125) when u s in g  no c o r r e c t io n  f a c to r  i s

r e q u i r e d .  T h e re fo re  w i th in  the  c o n f in e s  of the  double harmonic 

o s c i l l a t o r  approx im ation  e q u a t io n  21 i s  s t i l l  e x a c t ,

SECTION 5*5 The Measurement of I n t e n s i t y ,

Having d e f in e d  th e  i n t e n s i t y  of a band as

th e  f i r s t  q u e s t io n  t h a t  a r i s e s  i s  how a re  and I  mea-sured

from an i n f r a  r e d  band. In  S ec t io n  5*1 ^o(v) d e f in e d  as the  

i n i t i a l  i n t e n s i t y  of th e  r a d i a t i n g  f i e l d  a t  frequency  v and l ( v )  

was d e f in e d  a s  th e  i n t e n s i t y  a f t e r  t r a v e r s in g  d is ta n c e  i  through 

the a b so rb in g  medium, i . e .  th e  sample th ic k n e s s .

When re c o rd in g  an i n f r a  r e d  spectrum th re e  t r a c e s  a re  re q u i re d

1, A Background t r a c e  w ithout any absorb ing  sample i n  the  

sample beam,

2 , A Sample t r a c e  w ith  the  sample i n  the  sample beam,

3* A 100^ a b s o r p t io n  t r a c e  w i th  th e  sample beam blocked o f f .

Then I  i s  the  d i s t a n c e  between the 100^ and background 
0

t r a c e s ,

and I  i s  the d i s t a n c e  between the  100^ and sample t r a c e s  

(see f i g u r e  5*l)*
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Sample

F ig u re  5 .1

This te ch n iq u e  o f  r e c o rd in g  t h r e e  t r a c e s  i s  "basica lly  t h a t  

fo llow ed  w he ther  a s in g le  o r  a  double beam sp ec trom ete r  i s  being 

used. Of c o u rse  th e  sample has  to  be co n ta in ed  w ith in  a  c e l l  and 

th e r e f o r e  th e  background t r a c e  i s  re c o rd ed  w ith  an empty c e l l  in  

the  sample beam. In  th e  gas phase empty means evacuated  s in ce  the  

c e l l s  u sed  a r e  q u i t e  long  and any a i r  p re s e n t  could a f f e c t  th e  

r e s u l t s .  When u s in g  a  double beam sp ec tro m e te r  the  need f o r  

re c o rd in g  a  background t r a c e  could  be avoided by u s in g  two matched 

c e l l s ,  one c o n ta in in g  the  sample in  th e  sample beam, th e  o th e r  

empty in  the  r e f e r e n c e  beam. The background i s  o b ta in ed  by jo in in g  

the  two wings of the  spec trum , where no sample a b so rp t io n  o ccu rs ,  

w ith  a s t r a i g h t  l i n e .  However, t h i s  method i s  n o t  e n t i r e l y  

s a t i s f a c t o r y  and i t  i s  u s u a l l y  p r e f e r a b le  to  reco rd  a s e p a ra te  

background t r a c e .  In  t h i s  case  i t  does no t m a t te r  whether an 

empty c e l l  i s  p la ce d  i n  th e  r e f e r e n c e  beam o r n o t .  The only  

c o n d i t io n  i s  t h a t  no a l t e r a t i o n  i s  made to  the  r e fe re n c e  beam in  

the  c o u rse  o f  the  ex p e r im en t .

The n ex t  q u e s t io n  i s  how i s  th e  i n t e g r a l  in  eq u a t io n  21 

e v a lu a te d .

I f  f ( v )  = l n | l  ( v ) / l ( v ) |
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th en  r  = 1 f f ( v )  dv
p i  jBand

and f ( v )  dv i s  th e  a r e a  between the  l i n e  d e f in e d  by

f (v )  and th e  l i n e  f  = 0 . This can be e v a lu a te d  u s in g  the  T rapezo idal 

Rule (Heading (4)> P*370). I f  th e  l i m i t s  of i n t e g r a t i o n  a re  v^ and 

v^ such t h a t  a t  th e se  p o in t s

I g ( v )  = l ( v )  i . e .  f ( v )  = 0 

The band i s  d iv id e d  i n t o  n equa l su b d iv is io n s  each of width 

A V where

A v  = (v^ -  ? o ) /n  

N e g l e c t i n g  t h e  c u r v e  o f  th e  n  a r c s  so  t h a t  each  s u b d i v i s i o n  
i s  t r a p e z o i d a l  i n  shape  ( p r o v i d e d A v  i s  s m a l l  enough t h i s  i s  a 
r e a s o n a b le  a p p r o x im a t io n ) ,  th e  a r e a  u n d er  th e  band i s  g iv e n  by

i^Band f ( ? ) d v  = A v / 2  | ( f ( v ^ )  + f ( v j ) )  + ( f ( v ^ )  + f f v g ) )  + . . .
( f (T n _ l)  +

» A v / 2 .  I 2^^ f ( v ^ )  -  f ( v ^ )  -  f ( v ^ )  I 25

where i  goes from 0 to  n .

A c tu a l ly  s in ce  f(V g) = f ( v ^ )  = 0

T h e r e fo r e  [ f ( v )  dv = j  f ( v \ )  A v
-^Band ^ i

and t h i s  r e s u l t  (go ing  from r i g h t  to  l e f t )  would fo l lo w

d i r e c t l y  from d e c re a s in g  th e  w id th  of th e  su b d iv is io n  so t h a t

A V -> dv and the  f u n c t io n  becomes co n t in u o u s .

The re a so n  t h a t  th e  T rap ezo id a l  Rule i s  in tro d u ced  i s  t h a t  in  

p r a c t i c e  i t  i s  f r e q u e n t l y  more convenien t t o  d iv id e  the  band in to
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s e v e ra l  s e c t i o n s  and e v a lu a te  the  a re a  under each s e c t io n  

s e p a r a t e ly ,  each  w ith  a  d i f f e r e n t  A v . (This a p p l ie s  e s p e c ia l l y  

to  type  C gas phase hands where the  Q branch i s  much sh a rp e r  than  

the P and R branches  and r e q u i r e s  a  much sm a l le r  s u b d iv i s io n ) .  In  

t h i s  case  th e  end f u n c t io n s  a re  im p o r ta n t .

I t  would t h e r e f o r e  appear t h a t  Ig (v )  and l ( v )  can be 

measured and  ̂ Band | l Q ( v ) / l ( v ) |  e v a lu a te d .  This assumes
V

t h a t  th e  sample can be i r r a d i a t e d  w ith  l i g h t  o f  frequency  v and the 

v a lu es  I g ( v )  and l ( v )  measured w ithou t any o th e r  r a d i a t i o n  be in g  

p r e s e n t .  This i s  n o t  th e  c ase  i n  p r a c t i c e .  Per any r a d i a t i o n  

to  re a ch  th e  sample t h e r e  must be a  f i n i t e  s l i t  w idth and a t  any 

time the  sample i s  b e in g  i r r a d i a t e d  w ith  l i g h t  over a  range o f  

f r e q u e n c ie s .  This a p p l i e s  w hether th e  spec tro m e te r  i s  a prism or 

g r a t in g  in s t ru m e n t  (see  F ig u re  5*2).

GRATING (OR PRISM)

SLIT (FINITE WIDTH)

SOURCE
SAMPLE

Figure  5*2

T h erefore no sp ec tro m eter  m easures I g (v )  or l ( v )  a t a 

s in g le  freq u en cy  but in s te a d  i t  m easures th e  in te g r a l  o f  the  

i n t e n s i t i e s  over a range o f  fr e q u e n c ie s .  However i t  i s  s t i l l
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p o s s ib le  to  measure the  i n t e n s i t y  of an i n f r a  red  band u s in g  the  

W ilson-W ells theorem ( l 2 6 ) .

I f  T(v ' )  i s  the apparent r e g is te r e d  by the instrument at 

s e t t in g  v' ( i . e .  the c en tr a l  frequency admitted by the s l i t ) ,  then

T(v ’ ) = J i ( v )  g ( v , v ' )  dv

where g (v ,v * )  i s  th e  f r a c t i o n  o f  th e  l i g h t  of a c tu a l  

f requency  v which i s  r e g i s t e r e d  by the in s tru m en t a t  s e t t i n g  v ' .  

(This i s  known as th e  s l i t  f u n c t io n  s in c e  th e  s iz e  of th e  s l i t  

de te rm ines  the  range o f  f r e q u e n c i e s ) .

The i n t e g r a t i o n  i s  c a r r i e d  ou t over a l l  v a lu e s  of v f o r  

which g (v ,v * )^ :  0.

T h e re fo re  what i s  re c o rd ed  i s  no t  I^  and I  but T^ and T, so 

an a p p a re n t  i n t e n s i t y  B i s  in tro d u ce d  where

B .  _1 r ln |T ^ (v * )A (v » )  I dv*
p i  JBand °

_ i r  In
p i  JBand

J I q (v ) g ( v , v ' ) d v  

J l ( v ) g ( v , v ’ )cLv

Wilson and Wells ( l2 6 )  showed t h a t

Lim B at A 

p i  ^  0

where A i s  d e f in e d  in  eq u a tio n  22.

T his  theorem a ls o  a p p l i e s  to  f , so t h a t

Lim r  (ap p a ren t)  = f  ( t r u e )  

p i  0

d v ’

24

25
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For e q u a tio n s  24 and 25 to  be t r u e  th e  fo l lo w in g  c o n d i t io n s  

must be obeyed.

1 . The in c id e n t  i n t e n s i t y  does n o t  vary  r a p id ly  over the  band

I q(v ) / i (v ) I w ith  V can be2 . E i t h e r  th e  v a r i a t i o n  of In  

n e g le c te d  in  th e  r e s o lv e d  s p e c t r a l  ra n g e ,  o r  the  r e s o lu t i o n  of the  

in s tru m e n t  does n o t  change a p p re c ia b ly  over the  e n t i r e  band being 

s tu d ie d .

The f i r s t  c o n d i t io n  i s  r e l a t i v e l y  e a s i l y  obeyed s in c e  w i l l  

not va ry  much p ro v id ed  w a te r  vapour and carbon d iox ide  a re  

excluded from th e  a b so rb in g  p a th .  This can be achieved e i t h e r  by 

ev acu a tio n  o f  the  s p e c t ro m e te r ,  a f a i r l y  d i f f i c u l t  p ro c e s s ,  or by 

a b so rb in g  th e s e  g ases  u s in g ,  u s u a l l y .  S i l i c a  Gel and Potassium 

H ydroxide. In  the  l i q u i d  phase  the  second c o n d i t io n  i s  a ls o  obeyed 

bu t d i f f i c u l t i e s  may a r i s e  i n  the  gas phase , s in ce  here  a  v i b r a t i o n a l  

a b s o rp t io n  band c o n ta in s  many r o t a t i o n a l  l i n e s ,  which g ive  r i s e  to  

ra p id  f l u c t u a t i o n s  i n  I  even though th e s e  l i n e s  may n o t  be re so lv e d  

by th e  s p e c t ro m e te r .  However, p rov ided  the  p re s su re  in  the  sample 

c e l l  i s  h ig h  enough, t h i s  f in e  s t r u c t u r e  i s  com pletely  smeared out 

to  g ive  a  smooth band, i n  which case  the  c o n d i t io n  i s  s a t i s f i e d .

This p r e s s u r e  b roaden ing  can be ach ieved  e i t h e r  by u s in g  a 

s u f f i c i e n t l y  h igh  p r e s s u r e  o f  th e  gas i t s e l f ,  or more u s u a l l y ,  by 

the  a d d i t io n  o f  an i n f r a  r e d  t r a n s p a r e n t  and chem ica lly  i n e r t  gas 

( e .g .  N itro g en  o r  Argon) to  the  sample. The p re s su re  r e q u i r e d  

f o r  complete b roaden ing  depends on th e  sample being s tu d ie d  (and 

th e r e f o r e  th e  type  o f  r o t a t i o n a l  f i n e  s t r u c t u r e ) ,  the  n a tu re  of the
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■broadening gas and the  r e s o l u t i o n  o f  th e  sp ec tro m e te r .  Penner and 

Weber (12?) proposed  th e  c o n d i t io n  t h a t  th e r e  i s  s u f f i c i e n t  t o t a l  

p re s su re  when the  v a r i a t i o n  of\8 ( = In  ( T ^ ( v ' ) / t ( v ’ ) ) d v ' )

w ith  p i  i s  l i n e a r .

T h e re fo re  p ro v id ed  the  two c o n d i t io n s  a re  upheld the  t ru e  

i n t e n s i t y  can be o b ta in e d  from the  a p p aren t  e i t h e r  by p l o t t i n g  B 

v e rsu s  p i  and e x t r a p o la t in g  to  zero c o n c e n t ra t io n  or by p l o t t i n g  

Bpl v e r s u s  p i  i n  which case  A i s  th e  s lope  a t  the  o r ig i n  o f  the  

tan g en t  to  t h i s  cu rv e .  Both th e se  methods can give r i s e  to  

c o n s id e ra b le  am bigu ity  i n  f i x i n g  a v a lu e  f o r  A, e s p e c i a l l y  in  

the  gas  phase  where the  d a ta  w i th  th e  l a r g e s t  r e l a t i v e  e r r o r s ,  i . e .  

low p r e s s u r e s  and low band a r e a s ,  a re  r e l i e d  on most h e a v i ly .  

However i f  th e  c o n d i t io n  o f  Penner and Weber (127) mentioned above 

i s  s a t i s f i e d ,  th en  A=B and b o th  a re  equal t o  th e  s lope  of the  curve 

of yS v e r s u s  p i .  These methods o f  m easuring  A apply a ls o  to  F , o f  

c o u rse .  They a re  d i s c u s s e d  in  terms of A s in ce  t h i s  i s  the  

i n t e n s i t y  d e f i n i t i o n  Wilson and Wells ( l2 6 )  used.

This d is c u s s io n  on th e  c a l c u l a t i o n  of F has assumed a p r io r  

knowledge o f  p and 1 . 1 i s  the  d is ta n c e  between the two in n e r  w a lls

of the  c e l l ,  which c o n ta in s  the  sample, and s in ce  t h i s  i s  f a i r l y  

la rg e  i n  gas  phase work i t s  c a l c u l a t i o n  r e q u i r e s  only conven tiona l 

measuring te c h n iq u e s ,  p i s  the  molar c o n c e n tra t io n  and i t s  

c a l c u l a t i o n  i n  gas phase work r e q u i r e s  a knowledge o f th e  p re s su re  

of the a b so rb in g  gas  and the  id e a l  gas law s. In  Chapter 6 t h i s  i s
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d isc u s s e d  in  g r e a t e r  d e t a i l  in  c o n n ec tio n  w ith  th e  ex p e r im en ta l  

work.

SECTION 5 .6  The D ipole  Moment D e r iv a t iv e  

A ccord ing  to  E q u a tio n  21, 

r . -  Nn
2

3 c  w . ÔQ.

where c)Q̂  i s  th e  change i n  d ip o le  moment o f  the  molecule

along th e  c a r t e s i a n  a x i s  q w ith  r e s p e c t  to  the  change i n  the  i t h  

normal c o o r d in a te .  The s u b s c r ip t  e i n d i c a t e s  t h a t  i t  measured 

a t  the  e q u i l ib r iu m  normal coord ina te#

In  e q u a t io n  11 a summation over the  3 c a r t e s i a n  c o o rd in a te s  

X ,  y and z  was in t ro d u c e d  bu t  su b sequen tly  dropped f o r  reasons  o f  

conven ience . I f  t h i s  summation i s  now re in t ro d u c e d  eq u a tio n  21 

becomes

r i N
2

3 o \

2
+

2
+ ^>̂ z

2

e e e

F re q u e n t ly  the  change in  d ip o le  moment i s  o r i e n t a t e d  a long  

a f ix e d  d i r e c t i o n  f o r  a l l  v ib r a t i o n s  o f  a p a r t i c u l a r  symmetry 

sp ec ie s  and p ro v id ed  the  c a r t e s i a n  axes a re  chosen to  c o in c id e  w ith  

the  symmetry axes on ly  one component o f  the  d ip o le  moment d e r iv a t iv e  

i s  n o n -z e ro .  This  i s  th e  case  when in  the  symmetry p o in t  group o f

26

the  m olecu le  u n d e r  c o n s id e r a t io n  the  th r e e  t r a n s l a t i o n s  T^, T^ and
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Tg each t ra n s fo rm s  as a  s e p a r a te  symmetry s p e c ie s .  For a m olecule 

of lower symmetry th e r e  may he two o r  even th r e e  non-zero  components 

of th e  d ip o le  moment d e r i v a t i v e  in  th e  same symmetry sp e c ie s  and in  

t h i s  c a se  s in c e  th e re  i s  on ly  one i n t e n s i t y  value f o r  a g iven  band 

only the  sum ^ @  can be e v a lu a te d  and no in fo rm a tio n  

about th e  o r i e n t a t i o n  o f  th e  change in  the  d ip o le  moment can be 

ga in ed . For a  doubly d e g en e ra te  band and in

t h i s  c a se

n  = Nit 
3 o \

2Nv

r
2

+
2 ’

e L ^Q ibj e

23c w^

A l t e r n a t i v e l y  t h i s  e q u a t ib n  could be a r r iv e d  a t  by co n s id e r in g  

t h a t  % doubly  d e g en e ra te  band i s  a  su p e r im p o s i t io n  o f  two bands o f  

the same freq u en cy  so t h a t  the  i n t e n s i t y  o f  one o f  them i s  F^/2. 

S im ila r  re a so n in g  a p p l i e s  to  t r i p l y  d eg en e ra te  bands only  in  t h i s  

case a  f a c t o r  o f  3 i s  in v o lv e d .

T h e re fo re  assuming o n ly  one component o f  the  d ip o le  moment 

d e r iv a t i v e  i s  non-ze ro  th e  d e r iv a t io n  o f  from i s  q u i te

s t r a ig h t f o r w a r d  excep t f o r  th e  cho ice  of s ig n .  Leaving t h i s  p o in t  

as ide  f o r  th e  p r e s e n t ,  the  n ex t  s te p  i s  to  i n t e r p r e t  the  d ipo le  

moment d e r i v a t i v e s  à Q . in  terms of more e a s i l y  u n d e rs tan d ab le  

m o lecu lar  p r o p e r t i e s .  T h e re fo re ,  i f  c>ji/c>Sj i s  the  change in  d ipo le  

moment w i th  r e s p e c t  to  th e  change in  the  j t h  symmetry c o o rd in a te .
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I  -  I  I I  ,  27
ÔÔ. àS .è S .  èQ è s .

«i 1 J

From e q u a tio n  80, s e c t io n  1.12

S = Xq 

t h e r e f o r e  Q = XT^S

and àQ. ^ -1

IsT
S u b s t i t u t i n g  in  eq u a t io n  27

26

where the summation i s  over a l l  f o r  the  symmetry

sp e c ie s  under c o n s id e r a t io n .  T herefo re  th ey  a l l  must be known. Also 

the e ig en  v e c to r  m a tr ix  must be known and i t  must no t be s in g u la r  

( i . e .  must c o n ta in  no re d u n d a n c ie s ) .  Assuming th e se  c o n d i t io n s^ a re  

f u l f i l l e d  th e  q u e s t io n  o f  the  s ig n  o f  the  d ip o le  moment d e r iv a t iv e  

in t ro d u c e s  c o n s id e ra b le  u n c e r t a in t y  in to  i t s  i n t e r p r e t a t i o n  in  

terms o f  the  symmetry c o o rd in a te s  s in ce  a l l  p o s s ib le  s ig n  combinations 

must be in c lu d e d  in  th e  c a l c u l a t i o n s .  In  g en e ra l  i f  t h e r e  a re  n 

fundam ental v i b r a t i o n s  in  a g iven  symmetry s p e c ie s ,  th e re  a re  2^ 

d i f f e r e n t  s ig n  com bina tions  and 2^ s e t s  o f  s o lu t io n s .  I t  i s  only 

necessa ry  to  c a l c u l a t e  2^"^ s e t s  however, s in ce  the  o th e r  2^ ^ s e t s  

d i f f e r  on ly  i n  s ig n .  Only one o f  th e se  2^ s e t s  i s  p h y s ic a l ly  c o r r e c t .

To d e c id e  which o f  the  s o lu t io n s  i s  the  c o r r e c t  one, a l l  

so lu t io n s  must be c a l c u l a t e d  and compared to  see which s e t  (o r  s e t s )
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conform b e s t  to  some ex p ec ted  p a t t e r n .  I f  i s o to p ic  d a t a  i s  

a v a i l a b le  a  second 2^ s e t s  o f  s o lu t io n s  can be c a lc u la te d  (p rov ided  

th a t  the  i s o to p i c  and o r i g i n a l  m olecules  be long  to  th e  same 

symmetry p o in t  group) and th e  c o r r e c t  s e t  w i l l  have th e  same 

v a lu e s  f o r  c o rre sp o n d in g  c>y./^S  ̂ s in  the  two m olecu les .  I f  th e  

i s o to p ic  m olecule  i s  o f  lower symmetry than the  o r ig i n a l  the  

comparison can  be made by c a l c u l a t i n g  a l l  p o s s ib le  v a lu e s  f o r  

èyi/c)S f o r  th e  o r i g i n a l  m olecule  and th en  use  th e se  v a lu e s  to  

c a l c u l a t e  a l t e r n a t i v e  p o s s ib le  s e t s  o f  i n t e n s i t i e s  f o r  th e  i s o to p ic  

molecule which a re  then  compared w ith  the  experim en ta l r e s u l t s .

As i n  th e  case  o f  th e  f r e q u e n c ie s  o f  i s o to p ic  m o lecu les ,  where 

the in v a r ia n c e  o f  th e  p o t e n t i a l  energy under i s o to p ic  s u b s t i t u t i o n  

le d  to  th e  i s o to p e  sum and p roduc t r u l e s ,  so t h i s  in v a r ia n c e  of 

th e  d ip o le  moment f u n c t io n  under i s o to p ic  s u b s t i t u t i o n  a lso  le ad s  

to  i s o to p e  r u l e s ,  as shown by Crawford ( l2 8 )  and Decius ( 129).

This means t h a t  th e r e  i s  a  l i m i t  to  th e  amount of e x t r a  d a ta  th a t  

can be o b ta in e d  by i s o t o p i c  s u b s t i t u t i o n  but th e se  r u l e s  can 

prov ide  a u s e f u l  check on th e  accuracy  of the  i n t e n s i t y  measurements, 

I f  no i s o to p i c  d a ta  e x i s t s  comparison w ith  a s im i la r  molecule can 

foim th e  b a s i s  f o r  th e  s e l e c t i o n  of a p a r t i c u l a r  s e t  o f  s o lu t io n s .  

This method r e l i e s  on th e  assum ption of th e  t r a n s f e r a b i l i t y  o f  

d ipo le  moments, a  p a r t i c u l a r l y  in se c u re  assum ption. In  c e r t a i n  

cases th e  s ig n  of the  d ip o le  moment d e r iv a t iv e  can be o b ta in ed
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from v i b r a t i o n - r o t a t i o n  s t u d i e s  ( l $ 0 ) .  A lso , provided  the molecule 

i s  sm a l l ,  quantum m echan ical c a lc u la t io n s  can be used to  o b ta in  

t h e o r e t i c a l  v a lu es  of th e  s which a re  compared w ith  th e

ex p er im en ta l  v a lu e s  to  h e lp  choose the  c o r r e c t  s ig n  com bination ( l 3 l ) .

By a s im i l a r  approach  to  t h a t  used  above to  d e r iv e  the

r a t e  o f  change o f  d ip o le  moment w ith  r e s p e c t  to  th e  k th  i n t e r n a l  

c o o rd in a te  c)y/c>E^ can be o b ta in e d .

 ̂ ”

From e q u a t io n  7 4 t S e c t io n  1.11

5 UR

T h ere fo re  .

S u b s t i t u t i n g  i n  e q u a t io n  29

^  - i j  " ) • “  %  »

Since  u s u a l l y  an i n t e r n a l  c o o rd in a te  occurs  only  onee in  th e  

symmetry c o o rd in a te s  f o r  a  p a r t i c u l a r  symmetry s p e c ie s ,  the summation 

in  e q u a t io n  30 can be d ropped . Therefore

âs]"

This i n t e r p r e t a t i o n  o f  th e  d ip o le  moment d e r iv a t iv e  i n  terms 

of i n t e r n a l  c o o r d in a te s ,  which a re  in t im a te ly  connected w ith  the
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bonds i n  m o lecu les ,  i s  no t  e n t i r e l y  a c c u ra te .

As an example c o n s id e r  what happens when a bond i s  r o t a t e d  

through a  sm a l l  a n g le  d© about one end. I f  u i s  the  d ip o le  moment 

of th e  bond b e fo re  r o t a t i o n ,  p* the  d ip o le  moment a f t e r  r o t a t i o n  

and du the  change in  d ip o le  moment, th en

r
R eso lv in g  p ’ i n t o  i t s  two componenta p and dp

p = p 'c o s  d © = p '  

dp = p '  s i n  d © = p'd©

These e x p re s s io n s  a r i s e  f o r  the  f a c t  the  d© i s  sm a l l ,  so th a t

cos d© “> 1

s in  d© -> d©

T h ere fo re  i t  fo l lo w s  th a t

dp/d© » p

This s im ple  th e o ry  im p lie s  t h a t  b o th  an in  p lane  and an 

o u t -o f -p la n e  ang le  bend have th e  same change in  d ip o le  moment w ith  

r e s p e c t  to  th e  bond r o t a t i n g  about one end which i s  equal to  th e  

d ipo le  moment o f  th e  bond. This however i s  no t the  case  i n  p r a c t i c e  

as w i l l  be seen l a t e r .
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T his  i n  f a c t  i s  one of the  assumptions of z e ro -o rd e r  bond 

moment h y p o th e s i s  which a t te m p ts  to e x p la in  d ipo le  moment 

d e r iv a t i v e s  i n  terms o f  Bond Moments, the  d ip o le  moment o f  a  bond, 

and Bond Moment D e r i v a t i v e s , the  change in  bond moment w ith  r e s p e c t  

to d e fo rm a tio n  ( e i t h e r  bend ing  o r  s t r e t c h i n g )  of th a t  bond. The 

th re e  a ssu m p tio n s ,  a s  g iven  by Hornig and McKean (132) ,  a re

1 . When a  bond i s  s t r e t c h e d  by d r ,  a  moment (d p /d r )  d r  i s  

produced i n  th e  d i r e c t i o n  o f  t h a t  bond.

2. When a bond i s  b en t  through an ang le  d©, a moment p^ d© 

(where i s  th e  e f f e c t i v e  bond moment) i s  produced in  the  p lane  of 

bending and p e rp e n d ic u la r  to  th e  d i r e c t i o n  o f  the  bond.

5* When any one bond i s  ben t or s t r e t c h e d  no moments a re  

produced i n  o th e r  bonds.

The f i r s t  two assum ptions  fo l lo w  from the  one given by 

S t r a l e y  ( l3 5 )  t h a t  the  bond moment l i e s  d i r e c t l y  a long the bond and 

c o n t in u e s  to  do so when th e  m olecule i s  deformed by v i b r a t i o n .  The 

t h i r d  assum ption  im p l ie s  t h a t  when two or more bonds a re  deformed 

the  r e s u l t i n g  moments a r e  s t r i c t l y  a d d i t i v e .

H orn ig  and McKeqn ( I 32) reviewed in  some d e t a i l  the  l i t e r a t u r e  

concerned w ith  th e  z e r o - o r d e r  bond moment hyp o th es is  and showed 

th a t  i n  p r a c t i c e  th e  t h r e e  assumptions a re  not g e n e r a l ly  v a l i d .  They 

t a b u la te d  many v a lu e s  f o r  bond moments and bond moment d e r iv a t iv e s  

&nd in  many c a s e s  n o t  on ly  a r e  they  n o t  t r a n s f e r a b le  between s im i la r
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m olecu les  but no t even t r a n s f e r a b l e  between d i f f e r e n t  symmetry 

sp ec ie s  o f  th e  same m o lecu le .  For in s ta n c e  fo r  e th y le n e ,  th e re  

a re  t h r e e  d i f f e r e n t  v a lu e s  f o r  C-ÏÏ bond moment c a lc u la te d  from 

the  i n t e n s i t i e s  o f  v i b r a t i o n s  o f  the  t h r e e  d i f f e r e n t  i n f r a  r e d  

a c t iv e  symmetry s p e c ie s .  They a ls o  d iscu ssed  some of the  f a c to r s  

which g iv e  r i s e  to  th e s e  in c o n s i s t e n c ie s  and concluded t h a t  

àp/àS i s  a more m ean ingfu l q u a n t i ty  than  p and à p / ^ r .

Coulson ( 154) a l s o  rev iew ed  the f a c t o r s  which cause th e  

breakdown o f  the  bond moment h y p o th e s i s .  They in c lu d e :  lone p a i r s

of e l e c t r o n s ,  which have d ip o le  moments which can change during  

a v i b r a t i o n  but which a r e  no t in c o rp o ra te d  in to  any bond moments; 

h y b r id i z a t io n  changes d u r in g  th e  defo rm ation  of a  bond, which 

a f f e c t  the  m olecule  as a  whole and no t  j u s t  th e  bond be ing  

deformed; and incom ple te  o r b i t a l  fo l lo w in g  o f a  bond d u r in g  a 

v i b r a t i o n  so t h a t  the  d ip o le  i s  not o r i e n t a t e d  a long  th e  bond.

These f a c t o r s  w i l l  be d is c u s s e d  l a t e r  in  Chapter 7 iu  r e f e re n c e  to  

the  F lu o r in e  s u b s t i t u t e d  Benzenes under c o n s id e ra t io n .

T h e re fo re ,  a l t h o u ^  th e  i n t e r p r e t a t i o n  o f  d ipo le  moment 

d e r iv a t i v e s  i n  term s of bond p r o p e r t i e s  would be d e s i r a b le  in  view 

of the  s i m p l i c i t y  o f  th e  model, the z e ro -o rd e r  bond moment hypo thesis  

i s  in a d eq u a te  s in c e  i t  ig n o re s  f a c t o r s  o th e r  than p  an d cp /è r  which 

can c o n t r ib u t e  to  th e  change in  d ip o le  moment. Sverdlov ( l5 5 )  has 

advanced a  th e o ry  in  which i t  i s  assumed t h a t  the  bond moment v e c to r
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d e p a r ts  from the  bond d i r e c t i o n  during  a v i b r a t i o n ,  under the  

in f lu e n c e  o f  atoms no t connected  w ith  t h a t  bond. This n e c e s s i t a t e s  

the i n t r o d u c t i o n  o f components o f  the change in  bond moment w ith  

r e s p e c t  to  each type  of bond d i s t o r t i o n ,  p e rp e n d icu la r  to  th e  

bond. T here fo re  the  number of pa ram ete rs  i s  in c reased  by a f a c t o r  

of th r e e  and s in c e  th e y  cannot a l l  be determ ined, even f o r  the 

s im p le s t  m o lecu les ,  the  th e o ry  has no p r a c t i c a l  advan tages . However, 

the  th e o ry  o f Gribov (1 3 6 ,157»138) iu  which the d ipo le  moment 

d e r iv a t i v e  i s  i n t e r p r e t e d  i n  term s o f  the  " e l e c t r o - o p t i c a l "  

param éers of a  m olecule o f f e r s  a  more h ope fu l means of e x p la in in g  

d ip o le  moment d e r i v a t i v e s  th a n  the z e ro -o rd e r  bond moment h y p o th e s is .

SECTIOH 5t>7 The E le c t ro -O p t ic a l  Theory of Gribov.

This th e o ry  g iv e s  a  g e n e ra l  ex p re ss io n  f o r  the  d ipo le  moment 

d e r iv a t i v e  i n  term s o f  th e  bond p r o p e r t i e s ,  bond moment and bond 

moment d e r i v a t i v e s ,  which Gribov r e f e r s  to  as e l e c t r o - o p t i c a l  

p a ra m e te rs .  The d e r i v a t i o n  o f  t h i s  ex p re ss io n  i s  o u t l in e d  below.

The d ip o le  moment o f  a  molecule ]i can be s p l i t  i n to  a s e r i e s  

of components
-V -» r

-  fup  + Ppol + Pk

where i s  th e  bond moment of th e  k th  bond and th e s e  bond 

moments a r e  c o n s id e re d  to  be t r a n s f e r a b l e  between m olecu les .
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r e p r e s e n t s  the  c o n t r ib u t io n  to  the  d ipo le  moment o f  the  

molecule from u n p a ired  e l e c t r o n s

and r e p r e s e n t s  th e  c o n t r ib u t io n  to  the  d ip o le  moment

of the  m olecule  from o f f - a x i s  p o l a r i z a t i o n  o f  th e  bonds.

—V

I f  e^ i s  a u n i t  v e c to r  d i r e c te d  a long  th e  k th  bond and i s  

the magnitude of th e  k th  bond, then

P " ^up * ^p o l  "*’ ^ k  ^  ®k

I f  i t  i s  assumed t h a t  th e  c o n t r ib u t io n s  to  the  d ip o le  moment 

from u n p a ire d  e l e c t r o n s  and o f f - a x i s  p o l a r i z a t i o n  can be re so lv e d  

in to  components a long  th e  bonds, then

T̂up p̂ol ^k Pk ®k

and y .  I k  (Pk + Pk ) *k

The two com ponents‘of th e  d ip o le  moment along th e  k th  bond 

can be combined so t h a t

-> r- -»
P = I k  Pk ®k

but can no lo n g e r  be co n s id e red  as  a  t r a n s f e r a b l e  bond

moment.

In  th e  case  o f  p l a n a r  m o lecu les ,  in  which th e re  a re  no bonds 

p e rp e n d ic u la r  to  th e  p la n e  o f  the  m olecule i t  may be n e ce ssa ry  to  

c o n s id e r  c e r t a i n  e l e c t r o n  o r b i t a l s  as c o n s t i t u t i n g  a bond 

p e rp e n d ic u la r  to t h i s  p la n e .



292

The d ip o le  moment can he re s o lv e d  in to  th re e  components in  

the X ,  y and z d i r e c t i o n s .  T herefore  ji^, the  component of the  

d ipo le  moment in  th e  d i r e c t i o n  q, i s

^q ~ ^  k ^  (®k^q 

where (e ^ )^  i s  th e  component of th e  k th  u n i t  v e c to r  a long  

the  c o o rd in a te  q*

32

D i f f e r e n t i a t i n g  e q u a t io n  52 w ith  r e s p e c t  to

Ï i! k 33

For convenience the  s u b s c r ip t  q i s  dropped from ê  ̂ but i t  

must be remembered t h a t  i t  s p e c i f i c a l l y  r e f e r s  to  d i r e c t i o n  q , as 

de f in ed  by th e  d ip o le  moment d e r iv a t iv e  c>p^/c)Q^.

In  te rm s o f  E .,  th e  j t h  i n t e r n a l  c o o rd in a te ,  e q u a tio n  33 
ü

becomes

c) k o r
à R .

34

From e q u a t io n  25, s e c t io n  1 .4

R SB LQ

T h ere fo re  à R .

and s u b s t i t u t i n g  in  eq u a tio n  34

I Ü 1
è R .

where th e  summation j  i s  over a l l  i n t e r n a l  c o o rd in a te s

35
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and the summation k i s  over a l l  bonds.

i s  th e  change in  the d ip o le  moment o f th e  kth  bond 

w ith r e s p e c t  to  the change in  th e  j th  in te r n a l co o rd in a te . In t h is  

form a l l  p o s s ib le  terms are  in c lu d ed .

In  ord er  to  s im p li fy  m an ipu lation  o f th e  ex p ress io n  th e  

terms are ex p ressed  in  m atr ix  form . T herefore à i s  the

k ,j t h  elem ent o f  th e  r e c ta n g u la r  m atrix  |^ /  c)R |, dim ension nb by n r , 

and i s  th e  k th  elem ent o f row m atrix  | e ] , dim ension nb, where 

nb i s  th e  number o f  bonds

and nr i s  th e  number o f  in te r n a l co o rd in a tes .

p^ i s  the kth  e lem en t o f  th e  row m atrix  | p | , d im ension nb.

The e lem en ts  o f | p ]  and | à p / c)R j make up the e l e c t r o - o p t ic a l  

param eters o f  th e  m o le c u le .

To ex p ress  'h'e . /hR.  in  m atrix  form r e q u ir e s  a more d e ta i le d

exam in ation . I f  in d ic a t e s  both  the magnitude and d ir e c t io n  o f

the k th  bond and ( ?  ) i s  th e  component o f  r, in  d ir e c t io n  q . ThenK q X

W q  '  ®k

where r^ i s  th e  m agnitude o f  r̂  ̂ and ^  r e fe r s  s p e c i f i c a l l y  

to  d ir e c t io n  q as p r e v io u s ly  m entioned. T herefore i f  the change 

in  the k th  bond i s  A ^  the component in  d ir e c t io n  q i s

^  (^k )q  -  ^  ( ‘̂ k ®k)

-  A  ^  ^k + ^k ^ * k
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T h e re fo re  A  e^ = _ 1 _  |^A  A r ^ l

and à

&H. rj^
^  ! f k

h R .  h R.
J  J

The bond v e c to r  r^  ̂ i s  d e f in ed  by the  two atoms which 

c o n s t i t u t e  th e  bond. I f  th e se  atoms a re  l a b e l l e d  a -  the te rm in a l  

atom and b -  th e  i n i t i a l  atom, then

= l a  •  1b

where and q^ a re  th e  q th  c o o rd in a te s  o f  atoms a and b 

r e s p e c t i v e l y .  T here fo re

àR “ 6R.  “ àR.
J J J

where ^q /hR.  i s  th e  change i n  th e  q th  c o o rd in a te  o f  atom a a  J
with r e s p e c t  to  the  change in  the  j t h  i n t e r n a l  c o o rd in a te .

From s e c t io n  1 .2  i t  i s  known t h a t  q and R are  connected

through th e  B m a tr ix  such  t h a t

R s  B
q

B cannot be in v e r t e d  so a  m a tr ix  A i s  defined  such t h a t  

SB AR

and AB = BA = E

Since  BM” ^B^G“ ^ = E

i t  fo l lo w s  t h a t
, - l _ t ^ - lA * M B G
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S in ce  th e  co o rd in a te  fo r  on ly  one d ir e c t io n  i s  in v o lv ed  and 

not a l l  th r e e  d ir e c t io n s  as in  the B m a tr ix , i s  d e fin ed  in  o n ly  

one d ir e c t io n ,  th e r e fo r e

A = B  ̂ G"*̂
a q

where the d im en sion s o f  the m a tr ices  are: A^, na hy nr; M' 

na hy na; B^, na hy nr; G~^, nr hy n r .

-1
;

where na i s  th e  number o f atom s.

T h erefore T T

j ,k  ^R. ^ j j k àR. c)E
J L J J J

= A  A
q 

= A  g“  ̂q
where A  i s  a r e c ta n g u la r  m atr ix , dim ension nb by na. I t s  

kth row, w hich r e f e r s  to  th e k th  bond, has elem ent + 1 in  the  

column co rresp on d in g  to  th e  term in a l atom o f  the kth  bond, -1  in  

the column correspon d in g  to  th e  i n i t i a l  atom o f  th e k th  bond and 

0 in  a l l  o th e r  colum ns.

c)r ,/^ R . i s  the change in  le n g th  o f  th e  k th  bond w ith  r e sp e c t  
^ J

to  th e change in  th e  j th  in te r n a l  c o o r d in a te . I f  t h i s  i s  a 

bending co o rd in a te  th en  eq u als z e r o . I f  i t  i s  a s t r e tc h in g

co o rd in a te  and k « j ,  i . e .  in te r n a l  co o rd in a te  ̂ Rj r e fe r s  to  the

s tr e tc h in g  o f  th e  k th  bond then  ^ r ,/^ R . eq u a ls  u n ity . I f  k  ̂ jX J
/bR.  does not n e c e s s a r i ly  equal zero  s in c e  the s t r e tc h in g  o f one 

J

bond can a f f e c t  the le n g th  o f  another so  th e se  terms must be

in c lu d ed . T h erefore , when ^R  ̂ i s  a s t r e t c h in g  coo rd in a te  ^  ̂ r^^èR^
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i s  th e  k , j t h  elem ent o f  square  m a tr ix  | e | , dimension nh hy nh, and 

when i s  a bending  c o o rd in a te  i s  th e  k , j t h  element

of the r e c t a n g u la r  n u l l  m a tr ix  | 0 | , dimension nb by n b -n r .  Therefore

^
where r e c t a n g u la r  m a tr ix  | e , o | has  dimensions nb by n r .

I f  S ^ i s  a  d ia g o n a l  m a tr ix ,  dimension nb by nb , whose 

k ,k th  e lem en t i s  l/r^^ and i s  th e  i t h  column o f  the  e igen  v e c to r  

m a tr ix  L, e q u a t io n  35 ex p ressed  in  m a tr ix  form i s

I + l y i s ' i  ( A H ' V g"^  -  i  E ,0  i ) ]  I j  36

E q u a tio n  36 i s  a  g e n e r a l  ex p re ss io n  f o r  th e  d ip o le  moment 

d e r iv a t iv e  i n  term s o f th e  e l e c t r o - o p t i c a l  param eters  and c)p^/^R^. 

There i s  a  problem i n  t h a t  G when ex p ressed  in  i n t e r n a l  co o rd in a te s  

i s  u s u a l l y  s in g u la r  and cannot be in v e r t e d .  However s in ce  any given 

b e longs  to  a  p a r t i c u l a r  symmetry sp ec ie s  i t  fo llow s t h a t  

the  com plete  G and L m a t r ic e s  a re  no t r e q u i r e d ,  only  th e  ^  and X 

m a tr ic e s  f o r  t h a t  p a r t i c u l a r  symmetry s p e c ie s .  According to  

eq ua tion  75, s e c t io n  1 .12

UIJ  ̂ = U'^U -  E

where th e  m a tr ix  U connec ts  the  symmetry c o o rd in a te s  S 

w ith th e  i n t e r n a l  c o o rd in a te s  R, and U and belong  to  th e

same symmetry s p e c ie s  P .

E qua tion  36 can be r e w r i t t e n  as
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[ i  e 1 1  ^ p /^ R  iu ^  + 1- p  j. ( A h “ ^ b V u g “ ^u^ -

1 E ,0  1 TJ*)]

A lso  from s e c t io n  1 . 1 2  

X = UL

thus X i = UL^

and = ÏÏGU^

thus =  u g “ ^u^ •

T h erefore eq u ation  37 becomes

[ i  « #  1 0 * +  1 y i  s" ^  ( a m " V ü * is " ^  -  i  E , 0

38

where i s  th e  i t h  column of th e  e ig e n  v e c to r  m atrix  fo r  

symmetry s p e c ie s  T ,

E quation  38 can he extended  to  in c lu d e  a l l  the d ip o le  moment 

d e r iv a t iv e s  fo r  a g iv e n  symmetry sp e c ie s*  T herefore

i  Ap /AQ 1 D Mu 1 1 Mu Ï X 39

where à p ^ /ô ^  i s  th e  i t h  elem ent o f  row m atrix  j.«)p /̂c)Q ij., 

dim ension ns*

1 DMu 1 .  1 e àji/èE j. 40

and i s  a row m a trix  dim ension ns*

I  Mu j. .  j  )i j. s"^(Am"^b V g"^ -  1 E ,0  1 0*) 41

and i s  a ls o  a row m atr ix  d im ension ns*

Where ns i s  th e  number o f  i^mmetry coord inates*

X i s  in v e r ta b le  s o  th a t

i  1 -  1 DMu 1 + 1 Mu 1 42
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I f  X and X s t i l l  con ta in  redundancies they can he rep laced  

hy r* and X' r e s p e c t iv e ly ,  provided the symmetry m atrix U i s  rep laced  

hy V ( = D U) -  see S ec tio n  4 .2 .  Equation 38 becomes

= [ i  ® 1 T* + 1  p  1 s ' l

( A M - V f  -  i  E ,0 i  T *)] 45

and in  th is  form a l l  m atrices can be ca lcu la ted .

SECTION 5 .8  The a p p lic a tio n  o f the theory o f Gribov.

I f  in  equation 38 the bond moments and bond moment d er iv a tiv es  

were known, the d ip o le  moment d ér iv â te s  could be ca lcu la ted  and 

compared w ith the exp erim en ta lly  derived v a lu es . However, they are 

not u s u a lly  known beforehand so they have to  be ca lcu la ted  from the 

d ip ole  moment d e r iv a t iv e s . The other data required are ca lcu la ted  

in  a Normal Coordinate A n a ly s is , described f u l ly  in  Part I .  I f  in  

the m atrix \ on ly  the terms fo r  the change in  a bond moment

w ith resp e c t t o  the s tr e tc h in g  o f  th at bond are reta in ed  a l l  terms 

can be c a lc u la te d  but the theory rev e r ts  to  being the bond moment 

h y p o th es is . I f  a l l  terms in  the m atrices and j. p j  are

reta in ed  then the number o f unknowns g r e a t ly  exceeds the number of 

ob servab les, fo r  one m olecu le . This i s  a weak point o f  the theory  

and as p o in ted  out by Tanabe and Saeki ( l3 9 ,1 4 0 ) can r e su lt  in  only  

being ab le  to  c a lc u la te  l in e a r  combinations o f  cer ta in  terms, which 

cannot be reso lv ed  in to  in d iv id u a l components. However, s ta r tin g  

w ith a s e t  o f t r i a l  param eters which were assumed to  be tra n sfera b le
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between s im ila r  m olecu les and using a perturbation technique 

s im ila r  to th at used fo r  the c a lc u la tio n  o f fo fce  co n sta n ts , Tanabe 

and Saeki a p p lied  the theory w ith some su ccess to  the three  

Methylene Chloride m olecu les (CH^Cl^, CEDClg and CDgClg) ( l39 ) 

and to a la rg er  s e r ie s  o f  th ir te e n  Chloro Methanes ( I 40 ) .

This p ertu rb ation  approach i s  id e a l when a large number o f

i n t e n s i t i e s  a re  be in g  c o n s id e re d  but f o r  sm all numbers o f

i n t e n s i t i e s  d i r e c t  expansion  o f  th e  r e l e v a n t  equations  i s  p re fe ra b le

and u s in g  t h i s  method th e  a p p l i c a t io n  o f  the  theory  to  th e

v ib ra tio n s  considered in  Part II  i s  examined. They are the out-

of-p lan e  v ib r a tio n s  of 1 ,4  d iflu o ro  Benzene -  the B^  ̂ symmetry
11

sp ec ie s  and 1,3>5 t r i f l u o r o  Benzene -  the  Ag symmetry sp e c ie s .  For

both th e s e  m o lecu les  nq ( th e  number o f  normal c o o rd in a te s )  and

ns ( the  number of symmetry c o o rd in a te s )  both  equal 3* th e re fo re  

G and L can be in v e r t e d ,  n r  ( th e  number of i n t e r n a l  c o o rd in a te s )  

i s  12 and nb ( th e  number o f  bonds) i s  1 2 .  Since only o u t-o f -p la n e  

v ib r a t i o n s  a re  c o n s id e re d ,  m a tr ix  j  E |  i s  no t a p p l ic a b le  and 

th e re fo re  th e  m a tr ix  E ,0  j- i s  ig n o red .  From s e c t io n  4 * 2  i t  

fo llow s t h a t

Tt » 44Iq q
and th e r e f o r e  t a k in g  |  u |  S T^^ to the  l e f t  hand s id e ,  

equa tion  42 becomes

i  -  l y l s ' l / l T q q j  = i  e  45
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On th e  l e f t  hand s id e  on ly  |  ]i j. th e  m a trix  o f  bond moments 

cannot be e v a lu a te d . Of th e  tw elve bonds s ix  a re  C -  X bonds and 

s ix  a re  C -  C bonds and th e  bond moment o f the  C -  P bond i s  

denoted  by and th e  bond moment o f th e  C -  H bond i s  denoted  

by pgg . I t  i s  assumed t h a t  the  bond moment of a  C -  C bond i s  

z e ro .

I f  X -  1 -  1 p 1 8-lA  46

where X i s  a  row m a tr ix , dim ension ns » 3 fo r  b o th  m olecu les, 

by s u b s t i t u t in g  v a lu e s  f o r  and 8 X m a tr ic e s  can be

e v a lu a te d  f o r  each m o le c u le . (There a re  8 = 2^ X m a tr ic e s  due to  

th e  s ig n  u n c e r ta in ty  o f T here fo re  eq u a tio n  45 becomes

ZO .  1 e à]i/àH  ̂ 47

The m a tr ic e s  X and U a re  known so th e  v a lu e s  o f the  

e lem en ts o f XU can be c a lc u la te d .

The q u e s tio n  t h a t  now a r i s e s  i s  what a re  th e  m a tr ic e s  ^ e and 

I  ôp/bR  j.. For a  p la n a r  m o lecu le , th e  component o f th e  e v e c to r ,  

th e  u n i t  v e c to r  d i r e c te d  a lo n g  a bond, in  th e  d i r e c t io n  p e rp e n d ic u la r  

to  th e  p la n e  o f  th e  m olecu le  ( a r b i t a r i l y  d e fin e d  as th e  z d i r e c t io n )  

i s  z e r o .  However, a s  w i l l  be c o n sid e red  in  g r e a te r  d e t a i l  in  

C hapter Seven, accompanying an  o u t-o f -p la n e  v ib r a t io n ,  th e re  i s  a 

r e d i s t r i b u t i o n  o f e le c t r o n s  ( e le c tr o n  re h y b r id iz a t io n )  in  th e  

^  - o r b i t a l s  o f th e  Benzene r i n g .  T h ere fo re  th e re  i s  a flow  o f 

e le c tro n s  in  th e  z d i r e c t i o n  and th i s  w i l l  cause a  change in  d ip o le
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moment a lo n g  th e  z ax is*  To a llow  f o r  th i s  the  o r b i t a l  o f each 

Carbon atom in  th e  r i n g  i s  d e fin e d  as a  bond, each w ith  a bond 

moment w hich i s  zero  when th e  m olecule i s  p la n a r  bu t which has 

a v a lu e  d u r in g  an o u t-o f -p la n e  v ib r a t io n .  These pseudo-bonds a re  

o r ie n ta te d  a lo n g  th e  z a x is  so th a t  th e  components of th e  e v e c to rs  

in  th e  z d i r e c t io n  ( th e  e lem en ts o f the  m a trix  i  e dim ension 

nb » 6) a l l  have th e  v a lu e  one. The e lem ents of the  m a trix  

\  à p /à E  ij., d im ension nb » 6 by n r  * 12, a re  th e  changes in  the  

d ip o le  moments of th e  pseudo-bonds w ith  r e s p e c t  to  the  changes 

in  the  i n t e r n a l  c o o rd in a te s .  T h erefo re  th e  j t h  elem ent of 

e j. j. àp /ôR  j  i s

where ^p^/c)R^ i s  th e  i , t h  elem ent o f  j.^p/^R j.

and th e  summation i  i s  over a l l  pseudo-bonds.

c>Prj /̂̂ >R  ̂ i s  th e  change in  d ip o le  moment (o r  re h y b r id iz a t io n  

moment) f o r  th e  m olecu le  as  a  whole w ith  re s p e c t to  th e  change in  

the  j t h  i n t e r n a l  c o o rd in a te .  I t  i s  t h i s  o v e ra l l  term  which i s  

c a lc u la te d .

T h e re fo re  expanding  b o th  s id e s  o f  eq u a tio n  47 1 u s in g  th e  U 

m a tr ic e s  g iv en  in  Appendix IV, the  fo llo w in g  r e la t io n s h ip s  a re  

o b ta in e d .

For 1 ,4  d i f lu o r o  B enzene

'  ^ 1 ' f o r  in t e r n a l  c o o r d in a te »  r 'd y j  and
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f o r  in te r n a l  c o o rd in a te s  rd y ^ , rd y ^ ,

rdy^ and rdy^.

= X^.R/d! f o r  in te r n a l  c o o rd in a te s  Ed/^ and 

^yUM^^^EF “ "  X ^'R /2 f o r  i n t e r n a l  c o o rd in a te s  Ed/^ and

Edj/g.

The d if f e r e n c e  betw een a  and a /^ g  to rs io n  c o o rd in a te  

i s  i l l u s t r a t e d  in  F ig u re  5*3*

H F F H

HF ^  „  ^FH
F ig u re  5 * 3

For 1 ,3 ,5  T r i f lu o ro  Benzene. 

àpg i/^yC F  * ^ i * r ' / 3 ^  f o r  i n t e r n a l  c o o rd in a te s  r 'd y ^ ,  r 'd y ^  

and r  ' dy ̂  •

= X g .r /3 ^  f o r  i n t e r n a l  c o o rd in a te s  rd y ^ , rdy^

and rd y ^ .

^F e i/^^ F H  “ f o r  i n t e r n a l  co o rd in a te s  E d/^, Ed/^

and E d /^ .

^Fem^^^HF “ “ f o r  i n t e r n a l  co o rd in a te s  Ed/g, Ed/^

and E d /^ .

T h e re fo re  f o r  each  s e t  o f v a lu e s  used fo r  u^g and u^g, e i ^ t  

s e ts  o f r e s u l t s  a re  o b ta in e d  fo r  each m o lecu le . The c o r r e c t  s e t  

i s  d ec id ed  on by com parison w ith  th e  r e s u l t s  fo r  s im i la r  m o lecu les .
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The th e o ry  o f  G ribov has a lso  been a p p lie d  to  some l in e a r  

t r ia to m ic  m o lecu les  by Thomas e t . a l .  ( 141) ,  who used  eq u a tio n s  

s im i la r  to  e q u a tio n  35 r a th e r  th a n  th e  f u l l y  expanded form o f 

e q u a tio n  38 .
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CHAPTER SIX The A b so lu te I n te n s i ty  M easurem ents.

The m o lecu les  s tu d ie d  a re :

1 ,4  d if lu o ro  Benzene -  th e  B^^ s p e c ie s . The bands a re

856.6  cm ^

505.0  cm“ ^

157.0  cm“ ^

1 ,3 ,5  t r i f l u o r o  Benzene -  th e  A^’ s p e c ie s . The bands a re

8 47 .6  can”^

664.1  cm ^

205*6 cm ^

SECTION 6 .1  Technique and U n its .

A ll th e  s p e c tr a  were reco rd ed  in  th e  gas phase , on e i t h e r  a 

P e rk in -E lm er 325 g r a t in g  sp ec tro m e te r o r a Grubb-Parsons cube 

in te r f e r o m e te r ,  u s in g  th e  fo llo w in g  te ch n iq u e .

F i r s t  th e  spectrum  o f th e  ev acua ted  c e l l  i s  re co rd ed . Before 

lo a d in g  i t  in to  th e  c e l l ,  th e  sam ple, which i s  co n ta in ed  on a g la s s  

vacuum l i n e ,  i s  degassed  by f re e z in g  to  l iq u id  N itrogen  te m p e ra tu re , 

pumping on th e  fro z e n  sam ple and then  a llo w in g  i t  to  warm to  room 

te m p e ra tu re . This p ro c e ss  i s  re p e a te d  u n t i l  no gas bubb les appear 

in  th e  sample w h ile  i t  i s  warming. The sample i s  a lso  d r ie d ,  by 

d i s t i l l a t i o n  u n der vacuum onto  Phosphorus P en to x id e . Having been
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degassed  and d r ie d ,  th e  sample i s  allow ed to  evap o ra te  in to  the 

gas c e l l  and th e  te m p e ra tu re  and p re s su re  a re  n o ted . The p re s su re  

i s  re c o rd e d  u s in g  an E th y len e  G lycol manometer, open to  th e  gas 

on one s id e  w h ile  th e  o th e r  i s  under c o n tin u a l vacuum pumping.

To m in im ise  th e  p o s s i b i l i t y  o f e r r o r  due to  a b so rp tio n  o f  the 

sample by th e  G lycol th e  p re s s u re  i s  re co rd ed  as soon as p o s s ib le  

a f t e r  th e  ta p  on the  gas c e l l  i s  c lo se d . The spectrum  o f  the  

sample p lu s  c e l l  i s  th en  re c o rd e d . F in a l ly  th e  sample beam i s  

b locked  o f f  and th e  ICO^ a b so rp tio n  t r a c e  re c o rd ed . (This only  

a p p l ie s  when u s in g  th e  g r a t in g  s p e c tro m e te r) .

Where a p p l ic a b le ,  one atm osphere p re s su re  o f N itrogen  

b ro ad en in g  g as  i s  in tro d u c e d  in to  th e  c e l l  fo llow ing  the  

in t r o d u c t io n  o f th e  sam ple. The vacuum l in e  p lu s  a la rg e  b a l l a s t  

v e s s e l  i s  f i l l e d  w ith  d ry  N itro g en  a t  one atm osphere p re s su re  

(m easured u s in g  a  m ercury manometer) and then  the  ta p  on th e  gas 

c e l l  i s  q u ic k ly , to  p re v e n t back d i f f u s io n ,  opened and closed*

This o p e ra t io n  i s  re p e a te d  u n t i l  th e  t o t a l  p re s su re  in  th e  c e l l  

i s  one a tm osphere .

As the  c e l l  has to  be removed from the g ra t in g  sp ec tro m ete r 

to  in tro d u c e  th e  sam ple, i t  i s  n e ce ssa ry  to  ensure  t h a t  i t  i s  

alw ays re p la c e d  in  th e  same p o s i t io n .  In  th e  in te r fe ro m e te r  the  

gas c e l l  i s  an i n te g r a l  p a r t  o f the  in s tru m e n t so t h i s  problem  

does n o t a r is e *
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The s p e c t r a  o f th e  hand hav ing  been reco rd ed , th e  a re a  

under th e  band i s  m easured u s in g  the t r a p e z o id a l  r u le  a s  o u t l in e d  

in  s e c t io n  3*5» (The method was checked by p lo t t i n g ,  f o r  one 

o f th e  b an d s. In  ( l ^ / l ) / v  v e rsu s  v and the  a re a  i s  o b ta in e d  

b o th  by c o u n tin g  th e  sq u a re s  and by u se  of a p la n im e te r . A ll 

th re e  m ethods gave th e  same r e s u l t ) .  A number o f s p e c t r a  a re  

re c o rd e d  a t  d i f f e r e n t  p re s s u re s  and a g rap h  p lo t te d  o f A rea (p) 

v e rsu s  C o n ce n tra tio n  ( p ) .  I f  th e  curve i s  a  s t r a i g h t  l in e  th en  

th e  c o n d i t io n  o f  Penner and Weber ( l2 ? )  i s  s a t i s f i e d  and 

th e  s lo p e  o b ta in e d  by th e  method o f l e a s t  sq u a re s  ( I 42 ) .

i . e .  s in c e  = Fl p .
J J

th e r e f o r e  F 1 = I  .yd.p.
—J—dgJ!_

where th e  summation j  i s  over a l l  re a d in g s .

The s ta n d a rd  d e v ia t io n  o f f l  i s  g iv en  by ( 142)

( n - D l - p J

where d . « « •  f l  p.°^®

and n i s  th e  number o f  r e a d in g s .

T h is  method assum es t h a t  a l l  re a d in g s  have th e  same a b so lu te  

accu racy  ( 142) .

To o b ta in  th e  a b s o lu te  i n t e n s i t y  f  th e  c e l l  le n g th  1 h as to  

be known. S ince  th e  c e l l s  a r e  q u ite  lo n g , ap p ro x . 10 cm. f o r  th e
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g ra t in g  sp e c tro m e te r  and approx.IC C  cm. f o r  th e  in te r f e ro m e te r  

th ey  can he m easured w ith  s u f f i c i e n t  accu racy  u s in g  a  r u l e r  (p lu s  

c a l i p e r s  f o r  th e  s h o r t e r  c e l l ) .

As p re v io u s ly  m en tioned  the  p re s s u re  i s  m easured u s in g  a 

G lyco l manometer and th e r e f o r e  y , th e  p re s s u re  in  c e n tim e te rs  o f  

G ly co l, must he t r a n s l a t e d  in to  s u i t a b le  c o n c e n tra tio n  u n i t s .  I t  

i s  assumed th a t  th e  sam ple vapour obeys th e  id e a l  gas law s, so 

th a t  one mole o f gas o c cu p ie s  2*24136*10^ cm^ a t  one atm osphere 

p re s s u re  (1.01325*10^ dyne. cm ^) and 273'15°&* T h ere fo re  i t  

fo llo w s  th a t

C o n ce n tra tio n  =  y______  I* 3 l6 l6 8  x 10*^ mole.cm"^
C273.15  + t )

where T i s  th e  te m p e ra tu re  in  d e g re e s  C en tig rade  

and y  i s  th e  p re s s u re  in  c e n tim e te rs  o f  G lycol*

The d e n s i ty  o f E th y len e  G lycol i s  ta k e n  as 1*1155 g* cm“ ^ 

and t h i s  and a l l  o th e r  v a lu e s  a re  taken  from Kaye and Laby ( l ) *

T h e re fo re , i f  1 i s  m easured in  c e n tim e te rs ,  i t  fo llo w s  th a t  

th e  u n i t s  o f  f  a re  em^.mole I t  i s  u s u a l ly  ex p re ssed  in  th e se  

u n i t s  s in c e  th e n  i t  has  a  v a lu e  o f  betw een 1 and 10^ f o r  most 

fu n d a m e n ta ls . I f  w, th e  freq u en cy  of th e  band c e n t r e ,  i s  in  cm ^ 

and c , th e  v e lo c i ty  o f l i g h t ,  2*997925 cm.sec"*^ ( l ) ,  i t  fo llo w s  

from e q u a tio n  21 , s e c t io n  5*4* th a t  th e  u n i t s  o f (^p/&Q) a re  

c m ^ /^ .se c "^ . The most co n v en ien t u n i t s  f o r  d ip o le  moments a re  debyes
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(IB . = 10 g .^  cm ^/^sec so i n i t i a l l y  d ip o le  moments must be

e x p re ssed  in  g^cm^^^sec The dim ensions o f th e  norm al c o o rd in a te s
1 1 

Q a re  m ass^ x le n g th  and i f  th e  u n i t s  a re  g^.cm th e n  (^yi/àQ) i s
% /2  —1

indeed  in  cm?/ see  . However on th e  m o lecu la r s c a le  Q i s  u s u a l ly  

e x p re ssed  in  amu^ A. From e q u a tio n  21, s e c t io n  5*4» i t  fo llo w s  

th a t
i

ia = C 3w r
N

I f  c/N = 4*9779 3: 10"^^  u s in g  th e  v a lu e s  from Kaye and 

Laby ( l )  and w and f  have th e  p re v io u s ly  d is c u s se d  u n i t s ,  th e n  

e v a lu a t in g  e q u a tio n  4 f o r  ty p ic a l  v a lu e s  o f  w and f  i t  w i l l  be 

found t h a t

-  ( « x.N^.lO*^^ cm^/^.sec"^

where x  h as  a  v a lu e  between *1 and 2 .

T h e re fo re  -  (  ̂ » x.N^.lC"*^^ cm^/^ see*-1

g^.cm

S in ce  I g .  « N amu
0

and 1 cm s  10 A

i t  fo llo w s  th a t

_ » - l
i  ( à y / à Q )  «  X  a m u  ^  B . .

The e ig en  v e c to r  m a tr ix  L has u n i t s  o f  amu*^ ( s in c e  LL^=G). 

T h ere fo re  from e q u a tio n s  40» 41 end 4 2 , s e c t io n  5*7» i t  fo llo w s  

th a t  th e  e lem en ts  o f th e  m a tr ix  j., th e  bond moment d e r iv a t iv e s ,

have u n i t s  o f Bebyes p e r  Angstrom (B.A“ ^) and th e  e lem en ts  o f  th e  

m a tr ix  ^ ^  th e  bond moments, have u n i t s  o f  Bebyes (B ).
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SECTION 6 .2  The 1 ,4  d i f l u o r o  B en zen e  B an d s .

836 .6  cm ^ Band. The s p e c tra  were reco rd ed  u s in g  a P e rk in -

Elmer 325 sp e c tro m e te r  scan n in g  over th e  range 9OO to  780 cm"^.

The sam ple was c o n ta in e d  in  a  g la s s  c e l l ,  le n g th  9 .35  cm, w ith

P otassium  Bromide windows s e a le d  w ith  s e la s to m e r . The sam ple

p re s s u re  was betw een 13 and 4 cm o f G ly c o l, Each spectrum  was

scanned once u s in g  a sp e c tro m e te r  s l i t  w id th  o f O.9  cm~^ and

th e n  th e  Q b ran ch  was scanned  again  u s in g  a  s l i t  w id th  o f  O.4  cm” ^,

to  av o id  e r r o r s  th ro u g h  in a d eq u a te  r e s o lu t io n  o f th e  narrow  Q

b ran ch . A redraw n spectrum  i s  shown in  F ig u re  6 .1 ,  to g e th e r  w ith

the  v a r io u s  sp e c tro m e te r  s e t t i n g s .  The o r ig in  o f  th e  band a t  
-1834 cm i s  n o t c l e a r  as i t  i s  too in te n s e  to  be a  norm al h o t 

band. I t s  most p ro b a b le  e x p la n a tio n  i s  as a (vj^ + v -  v^) type  

h o t band as  d e sc r ib e d  by Jo n es  (l4 3 )*  A lso th e re  i s  a  v e ry  weak 

com bina tion  band on th e  h ig h  freq u en cy  s id e  o f  th e  fu n d am en ta l. 

F o llow ing  Crawford ( 125) b o th  th e se  bands a re  in c lu d e d  in  th e  

summation when m easuring  th e  a r e a .  The g raph  o f  A rea v e rsu s  

C o n ce n tra tio n  i s  shown in  F ig u re  6 .2  and th e  ex p e rim en ta l r e s u l t s  

in  Table 6 .1 .  No m easurem ents were ta k e n  u s in g  N itro g en  b ro ad en in g . 

-1505 .0  cm Band. The s p e c t r a  w ere re c o rd e d  u s in g  a  P e rk in -
••1Elmer 325 sp e c tro m e te r  scan n in g  o v e r th e  range 570 to  450 cm .

The sam ple was c o n ta in e d  in  th e  c e l l  d e sc r ib e d  above and th e  sample 

p re s s u re  was betw een 10 and 3® cm. o f G ly co l. The sp e c tro m e te r  s l i t



310

w id ths w ere I .65  cm"^ and 0 .8  f o r  th e  Q b ran ch . Aredrawn

spectrum  i s  shown in  F ig u re  6 , 3 , to g e th e r  w ith  the  sp e c tro m e te r  

s e t t i n g s .  The g rap h  o f  A rea v e rsu s  C o n ce n tra tio n  i s  shown in  

F ig u re  6 .4  and th e  e x p e r im e n ta l r e s u l t s  in  Table 6 .2 .  No 

m easurem ents were ta k en  u s in g  N itro g en  b ro ad en in g .

157 cm**̂  Band. The s p e c tr a  w ere reco rd ed  u s in g  a Grubb- 

P arsons cube in te r f e r o m e te r .  The sam ple was co n ta in ed  in  a  g la s s  

c e l l ,  le n g th  IO7 cm, w ith  P o ly e th y len e  windows and i t  i s  an 

in t e g r a l  p a r t  o f th e  in te r f e r o m e te r .  (The o p t ic a l  diagram  i s  

shown in  F ig u re  2 . ) .  The sample p re s s u re s  were between 5 and 11 cm 

o f G ly c o l. A background spectrum  was re c o rd e d  f i r s t  ( in  F o u r ie r  

T ransform  form on punched ta p e )  th en  a s e r i e s  o f sample s p e c t r a .

The 100^ a b so rp tio n  l i n e  i s  a u to m a tic a l ly  computed. The ta p e s  

were p ro c e ss e d  u s in g  an  Autocode program , which g iv es  s p e c t r a  in  

th e  form I  (sam ple + background) -  I  (background) eq u als  I  (sam ple) 

i . e .  th e  com puter s im u la te s  a  double beam in s tru m e n t w ith  an 

ev acu a ted  c e l l  in  th e  r e f e re n c e  beam. The background (o r l in e )  

i s  drawn by hand on th e  sam ple spectrum  as a  s t r a ig h t  l i n e  jo in in g  

th e  p a r t s  on each s id e  o f  th e  band where no a b so rp tio n  o c c u rs . The 

r e s o lu t io n  o r  a p p a ren t s l i t  w id th  was 1 cm~^ ( i . e .  th e  f o u r ie r  

tra n s fo rm  was reco rd ed  5mm e i t h e r  s id e  o f  to p  dead c e n tr e  ( l4 4 )  ) 

w ith  o u tp u t p o in ts  every  .5  cm ^ and th e  s p e c tra  were computed 

betw een 100 and 250 cm"^. A redraw n spectrum  i s  shown in  F ig u re  6 .5
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and a lth o u g h  th e  hand envelope i s  n o t smooth (due to  random n o ise  

r a th e r  th an  r o t a t i o n a l  f in e  s t r u c tu r e )  th e  graph o f A rea v e rsu s  

C o n c e n tra tio n , shown in  F ig u re  6 .6 , i s  a  s t r a i g h t  l i n e  in  

acco rdance  w ith  B e e r 's  Law. The e x p e r im e n ta l r e s u l t s  a re  g iv en  

in  T able 6 , 3 . No m easurem ents were taken  u s in g  N itrogen  

b ro ad en in g .
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F ig u r e  6 .1  Band Shape o f  8 3 6 .6  Band

S l i t  Program 4 2
G ain 50 50
R esp on se 3 3
S ca n n in g  Speed S lo v  8 S lo v  2
S u p p r e s s io n 10 10

CO

5

I<D
6

I

( l / ° l )S o x
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r. 200

.  150

-T
I o

d0

I

C oncentration (10 moles.cm )

G

F ig u re  6 ,2  B e e r 's  Law P lo t  f o r  th e  8 3 6 .6  Band
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The A bsolute In f ra re d  I n te n s i ty  o f th e  836.6 cia"*̂  Band

CONCENTRATION AREA

5.318 175.924

4.377 144.815

3.523 121.995

1.713 60.165

1.440 49.873

1.304 45.107

xlO
-7

xlO

ri=(33.544-.326)x2.30263d0^

1=9.35 cm

r=326ltao mole“ êm̂

Table 6 .1
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Figure 6 ,3  Band Shape o f 505.0

S l i t  Program 4. 2
Gain 55 55
Response 3 3
Scanning Speed Slow 6 Slow 2
Suppression 10 10

.S
S*
g
b

( I / * I ) 3 0 T
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.  2 5 0

_ 2 0 0

1 5 0

IO

d

I
rgl
§A

_ 10  0

_ SO

C oncentration  (10” moles.cm" ) 
6 8 10 12

0
F ig u re  6.4. B e e r ’s  Law P lo t  f o r  th e  5 0 5 .0  Band
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The A bsolute In f ra re d  I n te n s i ty  o f  th e  505 cra”^ Band

CONCENTRATION AREA

16.303 242.329

12.651 189.241

11.080 164.464

8.432 132.103

4.633 70.579

xao""̂ xiO"^

ri= (14 .935i.ll0 )x2 .3026xl0^
i '^ .3 5  cm

r=3690-27 mol0*^cm^

Table 6*2
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Figure 6 ,5  Band Shape o f  157,C Band

tn oo

a
&
g
g.

I

( l / l ) U T
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CM
IO

g

I

C oncentra tion  (10” moles.cm” )

0

F ig u re  6 .6  B e e r 's  Law P lo t  f o r  th e  1 5 7 .0  Band
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The A bsolute In f ra re d  I n te n s i ty  o f  th e  157.0 era ^ Band

CONGEOTRATION AREA

4.526 6.110

3.644 4.685

3.072 3.790

1.959 2.400

%L0"'  ̂ xlO ^

ri= (1 .2 9 8 t.0 2 8 )x l0 ^

1=107.0 cm

r=1213-27 mole'^om^

Table 6 .3
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The a b so lu te  i n f r a  re d  i n t e n s i t i e s  and th e  d ip o le  moment 

d e r iv a t iv e s  o f  th e  b^^ v ib r a t io n s  o f  1 ,4  d i f lu o ro  Benzene, a re  g iven  

in  Table 6 , 4 .

BAND
(cm -l) (moleT^cm^)

-  àp/ùQ  
(amu” 2BA” ^)

836.6 8261 1.279

505.0 5690 .664

157 .0 1213 .212

Table 6 .4

S te e le  and W hiffen (l45 )>  iu  an e a r l i e r  s tu d y , re c o rd ed  the 

i n t e n s i t i e s ,  o f  some o f  th e  fundam ental bands o f  1 ,4  d i f lu o r o  Benzene 

in c lu d in g  th e  two h ig h e r  b^^ fundam entals*  The v a lu es  they  

o b ta in e d  fo r  th e  d ip o le  moment d e r iv a t iv e s ,  1*24 amu"^ D.A ^ fo r  

th e  836*6 em~^ band and 0*55 amu*^ B.A ^ f o r  th e  505*0 cm ^ band, 

a re  in  re a so n a b le  agreem ent w ith  th e  v a lu e s  o b ta in ed  h e r e .

No e r r o r  v a lu e s  a re  shown in  Table 6 . 4 , though th ey  a re  fo r  

th e  i n t e n s i t i e s  in  T ab les 6 .1  to  6 . 3 . They a re  c a lc u la te d  

assum ing t h a t  th e re  i s  th e  same p e rc en ta g e  e r r o r  in  T as  in  f  1> 

though u n c e r t a in t i e s  o f th e  o rd e r  o f l$l$ m ight be ex pec ted  in  th e  

v a lue  o f  1 f o r  th e  s h o r te r  c e l l*  These e r r o r s  a re  s m a ll ,  n e v e r 

g r e a te r  th an  3^> and much l e s s  th an  th e  e s t im a te  o f \Qffo sometimes
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g iv en  f o r  a b so lu te  i n t e n s i t i e s ,  see  ( 146) .  The e s t im a tio n  o f 

e r r o r s  in^p /^Q  and ^yi/^S h as been s tu d ie d  by R ussel e t . a l , ( 146) 

b u t t h e i r  ex h au s tiv e  s t a t i s t i c a l  approach was n o t a ttem p ted  h e re . 

However, a lth o u g h  no e r r o r s  a re  shown, th ey  do e x i s t  and th e re fo re  

e x ac t agreem ent must n o t be ex p ec ted  when com paring bond moment 

and bond moment d e r iv a t iv e  v a lu e s  o f  s im i la r  m o lecu les .
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SECTION 6 .3  The 1 , 3 , 5  t r i f l u o r o  B enzene B ands

847*6 cm” ^ Band. The s p e c tra  were reco rd ed  on a  P e rk in -  

Elmer 325 s p e c tro m e te r  scan n in g  over th e  range  900 to  J60 cm"^ 

and u s in g  th e  c e l l  d e s c r ib e d  in  S e c tio n  6 .2 .  Due to  th e  h ig h  

i n t e n s i t y  o f  th e  band i t  was on ly  p o s s ib le  t o  re c o rd  s p e c t r a ,  

which w ere n o t to o  in te n s e  a t  th e  Q b ran ch  f o r  a c c u ra te  measurement 

o f In  ( l ^ / l ) ,  a t  low p r e s s u re s  (2 to  4 cm o f  G ly c o l) , w hich have 

a  h ig h  p e rc e n ta g e  e r ro r*  T h e re fo re  th e  c o n c e n tra t io n s  were 

m easured u s in g  th e  P and R b ran ch  maxima* F i r s t  s p e c t r a  were 

re c o rd e d  u s in g  p re s s u re s  in  th e  range 5 t o  15 cm. o f  G lyco l and 

g rap h s o f  lo g  ( l ^ / l )  a t  th e  P and R b ran ch  maxima v e rsu s  

C o n ce n tra tio n  p lo t t e d .  They a re  shown in  F ig u re  6 .8 ,  Then f o r  

th e  bands whose a re a  co u ld  be m easured , lo g  a t  th e  P and E

branch  maxima w ere m easured and from th e s e  v a lu e s  th e  c o n c e n tra t io n  

c a lc u la te d .  M easurem ents w ere made on b o th  unbroadened and E itrogm i 

b roadened  s p e c t r a  b u t th e  sam ple c o n c e n tra t io n s  were m easured 

p r io r  t o  th e  in t r o d u c t io n  o f  th e  N itro g e n . The two g rap h s o f  Area 

v e rs u s  C o n c e n tra tio n  a r e  shown in  F ig u re  6 .9  and th e  e x p e rim en ta l 

r e s u l t s  i n  T ab le s  6*5 and 6 .6 .  I t  i s  s e e n  t h a t  th e re  i s  no 

a p p a re n t d e v ia t io n  from B e e r 's  law f o r  e i t h e r  curve and t h a t  th e  

u se  o f  N itro g e n  b ro ad en in g  cau se s  an in c re a s e  o f  2 . ^  i n  th e  

m easured i n t e n s i t y .  A red raw n  spectrum  i s  shown i n  F ig u re  6*7 

and i t  i s  seen  t o  be a  f a i r l y  t y p i c a l  p a r a l l e l  band o f  a  sym m etric 

to p  m o le c u le . Bach spec trum  was scanned once u s in g  a  i^ e c tro m e te r
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s l i t  w id th  o f 0 .9  cm ^ and th en  th e  Q b ran ch  was scanned ag a in  

u s in g  a  s l i t  w id th  o f  0*4 cm"^.

•“1664*1 cm Band# The s p e c t r a  were reco rd ed  on a P e rk in -  

Elmer 325 sp e c tro m e te r  scan n in g  over the  re g io n  720 to  6OO cm” ^ 

and u s in g  th e  9*35 cm c e l l  d e sc r ib e d  in  s e c t io n  6 .2 .  The 

sp e c tro m e te r  s l i t  w id th s  were 0*9 cm” ^ and O.4  cm**̂  f o r  th e  Q 

b ra n c h . 1  redraw n spectrum  i s  shown in  F ig u re  6 .1 0  and ag a in  i t  

i s  a  f a i r l y  ty p ic a l  p a r a l l e l  band of a sym m etric top  a p a r t  from 

th e  f a c t  t h a t  th e  P b ran ch  i s  s l i g h t l y  more in te n s e  th a n  th e  R 

branch  (se e  a ls o  f ig u r e  6 . I I ) .  This i s  p ro b ab ly  due to  second 

o rd e r  c o r i o l i s  i n t e r a c t io n  w ith  a n o th e r  band . There i s  a lso  a 

sm all peak on th e  R b ran ch  a t  674 cm ^ th e  o r ig in  o f which i s  

n o t c l e a r .  The sam ple c o n c e n tra tio n s  were m easured u s in g  th e  

P and R branch  maxima. These were re c o rd e d  u s in g  sample p re s su re s  

o f  betw een 10 and 17 cm. o f  G lycol and th e  graphs o f  lo g  ( l ^ / l )  

v e rs u s  C o n c e n tra tio n  a re  shown in  F ig u re  6 .1 1 . Measurements were 

made on b o th  unbroadened and N itro g en  broadened  s p e c t r a .  The 

two g ra p h s  o f  A rea v e rs u s  C o n ce n tra tio n  a re  shown in  F ig u re  6 .12  

and th e  e x p e r im en ta l r e s u l t s  in  T ab les 6 .7  and 6 .8 .  Again b o th  

cu rv es  ap p ea r to  obey B e e r 's  law and th e  u se  o f  N itro g en  b road en in g  

c au se s  an in c re a s e  in  band a re a  o f 3*9?^*

In  re c o rd in g  th e  s p e c t r a  fo r  t h i s  band a  d i f f i c u l t y  was

-1  ■ 'en co u n te red  due to  th e  v e ry  in te n s e  CO band a t  667*6 cm” . By
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p la c in g  t r a y s  c o n ta in in g  Potassium  Hydroxide in  the  sample w e ll 

of th e  sp e c tro m e te r  some o f  th e  Cog was removed from th e  a i r  

in s id e  i t .  The rem ain in g  CO  ̂ s t i l l  ab so rb ed  s t ro n g ly  b u t i t  was 

now p o s s ib le  to  re c o rd  s p e c t r a  over th e  e n t i r e  band e x ce p t f o r  a  

narrow  re g io n  betw een 669.6  and 665.6  cm*^. This re g io n  o f  the  

spectrum  was o b ta in e d  by e x tr a p o la t io n  o f  the  t r a c e s  from e i th e r  

s id e .  I t  i s  p o s s ib le  t h a t  u n c e r t a in t i e s  due to  th e  p re sen ce  o f 

COg cau sed  th e  d e c re a se  in  R branch i n t e n s i t y .

205*6 cmT^ Band. The s p e c tr a  were reco rd ed  u s in g  a Grubb- 

P arsons cube in te r f e r o m e te r ,  as  d e sc r ib e d  in  S e c tio n  6 .2 .  The 

sample p re s s u re s  w ere betw een 8 and 42 cm o f  G ly co l. The 

r e s o lu t io n  was I .667  cm"^ ( i . e .  th e  f o u r i e r  tra n sfo rm s  were

re c o rd ed  3 mm e i th e r  s id e  o f  to p  dead c e n tr e )  w ith  o u tp u t p o in ts
“1 -1 every  .835 cm and th e  s p e c t r a  were computed between 100 and 400 cm •

A redraw n spectrum  i s  shown in  F ig u re  6 . I 3 and i t  can  be seen  th a t

th e  band envelope i s  much sm oother th a n  t h a t  f o r  1 ,4  d i f lu o ro  Benzene,

(F igu re  6 . 5 ) .  Even so i t  was n o t p o s s ib le  to  o b ta in  a  s a t i s f a c t o r y

B e e r 's  law p lo t  o f  lo g  ( l ^ / l )  v e rsu s  C o n cen tra tio n  f o r  th e  P branch

maxima a lth o u g h  th e  much s t ro n g e r  R b ran ch  maxima do g iv e  a

s a t i s f a c t o r y  p lo t  aw can be seen  from F igu re 6 . I 4 * The graph o f

A rea v e rs u s  C o n ce n tra tio n  shown in  F ig u re  6 .15  a lso  obey B e e r 's  law .

The e x p e r im e n ta l r e s u l t s  a re  g iven  in  T able 6*9* m easurem ents

w ith  B itro g e n  b roaden ing  w ere made due to  d i f f i c u l t i e s  t h r o n g
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w ater vapour being  in tro d u ced  w ith  th e  N itrogen* The r e s u l t s  

fo r  th e  o th e r  two bands in d ic a te  th a t  any e r ro rs  due to  

incom plete broadening o f  th e  sp ec tra  would be s l i g h t .
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Figure 6 .7  Band Shape o f 847.6  Band

S l i t  Program 4 2
Gain 50 50
Response 3 3
Scanning Speed Slow 7 Slow 2
Suppression 10 10

.3
&
g
g.

I

( I / ° l ) S o i
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R Branch

. 0  4

P Branch

H
H

t e l )O
H

0  2

C oncentra tion  (10 moles.cm

F ig u re  6 .8  B e e r 's  Law P lo ts  f o r  th e  P and R B ranch Maxima
f o r  th e  84.7.6 Band
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r?0

_ 6 0

Broadened

. 5 0

f o

(d<D

.10

C oncen tra tion  (lO " moles.cm 
0 5 1 0  1 5 2-0

0

F ig u re  6 .9  B e e r 's  Law P lo ts  f o r  th e  84.7.6 Band
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The A b s o lu te  I n f r a r e d  I n t e n s i t y  o f  th e  84,7.6 cra"^ Band
(U nbroadened)

CONCENTRATION AREA

1.954 63.925

1.4365 46.314

1.061 33.650

0.793 25.539

-7
xlO %10-4

r% =(32.49lt .203)x2.3026xl0^

1=9.35 era

r  =3001-50 rao ls 'h ra^

Table 6 .5

The A bsolu te In f ra re d  In te n s i ty  o f  th e  84.7.6 cm ^ Band
(N itrogen  Broadened)

CONCENTRATION AREA

1.4365 48.520 

1.061 35.127 

0.793 26.088

xiO"'^

ri=(33.434-.267)x2.3026xiO^

1=9.35 era 

r -8234-66 mole" cm

Table 6 .6
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F ig u re  6 .1 0  Band Shape o f  664.. 1 Band

S l i t  Program A 2
Gain 4.0 40
Response 3 2
Scanning Speed Slow 8 Slow 2
S u rp ress io n 10 10

.5
&
§
o>
&

( I / ° I ) 2 oT
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P Branch

R Branch

>

C oncen tra tion  (10 moles,cm" )

0

F ig u re  6 ,1 1  B e e r’ s  Law P lo ts  f o r  th e  P and R B ranch Maxima
f o r  t h e  664 .1  Band
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Broadened

Unbroadened
o
X

C&Bceatr&tlan

F lg w e  6 ,1 2  F e s r* s  L av  f o r  th #  6 6 4 -,l S fe tl
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The A b s o lu te  I n f r a r e d  I n t e n s i t y  o f  th e  6 6 4 .1  cm"^ Band
(U nbroadened)

COHCETTRATIOH AREA

4.361 52.313

4.1575 49.723

2.6015 31.063

2.396 29.021

%lo-7 x io -4

ri= (12 .034-.Q 44)x2 .3026xl0^

t= 9 .35  cm.

r =2964-11 mole~^cm

Table 6 .7

-1The A bsolute In f ra re d  I n te n s i ty  o f  th e  664.1 era Band 
(N itrogen  Broadened)

CONCENTRATION AREA

4 .914 60.376

4 .367 55.117

3.401 43.024

2.6015 31.938

xlO-7
3 d O

ri= (12. 499- . 073)x2.3026xl0^ 

1=9.35 cm

r=307Stl9  mole~lem2

T a b le  6 .3
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F igure 6 ,13  Band Shape o f  205.6 Band

OU)

•S
&

IQJu
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. 0  3
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<M
IO

C oncentra tion  (lO”  moles.cm'

0

F ig u re  6 ,1 5  B e e r 's  Law P lo t  f o r  th e  2 0 5 .6  Band
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The A b s o lu te  I n f r a r e d  I n t e n s i t y  o f  t h e  2 0 5 .6  era ^  Band
(U nbroadened)

CONCENTRATION AREA

1 8 .5 4 3
11.902

6.332

3.606

9.765

6.043

3 .4 8 1
2.106

xlO- 7 3dO-2

r i= (0 . 525- . 008)x l0^
t= 1 0 7 .0  cm 
r= 4 9 0 ^  moleT^tm?

T ab le  6 .9
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The a b so lu te  in f r a  red  in t e n s i t i e s  and th e  d ip o le  moment 

d e r iv a tiv e s  o f  th e  a.2 v ib ra tio n s  o f  1 ,3 ,5  t r i f lu o r o  Benzene 

a re  g iven  in  Table 6 ,1 0 .

BAND

~1 2 (mole”  cm ) (amu"^D.A,”^)

847.6 8234 1.285

664.1 3078 .695

205.6 490 .154

Table 6 ,10

No o th e r experim en tal va lues fo r  th e  d ip o le  moment d e r iv a tiv e s  

o f  1 ,3 ,5  t r i f l u o r o  Benzene e x is t  in  th e  l i t e r a t u r e .  However, 

th e se  v a lu es  can be checked using  th e  band maximum technique 

(see  S ec tio n  6 ,4 )#

A gain, no e r ro r  va lues a re  g iven  in  Table 6 ,10 and rem arks, 

s im ila r  to  those  g iven  fo r  1 ,4  d if lu o ro  Benzene, apply  h e re .
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SECTION 6 .4  C a l c u l a t i o n  o f  I n t e n s i t y  by  Band Maximum te c h n iq u e .

The method o f  c a lc u la t in g  th e  band shapes o f n o n -d eg en era te  

v ib r a t io n s  o f  sym m etric to p s  has been developed by G erhard and 

Dennison ( l4 7 )*  E d g e ll and Moynihan ex tended  th e  method to  in c lu d e  

d e g en e ra te  v ib r a t io n s  ( 148) and su g g es ted  th a t  the  d ip o le  moment 

d é r iv â te s  o f  b o th  d e g e n e ra te  and n o n -d eg en era te  v ib r a t io n s  can 

be c a lc u la te d  by a  com parison o f  c a lc u la te d  and ex p erim en ta l 

i n t e n s i t i e s  a t  c e r t a in  p o in ts  on th e  band under c o n s id e ra t io n  ( 149) .  

S te e le  and W heatley ( 50 , I 50 ) a p p lie d  th e  method to  Benzene and 

H exafluo ro  Benzene, com paring th e  i n t e n s i t i e s  a t  th e  P and E 

b ranch  maxima. 1,5»5 t r i f l u o r o  Benzene i s  an o b la te  sym m etric 

to p  ( i . e .  th e  moments o f i n e r t i a  A and B a re  equal and a re  sm a lle r  

th an  C, th e  moment o f  i n e r t i a  about th e  a x is  p e rp e n d ic u la r  to
It

th e  p la n e  o f  the  m o lecu le) and th e  method i s  a p p lie d  to  th e  

bands (o r  p a r a l l e l  bands s in c e  th e  o s c i l l a t i n g  d ip o le  i s  p a r a l l e l  

to  th e  u n iq u e  0 a x is )  to  check on th e  ex p e rim en ta l i n t e n s i t i e s .

The a b so rp tio n  c o e f f i c i e n t  a t  freq u en cy  v , a (v ) a r i s in g  

from a  g iv en  r o t a t i o n a l - v i b r a t i o n a l  t r a n s i t i o n  o f  energy  hv i s  

g iven  by th e  Honl-London e x p re s s io n  ( 151) and (152) ,  p . 421,

a (y )  .  C V j ^ j g g j g e i p ( - P j ^ o / k T ) . I ^  5

where J  and K a re  th e  r o ta t i o n a l  quantum num bers,

V jg i s  th e  r o v ib r a t i o n a l  t r a n s i t i o n  freq u en cy ,
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Ajg. i s  a  term  p ro p o r t io n a l  to  th e  square  o f th e  t r a n s i t i o n  

moment summed over a l l  o r ie n ta t io n s  o f J ,

i s  the  s t a t i s t i c a l  w eight f a c to r  o f  th e  low er s t a t e ,
JÜL

Pjg. i s  th e  r o t a t i o n a l  term  v a lu e  o f  the  low er s t a t e ,

C i s  a  n o rm a liz a tio n  f a c to r ,

and I  i s  th e  t r a n s i t i o n  in te g r a l  d isc u sse d  in  s e c t io n  5 .2 .

The s e le c t io n  r u l e s  f o r  th e  p a r a l l e l  hands of sym m etric 

to p s  a r e ,

i f  E /  0 AK = 0 and A J  .  0 , i  1

i f  K ,  0 AK ,  0 and A j  s  t  1

In  th e  r i g i d - r o t o r  h a rm o n ic -o s c i l la to r  app ro x im atio n , the  

t r a n s i t i o n  f re q u e n c ie s  a r e  g iven  hy ,

A J  » + 1 (R b ran ch ) v^ * + 2B ( J  + l )

A J  = 0 (Q b ran ch ) v^  « v

A J  = -  1 (P b ran ch ) v^ » v^ -  2M

where v^ i s  th e  freq u en cy  o f th e  band c e n tre  ( i . e .  fun  dam en ta), 

f re q u e n c y ) .

The term s a re  g iven  by ,

f o r  A J  B + 1 Ay^ = ( J  + l ) ^  -  ^
( J  + l )  (2J + 1 )

2
f o r  A J  » 0 A..^ = K_____

J ( J  + 1)

f o r  A J  = -  1 A ,y « J  "* K _
J  (2 J + I)
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The s t a t i s t i c a l  w eigh t f a c t o r  g^^ i s  g iv en  hy,

fo r  K = O; 2J + 1

fo r  E /  0 2 (2J  + l )

The r o t a t io n a l  term v a lu e  Pj^ i s  g iv e n  hy

BJ(J + l )  + CÇ -  B) E^

In  a l l  th e s e  e x p r e s s io n s  J and E are the r o t a t io n a l  quantum 

numbers o f  th e  low er s t a t e  and s in c e  J determ ines the t o t a l  

angu lar momentum and E determ ines a component o f  the angular  

momentum, J must be eq u a l to  or  g r e a te r  than E fo r  any a llow ed  

r o t a t io n a l  s t a t e  ( 2 ) ,  p . 152 .

The n o r m a liz a tio n  f a c t o r  C i s  g iv en  by ( 50) ,

8 A  [ (hcB/kT)^ (1 -C /b )1  
3hc L TT J

The t r a n s i t io n  in t e g r a l  I  i s  g iv e n  by

[n' ')  ^  ^(n*) dT

Prom eq u a tio n  I 4 , s e c t io n  5*2 i t  f o l lo w s  th a t  f o r  th e  0 1  

t r a n s i t io n

I^ * h
8  TT^CW [h ]

T h erefore

2* cw
a(v) » b(v) Ch

8
•h e re  l(r) .  TjgAjg&jg eip(-P jjA c/kT )
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P ro v id ed  th a t  th e  r o t a t i o n a l  c o n s ta n ts  ^  and _C a re  known,

h (v ) can he c a lc u la te d .  This i s  done u s in g  a pom puter, a llo w in g

K to  v a ry  from 0 to  300 and fo r  a g iv en  v a lu e  o f  K, J  to  v a ry

from K to  300. The o u tp u t v a lu e s  a re  n o t th e  in d iv id u a l  v a lu e s  o f

h (v )  hu t t h e i r  sum h ' (v ) over a sm all frequency  range dv.

T h e re fo re  h '( v )  = ^ ^  h (Vj)

where j  v a r ie s  from v + dv/2 to  v -  d v /2 .

This i s  im p o rtan t s in c e  fo r  heavy m olecules th e  average

a b s o rp tio n  c o e f f i c i e n t  a ( v ) - i s * r e l a t e d  to  th e  sum of th e  i n t e n s i t i e s

w ith in  th e  freq u en cy  range  dv , by ( 149)

a (v )  = [ j a (v j )  

dv

P ro v id ed  th a t  th e  band co n to u r g e n e ra te d  by the sum of the  

l i n e s  w i th in  t h i s  i n t e r v a l  i s  smooth th en

â ( r )  .  

f o r  a g iv en  freq u e n cy  v .

a (v )g ^p ^  i s  th e  ex p erim en ta l i n t e n s i t y  given by

In

p i

10

11

I „ (v )

I(v ) 12

T h ere fo re  s u b s t i t u t i n g  f o r  a(v) u s in g  eq u a tio n  10 , a (v )  u s in g  

squation  7 a n d ^ b (v )  u s in g  e q u a tio n  9* eq u a tio n  11 becomes

a ( v ) e x p t dv 8 V cw
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T h e r e f o r e i ü
2

-  13
t ' ( v )

2
where Pac « 8 ^ 0

"Ch

2 ••2The u n it s  o f :  Fac are mole cm se c  ; w,dv and h ' ( v )  are

cm” ^; and cm^.

T h erefore -  = x  om^^  ̂ seo*^

U sing  argum ents s im ila r  to  th o se  used in  s e c t io n  6 .1 ,  i t  

fo l lo w s  th a t

-  (^}i/àQ) = X 10^^ N ® amu"^ D A ^

I t  can he seen  from eq u ation  13 th a t  to  c a lc u la te  the d ip o le  

moment d e r iv a t iv e  i t  i s  o n ly  n e c e ssa r y  to  compare the c a lc u la te d  

and exp er im en ta l i n t e n s i t i e s  a t  one freq u en cy . In p r a c t ic e  i t  i s  

more co n v e n ie n t to  compare i n t e n s i t i e s  a t  th e  P and R branch  

maxima r a th e r  than  a t  s p e c i f i c  f r e q u e n c ie s .

For 1 ,3 ,5  T r if lu o r o  B enzene,

the r o t a t io n a l  c o n s ta n ts  2  are g iven  by the ex p ress io n s

B as h and C = h
-  ----- Ô—  ”   2

8 V '̂ cB 8 IT cC

where B and C a re  th e  moments o f  in e r t i a ,  the v a lu e s  o f  which  

are g iv e n  in  Appendix V. T herefore

B = 5.88616.10-^cm *^

C = 2.94308.10*"^cm“ ^
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The N o rm a liza tio n  f a c to r  C a t  T = 300 K i s

C * 4•74375*10^^ mole” ^ e rg ” ^ cm” ^

The v a lu e s  f o r  th e  c o n s ta n ts  h ,c ,k  and N a re  tak en  from 

Kaye and Lahy ( l ) .

The c a lc u la te d  v a lu e s  o f h '( v )  f o r  dv = 0 .1  cm"^ and 

T B 300°K f o r  th e  P and R branch  maxima o f th e  th re e  ag ' ' bands 

o f 1 ,3 ,5  t r i f l u o r o  Benzene a re  g iv en  in  T able 6 .11  and th e  

e x p e rim en ta l v a lu e s  o f  a (v )  ( c a lc u la te d  from the curves in  

F ig u re s  6 .8 ,  6 .1 1  and 6 . I 4 ) a re  g iven  in  Table 6 .1 2 . The 

o bserved  and c a lc u la te d  v a lu e s  of c>ji/c»Q a re  shown in  Table 6.13

The P in o le  Moment D e r iv a tiv e s  o f  1 ,5 ,5  t r i f l u o r o  Benzene
(A„ sp e c ie s )

BAND

(cm 'l) (amu”^DA (amu ^DA

-(^p/^Q)oBS

(amu"*DA-l)

846.7 1 .19 1 .14 1.29

664 .1 0 .62 0 .67 0 .70

205.6 0.16 - 0.15

Table 6 .13

The agreem ent betw een observed  and c a lc u la te d  v a lu e s  w hile  

n o t p e r f e c t  i s  re a so n a b le  and s im i la r  to  th e  agreem ent o b ta in ed  by 

W heatley ( 50 ) f o r  th e  p a r a l l e l  bands o f  Benzene, Benzene d^ and 

H exafluoro  Benzene.
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b '  (v )  v a lu e s  f o r  1 .3 .5  t r i f l u o r o  Benzene (A% S p e c ie s )

BAfJD R BRANCH P BRANCH

V b ' ( ï ) v b» (v)

847.6 855.3 1.6700x10^ 840.1 1.5821x10^

664.1 671.3 1.3123x10^ 656.6 1.2371x10^

205.6 213.3 4.1647x10® 198.1 3.7307x10®

Table 6.11

II
a  ( v ) g ^ ^  va lues fo r  1 ,3 ,5  t r i f lu o r o  Benzene (A2 Species

BAND R BRANCH P BRANCH

T a  (v) V a (v)

847.6 854.6 2.2737x10® 839.8 1.9460x10^

664.1 671.2 6.1271x10'^ 656.2 6.6665x10^

205.6 214.0 4.3190x10^ - -

T a b le  6 .1 2
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CHAPTER SEVEN The R e h y h r id iz a tio n  Moments

SECTION 7 .1  Benzene and H exafluoro Benzene

Benzene and H exafluoro  Benzene a re  b o th  members of th e  

symmetry p o in t  group and each m olecu le  has th re e  in  p la n e  i n f r a  

re d  a c t iv e  fundam en tals  o f  th e  E^^ symmetry sp e c ie s  and one 

o u t-o f -p la n e  i n f r a  re d  a c t iv e  fundam ental o f th e  symmetry 

sp ec ie s*  The a b s o lu te  i n f r a  re d  i n t e n s i t i e s  o f  the fundam ental 

v ib r a t io n s  o f Benzene have been m easured by Spedding and 

W hiff en ( l5 3 )  and a ls o  by Overend and Y oungquist (154) and by 

W heatley ( 50 ) ,  who con firm ed  th e  e a r l i e r  r e s u l t s  o f Spedding 

and W hiff en* U sing th e  norm al c o o rd in a te s  c a lc u la te d  by W hiff en 

f o r  Benzene ( l 2 ) ,  Spedding and W hiff en ( l5 3 )  c a lc u la te d  fo u r  

a l t e r n a t i v e  s e t s  ofc)^/^S v a lu e s  f o r  th e  fundam entals and 

u sed  them to  c a lc u la te  i n t e n s i t y  v a lu e s  f o r  m oncdsutero Benzene 

and p a ra d id e u te ro  Benzene# By com paring th e se  v a lu es  w ith  th e  

o b serv ed  v a lu e s ,  which th e y  a ls o  m easured, Spedding and W hiff en 

were a b le  to  deduce w hich was th e  c o r r e c t  s e t  o f  s o lu tio n s  f o r  

Benzene* They a l s o  c a lc u la te d  i n t e n s i t y  v a lu e s  f o r  E exadeutero  

B enzene, w hich were l a t e r  m easured by Bows and P r a t t  (155) *bo 

showed t h a t  th e  p r e d ic t io n s  o f  Spedding and W hiffen w ere c o rre c t*  

The d ip o le  moment d e r iv a t iv e s  o f th e  i n f r a  r e d  a c t iv e  fundam entals  

o f Benzene and E exadeu tero  B enzene, to g e th e r  w ith  th e  s ig n  ch o ice
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o f Spedding and W hiffen ( l5 3 )  a re  g iv en  in  Table 7 ,1 ,  The 

changes in  th e  d ip o le  moments w ith  r e s p e c t  to  th e  changes in  

th e  i n t e r n a l  c o o rd in a te s  (c)y/2)E) a re  g iven  in  Table 7*2, These 

v a lu e s  a re  tak en  from S te e le  and W heatley ( 156) and w ere 

c a lc u la te d  from  th e  d ip o le  moment d e r iv a t iv e s  u s in g  the  e l  gen 

v e c to r s  o f W hiffen ( l 2 ) ,  as re v is e d  by A lb rech t ( l5 7 ) ,  end th e  

r e l a t i o n s h ip s  between c)ji/c>S and c)y/c>E g iv en  by Spedding and 

W hiffen ( l5 3 ) ,  (see  a ls o  eq u a tio n s  28 and 30 , S e c tio n  5 , 6 ) ,  

S te e le  and W heatley ( 156) a ls o  c a lc u la te d  th e  3 ^ /^ E  v a lu e s  

u s in g  th e  fo r c e  f i e l d s  f o r  Benzene o f B u inker and M i l s  (3,15®) 

and S c h e re r  ( l5 9 )  to  o b ta in  th e  e ig en  v e c to r s  and th e y  found 

th a t  th e  d i f f é r e n c ie s  betw een th e  v a lu e s  f o r  th e  d i f f e r e n t  fo rc e  

f i e l d s  i s  s m a l l ,  e s p e c ia l l y  f o r  , ^ ji/^ y  does n o t depend

on th e  f o r c e  f i e l d  s in c e  th e  e ig e n  v e c to r  f o r  a  1 by 1 m a tr ix  

i s  d e te rm in ed  d i r e c t l y  from  th e  G m a tr ix .

U sing th e  bond moment h y p o th e s is  to  i n t e r p r e t  th e  

and ^y/<^y v a lu e s  i n  t e r n s  o f  th e  C — H bond moment g iv e s  th e  

c o n f l i c t i n g  v a lu e s  o f  -  0 #32D ( in  p lan e  bond moment) w d  — 0*623 

(o u t—o f - p la n e  bond mom ent), % e i n a b i l i t y  o f  th e  bond, m ^ w t  

h y p o th e s is  to  e x p la in  r e s u l t s  such a s  t h i s  i s  one o f  th e  re a so n s  

f o r  i t s  r e j e c t i o n ,  S te e le  and I h e a t le y  (l5&) explained the 

difference between th e  s n d ^ y ^ y  v a lu e s  a s  being due to
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The D ip o le  Moment D e r iv a t iv e s  o f  B en zen e . E exad eu tero  B enzene
and H ex a flu o ro  B enzene

MOLECULE SMÎETRY SPECIES BAUD SIGN CHOICE

^ lu

3080

I486

1038

0.843

0.393

0.323

+ -

+ o r -  

+ -

^2u 673 1.445 + o r  -

%

2283

1333

814

0.648

0.186

0.309

+ —

♦ o r — 

+ —

^2u 496 1.086 + o r -

%

1530

1020

315

2.543

2.197

0.172

+

+ o r -  

♦ —

^2u 215 0.247 ♦ o r -

.  !

Table 7 .1
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^li/^R  values fo r  Benzene, Heyadeutero Benzene 
and H exafluoro Benzene

MOLECULE cl|l/àS

(D .rad” ^)

àfl/âdp
(D.A-1)

èjl/àdR

(D .A 'l)

^ |l/ày

(D .rad“^)

C6H6 ±0.316 Ï0.465 to.GDI t o .617

G6D6 ±0.313 t o .437 *0.028 t o .631
±0.650 +5.393 +0.328 t0.351

p -  C-H or C-F bond in  p lane  bend 

d r -  C-H o r  C-F bond s t r e tc h  

dR -  G-G bond s t r e tc h  

y -  C-H o r G-F bond o u t-o f-p la n e  bend

Table 7 .2
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TT - e l e c t r o n  r e h y b r id iz a t io n  which i s  assumed to  be r e s t r i c t e d  to  

th e  o r b i t a l s  o f  th e  carbon  atom to  which the  moving s u b s t i tu e n t  

i s  a t ta c h e d .  In  an o u t-o f -p la n e  ang le  bend as th e  s u b s t i tu e n t

moves ou t o f  th e  m o le c u la r  p la n e , r e h y b r id iz a t io n  a t  th e  carbon
5 2atom in tro d u c e s  some sp c h a r a c te r  in to  th e  sp c  -  bonding

o r b i t a l s  of the  p la n a r  m o lecu le . I f  t h i s  r e h y b r id iz a t io n  were

com plete th en  th e  fo u r th  ’bond ' in  th e  sp^ c o n f ig u ra t io n  would

be a lo n e  p a i r  o f e le c t r o n s  and a lth o u g h  com plete r e h y b r id iz a t io n

does n o t o ccu r th e re  i s  some e le c t ro n  flo w  producing an in c re a se

o f  e le c t r o n  d e n s i ty  on th e  o p p o s ite  s id e  o f  the  r in g  to  th e

s u b s t i t u e n t .  The d ip o le  moment o r r e h y b r id iz a t io n  moment

in tro d u c e d  as  a  r e s u l t  a c t s  in  a  d i r e c t io n  p e rp e n d ic u la r  to  th e

p lan e  o f  th e  r in g  and o p p o s ite  to  th e  d i r e c t io n  o f e le c t r o n  flow .

I f  when a  s u b s t i t u e n t  i s  d is p la c e d  from th e  p la n e  o f  th e  

r in g ,  th e  t o t a l  d ip o le  moment due to  th e  d isp la c e d  bond i s  ji ( in  

th e  z d i r e c t i o n ,  i . e .  p e rp e n d ic u la r  to  th e  p lan e  o f  th e  r i n g ) ,  th e  

r e h y b r id iz a t io n  moment i s  and y.’ i s  th e  component o f  th e  bond 

moment in  th e  z d i r e c t io n  (see  F ig u re  7» l)»  then

F = PRM + P'
From S e c tio n  5*^

- Fcx
d e f in in g  X as th e  p o s i t iv e  end o f  th e  C -  X d ip o le .
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mz
A

C

E lec tro n  Flow

F igure  7 .1  I l l u s t r a t i o n  o f  th e  E lec tro n  Flow i/hen a  S u b s titu e n t 
moves ou t o f  th e  Plane

+1

-1  -  2t/R

F igure  7 .2  D isplacem ents o f  th e  Atoms in  an O nt-cf-F lane
Angle Bend
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T h erefore Du = Du_,.

w  *

S in ce  dy = y  -  and y^ (th e  eq u ilib r iu m  v a lu e )  i s  z e r o ,  

i t  f o l lo w s  th a t  dy = y  and th e r e fo r e  eq u a tio n  2 becomes

+
ày à y ^CX

I f  i t  i s  assumed th a t  Ifydrogen i s  a t  th e  p o s i t iv e  end o f  

th e  G -  H d ip o le  ( fo r  w hich th ere  i s  c o n s id era b le  ev id en ce  ( l 6 0 , l 6 l ) )  

and th a t  th e  v a lu e  o f  t h i s  d ip o le  i s  + 0 . 5 2  D ( i . e .  th e  in  p lane  

v a lu e  , s in c e  a r e o r ie n ta t io n  o f th e  C - H  bond cannot

cau se r e h y b r id iz a t io n  o f  the p^ o r b it a l s )  th en

= + 0 .3  D.rad"^

i f  th e  v a lu e  o f  c)yi^/^y i s  taken as + 0 .62  D.rad  

T h erefo re , fo r  B enzene, th e  d if f e r e n c e  betw een the Dyi/ô^ and 

à y /^ y  v a lu e s  can be e x p la in e d  by a r e h y b r id iz a t io n  moment o f  

+ 0 .5 3 ).rad

S t e e le  and W heatley ( 156) a ls o  s tu d ie d  the d ip o le  moment 

d e r iv a t iv e s  o f  the in f r a  red  a c t iv e  fundam entals o f  H exafluoro  

Benzene s in c e  i t  i s  to  be ex p ected  th a t the r e h y b r id iz a t io n  moment 

i s  ind ep en d en t o f  s u b s t itu e n t  in  m o lec u les  which are d e r iv a t iv e s  

o f  B enzene. The a b so lu te  i n t e n s i t i e s  o f  the fundam entals o f  

H exaflu oro  Benzene have been measured by S te e le  and W hiffen (162) 

(1551 and 1020-1002 cm“  ̂ b a n d s). Person e t . a l . ( 4 S )  (1 0 2 0 -1 0 0 2 , 515
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and 215 cm” ^ bands) and Fujiyam a and Crawford ( 51) (315 cm“ ^ b an d s) . 

S te e le  and W heatley ( 156) a lso  m easured th e  i n t e n s i t i e s  o f the 

315 and 215 cm ^ bands and used t h e i r  v a lu e s  to g e th e r  w ith  th o se  

o f  S te e le  and W hiffen (162 ) to  c a lc u la te  th e  d ip o le  moment 

d e r iv a t iv e s  o f H exafluoro  Benzene, th e  v a lu e s  a re  g iv en  in  

Table 7*1. U sing th e  e ig en  v e c to r s  o f  S te e le  and W hiffen (47) 

f o r  H exafluoro  Benzene and th e  r e l a t io n s h ip s  between Dy/3S and 

Dy/DR o f  Spedding and W hiffen (l55)>  S te e le  and W heatley 

c a lc u la te d  fo u r  s e t s  o f D y/àR  v a lu e s  from  th e  d a ta  f o r  th e  

symmetry s p e c ie s  and th e  s e t  th e y  accep ted  as  being c o r r e c t  i s  

g iven  in  T able  7*2, to g e th e r  w ith  th e  v a lu e  o f Dy/^y c a lc u la te d  

from th e  fu n d am en ta l. The s ig n  ch o ice  o f c)y/c)Q v a lu e s  

g iv in g  r i s e  to  th e se  Dy/àR v a lu e s  i s  g iven  in  Table 7*1*

Using th e  bond moment h y p o th e s is  to  in t e r p r e t  th e  

and Dy/c)y v a lu e s  in  te rm s o f  the C - F  bond moment ag a in  g iv e s  

c o n f l i c t i n g  r e s u l t s  o f -  O.65  B ( in  p lan e  bond moment) and -  0,35 B 

( o u t- o f -p la n e  bond moment). I f  i t  i s  assumed th a t  F lu o r in e  i s  

a t  th e  n e g a tiv e  end o f  th e  C - F  d ip o le  and th a t  th e  v a lu e  o f  

t h i s  d ip o le  i s  -  O.65  B ( i . e .  th e  in  p lan e  v a lu e ) th e n ,

= + 0 .3  B .ra d ” ^

i f  th e  v a lu e  o f  D y/^y i s  taken  as -  0 .35  B .ra d "^ . T herefo re  

f o r  b o th  Benzene and H exafluoro  Benzene th e  d if fe re n c e  between th e  

Dy/ôj2 and Dy/ày v a lu e s  can be ex p la in ed  by a r e h y b r id iz a t io n
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moment o f  + 0 .3  B .r a d * ^ .

A p p lic a t io n  o f  th e  th e o ry  o f Grihov to  th e  a^^ fundam entals  

o f Benzene and H exafluoro  Benzene a lso  g iv e s  eq u a tio n  3 b u t shows 

th a t  th e  d e r iv a t io n  o f  eq u a tio n  3 r e p re s e n ts  a c o n s id e ra b le  

o v e r s im p l i f ic a t io n  o f  th e  problem  (see  A ppendix). This i s  

because  i t  was d e riv e d  f o r  a  d isp lacem en t o f ju s t  the  s u b s t i tu e n t  X, 

w hereas an o u t-o f -p la n e  a n g le  bend in v o lv e s  the  d isp lacem ent o f  

Carbon atom s as w e l l .  For in s ta n c e ,  th e  o u t-o f -p la n e  ang le  bend 

rdy^ (se e  F ig u re  7 .2  and S e c tio n  l . l l )  in v o lv e s  d isp lacem en t of 

Carbon atom s 1 ,2  and 6 so r e h y b r id iz a t io n  w i l l  occur a t  th e se  

Carbon atoms and a ls o  a t  3 &nd 5 s in ce  th e re  i s  a r e o r ie n ta t io n  

o f  bonds Cg -  C  ̂ and C  ̂ -  C^. T h erefo re  r e f e r s  to  th e

t o t a l  r e h y b r id iz a t io n  o c c u r r in g  in  th e  m o lecu le .

I f  i t  i s  assumed th a t  r e h y b r id iz a t io n  a t  a g iv en  Carbon 

atom i s  p r o p o r tio n a l to  i t s  d isp lacem en t from th e p lan e  o f  th e  

r in g ,  then

= ■ ^ ( - 1 - 2 * 4 )  -  2 a / 4

= a » 0 .3  B.rad"^  

where a i s  a c o n s ta n t ,  i t  i s  th e change in  d ip o le  moment 

fo r  a u n it  d isp lacem en t o f  a Carbon atom ou t o f  the p lane o f  the 

Benzene r i n g .  I f ,  by d e f in i t i o n ,  a i s  p o s i t iv e  th en  th e minus 

s ig n  a r i s e s  s in c e  th e d ir e c t io n  o f  e le c tr o n  f lo w , w hich i s  th e  

same as th e d ir e c t io n  o f  m otion o f  th e  Carbon atom, i s  in  th e
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o p p o s ite  d i r e c t io n  to  th e  d ip o le  moment.

In  a p p ly in g  th e  th e o ry  o f G rihov, th e  o u t-o f -p la n e  ang le

bend i s ,  by d e f in i t i o n ,  p o s i t iv e  in  th e  sen se  shown in  F ig u re  7 .2  
re h y b rid iz a tio n

so th e  s ig n  o f  th e  d ip a lg  moment i s  c o r r e c t ly  p re d ic te d  as  b e in g  

p o s i t iv e .

However e q u a tio n  4 s t i l l  r e p re s e n ts  an over s im p l i f ic a t io n  

o f  th e  problem  ( f o r  in s ta n c e  i t  does n o t take in to  account 

r e h y b r id iz a t io n  a t  Carbon atoms 3 and 5) but i t  does show to  

some e x te n t  how can be ex p la in ed  in  term s o f  changes in

d ip o le  moment a t  in d iv id u a l  atom s. A f u r th e r  p o in t a r i s in g  

from F ig u re  7*2 i s  t h a t  s in c e  Carbon atoms 2 and 6 move th e re  i s  

a  c o n tr ib u t io n  to  ôy/c>y^ from th e  bond moments of bonds Cg -  

and C  ̂ -  Xg. This i s  im p o rtan t when th e  s u b s t i tu e n ts  a re  no t 

a l l  th e  sam e.

Ja lso v sz k y  and O rville-T hom as (1 7 0 ) , u s in g  th e  CNBC method 

(com plete  n e g le c t  o f d i f f e r e n t i a l  o v e r la p ) ,  have c a lc u la te d  a 

v a lu e  o f + 0 .35  B f o r  th e  r e h y b r id iz a t io n  moment in  Benzene.

This v a lu e  i s  in  good agreem ent w ith  th a t  o b ta in ed  by S te e le  and 

W hiffen ( 156) .

Bruns and Person  ( I 71 ) ,  a ls o  u s in g  th e  CNBC method, have 

c a lc u la te d  th e  Dy/DS v a lu e s  f o r  th e  e^^ and th e  ag^ fundam entals  

o f Benzene and H exafluoro  Benzene. By com paring th e  ex p erim en ta l 

and c a lc u la te d  Dy/Ds v a lu e s  th ey  made th e  fo llo w in g  s ig n  c h o ice s
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o f  Dy/è Q v a lu e s :  f o r  th e  e^^ fundam entals  o f Benzene, + ■» • + ;

f o r  th e  a^^ fundam en ta ls  o f Benzene, + ; f o r  th e  fundam entals  

o f H exafluoro  Benzene, -  -  -  ; and f o r  th e  fundam entals  o f  

H exafluoro  Benzene, -  • Not on ly  a re  th e se  s ig n  c h o ice s  in  

agreem ent w ith  th o se  g iv en  in  Table 7 .1 ,  they  a lso  confirm  th e

f i n a l  ch o ice  between th e  e q u iv a le n t s e t s  of + and -  s o lu t io n s .

However Bruns and Person  ( l 7 l )  do n o t su pport th e  id e a  o f  

a r e h y b r id iz a t io n  moment o f 0 .3  D .rad”*^. They conclude th a t  

any r e h y b r id iz a t io n  moment a c t in g  a t  the  r in g  Carbon atoms d u rin g  

an o u t-o f -p la n e  a n g le  bend i s  much s m a lle r  than  t h i s .  They 

c a lc u la te d  th e  fo llo w in g  v a lu e s :  + 0 .3 4  f o r  Dy/Dy in  Benzene

(compared w ith  + 0 .6 l  o b se rv ed ); + 0 .3 0  f o r  Dy/Dj3 in  Benzene

(com pared w ith  + O .3O o b serv ed ; -  1 .29  f o r  Dy/Dy in  H exafluoro 

Benzene (com pared w ith  -  O.36  o b se rv ed ); and -  1.38 fo r  Dy/c)/3 in  

H exafluoro  Benzene (com pared w ith  -  0 .66  o b se rv ed ). Only f o r  

Dy/ôj2 in  Benzene a re  th e  c a lc u la te d  and observed  v a lu e s  in  c lo se  

agreem ent b u t f o r  b o th  Benzene and H exafluoro  Benzene th e  c a lc u la te d  

v a lu e s  o f Dy/ôj3 a re  a lm o st th e  same as  th e  c a lc u la te d  v a lu e s  of 

Dy/c)y, which i s  a t  v a r ia n c e  w ith  the  ex p erim en ta l ev id en ce . T h e re fo re , 

i t  would ap p ea r th a t  u n t i l  th e  d isc rep a n c y  between th e  observed  

v a lu e s  and th o s e  c a lc u la te d  u s in g  th e  CNDO method i s  removed no 

firm  c o n c lu s io n s  can  be drawn from th e  c a lc u la t io n s .

The in t r o d u c t io n  o f  a  r e h y b r id iz a t io n  moment h as  no t been
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th e  o n ly  e x p la n a tio n  o f f e re d  f o r  th e  c o n f l i c t in g  ^y/D/2 and 

c)y /^y  v a lu e s  in  Benzene. Kovner and S n eg irev  ( I 63) r e je c te d  as 

p h y s ic a l ly  m ean in g less  th e  id e a  o f two d i f f e r e n t  bond moment 

v a lu e s  and by in tro d u c in g  c ro s s  term s (such  as 

c a lc u la te d  a  v a lu e  o f  0,65  D .fo r the C - H  bond moment. This 

v a lu e  must ag ree  w ith  th e  ^ y /^ y  value  o f Spedding and W hiffen 

(153 , 156) s in c e  no e x t r a  te rm s were in tro d u c e d  in to  th e  e q u a tio n  

f o r  th e  symmetry s p e c ie s .  T h e re fo re  e x ten s io n  o f  the  method 

of Kovner and S n eg irev  ( I 63 ) to  H exafluoro  Benzene would 

p resum ably  r e s u l t  in  a v a lu e  o f 0.35 B f o r  th e  C - F  bond moment. 

However t h i s  v a lu e  i s  much low er than  o th e r  contem porary e s tim a te s  

( 132 , 164) ,  a l b e i t  m easured in  a l ip h a t i c  m o lecu les , and th e re fo re  

th e  e x p la n a tio n  o f Kovner and S neg irev  ( I 6 3 ) i s  no t a c c e p ta b le .

Also th e re  i s  th e  p o s s i b i l i t y  o f e x p la in in g  th e  anomalous 

r e s u l t s  a s  b e in g  due to  v ib ro n ic  e f f e c t s .  Jones and Simpson ( 165) 

s t a t e  t h a t .

I t  can  be assumed t h a t  an im p o rtan t c o n tr ib u tio n  to  th e  
d e r iv a t iv e  of th e  e l e c t r i c  d ip o le  w ith  re s p e c t  to  th e  
a p p ro p r ia te  v ib r a t io n a l  c o o rd in a te  i s  a r e d i s t r i b u t i o n  
o f th e  d e lo c a l iz e d  e le c t r o n s  as th e  m olecule i s  d i s to r t e d  
by v ib r a t io n .

This id e a  o f  changes which o ccu r in  th e  m olecule aqi a  whole 

and n o t j u s t  in  th e  v ib r a t in g  c o o rd in a te  i s  th e  g e n e ra l ly  accep ted  

m eaning o f  a  v ib ro n ic  c o n tr ib u t io n  to  d ip o le  moment ch an g es .
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Brown ( l6 6 )  has d iv id e d  th e  in t e n s i ty  e x p re ss io n  in to  two 

components so t h a t  /

P i  = (“ f i  + V "
3o^w.

where i s  the  "framework" c o n tr ib u t io n  and i s  th e  

T T -e le c tro n ic -v ib ro n ic  c o n tr ib u t io n  to  th e  d ip o le  moment

d e r iv a t iv e  and he showed t h a t ,  due to  symmetry r e s t r i c t i o n s ,  th e re
o f  Benzene

can be no n v ib ro n ic  c o n tr ib u t io n  to  th e  a^^ mode%. This su g g es ts  

t h a t  th e r e  can be no c o n tr ib u t io n  to  b y /à y  from  a r e h y b r id iz a t io n  

moment i f  t h i s  i s  a  v ib ro n ic  te rm . However Brown ( l6 6 )  in c lu d ed  

i n  term s which r e s u l t  from th e  fo llo w in g  o f th e  n u c le a r  

m otion by th e  e le c t ro n  d i s t r i b u t i o n  and t h i s  i s  made up of 

c o n tr ib u t io n s  from b o th  c  and i t  bonds. I f  i t  i s  a cc e p ted  th a t  

th e  r e h y b r id iz a t io n  moment a r i s e s  from th e se  term s due to  e le c t ro n  

fo llo w in g  th e n  th e re  can be a c o n tr ib u t io n  to  ^y/Dy from 

r e h y b r id iz a t io n .  V ib ro n ic  c o n tr ib u tio n s  to  th e  e^^ modes a re  

a llo w ab le  so th e re  i s  th e  p o s s i b i l i t y  t h a t  such a  c o n tr ib u t io n  

i s  in c o rp o ra te d  in  th e  Dy/Dp v a lu e , This would a f f e c t  th e  

assum ption  t h a t  Dyy^jS a r i s e s  s o le ly  th rough  r e o r i e n ta t io n  o f  

th e  C - H  d ip o le  bu t Brown (l6 6 )  co n sid e re d  th a t  th e  v ib ro n ic  

c o n t r ib u t io n  to  t h i s  mode would be s m a ll ,

W heatley and L in n e t ( I 67) have p o s tu la te d  t h a t  th e  p o r b i t a l s  

fo rm ing  th e  TT bonds in  E th y len e  rem ain  p e rp e n d ic u la r  t o ,  o r  " fo llo w " , 

the  CHg p lan e  d u rin g  an o u t-o f -p la n e  v ib r a t i o n ,  Eggers ( l6 S ) h as
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c a lc u la te d  th e  c o n tr ib u t io n  to  the  d ip o le  moment change from th i s  

TT fo llo w in g  bo th  f o r  E th y len e  and a ls o  f o r  th e  a^^ v ib r a t io n  of 

Benzene (fo llo w in g  th e  C - H  bond). He o b ta in ed  a va lue  o f 0 ,63  B 

f o r  each C - H  bond f o r  Benzene, a  v a lu e  a lm ost th e  same as th e  

t o t a l  d ip o le  moment change, Coulson and Stephen ( I 69) have 

p o in te d  o u t t h a t  E g g e r 's  tre a tm e n t ( l 6S) i s  not com plete and a lso  

c a lc u la te d  quantum m ech an ica lly  th e  changes in  the  d ip o le  moment 

w ith  r e s p e c t  to  th e  changes in  in te r n a l  c o o rd in a te s  of E th y len e , 

A cety len e  and th e  a^^ v ib r a t io n s  o f  Benzene, They in tro d u ce d  a 

number o f  v a r ia b le  p a ra m e te rs , to  allow  f o r  incom plete fo llo w in g  

of th e  atoms fo rm ing  a bond by th e  e le c t ro n s  ( e i th e r  o" or jr ) 

and e le c t r o n e g a t iv i ty  e f f e c t s ,  and c a lc u la te d  a  wide range  of 

v a lu e s  f o r  D y/ày  in  Benzene. I f  th e  v a lu e  o f + 0.62 B .rad  ^ (th e  

im p o rtan t p o in t be ing  th a t  i t  i s  p o s i t iv e )  i s  accep ted  as b e in g  

c o r r e c t ,  i t  in d ic a te s  some degree o f fo llo w in g  o f th e  C - H  bond 

by th e  Carbon p^ o r b i t a l s .

The co n c lu s io n  i s  t h a t  th e  id e a  o f  a r e h y b r id iz a t io n  moment 

i s  an a t t r a c t i v e  one from  th e  p o in t o f  view  o f s im p l ic i ty  bu t to  

t r y  to  d e te rm in e  th e  e x a c t form  o f th e  changes in  th e  o r b i t a l s  o f 

th e  Carbon atom s, which g iv e  r i s e  to  t h i s  moment, would re q u ire  

some in s ig h t  in to  th e  quantum m echanics o f  th e  problem .

Having d e term ined  th a t  a  r e h y b r id iz a t io n  moment o f  + 0 ,3  B .rad  

i s  a c t in g  in  bo th  th e  C ,-  H o u t-o f -p la n e  bending  v ib r a t io n  of

-1



361

Benzene and th e  C - F  o u t-o f -p la n e  bending  v ib r a t io n  o f  H exafluoro 

B enzene, th e  n e x t s te p  i s  to  in v e s t ig a te  w hether th e  d ip o le  

moment d e r iv a t iv e s  f o r  th e  o u t-o f -p la n e  v ib ra t io n s  of m olecu les 

c o n ta in in g  b o th  C - H  and C - F  bonds can be in te r p r e te d  u s in g  

the  id e a  o f a  r e h y b r id iz a t io n  moment. I t  i s  in  t h i s  ex ten s io n  

to  such m o lecu le  t h a t  the  th e o ry  o f Gribov i s  used . The two 

m o lecu les  s tu d ie d  were 1 ,4  d if lu o ro  Benzene and 1 ,3 ,5  t r i f l u o r o  

B enzene. They were chosen  s in c e  bo th  have on ly  th re e  i n f r a  re d  

a c t iv e  o u t-o f -p la n e  v ib r a t io n s  and b o th  a re  v o l a t i l e ,  which 

meant t h a t  th e  a b so lu te  i n t e n s i t i e s  co u ld  be m easured in  th e  gas 

p h ase .
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SECTION 7«2 1 ,4  d i f l u o r o  B enzene

The a b so lu te  i n f r a  re d  i n t e n s i t i e s  o f the  b , fundam entals3u
of 1 ,4  d i f lu o r o  Benzene have been m easured and th e  d ip o le  moment 

d e r iv a t iv e s  c a lc u la te d ,  (see  Table 6 . 4 ) .  The X m a trix  was 

c a lc u la te d  u s in g  th e  25 p a ram ete r fo rc e  f i e l d  fo r  tw enty P luoro  

Benzenes c a lc u la te d  in  P a r t  I ,  The L, m a trix  i s  g iven  in  Table 7 .3  

and th e  \  ^ m a tr ix  in  T ab le  7*4* The changes in  th e  d ip o le  

moments w ith  r e s p e c t  to  th e  symmetry c o o rd in a te s  (Dy/c>S) were 

c a lc u la te d  u s in g  e q u a tio n  28, S ec tio n  5 , 6 . S ince th e re  a re  th re e  

fu n d am en ta ls , th e re  a re  e ig h t  ( = 2^) s e t s  o f so lu tio n s  f o r  th e  

hji/hS v a lu e s  and th e y  a re  g iv en  in  Table 7*5* The changes in  

the  d ip o le  moments w ith  r e s p e c t  to  th e  changes in  th e  in t e r n a l  

c o o rd in a te s  (Dy/ôR) were c a lc u la te d  from th e  Dy/^S v a lu e s  u s in g  

e q u a tio n  31 , S e c tio n  3*6* The r e la t io n s h ip s  between th e  Dy/DS 

and the  Dy/DR v a lu e s  a r e  th o se  g iven  in  S e c tio n  5*8 between th e  X 

and c)y/DR v a lu e s ,  w ith  X  ̂ re p la c e d  by D y/^S ^, e tc .  ( r  i s  th e  C - H  

bond le n g th ,  r '  i s  th e  C - F  bond le n g th  and R i s  the  C -  C bond 

le n g th ) .  The Dy/feR v a lu e s  a re  a lso  g iven  in  Table 7*5*

E xam ination  o f T ab le  7*5 y ie ld s  l i t t l e  u s e fu l  in fo rm a tio n  

and the th e o ry  of G ribov i s  used  to  a s s i s t  in  th e  i n t e r p r e t a t i o n  

o f th e  o bserved  d ip o le  moment d e r iv a t iv e s  in  term s of bond moments 

and bond moment d e r iv a t iv e s .  The m a trix  Tĝ  ̂ was c a lc u la te d  u s in g  

th e  method o u t l in e d  in  S e c tio n  4*2* The e lem ents o f  th e  m a tr ix  T̂ ^̂
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F o r t h e  v i b r a t i o n s  o f  1 ,4  d i f l u o r o  B enzene:

Eigen Vector M atrix

SYMMETRY COORDINATE S i S2 S3

NORMAL COORDINATE

^1 +0.6240 +0.6978 +0.0607

^2 -1.1109 +0.3283 +0.1170

%3 +1.1751 -0 .8674 +0.4689

Table 7 .3

In v e rse  Eigen V ector M atrix

NORMAL COORDINATE %1 Q2 Q3

SYMtiETRI COORDINATE

Si +0.3898 -0.5829 +0.0930

S2 +1.0037 +0.3428 -0.2116

S3
+0.8706 +2.0510 +1.4767

T a b le  3 .4
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^tt/c)S and Du-ẑ R  fo r  1 .4  d if lu o ro  Benzene

§IGN CHOICE 
OF

bp/5)R_

+ + + ±1.3531 +0.0823 ±0.2919 ±1.2438 +0.0446 ±0.2036

+ t  + ±0.9834 +0.9533 +0.3352 ±0.9040 ±0.5167 +0.2338

f  + 1 ±0.3563 ±1.4085 ±0.0542 ±0.3275 ±0.7634 ±0.0378

i  7 t ±0.0134 +0.5376 ±0.5729 ±0.0124 +0.2914 ±0.3996

^1 *" ^CF

%2 -  yCH

^3 “  ^FH

Table 7 .5
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a re  shown in  F ig u re  7.3 . i s  c a lc u la te d  from u s in g

th e  r e l a t i o n s h ip

= “ ""^24

T h e re fo re  m a tr ix  X can he c a lc u la te d  and u s in g  th e  

r e l a t io n s h ip s  g iv en  in  S e c tio n  5*8 th e  fo llo w in g  equatio n s  a re  

o b ta in e d .

^ W ^ ^ C F  =  ^ p /^ ^ C F  -  P e n  -  P c F  5

^PeM^^CH “ ^p/^^CH “ ^^75 -  0*25 Pqj, 6

^PeM^^FH ^P/^^FH 0*217 (^02 -  PcF  ̂ ?

where th e  v a lu e s  of Dy/^y^^,, ^y /^ y ^g  and a re  the

v a lu e s  o f Dy/^R g iv en  in  Table 7*5*

A ccording to  th e  bond moment h y p o th es is  (see  S e c tio n  5*6) 

changes in  th e  d ip o le  moment w ith  r e s p e c t  to  changes in  a  bending 

c o o rd in a te  a re  due s o le ly  to  r e o r i e n ta t io n  o f th e  a p p ro p r ia te  

bond moments. This means t h a t  ^ f o r  a l l  in t e r n a l

c o o rd in a te s .  T h e re fo re  w ith  t h i s  c o n d itio n  and so lv in g  e q u a tio n s  

5 and 6 s im u lta n eo u s ly  th e  fo llo w in g  r e la t io n s h ip s  a re  o b ta in e d .

Fch = -  Sy/ayoF s

PcF = )4AycF - ^4/^ycE 9
And from e q u a tio n  7

I^CE "  PcF = - ü y / k / p E ' l /0 '2 1 7  10
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F + 0 .391

-1 .251
- 0.360

+0.790
H -0 .360

+0.790 +0.790

- 0.360 H -0.360
-1 .251

F -0 .452

+1.758
/ H  -0 .329 

-0 .325-0 .325

2

-0 .225
-0 .329

-0.325
H -0 .329

1.758

F -0 .452

-0 .0 7 2  H

—1 .004

F +2.445

- 0 .2 9 3

H -0 .072

—1 •004

- 1 .0 0 4

-0 .0 7 2  H
- 0.293

F +2.445

- 1.004

H -0 .072

F ig u re  7 .3  M a tr ix  E lem ents
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F o r t h e  v i b r a t i o n s  o f  1 ,4  d i f l u o r o  Benzene

^CH v a lu es , c a lc u la te d  using the  Bond Moment H ypothesisGF

SIGN CHOICE ^CH ^CF ^GH "  ^CF 
from ^ji/c)y

^CH “  ^e? 
from

+ + + +1.332 -3 .822 +5.154 +0.938

I t ; +1.938 I 3.744 +5.682 ±1.077

+ 1 1 - 1 .1 9 8  +0 .5 4 2 ±1 .7 4 0 ±0.174

i  + i +0.594 ±0.618 ±1.212 ±1 .8 4 2

Table 7 .6

Re h y b r id iz a tio n  Moments

SIGN CHOICE

+ + +
+  +  —
+ — +
-  +  +
— — +
_  + -

+1.419 -0 .107 +0.409
+1.079 -0.579 -0 .028
+0.187 -0 .354 +0.605
+0.502 +0.701 +0.244
- 0.729 +0.454 +0.440
+0.163 +0.229 - 0.194
-0 .153 —0.826 +0.168
-1 .0 6 9 -0.C18 +0.002

Table 7 .7
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The v a lu e s  of and and the  two s e ts  o f  v a lu e s  o f 

Fch "  F op c a lc u la te d  u s in g  th e se  r e l a t io n s h ip s  a re  shown in  

T able 7*6• The on ly  s e t  o f s o lu t io n s  which i s  a c c e p ta b le  in  

term s of th e  v a lu e  c a lc u la te d  f o r  u^g i s  the  -  + -  s ig n  c h o ice .

Also o n ly  f o r  th i s  s ig n  cho ice  a re  th e  two v a lu e s  in

re a so n a b le  agreem ent.

These v a lu e s  s t i l l  y i e ld  l i t t l e  u s e f u l  in fo rm a tio n  and 

a re  in c lu d e d  o n ly  to  show how th e  v a lu e s  in  Table 7*5

would be in te r p r e te d  u s in g  th e  bond moment h y p o th e s is . The 

r e h y b r id iz a t io n  moment has been ig n o red  w hereas th e  r e s u l t s  from 

Benzene and H exafluoro  Benzene show i t  must be in c lu d e d . T h ere fo re , 

s u b s t i t u t i n g  th e  v a lu e s  = + 0 .5  and = -  O.65  and the  

by/c)R v a lu e s  g iv en  in  T able 7*5 in  eq u a tio n s  5 ,6  and 7 g iv e s  

th e  e ig h t  s e t s  of v a lu e s  f o r  th e  r e h y b r id iz a t io n  moments shown 

in  Table 7*7*

The q u e s tio n  th a t  now a r i s e s  i s  which s e t  o f s o lu t io n s  i s  

th e  c o r r e c t  s e t .  Two c o n d i t io n s ,  which must be s a t i s f i e d  by th e  

c o r r e c t  s e t  o f  s o lu t io n s ,  a re  p roposed . They a re :

C o n d itio n  A, ~  + B .rad "^

C o n d itio n  B, °  ( ~  “ 0.074 B .rad  )

C o n d itio n  A, w hich i s  th e  more im p o rtan t o f th e  two, assumes 

th a t  th e  id e a  o f  th e  r e h y b r id iz a t io n  moment as ex p la in ed  in  S ec tio n  

7*1 can be ex tended  to  th e  o u t-o f -p la n e  v ib r a t io n s  of 1 ,4  d if lu o ro
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B enzene  (an d  1 ,5 ,5  t r i f l u o r o  B e n z e n e ) .

C o n d itio n  B i s  o b ta in e d  by a p p ly in g  to  a  s p e c ia l  to r s io n  the  

sim ple  q u a n t i t a t iv e  a n a ly s is  a p p lie d  to  an o u t-o f -p la n e  ang le  bend 

in  S e c tio n  7*1* The c a r t e s i a n  d isp lacem en ts  of the  atoms in v o lv ed  

in  th e  s p e c ia l  to r s io n  Rd^^g a re  g iven  in  F igu re  7*4* I f  i t  i s  

assumed th a t  r e h y b r id iz a t io n  a t  a g iven  Carbon atom i s  p ro p o r tio n a l 

to  i t s  d isp lacem en t from th e  p lane  of th e  r in g ,  then

5^ r* r

= -  0.074 D .rad"^

when th e  v a lu e  + 0 .5  B.rad*"^ i s  s u b s t i tu te d  f o r  a . (The 

bond le n g th s  a re  g iven  in  S e c tio n  2 .4 )*

E xam ination o f Table 7*7 shows th a t  th e  two s e t s  o f  s o lu t io n  

which m ost n e a r ly  s a t i s f y  C ondition  A a re  th o se  f o r  th e  -  + + and 

th e  -  + -  s ig n  c h o ic e s . Of th e se  two on ly  the  -  + -  s ig n  cho ice  

s a t i s f i e s  C o n d itio n  B a s  w e l l .  However th e se  s o lu tio n s  a re  r a th e r  

r e s t r i c t e d  in  th e  ch o ice  o f v a lu e s  f o r  ji^g and ( e s p e c ia l ly  

th e  yiçj, v a lu e  which i s  r a t h e r  low)* T h ere fo re  assum ing th a t

th e  fo llo w in g  r e la t io n s h ip s  a re  o b ta in e d  from e q u a tio n s  5

and  6

fcE  -  Pcp -  V
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. 2 / 3 2

♦2/3'^ -  2 /3 '^ E /ri 

-2 /3 ^  + 2 /3 ^ .P /r

2 /3^.P ./r

* Z / f
r \ H  -2 /3 '^ .P /r

F igure  7 .4  Displacem ents o f  the  Atoms in  a S p ec ia l Torsion

Fluoro Benzene 1 ,2  D ifluoro  Benzene 1 ,3  D ifluoro Benzene

i
+1.66 D

+2.59 D

F

+1.51 D

F

p. + p. *  1.66 
CH OF * ^GF^

X 2 cos30 = 2.59

>‘CH * "CF = 1-5°

'̂̂ CH * ^CF^
X 2 cos60 = 1.51

“cH "  “CF =

F igure  7 .5  D ipole Moments o f  Fluorobenzene, 1 ,2  d if lu o ro  Benzene 
and 1 ,3  d if lu o ro  Benzene
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- -^y/ r̂cp + 2 )p/)yc2 - PoH 14

The v a lu e  of c a lc u la te d  u s in g  eq u a tio n  12 i s

in d ep en d en t o f  th e  v a lu e  o f  and i s  th e  same as th a t

c a lc u la te d  from  the  ^ ji/ô y  v a lu e s  assum ing i s  ze ro  (see

Table 7*6)* I t  i s  th e r e f o r e  n e ce ssa ry  to  decide  what i s  a  

re a so n a b le  v a lu e  o f -  yi^p.

Due to  symmetry r e s t r i c t i o n s  b o th  1 ,4  d if lu o ro  Benzene 

and 1 ,3 ,5  t r i f l u o r o  Benzene have an o v e r a l l  d ip o le  moment of zero 

so th e y  p ro v id e  no in fo rm a tio n  about th e  -  p^p v a lu e . However 

th e  d ip o le  moments o f  P luoro  Benzene, 1 ,2  d if lu o ro  Benzene and

1 ,3  t r i f l u o r o  Benzene a re  known (6 0 ) . Assuming v e c to r i a l  a d d it io n  

o f  bond moments th e  d ip o le  moments o f th e  two d if lu o ro  Benzene 

m o lecu les  a re  c o n s is te n t  w ith  a  -  p^p value  o f 1 .50  D and th e  

d ip o le  moment o f  F lu o ro  Benzene w ith  a  -  p^p v a lu e  o f  1 .66  D 

(see  F ig u re  7*5)* ( i t  must be remembered th a t  by d e f in i t io n  

C -) X i s  th e  p o s i t iv e  d i r e c t io n  f o r  a  CX d ip o le  so th a t  -  p^p has 

a  p o s i t iv e  v a lu e ) .

T h e re fo re  a  t h i r d  c o n d itio n  i s  p ro p o sed . I t  i s  

C o n d itio n  0, p^g -  p^p ^  + 1*5 D

The two s o lu t io n s  which a re  c o n s is te n t  w ith  t h i s  c o n d itio n  

a re  a g a in  th o se  f o r  th e  «- + + s ig n  ch o ice  (+ 1.740 D) and th e  

-  + -  s ig n  ch o ice  (+ 1 .212 D ).
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T h ere fo re  s u b s t i t u t in g  th ese  v a lu e s  f o r  p^g -  p^p in  

e q u a tio n  7 and the  a p p ro p r ia te  v a lu e s  fo r  and c)p

in  e q u a tio n s  13 and 14 g iv e s  th e  fo llo w in g  r e la t io n s h ip s .

-  + -  s ig n  c h o ice  -  + + s ig n  ch o ice

PCS -  PCF -  + 1-212 “  PcS -  Pcp -  + 1-740 B

= 0 .594  -  Hch = 1-199 -  Pen

-  -  0 .618 -  pgy = -  0.545 -  Pqj.

“ “  0 .137 B .ra d “ l  = + O.416  D .rad“ l

For ^Pj(ji/^y » + 0 .3  D .r a d 'l

P eg  -  0.294  D Peg -  + 0.899  B

Pqp = -  O.9I 8 D Pgp = -  0*945 D

For th e  -  + + s ig n  ch o ice  th e  v a lu e  o f  ciot

in  agreem ent w ith  c o n d it io n  B and th e  v a lu e  o f th e  C - H  bond 

moment i s  h ig h e r  th a n  th e  u su a l e s tim a te s  ( 132 , 133)> so t h i s  

s o lu t io n  i s  r e j e c t e d .

For th e  -  + -  s ig n  ch o ice  th e  v a lu e  o f ^p^tM^^FH 

c o n s i s te n t  w ith  c o n d itio n  B and t h i s  s o lu t io n  i s  th e re fo re  accep ted  

as b e in g  th e  c o r r e c t  one . I t  i s  d isc u sse d  f u r th e r ,  w ith  p a r t i c u la r  

r e f e r e n c e  to  th e  v a lu e s  o f  p^g and p^p , in  S ec tio n  7*4*
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SECTION 7 .5  1 ,3 ,5  t r i f l u o r o  B enzene

The a b so lu te  i n f r a  re d  i n t e n s i t i e s  of th e  a ^ ' fundam entals 

o f 1 ,3 ,5  t r i f l u o r o  Benzene have been m easured and th e  d ip o le  

moment d e r iv a t iv e s  c a lc u la te d  (see  Table 6 .1 0 ) .  The a n a ly s is  

o f  th e se  r e s u l t s  i s  c a r r i e d  out in  much the  same way as th a t  f o r  

th e  1 ,4  d i f lu o r o  Benzene r e s u l t s  (see  S e c tio n  7*2).

The X m a tr ix , c a lc u la te d  u s in g  th e  23 param eter fo rc e  

f i e l d  f o r  s e t  2 (see  C hapter T h ree ), i s  g iven  in  Table 7*8 and 

th e  m a tr ix  in  T able 7*9* The e ig h t  s e t s  o f v a lu e s  c a lc u la te d  

f o r  and àp /èR  are  g iven  in  T able 7*10* They a re  c a lc u la te d

u s in g  th e  r e l a t io n s h ip s  g iv en  in  S e c tio n  5*8*

The e lem en ts o f  th e  m a tr ix  T̂ ^̂  a re  shown in  F ig u re  7*6#

T h ere fo re  m a tr ix  T̂ ^̂  and th e n  m a trix  X can be c a lc u la te d  and th e  

fo llo w in g  r e l a t io n s h ip s  a re  o b ta in e d .

" ^P/^CF -  Peg -  0.667 Peg 15

-  0-667 Peg -  0.355 P e , 16

^?El/^^FH “ ^P/^^FE 0*145 (peg “ Peg) 47

where th e  v a lu e s  o f ^ p /^ y ^ p , c)p/^ygg and 

v a lu e s  o f ^p/c)R g iv en  in  Table 7*10.

Using th e  bond moment h y p o th e s is  to  in te r p r e t  th e  r e s u l t s  

( i . e .  assum ing » O) and s o lv in g  eq u a tio n s  15 and 16

s im u lta n e o u s ly  th e  fo llo w in g  r e la t io n s h ip s  a re  o b ta in e d .
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F o r t h e  &2 v i b r a t i o n s  o f  1 ,3 ,5  t r i f l u o r o  Benzene*

Eigen V ector M atrix

SYMMETRY COORDINATE S i S2 "3

NORMAL COORDINATE

Qi +0,6240 +0.6973 +0.0607

-1.1109 +0.3233 +0.1170

^3 +1.1751 -0.3674 +0.4739

Table 7 .S

In v e rse  Eigen Vector M atrix

NORMAL COORDINATE Qi ^2

SYMMETRY COORDINATE

" l +0.3393 - 0.5329 +0.0930

S2 +1.0037 +0.3423 -0.2116

^3
+0.3706 +2.0510 +1.4767

T a b le  7 .9
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and fo r  1 .3 .5  t r l f lu o r o  Benzene

SIGN CHOICE 
OF c)pL/6Q

à|t/èR^ 2)p/5Rg

+ + +

1 + + 

;  + + 

± + i

"0.54A9 Z0.9013  ^ .2 2 1 1  

+1.1076 ±0.3781 +0.2963 

±0 . 34.25 +0.3717 ±0.4887

±0.2202 ±0.8949  +0.2380

+0.4090  ±0.5640  ±0.1259

+0.8304 ±0.2367 +0.1688 

±0.2570 +0.2327 ±0.2783 

±0.1653 ±0.5601 +0.1355

"  ^CF 

^2 "  ^CH

R3 -  /pH

T a b le  7 .1 0
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fCH = 2 i>fAycs.  -  ^ p /^ y cp  18

P e r  -  2 -  ^p/^ycH  19

And from eq u a tio n  17

?CH “ PcF “ *“ l /0 '1 4 5  20

The v a lu e s  of and and th e  two s e ts  of v a lu e s  o f 

yCH ” FcF c a lc u la te d  u s in g  th e se  r e l a t io n s h ip s  a re  shown in  Table 

7 . 11 . In  view  o f th e  h ig h  v a lu e s  of no s e t  o f s o lu t io n s  i s  

a c c e p ta b le •

S u b s t i tu t in g  th e  v a lu e s  = + 0 ,3  D and = -  0 .6 5 D

in  e q u a tio n s  15> I 6 and 17 g iv e s  th e  e ig h t  s e t s  o f v a lu e s  f o r  th e

r e h y b r id iz a t io n  moments shown in  Table 7*12* The only  s e t s  of 

s o lu t io n s  which s a t i s f y  C o n d itio n s  A and B a re  those  f o r  the  

+ -  + and th e  + -  -  s ig n  c h o ic e s .

Assuming fo llo w in g  r e la t io n s h ip s

a re  o b ta in e d  from  e q u a tio n s  15 and I 6 .

Pen -  PCF -  3 5 21

= 2 -  à p /à fg g  -  22

-  2à]i/^yoH -  ^y/%ycF -  f  OH 23

The on ly  s o lu t io n s  which g iv e  a v a lu e  p^g -  p^^ (see  Table 

7 . 11) c o n s is te n t  w ith  C ond ition  C a re  ag a in  th o se  fo r  th e  

+ ~ + (+ I . I 85B) and th e  + - « . ( +  1 .470  D) s ig n  c h o ice s .



3 7 7

F -0 .3 0 5

+0.926

-1 .033 -1.033

+ 0.926 + 0.926

-0 .305-0 .305

-1.033

F +0.016

+ 1.201

-0 .398  H

-0.319

Q
+ 1.201+ 1.201

F +0.016+ 0.016

-0 .319

F +1.873

-0.732
H -0 .007-0 .007

-1 .033
0

-0 .732-0 .732

F +1.873+1.373

-1 .033

H -0 .007

F ig u re  7 .6  Ï 2q M a tr ix  E lem en ts
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F o r th e  &2 v i b r a t i o n s  o f  1 ,3 ,5  t r i f l u o r o  Benzene

and v a lu e s , c a lc u la te d  using  the  Bond Moment Hypothesis

SIGN CHOICE ^CH ^CF **CH “ *̂ CF 
from c)|i/^y

^CH ~ ^CF 
from àji/c)^

+ + + -1 .537  +1.382 - 2.919 +0.868

1 1  + I 1.304  +1.897 ^3.201 -1 .164

? 1  t +0.723 - 0.747 +1.470 +1.919

t  + 1 t o .955 +0 .230 -1 .185 - 0 .934

Table 7 .11

R eh y b rid iza tio n  Moments

t̂ CH = +0-3 D 

p.QP — —0*65 D

.........
SIGN CHOICE

+ + + -0 .0 7 6 +0.581 +0.263
4* ^ -0 .498 +0.253 +0.120
+ -  + +0.498 +0.577 +0.002
-  + + +0.590 —0.216 +0.416
M M +1.164 -0 .220 +0.154

^ mm +0.167 -0 .543 +0.273
HK «1» Mi +0.076 +0.249 - 0.141

+0.742 - 0.547 +0.011

T a b le  7 .1 2
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T h e re fo re  s u b s t i t u t i n g  th e se  v a lu e s  f o r  in

e q u a tio n  17 and the  a p p ro p r ia te  v a lu e s  f o r  and

in  e q u a tio n s  22 and 25 g iv e s  th e  fo llo w in g  r e l a t io n s h ip s .

+ -  •■ Sign Choice + -  + Sign Choice

l̂ CH “ FcF “ ^ }̂ CH "  MCF “ D

= 0 - 7 2 3  -  ?CH -  +  0 - 9 5 5  -  Peg

=. -  0 . 7 4 7  -  P e p  =  -  0 . 2 3 0  -  P e p

F or àp jjj^ôy  « + 0 .3  D .rad"

)̂ CH * PcH * 0.655  ^

y CP “ “ i »047 D y CP = -  0.530  D

For th e  + -  + s ig n  cho ice  th e  v a lu e  o f  y^g i s  l a r g e r  th an  

the  a b s o lu te  va lue  o f  and ^ y ^ ^ i^ p g  i s  p o s i t iv e  and th e re fo re  

no t c o n s is te n t  w ith  C o n d itio n  B, (though th e  va lue  i s  v e ry  sm all 

and th e r e f o r e  t h i s  m ight j u s t  be due t o  e r ro r s  in  th e  measurements 

and c a l c u l a t i o n ) .

However, f o r  th e  + -  -  s ig n  cho ice  th e  va lue  o f 

i s  in  v e ry  good agreem ent w ith  th e  t h e o r e t i c a l  value su g g ested  

in  C o n d itio n  B, (though in  view  o f  th e  sim ple th eo ry  u sed  to  

c a lc u la t e  i t  t h i s  i s  p ro b ab ly  somewhat f o r t u i t o u s ) .  A lso th e  

v a lu e  o f  y^g -  y^^ i s  in  c lo s e r  agreem ent w ith  C ondition  GT, so 

t h i s  s o lu t io n  i s  p r e f e r r e d .  I t  i s  d isc u sse d  f u r th e r ,  w ith  

p a r t i c u l a r  re fe re n c e  to  th e  v a lu es  o f y^g  and y^p, in  S e c tio n  7*4«



380

SECTION 7.4- C onclusions

The v a lu e s  of y^g and y^p c a lc u la te d  fo r  th e  fo u r  m o lecu les , 

B enzene, 1 ,4  d if lu o ro  Benzene, 1 ,5 ,5  t r i f l u o r o  Benzene and 

H ezafluo ro  Benzene, assum ing th a t  = + 0 .5  D .rad” ^ and i s

in d ep en d en t o f  th e  moving s u b s t i tu e n t ,  a re  summarized in  Table 7* 13*

PCH FcF PcsrPcF

Benzene

1 ,4  d i f lu o ro  Benzene 

1 ,5 » 5 t r i f l u o r o  Benzene 

H exafluoro  Benzene

+ 0.52

+ 0 .29  -  0.92  + 1.21  

+ 0.42  -  1.05  + 1.47  

-  0.65

A ll v a lu e s  a re  in  Debye u n i t s .

Table 7 .13

The th re e  v a lu e s  d e r iv e d  h e re  f o r  y^g are  in  re a so n a b le  

agreem ent w ith  each o th e r  and a lso  w ith  o th e r  e s tim a te s  o f th e  value  

o f  t h i s  bond moment (1 5 2 ,1 5 5 ) . The v a lu e s  of y^p f o r  1 ,4  d if lu o ro  

Benzene and 1 ,5 ,5  t r i f l u o r o  Benzene a re  in  rea so n ab le  agreem ent 

w ith  each o th e r  and th e  v a lu e s  o f y^g -  y^p f o r  th e se  m olecu les 

a re  i n  re a so n a b le  agreem ent w ith  th o se  m easured fo r  1 ,2  and 1 ,5  

d i f lu o ro  Benzene (6 0 ) . The v a lu e  of y^p c a lc u la te d  f o r  H exafluoro
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Benzene i s  low er th a n  th e  o th e r  two v a lu e s . This i s  p o s s ib ly  

due to  th e  f a c t  t h a t  in  H exafluoro  Benzene th e re  a re  s ix  h ig h ly  

e le c t r o n e g a t iv e  F lu o r in e  atoms com peting w ith  each o th e r  f o r  

e le c t r o n s  and th e  C -  P bond moment i s  sm a lle r  than th a t  of 

th e  o th e r  m o lecu les where th e re  a re  few er F lu o rin e  atoms* 

L i t e r a tu r e  e s tim a te s  of th e  v a lu e  o f vary  over q u ite  a  wide 

ra n g e . H ornig and McKean ( 152) g ive  a  v a lu e  in  the  re g io n  o f 

-  1 .5  D, which i s  s l i g h t l y  h ig h e r  th an  th a t  d e riv e d  h e re .

These r e s u l t s  show th a t  the  d ip o le  moment d e r iv a t iv e s  

o f the  o u t-o f -p la n e  v ib r a t io n s  of Benzene, 1 ,4  d if lu o ro  Benzene, 

1 ,5 ,5  t r i f l u o r o  Benzene, and H exafluoro  Benzene can be ex p la in ed  

s a t i s f a c t o r i l y  in  te rm s o f a th e o ry  which d iv id e s  changes in  

th e  d ip o le  moments w ith  r e s p e c t  to  changes in  th e  i n t e r n a l  

c o o rd in a te s  in to  two p a r t s :  a c o n tr ib u tio n  from the bond

moments u^g and u^^  due to  r e o r ie n ta t io n  o f the  re le v a n t  bonds; 

and a  c o n tr ib u t io n  f ro #  th e  r e h y b r id iz a t io n  moments ^nd

e le c t r o n  flow  when the  atoms move out o f  th e  

p lan e  o f th e  r in g .  To some e x te n t  th e s e  param eters a re  

t r a n s f e r a b le  betw een th e  m o lecu les .

Bruns and P erson  ( 17I )  have c r i t i c i s e d  th e  assum ption th a t  

S y/ôy  , th e  change in  d ip o le  moment w ith  re s p e c t  to  th e  change 

in  an in p la n e  ang le  bend , i s  due s o le ly  to  th e  r e o r ie n ta t io n  of 

th e  a p p ro p r ia te  bond moments. However no v a lu e s  of c)y/c)^ have
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been c a lc u la te d  fo r  1 ,4  d i f lu o ro  Benzene and 1 ,3 ,5  t r i f l u o r o  

Benzene and by u s in g  th e  th e o ry  o f G ribov to  analy se  th e  r e s u l t s  

i t  i s  n o t n e c e s sa ry  to  make th i s  assum ption . A ll th a t  i s  

r e q u ire d  i s  th a t  u^g and u^^ have r e a l i s t i c  v a lu e s .

One of th e  problem s a s s o c ia te d  w ith  th e  i n te r p r e ta t io n  

o f d ip o le  moment d e r iv a t iv e s  in  term s o f bond p aram ete rs  i s  

th e  q u e s t io n  o f  e r r o r s .  As m entioned in  S ec tio n  6 .2 , to  o b ta in  

a  t r u e  e s t im a te  o f th e  e r r o r s  in  the  v a lu e s  o f ày /àS  o r c>y/^R 

r e q u ir e s  an e x h au s tiv e  s t a t i s t i c a l  a n a ly s is  a s  e x p la in ed  by 

R u s s e l l  e t . a l . ( l 46 ) .  Bruns and Person ( 171) ,  u s in g  a method 

s im i la r  to  t h a t  o f R u s s e ll  (146) ,  c a lc u la te d  e r ro r s  o f -  0,03 

in  th e  ^y /^S  v a lu e s  f o r  th e  a^^ v ib r a t io n s  o f Benzene and 

H exafluo ro  B enzene. E r ro rs  o f th i s  m agnitude w i l l  n o t a f f e c t  

th e  i n t e r p r e t a t i o n  o f  th e  r e s u l t s .  There a re  two main so u rces  

o f e r r o r :  th e  èy /^Q  v a lu e s ;  and th e  L m a tr ix . As p o in te d  out

in  S e c tio n s  6 .2  and 6*3 th e  e r ro r s  in  th e  èy/^Q  v a lu es  f o r  1 ,4  

d i f lu o ro  Benzene and 1 ,3 ,5  t r i f l u o r o  Benzene a re  sm a ll.  A lso , 

f o r  b o th  th e s e  m olecu les the  agreem ent between the  observed  

f re q u e n c ie s  and th o se  c a lc u la te d  u s in g  th e  23 p aram eter fo rc e  

f i e l d  i s  good (see  S e c tio n  2 . 3 ) and s in c e  t h i s  f i e l d  i s  f i t t e d  

to  a la r g e  number of f re q u e n c ie s  the  e r r o r s  a s s o c ia te d  w ith  th e  

L m a tr ic e s  would no t be expected  to  be la r g e .  T here fo re  any 

e r r o r s  shou ld  no t a f f e c t  the  co n c lu s io n s  though they  m ight a f f e c t  

the  a c tu a l  v a lu e s  g iven  in  Table 7*15*
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A nother so u rce  of e r r o r  which would a f f e c t  th e se  

c o n c lu s io n s  i s  th e  q u e s tio n  o f which s ig n  choice o f c>y/^Q v a lu es  

i s  th e  c o r r e c t  one. I f  th e  wrong s ig n  cho ice  is  made then  th e  

c o n c lu s io n s  w i l l  n o t he c o n s is te n t  w ith  p h y s ic a l r e a l i t y .

For th e  a^^  v ib r a t io n s  o f  Benzene and H exafluoro Benzene, th e  

ch o ice s  o f + 0.32  and -  O .65 , r e s p e c t iv e ly ,  fo r  th e  à y /ô y  v a lu es  

a re  confirm ed  by the  CNBC c a lc u la t io n s  o f Bruns and P erson  ( 171) .  

For b o th  the  b^^ v ib r a t io n s  of 1 ,4  d if lu o ro  Benzene and the a^* 

v ib r a t io n s  o f 1 ,3 ,5  t r i f l u o r o  Benzene th e re  a re  e ig h t s e ts  o f 

s o lu t io n s  any o f  which co u ld  be th e  c o r r e c t  s e t .  The cho ice  

of s o lu t io n s  was made on th e  b a s is  o f th re e  co n d itio n s  (see  

S e c tio n  7 * 2 ), two o f w hich assumed th a t  th e  id e a  o f  a  

r e h y b r id iz a t io n  i s  c o r r e c t  and th e  t h i r d  th a t  bond moments a re  

a d d i t iv e .  To confirm  t h a t  th e se  s o lu tio n s  a re  the c o r r e c t  ones 

(o r  show i f  th e y  a re  n o t ) ,  two f u r th e r  in v e s t ig a t io n s  should  be 

made.

1 . I n t e n s i t i e s  o f  B eu te ra ted  M olecu les. The measurement 

o f th e  a b s o lu te  i n f r a  re d  i n t e n s i t i e s  end hence th e  d ip o le  

moment d e r iv a t iv e s  o f  th e  b ,  v ib ra t io n s  o f 1 ,4  d if lu o ro  T e tra -  

d e u te ro  Benzene end the  a.̂  ’ v ib ra t io n s  of 1 ,3 ,5  t r i f l u o r o  

T r id e u te ro  Benzene and th e  in t e r p r e t a t i o n  o f  th e se  r e s u l t s  in  

term s o f  ^ y /^ S  v a lu e s . Comparison of th e se  r e s u l t s  w ith  th o se  

o f th e  o r ig in a l  m o lecu les  should show which s ig n  ch o ices  o f
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ày /àQ  v a lu e s  g iv e  r i s e  to  th e  c o r r e c t  s e t  of s o lu t io n s .

2 . CNBO c a l c u l a t i o n s . The c a lc u la t io n  of th e  à y /à  8 

v a lu e s  f o r  th e  v ib r a t io n s  o f  1 ,4  d if lu o ro  Benzene and th e  

v ib r a t io n s  o f 1 ,3 ,5  t r i f l u o r o  Benzene. Comparison o f  th e se  

r e s u l t s  w ith  th e  e x p e rim en ta l r e s u l t s  shou ld  a lso  show which 

s ig n  c h o ic e s  o f ày/è)Q v a lu e s  g ive r i s e  to  th e  c o r r e c t  s e t  of 

s o lu t io n s .

11
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Appendix I  M atrix  A lgebra and N otation

I t  i s  n o t in tended  to  d esc rib e  in  d e ta i l  m a trix  a lg eb ra  and 

n o ta tio n  b u t simply to  mention a few p o in ts  re le v a n t to  i t s  use h e re . 

A m a tr ix  i s  an a rra y  o f  numbers.

I f  a^ j i s  th e  i ,  j  th  elem ent o f th e  re c tan g u la r  m a trix  A, 

dim ension 1 by m, where i  i s  the  row number and j  th e  column 

number o f  th e  e la n e n t;

bjj^ i s  th e  l , k  th  elem ent o f th e  m a trix  B, dimension m by n ; 

and c^ j i s  th e  k , j  th  elem ent o f  th e  m atrix  C, dimension n by I j

and i f  th e  p roduct o f  th e  tvx) m a ttic es  B and C i s  A, then

A = BC

and & lj = Ifc tijk  ojjj

where th e  summation k i s  over a l l  elem ents o f  the  i  th  row o f  

B and th e  j  th  column o f  C.

I f  Xi i s  th e  i  th  elem ent o f  th e  column (o r one dim ensional) 

m a tr ix  X, dim ension 1;

and Yj i s  th e  j  th  elem ent o f th e  column m a trix  I ,  dimension m;

and i f  th e  p roduct o f  th e  m atrices A and Y i s  X, then

X = AY 

and ^  j  j

An im portan t p o in t to  note i s  t h a t ,  i f

i j

th e n  Xi = r  J Yj as given above

and NOT X^ = Yj

The n o ta tio n  used here i s  th a t  u s u a l^  fo llow ed , i . e .  sm all
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(o r  lower case ) l e t t e r s  fo r  th e  elem ents o f  a two dim ensional 

m a trix  and c a p i t a l  (o r  upper case) l e t t e r s  fo r  th e  elem ents o f  a 

one dim ensional m a trix .

A square  m a trix  i s  one fo r  which th e  number o f  rows equal the  

number o f columns.

A d iag o n al m a tr ix  i s  one fo r  which only th e  d iagonal elem ents 

a re  no n -zero . Only a  square m atrix  can be d iag o n al.

The u n i t  o r id e n t i ty  m a trix  E i s  a d iagonal m a trix  in  which 

a l l  th e  d iag o n al elem ents have th e  value one.

The tran sp o se  o f  a  m a trix  i s  one in  which th e  row and column
t

d e sc r ip tio n s  o f  th e  o r ig in a l  a re  exchanged. T herefo re , i f  B i s  th e  

tran sp o se  o f  m a trix  B, th en

(b*)i_j = b j i

7^ ^ ik  b jk

=  % k t i k  (^^ )k j

T herefore  A = EB^

and in  th i s  case  A must be square .

I f  A = EG

th en  A^ = c’̂ b’̂

The tran sp o se  o f  a  column m a trix  X i s  a  row m a trix  X^.

A symmetric m a trix  i s  one whose tran sp o se  equals i t s e l f .  

T herefore

A = A^ 

and a^ j “  ®Ji

A symmetric m a trix  must be square .

A d iagonal m a trix  must be symmetric.



3 8 8

A u n ita ry  m a trix  i s  one fo r  vMcli 

Aa'*' = E

Only a  square m a trix  can have an in v e rse .

I f  A = BC

th en  A"" =

provided A, B and 0 a re  a H  sq u are .

I f  m a trix  A i s  a  d iagonal m a trix , th en  m a trix  A“^ i s  a lso  

d iag o n a l and i f  th e  i  th  d iagonal elem ent o f  A i s  a^ , then  th e  i  th  

d iag o n al elem ent o f  A ^ i s  l/^^i*

In  books on p h y s ic a l chem istry , m atrices expressed in  symmetry 

co o rd in a te s  a re  p r in te d  in  i t a l i c s  to  d is tin g u is h  them from m atrices 

expressed  in  in te r n a l  c o o rd in a te s . In  th i s  th e s is  m atrices  

expressed  in  symmetry co o rd in a tes  a re  o v erp rin ted  w ith  an upper 

l e f t  to  low er r i g h t  d iagonal l in e  (o r  h e ra ld ic  bend). T herefo re ,

= UGÛ

3: = UFU^

% = BZU^

1^= TIL

F in a l ly , th e  summation in s tru c t io n
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Appendix I I  C a lcu la tio n  o f  th e  Symmetry C oordinates o f
1 ,4  d if lu o ro  Benzene

Step  1# The symmetry elem ents o f th e  molecule a re  determ ined 

and hence th e  symmetry p o in t group.

The symmetry elem ents o f  1 ,4  d if lu o ro  Benzene a re :

a .  I d e n t i ty  E

b .  P lanes o f  Symmetry CTg(yz) -  th e  m olecular p lane

c .  Axes o f  Symiaetry Cgfx)

C2(y)

d . Centre o f  Symmetry i

These symmetry elem ents a re  shown in  Appendix IV, P^om 

them i t  fo llow s th a t  1 ,4  d if lu o ro  Benzene i s  a  member o f  th e

^2h ("^h^ symmetry p o in t group, fo r  which th e  c h a rac te r  ta b le  i s

g iven  in  W ilson, Decius and Cross (S ) , Appendix I ,  p,327*

S tep  2o The R educible R ep resen ta tion  o f  th e  tran sfo rm atio n s  

o f  th e  c a r te s ia n  co o rd in a tes  i s  c a lc u la te d  and d iv ided  in to  i t s  

I r r e d u c ib le  R ep resen ta tio n s ,

As only th e  t r a c e s  o f  th e  tran sfo rm atio n  m atrices  a re  re q u ire d ,

only  th e  tran sfo rm a tio n s  o f  th e  coo rd ina tes  o f  those  atoms which a re

co in c id e n t w ith  th e  symmetry o p era tio n  under co n sid e ra tio n  a re  

c o n sid e red .
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The re d u c ib le  re p re se n ta tio n  i s  

S Cgfz) Cgfy) Cgfx) i  cr^(xy) <t̂ ( xz) o^(yz)

36 -4  0 0 0 0 4  12

The i r r e d u c ib le  re p re se n ta tio n s  a re  obtained  from th e  

re d u c ib le  re p re s e n ta t io n  by use o f  equation  73 , S ection  1 ,1 2 ,

\  = V g I  X(RR) X (IR)

T herefore  th e  i r r e d u c ib le  re p re se n ta tio n s  o f  th e  tran sfo rm atio n s  

o f  th e  c a r te s ia n  co o rd in a tes  a re :

"g ( 3 6 - 4  + 4 + 12 )/S  = 6

" ig ( 36 — 4 — 4  "  12 )/8  = 2

®2g ( 3 6 - 4  + 4 - 1 2 ) /8  = 4

®3g { 3 6 + 4 - 4  + 12 )/8  = 6

( 36 + 4 —4 — 12 )/8  = 3

h u ( 3 6 - 4  + 4  + 12 ) /8  = 6

®2u ( 3 6 + 4 - 4  + 12 ) /8  = 6

"3u ( 3 6 + 4 + 4 - 1 2 ) / 8 = 4

The i r r e d u c ib le  re p re se n ta tio n s  o f  th e

r o ta t io n s  a r e :

B3u

B,y  2u "y  ^2g

h u  \  ®lg

T herefo re  th e  symmetry sp ec ie s  o f  ÿhe 3n-6 normal modes have

been c a lc u la te d .  S ince 1 ,4  d if lu o ro  Benzene i s  a p lan ar m olecule, 

th e  normal modes can be fu r th e r  subdivided in to  in  and o u t-o f-p lan e  

v ib r a t io n s .  An o u t-o f-p la n e  v ib ra tio n  i s  one fo r  which th e  

c h a ra c te r  o f  <r (yz) i s  -1 ,  (yz being  th e  m olecular p la n e ) .

R

R

B'3g
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T herefore

r  ( in  p lane normal inodes) = 6Ag + 583g + 5B]_̂  + 5B2u

r  (o u t-o f-p la n e  normal modes) = B%g + 3B2g + 2A^ + 383%

Step 3 . The Symmetry C oordinates a re  co n stru c ted

The in te r n a l  co o rd in a tes  a re  a lso  in to  in  and o u t-o f-p la n e

and only th e  o u t-o f-p la n e  co o rd in a tes  y and i  a re  co n sid e red . The 

numbering o f  th e  co o rd in a tes  i s  shown in  Figure 2 .1 .

In te r n a l  C oordinate S e ts  R ep resen ta tiv e  In te rn a l  Coordinate

yCF y ^ , y^ y^

yCH I . e .  72* ^ 3* ^ 5* ^ 6  ^ 2

^ 2 ' ^5 ^2

^HF ^1* ^3» ^6 ^1

For each symmetry o p e ra to r , OR ( th e  in te r n a l  co o rd ina te  

gen era ted  by o p e ra tin g  èn th e  re p re se n ta tiv e  in te r n a l  co o rd in a te  R 

w ith  th e  symmetry o p e ra to r 0) i s  determ ined. They a re

0 E 0^(2 ) 82(7 ) C2(x) i cTv(xy) ov(xz) % (7z)

R
y i 71 -71 -74 74 -74 74 71 -71

72 72 -76 -73 75 “75 73 76 -72

4 ^2 4 /2 4 "^5 -^2 ^ 2

h 4 6 4 -^4 -^3 -^1

The symmetry co o rd in a tes  a re  c a lc u la te d  using  eq u ation  86, 

S ec tio n  1 .1 2 .

e f  =  N I  o  OB 

The in te r n a l  co o rd in a tes  OR a re  given above and th e  values o f  

Xq a re  tak en  from th e  c lia rac te r  ta b le  fo r  th e  symmetry p o in t  group.
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T h ere fo re , th e  l in e a r  com binations o f  in te r n a l  co o rd in a tes  

which make up th e  symmetry co o rd in a tes  fo r  th e  o u t-o f-p la n e  

v ib ra tio n s  o f  1 ,4  d if lu o ro  Benzene, according  to  th e  symmetry 

sp ec ie s  under which they  transfo rm , a re :

Big ! ?2 + 73 -  ?5 -  y&

Bzg '  ?1 -

72 - 7 3 - 7 5  + 76

^2 -  h

Au ! 72 -  7 3  + 7 5  -  76

h

^ 2 *  ^5 

h n  '  + ?4

72 + 73 + 75 + 76

^ X ~ h * ^ U ~  ^6

T h ere fo re , f ( o u t- o f - p la n e  symmetry co o rd in a tes) =

2 B lg  + 4B 2g + 3 4 *  + 3 B3 U 

and one redundancy e x is t s  in  each o f  th e  B^^, Bg^, symmetry 

c o o rd in a te s .

The a c tu a l  U m a trix , to g e th e r  w ith  th e  norm aliz ing  fa c to rs  N, 

i s  shown in  Table 2 .1 0 , Appendix IV.
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Appendix I I I  C a lcu la tio n  o f  th e  P r in c ip a l Axes o f
1 ,2 ,3 ,5  Tetraflum *o Benzene

Step 1 . The C oordinates o f  th e  Centre o f  Mass and th e  

Moment o f  I n e r t i a  Tensor a re  c a lc u la te d .

The la b e l l in g  o f  th e  s u b s ti tu e n ts  and th e  o r ie n ta t io n  o f  th e  

a r b i t r a r y  c a r te s ia n  axes x , y and z i s  shown below.

The co o rd in a tes  o f  th e  c en tre  o f  mass a re

C^ = -0 .2 8  A

Cy — —0.16 A 

C ^=  0 .0

The moment o f  i n e r t i a  te n so r  i s  

315 -50 0

T = -50 373 0

0 0 689

These values a re  in  amu.A^

Step  2 , The P r in c ip a l Moments o f  I n e r t i a  and th e  o r ie n ta t io n  

o f  th e  P r in c ip a l  Axes a re  c a lc u la te d .

The moment o f  i n e r t i a  te n so r T i s  d iag o n a lized , so t h a t  

TR = RI
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T h e re fo re

I  =

and

286 0 0

0 402 0

0 0 689

3*/2 - 1 /2 0

1/2 3V 2 0

0 0 1

R =

where R i s  th e  p r in c ip a l  ax is  tra n s fo rm a tio n . T herefore 

cos e = 3 ^ 2 ,  s in  9 = l / 2 ,  so 0 = 30° 

s in  /  = 1 /2 , cos /  = 3 ^ /2 , so /  = 30°

The o r ie n ta t io n  o f  th e  P r in c ip a l Axes i s ,  th e re fo re , shown

below*

F

- >

F

F

Zj_

W ith each p r in c ip a l  a x is  i s  a s so c ia te d  a  p r in c ip a l  moment 

and th e  ajres a re  r e la b e l le d  so th a t  th e  ax is  w ith  th e  sm a lle s t 

moment i s  A, e t c .  T here fo re ,

= 286 amu.A^ X -> A

ly  = 402 amu»A^ Y -> B

— 689 fiunu.A  ̂ Z C
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Step  3# The P r in c ip a l Axes a re  assigned  to  t h e i r  

Symmetry S p ec ies .

1 ,2 ,3 ,5  te t r a f lu o r o  Benzene i s  a  member o f  the  

Symmetry P o in t Group, o f  which th e  c h a ra c te r  ta b le  i s  g iven in  

W ilson Decius and Cross (8 ) ,  Appendix X, p . 32$. The o r ie n ta t io n  

o f  th e  symmetry axes i s  determ ined using  M u llik eh 's  Rules (1 5 ). 

For a  p la n a r m olecule, they  a re  t h a t ,

th e  z a x is  i s  th e  C2 a x is ,

th e  X a x is  i s  p e rp en d icu la r to  th e  m olecular p lan e , 

th e  y a x is  i s  th e  rem aining a x is .

These symmetry axes belong to  th e  same symmetry sp ec ie s  as

th e i r  corresponding  t r a n s la t io n s  T^, and T^, fo r  which th e

symmetry sp ec ie s  a re  g iven  in  th e  C haracter T able ,

Symmetry Axis T ran s la tio n  Symmetry Species

T , %

y W  "2

W  h

Each o f  th e  symmetry axes i s  co in c id en t w ith a p r in c ip a l  

a x is  o f  th e  m olecu le. T herefo re ,

P r in c ip a l Axis A i s  c o in c id en t w ith  Symmetry Axis z ,

*. B ,. •• y,
, o G ••  • • X,

and fo r  1 ,2 ,3 ,5  te t r a f lu o r o  Benzene,

Type A Bands belong to  th e  A^ Symmetry S p ec ies ,

• • B , ,  B2 ,

• 0 C .  # • • •
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Appendix IV The Ü Î4 a trices

In  th e  fo llow ing  18 pages, th e  symmetry p o in t groups, 

th e  symmetry elem ents and th e  U m atrices  fo r  th e  m olecules 

considered  here a re  g iv en .

The m olecules a re  grouped as  fo llo w s.

Symmetry P o in t M olecule Pages
Group

Cg 1 ,2 ,4  t r i f l u o r o  Benzene 397 & 393

02y Fluoro Benzene
Fluoro Pentadeutero  Benzene 
P en tafluo ro  Benzene
P en ta flu o ro  D eutero Benzene 399 & 400

C2y 1 ,2  d if lu o ro  Benzene
1 .2 .3 .4  te t r a f lu o r o  Benzene 401 & 402

C2y 1 ,3  d if lu o ro  Benzene
1 .2 .3 .5  te t r a f lu o r o  Benzene 403 & 404

C2Y 1 ,2 ,3  t r i f lu o r o  Benzene 405 & 406

C2y 1 ,3 ,5  t r i f lu o r o  Monodeutero Benzene
1 .3 .5  t r i f lu o r o  D ideutero  Benzene 407 & 408

^2^ 1 ,4  d if lu o ro  Benzene
1 ,4  d if lu o ro  T e trad eu tero  Benzene
1 .2 .4 .5  te t r a f lu o r o  Benzene 409 & 410

Dou 1 ,3 ,5  t r i f lu o r o  Benzene
1 .3 .5  t r i f lu o r o  T rid eu te ro  Benzene 411 & 412

D^^ Benzene
Hexadeutero Benzene
Hexafluoro Benzene 413 & 414
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Cg Symmetry P o in t  Group

1,2,4- t r i f l u o r o  Benzene

12

11

10

a. -  M olecular Plane n

Atoms Bond Lengths

M olecule 7 8 9 10 H  12 r* r

1,2,4- t r i f l u o r o  Benzene F F H F H H OF CH
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U M a tr ix  -  C Symmetry

SmiETRY
COEFFICIENTS FOR i  = 

1 2  3 4 5 6

N

FACTOR

INTERNAL

COORDINATESPECIES COORD.

+1 1 r 'd y i

S
2

+1 1 r*dy^

S
3

+1 1 r  dy^

S
4

+1 1 r*dy^

+1 1 r  dy^

A** ^6 +1 1 r  dy^

^7 +1 1 R d/^

"a +1 1 R d /^

+1 1 R d/j^

^10 +1 1 R d / .

\ l +1 1 R d /^

^12 +1 1 R d/^

T a b le  2*4'
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Symmetry P o in t  Group

Fluoro Benzene 
Fluoro Pentadeutero Benzene 
P entafluoro Benzene 
P entafluoro Deutero Benzene

Ggfz), <7v(xz)

12

11

10

cn.(yz) -  M olecular Plane

M olecule

Fluoro Benzene

Fluoro Pentadeutero  
, Benzene

P entafluoro Benzene

Atoms

7 8 9 10 11 12

F H H H H H

F D D D D D

H F F F F F

Bond Lengths 

r* r  

CF CH

GF CH 

CH CF

P entafluoro Deutero 
Benzene CH CF
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Ü M a tr ix  -  Symmetry

SYMMETRY
COEFFICIEiTTS 

1 2  3 4
FOR 1 =  

5 6

N

FACTOR

INTERNAL

COORDINATESPECIES COORD.

S i +1 - 1 2-^ r  dy^

S2 +1 - 1 2"* r  dy^

^2 S3 +1 +1 2"^ R d /^

S4 +1 +1 2-è- R d /^

S5 +1 +1 2 ^ R d / l

S i +1 1 r * d y i

^2 +1 1 r  dy^

"3 +1 +1 2 ^ r  dy^

% "4 +1 +1 2"^ r  dy^

"5 +1 -1 2"^ R d / l

-S6 +1 - 1 2"^ R d / l
♦ 1  —1 2"^ R d / l

T a b le  2 .5
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G2^  Symmetry P o in t  Group

1 ,2  d if lu o ro  Benzene
1 ,2 ,3 ,4  te t r a f lu o r o  Benzene

12

11

10

Ov(yz) -  M olecular Plane

Atoms Bond Lengths

M olecule 7 8 9 10 11 12 r* r

1 ,2  d if lu o ro  Benzene F H F H H H CF CH

1 , 2 , 3 , 4  t e t r a f l u o r o
Benzene H F H F F F CH CF
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U M a tr ix  -  Symmetry

SYMMETRY
COEFFICIENTS 

1 2  3 4

FOR i  = 

5 6

N

FACTOR

INTERNAL

COORDINATESPECIES COORD.

S i -1  +1 2"^ r* d y i

S2 +1 -1 2"^ r  dyi

S3 +1 -1 2"^ r  dyi

62 S4 +1 1 R

S5 +1 1 a  d / i

S6 +1 +1 2"^ R

+1 +1 2"^ R

S i +1 +1 2'^ r ' d j i

S2 +1 +1 2"* r  dyj^

Bl S3 +1 +1 2-4 r  dy^

84 +1 -1 2-4 R d ^

85 +1 -1 2*4 R dfl:

T a b le  2 .6
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C2v Symmetry P o in t  Group

1 ,3  d if lu o ro  Benzene
1 ,2 ,3 ,5  te t r a f lu o r o  Benzene

10

^ C 2 ( z ) ,  c r ^ ( x z )

a.y(yz) -  M olecular Plane

M olecule 7

1 ,3  d if lu o ro  Benzene F

Atoms 

8 9 10 11 12

H F H H H

1 ,2 ,3 ,5  t e t r a f l u o r o
B enzene H F H

Bond Lengths 

r* r  

CF OH

OH CF



404

u  M a tr ix  -  Symmetry

SmZERY
COEFFICIENTS FOR i  = 

1 2 3 4 5 6

N

FACTOR

INTERNAL

COORDINATESPECIES COORD.

Aj

Bl

Bz

^3

-1  +1

+1 -1

+1 +1

+1 +1 

+1 +1

2 ^

2 - i

2-^

Z"^

2-^

r  dŷ _ 

R d/j^ 

R d/^ 

R d^^

1
" l +1 +1 2"^ r 'd y ^

Bz +1 +1 2"^ r  djr^

+1 1 r  dyj^

Bl ^4
+1 1 r  dy^

-1  +1 2"^ R d / .
5 1 1

+1 -1 2*^ R d /^

+1 -1 2"& R d/S.
7 1

T a b le  2 .7
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Symmetry P o in t  Group

1 ,2 ,3  t r l f l u o r o  Benzene

G^(z),  o-^(xz)

11

10
I

o^(yz) -  M olecular Plane

AtcMs Bond Lengths

M olecule 7 8 9 10 11 12 r* r

1 ,2 ,3  t r l f l u o r o  Benzene F F H H H F CF CH
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U M a tr ix  -  Symmetry

SYMMETRY
COEFFICIENTS FOR i  = 

1 2 3 4  5 6

N

FACTOR

INTERNAL

COORDINATESPECIES COORD.

S i +1 -1 2"^ r*dy^

^2 +1 -1 2"^ r  dyj^

4 S
+1 +1 2"^ R d/j.

+1 +1 2-i- R

^5 +1 +1 2 ^ R d /^

Bl +1 1 r 'd y ^

Ba +1 1 r  dy^

S
+1 +1 r ’dy^

Bl B/, +1 +1 2-è- r  dy^

B«î +1 -1 2*4 R d/j_

Bé +1 “1 2-4 R d/j^

B? +1 -1 2 4 R d^^

T ab le  2 .3
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Gpy Symmetry P o in t  Group

1 .3 .5  t r l f l u o r o  Monodeutero Benzene
1 .3 .5  t r l f l u o r o  D ldeutero Benzene

GgCz),

12

11

10

9

CT^(yz) — M olecular Plane

M olecule

Atoms Bond Lengths

7 8 9 10 11 12 r» r

1 ,3 ,5  t r l f l u o r o
Monodeutero Benzene F H F D F H CF CH

1 ,3 ,5  t r l f l u o r o
D ld e u te ro  Benzene F D F H F D CF CH
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U M a tr ix  -  Symmetry

SmiSTRÏ
COEFFICIENTS 

1 2  3 4

FOR i  = 

5 6

N

FACTOR

INTERNAL

COORDINATESPECIES COORD.

Bl +1 -1 2-1 r  dy^

+1 -1 2-2 r«dy^

Aj
^3

+1 +1 2-& R d /^

S +1 +1 2 - i R d / .
4 1

S +1 +1 2 - i R d / .
5 X

Bl +1 1 r'dyj^

Bg +1 1 r  dy^

B3
+1 +1 2 - i r  dy^

Bl B4
+1 +1 2-& r'dy^^

B5
+1 -1 Z * R d /^

B& +1 -1 2rk R d /^

B? +1 -1 2 - i R d/j.

T a b le  2 .9
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Symmetry P o in t  Group

1 .4  d if lu o ro  Benzene
1 .4  d if lu o ro  T e trad eu tero  Benzene
1 ,2 ,4 ,5  te t r a f lu o r o  Benzene

C 2(z), ov(zz)

12

10

C gly), cr^(xy)

CT^(yz) -  M olecular Plane

M olecule

1 ,4  d if lu o ro  Benzene

Atoms

7 8 9 10 11 12

F H H F H H

1 ,4  d if lu o ro  T e trad eu tero
Benzene F D D F D D

Bond Lengths 

r* r  

CF CH

CF CH

1 ,2 ,4 ,5  te t r a f lu o r o
Benzene H F F H F F CH CF
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ü  M a tr ix  -  Symmetry

SYI-IÎSTRY
COEFFICIENTS 

1 2  3 4

FOR i  = 

5 6

N

FACTOR

INTERNAL

COORDINATESPECIES COORD.

h g
+1 +1 -1  -1 2“ ^ r  %

^2 +1 —1 —1 +1 2 " R

+1 -1 2"^ r ‘dy^

S +1 -1 -1  +1 2"^ r  dy^
2g 1

S
+1 -1 2"^ R d^^

+1 +1 -1 —1 2-^ R d/^

+1 -1 +1 -1 2"" r  dy^

^2 +1 +1 2-4 R d/j_

^3
+1 +1 +1 +1 2-^ R d / i

+1 +1 2 4 r»dy^

®3u ^2 +1 +1 +1 +1 2-1 r  %

S
+1 -1  +1 -1 r i R

T a b le  2 .1 0
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Symmetry P o in t  Group

1 .3 .5  t r l f l u o r o  Benzene
1 .3 .5  t r l f l u o r o  T rid eu te ro  Benzene

'2»
I

10

8

Cz,

-  M olecular Plane

M olecule 7

1 ,3 ,5  t r l f l u o r o  Benzene F

1 ,3 ,5  t r l f l u o r o  T r i
deu tero  Benzene

Atoms 

8 9 10 11 12

H F H F H

F D D

Bond Lengths 

r* r

CF CH

CF CH
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U M a tr ix  -  Symmetry

SB'JI'dSTRY
COEFFICIENTS FOR 1 = N INTERNAL

SPECIES COORD. 1 2 3 4 . 5 6 FACTOR COORDINATE

S i +1 +1 +1 3 - r 'd y j^

4 " + 1 +1 +1 3-^ r  dy^

S
+ 1 —1 +1 —1 +1 —1 3" ^ R d / i

S la +2 -1 -1 6^ r ’dy^

Slb +1 -1 2" ^ r 'd y i

Sza -1  +2 -1 6" ^ r  dy^

e" Sgb -1 +1 2- 5- r  dy^

S a +1 +2 +1 -1 -2  -1 12* ^ R d/j^

S b -1  +1 +1 -1 2-^ R d / i

84a

S b

+1 -1  +1 

+1 -2  +1 +1

-1

-2  +1

2-1

12"*

R

R d/j_

Table 2.11
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Symmetry P o in t  Group

Benzene
Hexadeutero Benzene 
H exafluoro Benzene

C2

=2»
I
I
I

7 C%, 9d

10
I

, °2 .

Gz, %

^2»

-  M olecular Plane

Atoms Bond Lengths

M olecule 7 8 9 10 11 12 r* r

Benzene H H H H H H CH

Hexadeutero Benzene D D D D D D OH

Hexafluoro Benzene F F F F F F CF
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U M a tr ix  -  Symmetry

S»IE T R Y
COEmCIEIITS PDR i  = 

1 2  3 4  5 6

N

FAC20R

INTERNAL

COORDINATESPECIES COORD.

"2g
S i

S j

+1 —1 +1 —1 +1 —1 

-1  +1 -1  +1 -1  +1

6 -

6"^

r

R

Sm

Slb

Ssa

S2b

+2 +1 -1  -2  -1  +1 

+1 +1 -1  -1 

+1 +2 +1 —1 —2 —1 

-1  +1 +1 -1

12"*

2 - :

12"^

2"^

r dy^ 

r  dy^ 

R d /^  

R d /^

^2u S i +1 +1 +1 +1 +1 +1 6“̂ r dy^

"2u

S ia

Slb

"2a

Szb

+2 —l  —1 +2 —1 “1 

—1 +1 —1 ■*’1 

-1  +1 -1  +1

—1 +2 —1 —1 * 2. —1

12“̂

2’ ^

2-1

12"*

r dy^ 

r  dy^ 

R d/j^ 

R d/ĵ

T a b le  2 .1 2
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Appendix V Band Types

Band Types and Moments o f  I n e r t ia  o f  ^jmmetric Top M olecules

M olecule Moment Symmetry Species Band Type

Benzene 148 ®lu p erp .
296 ^2u p a ra .

1 ,3 ,5  t r l f l u o r o  Benzene 476 E' p e rp .
•

951 A2" p a ra .

Hexafluoro Benzene 807 Elu p erp .
1614 Asu p a ra .

The Moments o f  I n e r t i a  a re i n  10”^^g,oni^

p e rp . -  P erp en d icu lar 

p a ra . -  P a r a l le l
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Band Types o f  Asymmetric Top M olecules

M olecule Band Type Symmetry Species

Fluoro Benzene A Ai
B B2
C Bl

1 ,2  d if lu o ro  Benzene A ^1
B
C Bl

1 ,3  d if lu o ro  Benzene A Bg
B 4
C Bl

1 ,4  d if lu o ro  Benzene A Blu
B B2u
C B3u

1 ,2 ,3  t r l f l u o r o  Benzene A B2
B h
C Bl

1 ,2 ,4  t r l f l u o r o  Benzene A }k ’
B )
C A"

1 ,2 ,3 ,4  te t r a f lu o r o  Benzene A Bj
B h
G Bl

1 ,2 ,3 ,5  te t r a f lu o r o  Benzene A *1
B B2
C Bl

1 ,2 ,4 ,5  te t r a f lu o r o  Benzene A Bau
B Blu
G ®3u

P en ta flu o ro  Benzene A 32
B 4
C Bl
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A ppend ix  VI A p p l ic a t io n  o f  t h e  th e o r y  o f  G rib o v  t o  Benzene

The eq u a tio n  to  be solved i s  eq u ation  45, s e c tio n  5 .8 . 

l^n/kQl _ lnls'^ATj^q |ell2>(iM|

Since th e re  I s  only one v ib ra t io n  in  th e  Â ^̂  symmetry sp ec ies  

o f  Benzene, G and L a re  bo th  one by one m a trices  ^d th  s in g le  

elem ents g and a  r e s p e c t iv e ly .  T here fo re , from equation  32,

S ec tio n  1 .5
2g = a

Also g = V^H

This i s  th e  form given by M ille r  and Cranford (116) and can 

a lso  be ob ta ined  by expansion o f  th e  re le v a n t equations In  Chapter 

One, using  th e  B, and Ü m atrices  given below.

I p. I i s  a  s ix  by one m a trix  w ith  id e n t ic a l  elem ents -  

th e  C-H bond moment ( I t  i s  assumed th a t  Pôd^® z e ro ) .

S”^ i s  a  sisc by s ix  m a trix  w ith d iag o n al elem ents l / r ,  where 

r  i s  th e  G-H bond le n g th .

A  i s  a  s ix  by tw elve m a trix , th e  f i r s t  row o f  which i s

Atoms H2 Gj G2 G  ̂ G  ̂ G  ̂ G^
1 0 0 0 0 0  - 1 0 0 0 0 0

For bond 2 , H2 — 1 , G2 — —1, e tc .

From equation  4 4 , S ec tio n  5 .8  

T lq = M " ^ B q ü V \

M“^ i s  a  tw elve by tw elve m a trix , th e  f i r s t  s i x  d iag o n al 

e lem ents o f  which a re  l/m g and th e  nex t s ix  a re  l/m ^ .
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B i s  a  t^relve by s ix  m a trix , th e  f i r s t  column o f  which i s  

Atoms In te rn a l  C oordinate rdy^

«1 + 1

«2 0

H3 0

0

"5 0

% 0

- l- 2 r /R

°2 r/R

0

"4
0

s
0

"6 r/R

where R i s  th e  C-C bond le n g th .

For in te r n a l  co o rd in a te  rdyg , H2 = +1, C2 = - l - 2 r /R ,  etc*

i s  a  s ix  by one m a trix , such th a t  th e  sjanmetry co o rd in a te  i s  

S = 6"*  (rdyj^ + rd y 2 + rdy^ + rdy^ + rdy^ + rdy&)

(See Appendix IV ),

T h e re fo re , by expansion i t  can be shown th a t  

|p|s ^AT^q = 6 ^ Q g /r  . a

and X = ôp/^Q * a ^ — 6*pQj^r

where X i s  de fin ed  by equation  46 , S ec tio n  5 .8 , and in  

t h i s  case  i s  a  one by one m atrix#

The f i r s t  elem ent o f  XU i s ,  th e re fo re ,

(XU)^ = cip/^Q .  a“^ 6“*  -  pQjj/r

The f i r s t  elem ent o f  |e ||à p /^ R  | i s  (see  S ec tio n  5 ,8 )



419

Also = rdy^ and s in ce  dy = y -  ye and ye (th e  eq u ilib riu m  

value) i s  z e ro , dy = y .

T h ere fo re , = ^p/^Y i -  Pc#

where ^p/c^y^ -  ^p/^Q • a  ^ 6"* r

and th i s  i s  th e  value c a lc u la te d  fo r  th e  bond moment 

d e r iv a t iv e ,  u sing  th e  bond moment hypo thesis  (153, 156).

A ll th e  elem ents o f  XU and |e | |^ p / M | a re  th e  same s in ce  

a l l  th e  in te r n a l  co o rd in a te s  rdy^ to  rd y , a re  th e  same. T herefore

“  ^CH
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