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A bstrac t

The impact o f  conform ational sn a ly e is  in  chem istry was 

c le a r ly  dem onstrated in  19^9, during the  tenure  o f  th i s  work, 

when the Nobel P riz e  fo r  Chemistry was awarded to P ro feseo r 

D. H# R* Barton.

The f i r s t  p a r t  o f  th is  th e s is  dea ls  with the v ib ra tio n a l 

an a ly s is  o f  biphenyl and i t s  4 ,4*-dlhelogeuo d e r iv a tiv e s  with 

re sn e c t to  tî̂ ie d ih ed ra l angle between the two rings* I t  i s  

c le a r ly  demonstrated th a t  change in  conformf:tloa fo r  biphenyl 

and 4 ,4*-d ifIuorob lphenyl from ( s o l id  s ta te )  to  symmetry 

(so lu tio n , molten and gaseous s ta te s )  i s  accompanied by changes 

in  p o s itio n  and sp e c tra l a c t iv i ty  o f  c e r ta in  normal modes.

These - h i f t s ,  to g e th e r w ith supplementary d a ta  derived from 

some d eu te ra tsd  d e r iv a tiv e s  o f  b iphenyl, give an estim ate  o f  

the d ih ed ra l in  the so lu tio n  s ta te .  The s tru c tu re  o f

4 ,4* -d ich lo ro  and 4,4*-dibroiaobiphenyl i s  ir re s p e c tiv e  o f  

phase.

The eoond p a r t  o f  the th e s is  p resen ts  the v ib ra tio n a l 

a n a ly s is  o f  tetrahydropyran and i t s  4-chloro  and 4-bromo 

d e r iv a tiv e s . V ariable tem perature NMR measurements give a 

q u a n tita tiv e  es tim ate  o f  the conform -ttloosl equ ilib rium .



The f in a l  p a r t  o f  th is  work p resen ts  the l iq u id  band
—1shape an a ly s is  o f  the 215 cm band o f  hexefluorobenuone in  

mixed benaene-cyclohsxane a o lv « its . I t  la  shown from the 

computed c o rre la tio n  functions th a t  v ib ra tio n a l re la x a tio n  

occurs during  the s p l i t  o f  the h e x a f lu o ro b « iz e n e -b e n e  

complex.

; i. -'I * :c£.
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1.

CHAPTBH I 

V ib ra tio n a l Problem 

1*1 General In tro d a c tic n

Normal coord inate  an a ly s is  r: fe ra  to  the mathem atical

trea tm en t involved in  the computation o f  the j^ -6  normal modes

o f  v ib ra tio n  fo r  a molecule (3^î-5 fo r  e l in e a r  molecule)*

The so lu tio n  invo lves the ecn stru c tio n  o f  e three-d lm enslonal

p o te n tia l  energy u r f  :ce o r  i t s  fo rc e - f ie ld  which may o r  may

n o t be unique. For small molecule* the  v ib rs tio n a l ar sijpiment

la  w ell e3 tab li«hed , o f ten  fo r  sev era l iso to p ic  species* In

ad d itio n , the  m olecular geometric d a ta  i s  u su a lly  very accurate

and O erlo lis  coupling and c e n tr ifu g a l d i'^ to rtlo n  constant»  can

be re a d ily  determined* The dlmen&ion o f  the s t 'c u la r  equation

i  mall such tJ\Rt the e f f o r t  involved in  aonual c a lcu la tio n  i s

n o t p ro h ib itiv e*  The conReçuenco o f  th is  s i tu a t io n , i . e .  amount

o f  data av a ila b le  p lus lim ited  dimen'^ion o f  the problem, i s  th a t

the most general harmonic f ie ld  fo r th e le  m olecules Involves

a number o f  peram eters norm ally lo v e r  o r s t  l e a s t  eq u iv a len t 

to  tîie number o f  ob«erv&alea a v a ila b le . Research in  th is  case

i a  ©3 e n t la l ly  o r in n ta te d  towards» the determ ination  o f  a complete 

p o te n tia l function and the ©aphasie i s  on the u n id ty  o f  the

L IB R A R Y



2.

so lu tio n , on tli© n a tu re  o f  the fo rc e - f ie ld  and on the v a l id i ty  o f  

the  harmonie approxim ation. Recent work (1 ,2 ) on non—h&r,onio 

force fleldm baa produced cubic ftnd c u o rtic  terms fo r  a number 

o f  molecules*

For la rg e r  «tolecule**, however, the problem i s  f^ur more 

coffiollcated and the v ib ra tio n a l assignment i s  n o t always 

com pletel establimhed* The m olecular ; sometry i s  o ften  

knomn only approxim ately and ^upplementmry da ta  u su a lly  

a r is e s  from d eu te ra ted  sp ec ie s . se cu la r  equation

invo lves symmetry blocks o f  considerab le  dimensicme w^iioh 

can only be solved by the a v a i la b i l i ty  o f  a fe/^t, 1 a r re 

s to re -e  computer* As a con equence the most general harmonic 

f ie ld  involves a number o f  oerp,meters which la rg e ly  exceeds 

the number o f  experim ental data* Research on la rg e  ao locu lea  

th e re fo re  invo lves the t r a n s f e r a b i l i ty  o f  various types o f  fo rce  

f ie ld  o f  sim pler molecules to  more complex m olecules o f  s im ila r  

chemical c o n s titu t io n , to  p re d ic t v ib ra tio n a l assignments*

I f  th i  i s  dons s A tis fa c to r i ly  i t  i a  then fe a s ib le  to  u e 

k te r s t iv e  techniques to  improve th e  force f ie ld  o f the complex 

m olecule.

To ft f i r s t  appro ia a tio n  m olecular v ib ra tio n s  may be tre a te d  

Indeoendently o f  ro ta tio n  and e le c tro n ic  motions* Various

coord inate  systems can be used to  solve the  oroblem but t^e
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follow ing genera l trea tm ent w ill  show how the H arailt nian I s  

s e t  up and solved,

A C artesian  framework fo r  a molecule o f  N steams w ill  lead  

to #  coo rd ina tes,

The to ta l  k in e t ic  ?n<»rgy i s  given by

2T — m* - . l i  3c /_— a x. (1 ,1 ,1 )
i  ^ d t  1 ^ ^

The :?otr'ntl«l energy o f  the molecule i s  terms o f  the ssme 

coord inates i s  given by a Taylor s e r ie s  expansion.

y mv  — ) X, + ' ^ ( — —  j X X
° ^ i jb x ^ à x j /o  ^ 1

*  I  Y . f - 1  j ------g .-jL.— \ x^ Xj h igher terms

(1 .1 .? )

Af V i s  Inâe-endw it o f  tho coord inate  sysiteo i t  i s  
o

a r b i t r a r i l y  se t equnl to  zero.

I f  the coord inates a re  inde.^endent ——— %ust b© zero a t  

the oc;ui3.ibrlum -o^rltion» A fu r th e r  s im p lif ic a tio n  :;zd.8e6
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i f  the m olecular v ib ra tio n  compris®» :m all d i: placemen ta  in

Wilcb css® i t  cm be assumed th s t

only  q u ad ra tic  terms need be considered in  a f i r» t -o rd e r

t'leo ry .

Tlie second d e r iv a tiv e s  are  conetsaits being  the force

co n stan ts  o f  the p o te n tia l  function*

Fence 27 -  ^  f  .x x 
i ,3  *3 * J

(1 .1 :9

m ass-adjusted dioplacement^^ c^m be rdmoly form ulated

by help  o f  ti.e mass-weighted coordinates* The d e f in it io n

o f  such coord inates ie

‘■'1 “ “ i^  *1 (1 .1 .4 )

Hence the k in e tic  snd p o te n tia l energy expressions r.re

y .  ?
2T * Z_q,

1 ^
(1 .1 .5 )

^  h j h  ‘' j (1 .1 .6 )

o r  In « m atrix  n o ta tio n

2T *= ?i^q (1 .1 .7 )

27 « q^Oq (1 .1 .8 )

Newton* s equation o f  motion cm be w ritten  in  l& rrsngisn fo r r  R«

(1 .1 .9 )



A syatam o f  ^  -e&md o der- d i f f e r e n t ia l  equations i s  

o u tlin e d  o f  the fom

j

o r  in  m atrix  form

4 t  cq s= 0 (1 .1 ,11 )

Tho Svlutl'^n o f  m ch  a s ls o le  hai%cnic problem i s

\  sln(A t  + J) (1 ,1 ,1 ?)

n^i&re A^, S and A STS constan te .

By ub iP titu ting  thepo ^  sOLUtions back in to  the o r ig in a l  

d i f f e r o n t l s l  equations tho co n stan ts  am  be ca lcu la te d  and the 

follow ing <îygtem i s  a rr iv e d  ^t

L e , .  A =XA = 0  ( 1 = 1 , ? . . , 3S) (1 .1 .1  )
j  1 i

which c&n be tran-form ed in to

Y 0, , A, + A, (o -X ) = 0 (1 .1 .1  )
j ^ I J  4 J IX

or in  m atrix  form

(c  -A S)A  = 0 ( 1 . 1. 15)

where E i s  the u n it  m atrix ,

♦FviCh a «et o f  sim ultaneous equal! n s  cen have a n o n - tr iv ia l

so lu tio n  only i f  ,the determ inant o f  the  c o e ff ic ie n ts  vanishes
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e,.

«
«

s  0

o r
h j -  * °

(1.1.16)

where l e  the Kronecker d e l ta  ( ^  j  =• 1 I f  1 = j  l u t  -  0 

otii®rwt«e) .

In  M atrix  n o ta tio n  the se cu la r  equation l a  

c -  S » 0 (1 .1 .1 7 )

The normal frequencies are r e la te d  to the ro o ts  by

(1 .1 .1 9 )

On back s u b s t i tu t in g  A^ a re l& tionsb ip  between the

am plitudes A . • • •  A^, end the i  th  normal frequency 1$ 
11 ? i

ob ta ined . Ib is  d efin es  '#  Elmul*- licou® equa tions.

^®U “  *  °1? t i  **'

“•’1 h i  * ^°~s * '

\ , i  " # * # # ( o

This system orui only  be solved fo r  th e  r'j.tioF  o f  A- - , A •••
1 1  21

e t c . ,  bu t m  a r b i t r a r y  r e t  A may be ob ta ined  by p u tt in g  A
11 = 1.
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1 ,2  In te rn a i  Coordinateg

in  ce the  above t r e n ts e n t  include© th e  th re e  trsB sa le to ry  

#nd tliree  r o ta t io n a l  degrees o f  freedom, the  eec iilsr equation 

w il l  have s ix  ro o ts  w tieh are zero . I t  i s  th e re fo re  f a r  more 

convenient to  co n s tru c t th e  v ib ra tio n a l H am lltonisn in  a s e t  o f  

coo rd ina tes which t r a n s la te  and r o ta te  w ith the m olecule, 

namely in te rn a l  co o rd in a tes . Ihey invo lve changes In bond 

d is ta n c é e , angles Vetween chemicml Iwnds sad d ib sd rn l eag les 

in  to rs io n a l movements* These are  p a r t ic u la r ly  im portan t 

because they provide the s o r t  p h y s ic a lly  r lg n l f lc a n t  s e t  fo r  

U"0 in  d e rc rib in g  th e  po tan ti& l energy o f  the m olecule. f in c e  

the k in e tic  energy, on th e  o th e r  hand, i s  more e a s i ly  p e t up in  

c a r te s ia n  disrpleceaent c o o rd in s te r , t  r e la t io n  between the two 

types i s  th e re fo re  needed, % e fo llow ing tre& t»sn t i s  covered 

in  many atnndaird te x ts  ( 3 ,4 ,5 )#

_ 3

k=l

where 1« the momentum asso c ia ted  w ith the c a r te s ia n

dim laoem ant \  ,  k

h  * x T  “  “ A  ■£.

Now l e t  p. and p be the lacssants. &?»ocir.twd v ith  
i  t , r

in te rn a l  and wiHi t r  ng leticm B l end ro t; t io n a l  motions rs i^p ec tiv sly .
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Hence

n e: end 0. _ -•
^ ^ ^ ^ ( t r  j ro t)

S u b s titu tio n  give®

j ,  ^   ̂T ) a. ^  a ( t r ;P 0 t )

4 ~ ; j a .  )  t , r  ) ( t r ; p o t )  ^ K.\  i ^ i

(1 .^ .7 )

The f i r  F t term r e la te s  to  th e  in te rn a l  coo rd in a tes wnerees 

the  «eoond w ill be zero because the e a rte a ie n  axes ro ta te  &nd 

tra n « le te  w ith the  so la c u le , thus having no k in e tic  energy.

Hence , / %-6 ^11 \  2

) a ,
^ i s  abbrev iated  to  B., and r  en re  «en ta  the tranF  form ation

a ,  ik  ■
between In te rn a l  and c a r te s ia n  co o rd in a tes . In  m atrix  fc m

R = F-I (1 .V .5)

Honce , 2
^ . r l  I  T -

SÎ  ̂ I > — « >: I p p
. V ~rr m ar jr. /» J «  ' jk  /  ""I - j

1.)
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•»di«re 2 ^

G. , -  B ., o r  In  m atrix  formI j  % m. Ik  jk

G « 3 îT^ 3^ (1 .2 .7 )

Hence 2T « G P (1 .2 .8 )

0 in g  Hamilton* Î? equation 

,R m. —

Hene© B u b stltu tio n  w il l  v ire  th e  k in e t ic  energy in  term o f  th e  

v e lo c i t ie s .

27 » vr̂ R (1 .2 .9 )

As b efo re  the p o te n t ia l  energy w ill  be given in  in te rn a l 

coo rd ina tes a«

^  '  S '* )  *1 ' j

o r  ?V = H*’ F K (1 .2 .1 0 )

Hence the  H asdltonian in  in te rn a l  coord ina te  space becomes

I  | j t 4  S + G"^ = " Y (1 .2 .1 1 )

The form o f  th e  secu la r  equation  mu^t be

I ?  -  (G "h A | * 0

o r  m ulfiplyi.Rf frc<m t i e  la .f i  fey G

I O F - . . A  I = 0  (1 .2 .1 ? )
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1 .% Syimet r y  and Norgal C oordinates

For a la rg o  molecule the dimension o f  the m atrix  involved 

can be fac to red  in to  a number o f  synisetry b locks because the  

normal modes form a b a s is  fo r  a re p re se n ta tio n  o f  t*"te qroup 

involved* The problem i s  #s? e n t la l ly  u n a lte re d  b«oau-e any 

gymmetrv o p era tio n  mu^t leave  the p o te n tia l  and l in e  t i c  eaaor^der 

in v a rian t*  The symmetry and in te rn a l  coo rd ina tes are  r e la te d  

fey the 0 matrix*

S = UR (X .3 .5

Since the 0 m atrix  I s  o rthogonal, = o \

S u b s titu tin g  fo r  H in  the expressions fo r  T and V

H & IT ^ S  K 0% .

Hence 2T = (0^ S) V ^ { 0 \s )

«f n g’*'̂  0^ -

ss w

# ie re  0 reoPasœ jt* th«  syœneterls'ed G m atrix .B

S im ila r ly

2V =  ( u % ) h ( u h )

D O3: F

V  (1*^-3)

^3 ^  i s  th e  syam eterised f  m a trix .
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The D m atrix  l e  con F tru e  ted  aan u a ily  from Ftemdard group 

ta b le ?  (6) !oy memim o f  the h ig n a r o :e re .ter. The r?i.lo fo r  non -

degenerate coord ina tes i s

1 0  = h E x ^ * ^ ^  t  n (1 .1 .4 )
T T 1

where Y r e f e r s  to  n speciee ( i t ro d e o ib ie  rep re  e n ta tio n ) , N 

If; t i e  norsïsllR ing con stan t m û ?C ^  1© ih ^  ch a ra c te r  fo r  

opera tion  Î  o f  th a t  sp ec ie s . The ru le  has to  b© nodi "led fo r  

degenerate rp ec les  b u t can u su a lly  be form ulated u^ing  a l in e a r  

combination o f  in to m a l  ccord lneteF ,

The so lu tio n  o f  th e  Lagrfcnge equation  in  mass-weighted o r  

in te rn a l  coo rd ina tes i s  com plicated by the p re  ence o f  the 

crop«-term ? in  th e  secu la r  equation . I t  i s  th e re fo re  necessary  

to  c o n s tru c t a p a r t ic u la r  coord ina te  rye tern com{?ored o f  3*^-6 

param eters th a t  gives both the k in e tic  end p o te n tia l  ffuerg'y_ 

expressions ia  & diagonal fora* This i s  done by the In tro 

duction  o f  normal coordln<^tes ( f ) .

^  ■= 'YL = ' e (1 .7 .5 )
i  ^

and ?? ~ ^  l

A  being  a (ilaaonal matrix*

Thp se cu la r  equation ig  now

I A& f ® 0 ( 1 . 3. 7 )
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The trensformg-tdon involved between o th e r  set® o f  coord inates 

1» given by th e  L aa tr ix #

R = LgQ o r  S = Lq@ (1 .3 .8 )

Tne so lu tio n  o f  equation  i s

\  s la (X  A  + ^ ^) (k = l, . . . 3N-6) ( 1 . ^ .9)

deeeuK© th e re  i s  & l in e a r  re la tio n sM p  between normal coo rd ina tes 

and w sss-w e i^ ted  c s r te s lg n f  esoh w il l  be given by a s im ila r  

expression

*’lk  "  ° ik °  A  ( 1=1, • • • 2») (1. 3. 10)

Hence in  each normal coord inate  e very o .artssien  c ; .c lU a te e  w ith

the same fre q u ^ o y  V and the same p h a - © ^  ou t i a  genera l
k &

the am plitudes w ill  be d iffe re n t*

u b s t i tu t in g  fo r  S

2T = G S » ^$

= ( L .b ^  (L^&)

* 5 ^ ( I .3  C. L )6S S SÎ

27 « F 8 -  v^A  Ls

s >  P_r, )Q
$ 3
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Comnarlng these  equatione i t  follow s th a t

A = L ^ F L ( 1. 3. 11)9 a » , 

taid h ^ G L , = Z
® S S

o r I t ^  (1 . . 12)» 9 a

Thai© two equations combined give

%  ^

or (GgF  ̂ -  A B)L = 0 ( i .^ .l? )

1 .4  Met -ods o f  Construe * in r the G m atrix

By fa r  the most convenient method o f  co n s tru c tin g  G m atrix

elem ents i s  the Wilson s v ec to r techn ique. The s vwctor fo r

esoh atom corner! s in  ̂  a c e r ta in  type o f  in  te rn  e l  co o rd in a te , i s

defined  ?uob th a t  i t  l i e s  in  the  d ire c tio n  which w il l  produce

thie IfiTgest d is to r t io n  in  tEie In te rn a l  coord ina te  and i t  i s  o f

a magnitude equal to  the  d is to r t io n  produced in  tho in te rn a l

coord inate  \yy a u n i t  di«;dLaeesent in  th i s  tio f t e f fo o tiv e

d ire c t io n . The u n i t  d isplacem ent i s  assumed to be in f in i  

a a l ly  a a a l l .

a *  1 * 1 ,  . . . 38—6

j  ® 1, .  • .  ^
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But C. i * ^  —— • —— . —-
- i H  H  “k

n

= "Ik  '  h k / k

There -«re Ix  typ&si o f  In te rn a l deform ation u ©d to  

deacribe  the s?olecular d is to r t io n s .

(a) bond e tre te h ln g  (U)

a. 1 2 Smi
^  o o ^

T*n© mo9t e f fe c t iv e  way o f  accom plishlng a l?ond s tre tc h  between

a t  me 1 and 2 i s  by co as tr iie tin g  and a« tdiown in  the &Tx3v@ 

fifcurc.

Hence G(

"̂ 2

Considering en. In te ra c tio n  term between two s tre tc h e s  and rx<- 23
th e  on ly  co n trib u tio n  comeu from atom 2.

cosG

where 5 i s  the  ia tc rb o n d  ang le.



(b) Ant:le bendlnp; (o( )

ïo  produG-e im lt dlmolmeement ia  angle the Ÿ ectorf

and 3 1*111 have a m&gnltude — and — re sp e c tiv e ly

isagaituda and d ire c tio n  o f  x u st be

The

otherv iïre

tiiô B olecale ae a vhole womd move o r  r o ta te

and e_, be the ta lt

vector*^ along the tw3 bonds

snd a m i t  vecto
3Z

n. rp p n d icn ls r  o r.

Then where e nnd b sro ?os« constpint?

^.Ince coa & 5nd s i n  î* «

CO5 ^ -'0

sin  ^
1 2

c l ^ i l a r ly  can be ca lcn ie to d , and then from the above 

re la t io n s h ip .
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in  general eny in to  rn ml coord inate  can be rep re  en ted  

by 3 T(?c^ore s c tln g  on each o f  the &to%$ end tb e  B m strlx  

element comoiitsd by using  tii© ru le?  o f  S ec to r im ilti::-!!cation*

For the rem aining in te rn a l  coo rd ina tes only th e  d ire c tio n  o f  

tlie s vector^  viX l be nho%n b u t the mmmltude om  ue found from 

th e  ap p ro p ria te  te x t .

( c) In^plf^ie ( p  )

*fe u'^ually consider the speoi&l css© where the four Rtoms 

o f  the  in t e m s l  coordinate i e  in  the  memo pl&nc, m  i a  

bensen© m olecule.

3

I t  1 e^r.^ntidily repre -ented as the Ruamatlcn o f two migle

bonding coordinates* In the acvre figure p % ( < ? ( - _ -  o(_ , .̂),
I i < 3  I f  4

I t  i s  defined  to be p c - t t lv e  when atom 1 i s  aioring l a  m  a n i i -  

clock&lee d ire c tio n  {opposite to  th a t  shown in  th«̂ » f ig u re ) .

The three following in te rn a l coordinates are oiit-of-piane 

in te rn a l coordinstca becau-'e the s vectors are directed

perpendicular W the olana oont^dninr the r'^sociatsd atoais*



( â) Oat~o way ( ^  )
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The O '.it-of-plaae k v e c to r ' %re fôr»c-c frcus t*-a m i t  vecto r.

by o f  the v ec to r produot ru le , l#e* lo  a 'xnlt
s j u  ^ 2

v e c to r  perr5-,^dlcul5ir to  the plane

(e) Toraicn (S  )

( f) Snco la l  to r s io n (0)

b e l l  I n t r  duued a n%% in te r n -.1 coord lnet^  to taorove on 

11) son* p Valeric© f o rce fi& ld fo r  t i e  out-of-plan©

v ib r a t i  us o f  bense-ae* The o b je c tio n  to  the to rs io n a l

fore© co n stan t involved was i t s  nagnitud© being th ree  tim es as



g re a t t "  t t i r t  o f  e th y l ns, v'-'en +ho benrenoid C-C bead has 

on ly  p a rt!  a l  d--*uhle hrnd v ; r e c to r .  B ell sa5re*»ted tb » t  t i e  

■̂“coord inate  was ln%dec.uate  because tXier© was n ysio&l 

ju a t i f io s t i c a  fo r  n eg lec tin g  the r e la t iv e  tvd^ t o f  ee^eool&ted 

C-i bond‘d, € s p e d  a l l  y l l r b t e r  hydroger a tom»* w ill u o u c liy

have rre& ter dlDolaoementr.

« 6
H

\  /
C , C

" X

h  4°

Her.c« th e  ^  +or?lon I r  expressed n% the aummrtlon o f  two 

t e r ‘Ion3

' o y  ̂^  p; 4

The plane described  by atoms 1, 2 and 5 w ill  tw is t  with 

re sp e c t to the plane 4, 3 &nd 6 about the jo in in g  G-C bond.

l , b  Types o f  Force F id d

(1) Yelence fo rce  H a d

'-'I'l ' form o f  the p o te n tie l fm c tio n  i s  t  v« sim plest known 

bec&u,'© i t  c o n s is ts  o f  diagonal F m atrix  6lements only*
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IntercC tion. Cv>n t,;.abe './c n c r l  c* d, ':.vn":e '-or .: n:-Ic

t\i3 ■. •■?•:• "k-'-f

B7 = H  f , ,  ( A r j '  + f  -i ( r A o ( J

Th'.a mii33b-:-r c f  f>r-̂ ce ^<mr tr̂ -i l . f t ^ e n

number o f  frermm.ci'-F! oü th&t t3:o ur-ymtrntr cm  be

oel r i l f  hfd fr:--'. -m r  the free  i nci^r: n̂<2 th s  <r:câ

fo r - oklnf:. Bi nch c r ; o s t e a l  rr^r.n^-ncie^ may &Tv!,=it9

from o b served  v \D»;. by as much a s  10%, %nd f'eroe crn: ta  v̂.*'

arm very cri‘;r'̂  c t - 'r i  r j.c  o f  r O f'rtlaulm r ’.lind o f  ond, c . r ,

a O-C 1 J ' o r i  would ••-ve : l- rc o  cun •*t- e t  o f  

9 .7  '•i.'l;me:■•/’?. ■‘W i;ird l3 ': o f  mvirM'.'pent. - a i,i]  i  ;0 b: jJ.ne.' r

iT ‘r,oI jôutam i'he 1 ^ '  '.-ocoMoi re^ -o n a '' ? f i r  1 o rd er a r-rc

loa+ lur ojfcept fmr 3%'ju, - bed . - 'id ••/ - - ( . , ■'d.J

( i i ) angrml  '‘.u* I-?-.-:t‘lc  fo rce  P je i ZoZL)

) bIn i t s  a t* c ly te  fone »11 the Rlf -o"t< ------  — mm

included  m d  the uuajhor o f  termn involved in c ro p 'e -  boly

ar t':e  mqumr'- tv'- Hgi.n don ( -  n ' ' ^l )  “incv 1 '̂ eT 'cgptrlo) .

T z9 obv ion-ly  in  ' r e d u c e f  -r %&ore ;'-«rnw«ter‘- ob. ^erv-'llos,

and only  in  .-i few ■Irci.tlt:' carnem hae t̂ :@ complete C^FF been derived .

Cn »recllce, ho"weva''", mil the rasaote o tlc n  mrc reduced
to  turo  .«nd r'ome in te ra c tio n  oonPtsntg can bo id e n t i f ie d  to  be



PO.

zero from th e i r  transform atio n a l  p ro p e r tie s  under symmetry 

o p e ra tio n s . For example, any in te ra c t io n  term Involv ing  the 

p- in te rn a l  coord inate  (which i s  converted to  under 6^ ) 

and any second coord inate  which i s  transform ed in to  i t s e l f ,  

must he id e n t ic a l ly  zero .

( i l l )  Urey-Bradley Force F ie ld  (UBFF)

This f ie ld  c o n s is ts  o f  a VFF p lu s terms in v o lv in g  fo rces  

between non-bonded n u c le i. In  n h y sica l term s, th is  s o r t  o f  

p o te n tia l  function  seeks to  take in to  account th e  van der 

Waals fo rces between non-bonded atoms. The p o te n tia l  energy 

has the form

■V = (VFF terms) + Ç  + F ^ ^ ^ (A q ^ ))

+ Ç  ( A r p  + E  H ^ r  2 ( A W ^

where q i s  the  d is tan ce  between a. non-bonded p a i r  o f  atoms.

In  th i s  case the l in e a r  terras are  n o t n e c e s s a r ily  zero 

because r ,  (X and q are  n o t independent.

The cond itions fo r  a p o te n tia l  minimum n ea r the equ ilib rium  

p o s itio n s  are  now o f  the  form

P)V 1 1
— ------ = r  k t  F, — = 0

When the expansion i s  worked o u t, the re la t io n s h ip  between 

the fo rce co n stan t o f  tlie GQFF and the UBFF o f  a simple molecule
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can be compared. I f  i t  l e  a. wsud th a t  the reo u ls lv e  energy
-9  1between non-bonded atoms i s  p ro p o rtio n a l to  r  , F i s  tak m  

1
to  be -  — F.

10

UBFF has achieved p o p u la rity  simply because o f  the 

d i f f i c u l ty  in  aseign ing  ph y sica l meaning to  many o ff-d iag c n a l 

VFF co n stan ts  in  terms o f  molecule s t ru c tu re .  Shimanouchl 

(3) and b is  coworkers deMved values o f  the non-bonded in te r 

ac tio n  co n stan ts  between th e  halogen atoms o f  CGI* and CBr.4 4
and found them very  c lo se  to  the is o e le c tro n ic  ry^tems ari^^on- 

argon and krypton-krypton , e t  the s îme in te m u c lo a r  d is ta n c e s .

Since the  UBFF i s  a s p e c if ic  case o f  the GQFF one should 

have no doubts in  decid ing  v^dch one i s  b e t t e r .  Whenever the 

UBFF f e l l s  to  work fo r  a m olecule, one c n A utom atically ansume 

th a t  o th e r  in te ra c t io n  oonsbrnts, between n an -ad jacen t 

co o rd in a tes , p lay  an im portan t ro le  in  tiie F m a trix . A w ell 

knornn ex mple o f  the f a i lu r e  o f  the UBFF to reproduce a l l  the 

ob served frequencies i s  th a t  o f  e th y len e . L a te r , however,

Overend and Schi?rer (9) showed th a t  the In tro d u c tio n  o f  a t r s n s -  

bending-bending in te ra c t io n  co n stan t was s u f f ic ie n t  to  p u t tlie 

m odified Urey-Bradley fo rce  f ie ld  (M03FF) to  work. For a l l  

arom atic systems the  b r s ic  UBFF f a l l s  to  reproduce the observed 

peotrum c o rre c t ly , the e r ro r  being concen tra ted  in  tho^e r in g  

modsp which correspond to  the famous r in g  v ib ra tio n  o f
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benzene. For th i s  mol cu le  Overend and Scherer (10) suggested 

an e leg an t way o f  in tro d u cin g  in to  the fo rce  ^ ie ld  the o rtîio , 

meta and para  r t r e tc h - s t r e tc h  in te ra c t io n s  condensed in to  a 

s in g le  term, the so -ca lled  Kekule co n s tan t. This MDIFF 

works c o r re c t ly  and was l a t e r  tra n s fe r re d  w ith success to 

naphthalene and anthracene,

( iv )  Mill* 8 Hybrid O rb ita l Force FI .Id

Several -eo p lc  have t r ie d  to  c o r re la te  the signs o f

in te ra c t io n  co n s tan ts , w ith the change in  e le c tro n ic  charge

movements cocompanying n u c lea r d is to r t io n .  Heath and L in n e tt

( l l )  argued th a t  changes in  sp h y b rid isa tio n  w ith v ib ra tio n

could account fo r  the in te ra c t io n  coast«?nts o f  w ater end heavy

w ater. Thus fo r  pure p bond c h a ra c te r  th e  oxygen atom would

be 630)60ted to  form two bonds a t  r ig h t  n n rle s , wh reas complete

sp- h y b rid isa tio n  would le ad  to  sh o r te r  0-4i bonds forming &

te tra h e d ra l  ang le . Considering the o( in te rn a l  co o rd in a te ,

the molecule w il l  tend to  c o n tra c t s t i f f e n in g  the OH bonds end

hence g iv ing  a o o s lt iv e  sign fo r  F . Likewise an ex tension
rK

o f  e i th e r  OH bond would in c re ase  the p c h a ra c te r  o f  both bonds, 

i . e .  Incroa e the ex tension  o f  the  o th e r  bond producing a decrease 

in  the p o te n tia l energy. F^^ w il l  th e re fo re  be neg a tiv e  as 

observed# S im ila rly  a C-H b tre tc h  in  a ben?@ne nucleus w ill  

be accompanied by an in c rease  in  the a sso c ia ted  C-C-C angle.
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In  th i s  way many rtre tch -h e n d  in te rd ic tio n  co n stan ts  have been 

hown to  be n eg a tiv e , e*g* C=0 %nd HCH o f  fonsdldehyd®, C=C 

and 3CH o f  e thy lene .

K il l"  ucco >ded in  form ulating  th ese  q u a l i ta t iv e  arguiùents 

on q u a n ti ta t iv e  grounds by In tro d u c in g  th e  by r ld is s t io n  oarc:- 

m eter A .  V*>»en app lied  to  tlie "impie »yst«Ra o f  methyl h a lid e s  

the  in te ra c t io n  co n s tan ts  were derived  as products o f  the  d ia ^ n a l  

co n stan ts  and the d e r iv a tiv e  o f  the in te rn a l  coord inate  concurred 

w ith re sp e c t to  A • D eta iled  force co n stan t c a lc u la tio a s  

confirmed the  p red ic ted  sig n s o f  the?e t e r m s CH o r CX 

as p o s it iv e , c o n s ie te n t w ith the aeruap tion  th%t > ch a ra c te r  

in c re a se s  with bond le n r th .  Duinker ( i f )  used the OFF tre&tm 

ment in  derivlnt? h i?  in -p la n a  fo rce f ie ld  fo r benzene.

(v) Compliance Constants

"Inver se” force co n stan ts  ( i .  clement^ o f  F"^) have 

c e r ta in  p ro p e r tie s  w?deh make the so lu tio n  o f  the v ib ra tio n a l 

robiem In the form j F ^ C ^ " | -  0 more convenient.

Drcius(17) p o in ts  o u t th  t  a d d itio n a l 'ounces o f  inforoiiztion, 

in  p a r t ic u la r  mean am plitudes o f  v ib ra tio n  from e lec tro n  

d if f r a c t io n  ( r '  ) and c e n tr lfu g ? l dis^tortion co n stan ts  

from microwrve mpectrosoooy both involve compliance censte n ts  

in  n saoi"e d i r e c t  end n a tu re l  way. The mo?t im portan t 

p ro p erty , howover, l i e s  in  th e i r  in v a rian ce  in  d i f f e r e n t  s e ts
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o f  co o rd in a tes . 3%lG was mo^t a p tly  i l l u s t r a t e d  by 

and S la te ?  (14) using  the fo rce  co n s tan ts  derived  from 

and fo r  two s e ts  o f  in te m a l  co o rd in a tes .

1 .6  S o lu tion  o f  the  S ecular M atrix

When t^ie G m atrix  has b e ^  ca lc u la te d  from th e  B m atrix  

end the form o f  F m atrix  decided, i t  i s  req u ired  to  solve

( G / s  -  AgE)l.g = 0 (1 .6 .1 )

Tiii'^ i^  done by c a lc u la tin g  th e  e l  gen v ec to rs  (D) and 

©igen va lues ( P ) o f  the symmeterlsed 0  m atrix

G Ds = D aT s (1 .6 .2 )

The e ig m  v ec to rs  are norm alised mich th a t  D_D_ = E. P  i s5 S S
a diagonal m atrix  con ta in ing  th e  eir^en values wbo^e corresponding 

eigaa v ec to rs  e re  g iv ^  by the  coI ubhis o f  D.

A m atrix  i s  then foraed  by

Ds = Dg rs&  (1 .6 .3 )

I t  i s  e a s i ly  shoi*aa th a t

h  V  = G. (1 .6 .4 )

M ultip ly ing  (1 .6 .2 )  from the  r i ^ t  by

g d d ^ = d P d ^
s S S « S 8
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G,  =

= Cg (L.E.D .)

, h î

Slid elgen v^îlues J \

A m&trlx D -T  D_ i s  then formed who e e i g ^  v ec to rs  are  Y, » g e ‘

S

i . e .  (D ,% D ,)Y g = ï , A g  (X .6.5)

M ultip ly ing  from the l e f t  by D

h h X V a  =

I t  then follow s from (1 .6 .4 )  th a t

G s W e )  = < h h > - ^ s  (1-^-6)

Hence comparison o f  the two equations (1 .6 .1 )  and (1*6.6) 

gives
h  = V s  ^ 3 = ^ 3

The u n i ts  o f  G and F w ill  in flu en ce  the u n its  o f  X and hences
the ap p ro p ria te  fn c to rs  are  in troduced .

From ( l . l . l R )  the e lr  en values A ^ are r e la te d  to  the 

frequencies in  Hz by
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Using c .g .e .  m i t s  A ^  iv lll have the dimensions o f  CF, i . e .  

aau*“̂  dyne 10^ 5 amu“^ gm sec ^

h u t 1 ojRU ^  -i- m e

o 2
Hence = 4 tT (cV ^ ) where c i s  the v e lo c ity

o f  l i  ’h t  m d  9  the wave number (cm*“̂ ) .

4 2 ^
H ence A v *  ——— V ,

H

or (1 .6 .7 )

L w ill  have u n i ts  o f  (amu)^^ end i. (emu) " 2#

I f  the secu la r  equation  i s  solved in  symmetry coord inates 

some o f  the eig<m values fo r  c e r ta in  symmetry species w i l l  take 

on a value o f  zero# The^e re  known as the redundant roo t?  snd 

occur when th e re  are  more sy m e tiy  coo rd ina tes than normal 

co o rd in a tes . T heir presence im p lies th a t  a t  l e a s t  o f  tiie 

deform ation coord ina tes are  dependent on one eno thar. In  

r'imole eases tim redundancy cond ition  can e a s i ly  be s^.x)tted,

a .g . in  benzene A , sp ec ie s .
1

i 5  a - “
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Redundant coo rd ina tes must be e liin ina ted  i f  the secu la r 

equation i s  s e t  up in  the f r a  ] F -  G ” ^ A  I ® 0 , because now 

G 1^ s in g u la r  snd has no in v e rse ,

1 .7  C artesian  Displacement le  .re  > n ta t lo a  (CD)

Once the ae cu ls r  equation has been solved i t  i s  o ften  

convenient to  transform  the normal coord ina tes back in to  th e i r  

c a rte s ia n  repre-mentation co as to  v e c to r la l ly  re p re se n t the 

m o t i o n o f  the in d iv id u a l atoms during  the n o raa l v ib ra tio n .

L et A be the transfo rm ation  between c a r te s ia n  and in te rn a l  

coo rd ina tes puch th a t

X = A R (1 .7 ,1 )

BecTzuee R = B X  A B » £  = B A

From (1 .2 .7 )

Gr =

FetJ.'nultlplying by A

A = A3M"^

• #

P rem ultip ly ing  by

A = (1.7.2)

Therefore

X = (M-1 3^ Gg )R (1.7.3)
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Trou (1 . 3. 1) S = OR

Hence X = (M"^ B* 0*)S (1 .7 .4 )

?'-om (1 .7 .8 )  S = L QS

Hence X = ( i r ^  G„"^ 0* L )Q ' (1 .7 .5 )n s '

Froai above .
Gg = u Gg a*

• I  ^

Hence prem ultip ly in g  by 0 end postm u ltio lv in g  by U

a *  G, a  = Cj,

Hence (% )" ’" = ((f^ %  a )"^

- =  G a

S u b s titu tin g  in  (1 .7 .5 )  g ives

I  = ( f r ^  a*  G i  )a  (1 .7 .6 )w S

From L L ^ -  G„ and th e re fo re  s s s

X = (h“^ 3* a^(Lgh"^)Q  (1 .7 .7 )

Both equations (1 .7 .6 )  and (1 .7 .7 )  invo lve the in v e rse  

o f  a m atrix  which may o r  may n o t contain  one o r  more redundancies 

fo r  a c e r ta in  symmetry b lock . I f  th is  i s  the case no in v e r  e 

w il l  ex l t  because tlie  m atrix  i s  s in g u la r .

fUBsoni and Zerbi ( I 5) in troduced  s m t  o f  symmetry 

coord ina tes derived  '̂rom the e i? m  v ec to rs  o f  the G m atrix

( = % * R  (1 .7 .3 )
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The new - igma coord inates form a com pletely reduced 

rep re se n ta tio n  o f  the symmetry p o in t group to  which the molecule 

belongs and are th e re fo re  symmetry coord ina tes themselve .*

I t  may be poin ted  o u t t l ia t  the ^  coord ina tes a re  c lo se r  to  tiie 

normal coord inates tiisn the b ig n e r typo and could be c a lle d  

quasi-norm al coord inates Ince they reduce the k in e t ic  nergy 

to  diei^pnal form#

The ^  coo rd ina tes can be n laced  in  symmetry block form

ae ^  g (1 .7 .9 )

Any redundsm 'y  now pre^^ent can be removed by om itting  the 

column o f  zeros in  co^respondin,;^, to  the zero ro o t in  P

I t  i  now req u ired  to  fin d  an exore -slon fo r  in

equation  (1 .7 ,7 ) .

Lg = Dg Yg

Hence L * = Y„*s  a s

Therefore - i  _  , ,
= [ j  P  i )  (1 .7 .1 0 )

(where D i s  the reduced m atrix  and P Üie reduced P m a trix .)

= [ t  r  ' D^j] -1

= ( D t ) - i r - &  Y 

Hence (L ^*)-! = C P Y

and X = (M-1 8* U* DP~^ Y)Q (1 .7 .1 1 )
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Q can be regarded as d e fin in g  the  sc a le  o f  the d is to r t io n s  

and i s  in  e f f e c t  a norm alising  co n s tan t. An abeolu to  value 

i s  a s s lrn ed  by u t i l i s i n g  the expression  fo r  th e  ro o t mean square 

displacem ent fo r  a harmonic o s c i l l a to r  in  one dimension 

h V + |) V |
-  I (1 .7 .1 ?)
i

Fundamental v ib ra tio n s  invo lve the t r a n s i t io n  in  the

v ib ra tio n a l ener^qr le v e ls  from v = 0 —> v = 1 V i s  the

v ib ra tio n a l  quantum number. D efining the in c rease  in  mean
— p .‘è’

square am plitude in  the  0-> 1 t r a n s i t io n  by ) we have

— g h
((i. ) =  (1 . 7 . 13)

In  r e a l i ty ,  however, n o t a l l  m olecules are  in  the ground

s ta te  a t  room tem perature and e co rrec tio n  fa c to r  o f  
1 h y
I  c o t h  allow s fo r the popu la tion  o f  ex c ite d  s ta te s .

2kT

1 .8  P o ta a t la l  M e rrr  D is tr ib u tio n  (PEP)

The so lu tio n  o f  the v i r a t io n a l  problem fo r  a p a r t ic u la r  

normal mode k i s

From E = L„Qa
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and tue r e la t io n  between the in te rn a l  coo rd ina tes end the normal 

ceord inaten  w il l  th e re fo re  be

h  h i  "1 h ?  S  ^ik S t

Ri  ~ ( f l  ^1 ^12 S  • • • •  ( Ik

Hence fo r  mod© k the r e la t iv e  r a t io  o f  the  am plitudes o f  the 

in te m e l  coord ina tes w ill  be

G v  * (c* • • •  * ( tit

I f  one o f  th ese  elem ents i s  r e la t iv e ly  la rg e  compared with 

other,^, the normal mode i s  sa id  to be predom inantly due to  t i e  

v ib ra tio n  caused by the change o f  th is  in te rn a l  co o rd in a te .

Morino rmd K ucbitsu (17) h«ve shown th a t  tlie PED in  each 

in te rn a l  coord inate  f iv e s  a b e t t e r  measure o f  the band assign 

ment than the simple r c t io  o f  elem ents.

Since 2V = Q ^/\ C and A = P L 

the p o te n tia l  energy o f  the whole molecule fo r  mode i s  

expressed as



Since, in  genera l, the suaaistion t@ra? are la rg e  when i  = j ,  

only  the  terms e re  i # i f l e m t .  Thu* the ra t io *  o f

such term s orovide a reasonab le  meazure o f  the  r e la t iv e  c o n tr i

bu tion  o f  each in te rn a l  coord inate  to  the normal mode, and i f  

any one term I s  r e la t iv e ly  la rg e  compared to  the  r e s t  hhe normal 

mode can be a s s i ^ e d  to  th a t  p a r t ic u la r  in te rn a l  co o rd in a te .

1 .9  Comcutatlonal Solution

The most prom inent work fo r  com puterising tiie v ib ra tio n a l 

problem w ith o r  w itiiout i t e r a t i v e  techniques was due to  Fnyder 

and Schachtschneider ( l 6 ) .  The eeaen tif tl lo g ic  i s  o u tlin e d  in  

F ig . I ( i ) .  H ag o a a llsE tio n  o f  the ap p ro p ria te  m a trices  i s  

c a rr ie d  using  a subroutine EAO3A from the  U n iv e rs ity  o f  London 

Computer C entre . This subrou tine in v o lv es  Jacob i*s method 

i^ e re  the o f f—diagonal elm oents are  p ro g re ss iv e ly  reduced to  

zero and the transform atlong involved are  then app lied  to  a u n i t  

m atrix  to  f iv e  the eigen v e c to rs .
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Cycl,» iio. o f  m olecules
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I
Cycle N&

lead  counter fo r  coord ina te  deform ation R c< t S ys /
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Read numbers o f  n u c le i involved in  deform ation
 ̂ -  I

Form e .e c to r r  betwe n bended n u c le i
I

Form s vector?! f o r  each atoms 

Comolle B ms+Hx row with conf)l<tent d im m sl ns 

Form o L  

Read F (i

Head Ho* o f  symmetry b locks -  lîStMB
I

Cycle
I

Hoad U m.atrix

Form and P ,® s
Pons D andP from :AD-A 

I
E lim inate redundancies 

_l
Form 5^ ^ 5

Form I  and ^ f ro m  FAOTA
l_

% = D I
— J &

O utput V -  13D;: X end h 

C a rte s ' an d i ̂ placements

End

Fi?. 1(1) now d la s ra a  o f ' .ISDA' in  Ap-. n d lx  I .
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CRAPTFR 2

The V ib ra tio n a l A nslysls o f  diphenyl

2.1 In tro d u c tio n

Many o f  the  e a r l i e r  s tu d ie s  on the v ib ra t io n a l  sp ec tra  o f  

biphenyl ( l3 -? l )  l e f t  many o f  ssslgnm ents in  co np iderrb le  doubt. 

Recent voric o f  P ascu ie r and Lebas (?2) gives a  f a i r l y  complete 

assignm ent based on su re ly  c u a l l t a t lv e  reasoning  end normal 

coord inate  c a lc u la tio n s  fo r the in -p lrn e  v ib ra tio n s  o f  the 

o lan ar molecule by Serbi and Ssndroni (23*24) give reasonably  

good p re d ic tio n s . I t  has th e re fo re  been an em barrassing f a c t  

th a t  d esp ite  so many s tu d ie s , convincing evidence o f  s p e c tr f l  

changes accomoanying chans© o f  s t a t s  has been la c k in g . This 

hs.s p a r t ly  been due to  the f a c t  th a t  both the  low -frecu#ncy 

in f ra re d  road Rf®an so ec trs  in  di r*ferent p h y s ica l s ta te s  had been 

e i th e r  inadequate ly  determined o r  obscured by so lv en t bends.

Many ph y sica l technicues have been used to  determ ine the 

conformation o f  b lcheay l in  d i f f e r e n t  p h y sica l .s ta te s . E arly  

•o rk  on the  X-ray crystallo^^raphic atudy o f  c r y s ta l l in e  biphenyl 

by m a r  ( 25) ©uggested tkiet th e  molecule wna p la n a r  w itiiin the 

l im i ts  o f  esqperim^^tal erro r  end H'e i n t e r  r in g  C-C bond len g th
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wa? 1,48 ï ,  More re c e n t '/Oik by T ro tte r  (?6) re v ise s  th is  

d is tan ce  to  1.506 L  The in te rp r e ta t io n  o f  the 247HL «conjugation 

band" in  t-he u l t r a v io le t  spectrum In so lu tio n  i s  t i l l  u n ce rta in  

b u t p re en t views are  based on the f - sumption th a t  change in  

conformation w i l l  n i te r  the  t t  -  i t  In te ra c tio n  tru e  e f fe c t in g  

the p o s itio n  snd in te n s i ty  o f  the  t r a n s i t io n .  The h igh - 

re so lu tio n  N.M.*. mpectra in  the molten and so lu tio n  s ta te s  

o f  oae poly-phenyls (27) give r e s u l t s  which ere  in co n clu siv e  

fo r  biphenyl b u t which in d ic a te  th a t  m -terphenyl i s  n on -p laner.
tVit b.fK-co l̂ radtcaf

E lectron  spin resonance «spectra (?8 )^o re  in te ro re te d  in  terms 

o f  E molecule w ith a d ih ed ra l angle o f  Unquestionable

evidence o f  th e  ex is ten ce  o f  a tw isted  s tru c tu re  in  the vs.pour 

pba«e ( 29) comes from e lec tro n  d if f r a c t io n  work, the angle 

ob ta ined  being  45 -  10^. Ü.V. sp e c tra  ('V ) suggest th fit the  

d ev ia tio n  from p la n a r ity  should be la rg e r  in  the vapour s ta te  

than the so lu tio n  s ta te  value o f  20- 25° .

2 . 2 Experimen t a l

The biphenyl used in  r l l  spectro scop ic  s tu d ie s  was purchased 

from ^.D.U, L td . and used w ithout f a r th e r  p u r i f ic a t io n .  A ll 

the n ea r in f ra re d  sp ec tra  were recorded w ith a Perkin-Elm er 325 

g ra tin g  spectrovbotom eter* The s o lid  't a t e  sp e c tra  were run 

e i th e r  as a ootassium  bromide d ir e  o r  as a s o l id i f i e d  m elt.

This was ob ta ined  by allow ing c ry ^ ita llin e  b iphenyl to m elt on
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a warm KBr p la te  and -then le av in g  to  oool very alowly. The

so lu tio n  sp ec tra  were recorded using  so lv en ts  w ith n e g lig ib le
-.1 —1

absorp tion  over p a r t ic u la r  ranges, i . e .  400 cm" to  1000 cm
«—1 —'Iw ith spectpoacopic carbon d i su lph ide snd 1000 cm*" to  1700 cm

w ith spectroscop ic  carbon te tr a c h lo r id e . A ll the  f a r - in f r a r e d

sp ec tra  were recorded on a R .I.I.C *  F8 720 M ichelson i n t e r -

feromfîter u sing  a ?5gtaufe b e a m -sp lit te r  to  accommodete the 
-140-400 cm sp e c tra l range. The s o lid  samples were recorded 

a t  l iq u id  n itro g en  tem perature to  p reven t evaporation  o f  

biphenyl imder vacuum. The so lu tio n  s p e c tn  were run In 

e i th e r  benzene o r  cyclohexane, both so lv en ts  having v e iy  sm all 

absorp tion  in  the f a r  in f r a  red . The polythene c e l l s  were 

made and sea led  u sin g  apparatus designed in  th is  Department ( 3I ) .

The Raman sp e c tra  were recorded w ith e i th e r  a Gary 8 l

( 180°  s c a tte r in g  and He/ Î© 6328 8 e x c itin g  l in e )  a t  Im peria l

College o r  a Epex Hsm^log (90° fcr t t e r in g  and Ar**" 5147 ?

e x c itin g  l in e )  a t  U n iv e rs ity  C ollege. Roman sp e c tra  of n<\\r3

were taken In  a sp ec ia lly -d es ig n ed , g la ss  h ea tin g  l in g e r  and

the  gas-phase sp ec tre  u sing  f a c i l i t i e s  a t  Southampton U n iv ersity .

The p r in c ip le  bands o f  biphenyl are  l i s t e d  in  Table I I  ( l )  and
—1sp ec tra  below 1000 cm are  -howi in  F ig . I I  ( i ) .
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C alcu lations were carried  ou t using  magnetic tape f a c i l i t i e s

èn the London U n iversity  CDC 6600 wi th pro rammes w ritten  in

Fortran  IV. The aromatic rings were assumed to  be reg u la r
o

hexagons and the bond leng ths were taken as = 1.40 A;

R^^y = 1.48 S and = 1.004 ?• The- in -n lan e  force f ie ld

was tra n s fe rre d  from tJie f ie ld  o f Duinker and M i l s  (12) fo r 

benzene and the o u t-o f-p lan e  force f ie ld  was tra n s fe rre d  from 

a etudy on the o u tro f-p lm e  v ib ra tio n s  o f  -ome halogenated 

benzenes (32) .  % e in te r - r in g  s tre tch in g  force constan t was 

assumed to be 4,9 mdyne«/î -  a valus choîen on the b a s is  o f  

a simple force constant-bond length  re la tio n sh ip  fo r C-G bond-^.

No in te r - r in g  force constan ts were in troduced because o f  tliC 

u n ce rta in ty  concerning any resonance in te ra c tio n s . F in  ce no data

was av a ilab le  to describe the in -p lane  end ou t-o f-p lane  wags 

fo r  a carbon su b s titu e n t on a r in g , i t  was assumed th a t  the 

energy requ ired  to produce u n it  angular deformation was 

independent o f  su b s titu e n t. A l i s t  o f  force constan ts used i s  

shown in  Table I I  (2 ) .  The symmetry coordinates were compiled 

to  rep resen t the p o in t group and are given in  Appendix ( l ) .

In  the c a lcu la tio n s  below only 59 normal modes are  computed, 

the m issing fundamental being a t tr ib u te d  to  the low est mode, 

namely the ’’b u tte rf ly *  mode. This déformation was om itted on 

account o f  the u n c e rt 'd n ty  concerning natu re  o f  the to rsion  

in  so lu tio n , i . e .  whether the to rs io n  occurs about e fixed
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Table 11(1)

The P rin c ip le  I n f r  red end Reman b ^ d s  o f  Biohenyl a t  Frequenoiea
below 1700

In fra re d  Rsæan

Solid  Liquid S olid  Liquid

I 69OW

I 65OW

1597s

1568f

1480vf

1428v9

I 38OW

1344m

13Û7W

I 28OW

I 683W

1655*

I6l7w I6l2w

1595s

15678

1481s 

1455m 

1430 s 

1381m 

1737m 

I 3I7W 

I 30OW 

I 28OW

i?63w 1266m

1242W

1620 sh

I6 l0vs 161?vs

1592VS

151*^

146?w

1333*

1595e

1509m
(0,?7)

146Pw

1276ys 1?B5vs 
( ) . 18)

1265shw 1249m
1208w 1192m(br)

(0 . 18)

Gas

1613vî

1596ve

1505%

1?82v9

123'^w

Assignment

e

'2u

g

3u

g

211

2u

'Ig
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In fra re d  

S o lid  Liquid

ll8 lm

11698)
)

1154w)

1110m

1090 s) 
)

1075m)

1041s

1006s

98 5w

902s

1174W

U55«

1107*

1072s

1042s

1007 s

990w

979vw

964vw

917m

902s

Table I I ( l )  (continued) 

R&man

Solid  L icaid  Gas

1097*

1076s

1165m) 1158m
1149m) (0 . 81)

1094*

1031a
(0 .06)

1002vs 1004T:r'.
(0 ,09)'

973w

967m
(0.29)

IOO3VC

964*

Assignment

S

1029m a

g
b.

a

2g

l u

b2g

lu
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In fra re d Raman Assignmait

Solid Liquid Solid Liquid Gas

8ÿm

778s

346w

.79P)
) d—m

783)

841m
(0 . 33)

78a»

638* V ^ g

743sh)

739

741*5
(0.08)

740#

°e

729ve 735*9 h u
695*5 697 VF bit,
626* 6p6w b ju
6lOm 609 s ^3u

mm 543s

6lOm

546*

6l4m
(0.75)
546w

615* h g

**?g
458s 486s h u

-

403s

367m

409** 410m
(0 . 5^)

405»

h g

174w

315*

269a

329m

251a

516m
(0 . 18)
?69m

(0.88)
265*

®g

llS v s 112*3

73* 77*
80ra

52m
41m )L a ttic e

) modes
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d ih ed ra l angle I f  the v ib ra tio n  b®cow**s  ̂ r a ta t io n s l  degree 

o f  freedom. Thie approximation can be j u r t i f i  d  bec^ufr-e the 

io m e?s o f  the ^reouency r e s u l t s  in  l i t t l e  mixing' with o th e r 

normal coord inates. I t  i«  vsry  common experience th a t  there  

to rs io n s  fa c to r  ou t as a lone v ib ra tio n .

2 .7  'Theoretical P red ic tions

The s ix ty  normal modes o f  biphenyl for® m b as is  fc r  a

rep re  en ta tlo n  o f  e i th e r  the ( d ihedra l angle © = 0^}, the

Dp (0°< G ^ 9 ^ ) ,  o r the (Q = 90^) n o ln t groups depending

on i t s  conformation. The rep resen ta tio n s , together with the

corresponding a c t iv i t i e s  end co rre la tions’ are  11 -ted  in  Table
»

I t  can be seen th a t as the centre o f  symmetry ie  lo  t

the symmetry cieseae o f  the group coalesce in p a irs .

This means th a t ,  pro%dded tlie In -p lm #  and out-of-p ltm e wave- 

functions mix, the swedes in  each p e lr  w ill pu^h one another 

a p a rt and a re la x a tio n  o f  the «pectrrd a c t iv i t i e s  w ill re '-u lt .  

P ertu rb a tio n s In the e l gen values and s i  gen vectors' on chan-e 

o f  conformation c<:n be expected from Hie follow ing phenomena.

( i )  ^ te r ic  in te ra c tio n s

The normal modes which are mott a ffec ted  by poerib le

s te r i c  in te ra c tio n s  between the ort-'o hydrogens can be picked

o u t from the ca rte s ia n  di'^olacement c r lc u ia tio n s . The v?*ti
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•Table T I(?)

The lu a d rs tic  force constants u ed in  c a lcu la tin g  the frequencies 
o f  H e systems XC^h .̂CgM F. In te ra c tio n  ccn tan td  are shown 
:n  parenthere . The im ite  are mdynes fo r s tre tch in g  
co n -tan ts , rad~^ fc r  etretcb-bend in te ra c tio n s  and
mdynss t  r ‘i-.d~̂  fo r  bending constan ts .

Force Force constan t -F =<îl =3r
co n stan t fo r coordinate
no,

1 (1)

2 (X)

3 f g  (H)

4  (X)

5

6 ^ ^ ( c )

7 8^ (G)

8 < ^7  ((')

9 (2 )

-  -a  = p

u

1?

I"' ( i j .o f iC x ))

*•4 (/*i, P±+i^

1^ ^ 1 '  ^ l+ ? )

17 (‘4 'i .“ ' i + i )

5.125 5.125 5.125 5.125

- 5.80 3.70 7.12

1.035 1.012 1.098 1.036

- 1.741 1,656 1.117

7.015 6.97 6.87 6.95

1.035 1.012 1.028 1.036

4.9 4.9 4.9 4.9

1.103 1.070 1.213 1.149

- l.%94 1.405 1.207

0.531 C.526 0.48c 0.558

0 ,-64 0.747 0.?79 0.414

- 0.448 0.4?5 0.476

- - 0.637 -0.772 -0.557

J.023 0.047 0.022 0,015

0.022 -0.022 -0,019 -0.008

0.032 -0.073 -0.065 - 0.080

0.098 -0.096 0,000 -  .043
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?orce 
: on? ta n t
lO.

For cm conrtan t 
^or coordinate

%=8 =P =C1 =8r

18 0.442 0.463 0.441 0.462

IQ î"i(A), Sj) — 0,429 o .;? 4 0.7%6

20 V.064 0.064 0,064 0.064

21 0.307 0,306 0.311 0.310

2? - 0.359 0.354 0.-21

Û.07C6 0.0700 0,0700 O.O/iOO

24 — 0.0676 0.0561 C.06%4

25 0 . 01^3 C.OI55 G.0145 0.0155

26 - 2.C129 - 0.0132 -d .0153 -0.0148

r l ( %a?) -0.0141 -0.0142 -0.0135 -0.0159

28 ( ^X°) — 0,0234 0.02v4 0.0281

2? — - c .œ s " - 0.0116 -0.0Ü40

-t ( — - 0,0056 O.OÜ13 C.QI6O

31 ( % ) - 0.0137 -0.0141 - 0.0131 -0.0129

'!? ( ^H®o) 0,1182 0.0137f 0.0190 '..0191

■"3 ( -0.019$ -0.0091 -C.OI23

34 - 0.0122 - 0,0055 - 0.0115
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Table

C orrela tion  t?b lee  and aolection  n ile a  fo r bi->henyl and i t s  
4 -4 ’ dihalojrenc r iib r titu te d  d eriv a tiv e?

( 9 - ° )

In-nl&no

A? (11, H) 

filg R)

Bo,, (10, i .a )

(10, l.R)

Do (0°< S < 90°)

Oub-of-plsne

(4 , In ac tiv e  

lu  (»?, 1.H) 

og (6 , R) 

' Zr (?, R)

A (15, R)

(15, R+l.H)

3o (15, H+1.3)

5„ (IT, a+l.R)

V(j (9=90°)

A, (11, R)

’1 (4 , R)

(15, i.R+B)

kp (^ , lUECtlTe)

5 , (10, R+l.a)
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der Vnala red lus o f  the h y d r o a t o m  (1,24 ?) Im la rg e  

comps red v d . ' t h  the equllibrltiin d istance  between the two ortho 

hydroren nucle i (1 ,75 %) for plan&r biphenyl and since the 

l& rre s t displacement I f  approximately I . 3  ?*, strong rep-olsicm 

should occur. In  tî:e motions both p e irs  o f  ortho hydro 

arc bouncinfi ag a in s t »me another and in  the modes only one 

p a ir  I f  c o llid in g . Hence the Sg and fundamentals involving 

ti*ong p  deformations w ill be more a ffec ted  than the corres

ponding arid modes on s te r ic  re la x a tio n , S te r ic  

renul io n  could account fo r  the increased  bond lenrW: in  the 

so lid  s tn te .

(11) Resonance in te rs o tlo n

I t  i s  genera lly  assumed th a t  the b iph-^yl molecule i s  a 

resonance hybrid o f  rsv era l canonical s tru c tu re s  one o f w^iich 

Involves an In te r - r in g  double bond. Zerbi and SAndixml ( 23) 

showed th a t  the b  ̂^ and modes are f-reatly  a ffec ted  by tiie 

ex ten t o f  t t - d é lo c a lisa tio n , and the ex ten t o f  resonance could 

be obtained frcn  t!ie v'^lue.? o f  the F.ekule re  onsnce parameter (ç) 

in  &elz* perturbed Uü0F : r  by the values and ignr o f  he 

C-C/C-G In terao tionF  in  t l ie lr  OV.FF fo r the p lanar con formation. 

The p ossib le  ex io teacs o f  s amall con tribu tion  to the hybrid 

from the double-bonded atrucFure was shown in  the ignc o f 

c e rta in  in te r - r in g  fo rce constan ts , although th e ir  v  luo? were
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m ^ l l .  To suoDOrt th is  they reosated  t  'e i r  c a lcu la tio n s  

o t/iittin" these in tsi> -rlng  ^orc© constants in  the GVFF and 

in  e r tin g  only  one ^  oaram eter in  the Ü3FF, only to  find  th a t  

% very s a tis fa c to ry  f i t  was r t i l l  ob tained.

A small: delocF-lisatlon o f  TV le e trc n  across the In te r 

r in g  bond ( 1 .5 1  scco m ts fo r the almost normal length  o f
_ o

a sing le  C-C bend and the vapour phase value o f  1.4Ü A may 

imnly a s l ig h t ly  h igher bond order.

The double-bond s tru c tu re  w ill con tribu te  iven le s s  on 

tw istin g  and th i?  would be re f le c te d  in  a force consta:it 

change. ’hen biphenyl i s  con idered  as two mono sub t i  tu ted  

ben zone m olecule? syruaetry) each o f  the 0 ^ ^  motions w ill

combine In to  the in -  and out-of-ph&se motion? o f  biphenyl 

giving > lse to  a s p l i t t in g  O'̂  the o r ig in a l degenerate le v e l ■: 

(Cp^; s p l i t  in to  ( in - phare) and b~^ (out-of-pBsüe) p a ra l le l  

nodes w h ils t modes ( Üp^) s p l i t  in to  (in-phs- e) a.id 

(ou t-o f-pbsre) pei'i^endicular modes, Zerbl showed th a t 

only the v ib ra tio n s  were a ffec ted  by the value o f C-C in te r 

r in g  force constan t. I t  w ill be shorn from the ca lcu la tio n s  

below th a t no in tersection occurs between the and nor 

between the and v ib ra tio n s  with change in  geometry ^nd 

hence any sp e c tra l s h i f t  muet be a t tr ib u te d  to  a force constant 

v a r ia tio n . -
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( i l l )  o-iaatrix

The ■exercise in  '..ib r: oionFl o n a lje i:’ i s  to  f i t  the

ob-ervaf?hl3s to the th e o re tic a l frequencies in  o rder to Improve 

the force f ie ld .

G(  ̂ +Af) ( l +Al) = (L +AD( X + A A  )

The c a lcu la tio n s  In Table I I  below are b sed on the 

asmjmption th a t  s. change in  the  gecœotry o f  biphenyl w ill leave 

the fo rc e - f ie ld  unaffected . TTiis tunxF ou t to b© ju ? t i l le d  

Resumption becauFO o f  t" e a b i l i ty  to  reproduce the e:):perimentfjl 

F 'oectral changes. The v ib ra tio n a l orob lm  now take'- tl>e form:

F(r- + A g )( i. + A l )  = ( l  + Ai.)( A + A X )

A ll the la rg e  frequency s h if ts  on cow te red in  the saolocjjdes 

considered below csn be explained in  term' o f  the apperrunce o f 

G m atrix  in te ra c tio n  elements on tu l tin g , follow ing f i r s t  

o rder e r tu rb a tio a  Üie in te ra c tio n  between level:, deoondsi

( i )  on the in te ra c tio n  in te g ra l .  I f  the w; vefunctions are 

lo c a lise d  on the r in g s , then cheiif e in  d ihedra l angle w ill no t 

a f f e c t  th ie  in te g ra l ,

(11) In v erse ly  on the d iffe rence  between the energy 

le v e ls .  This Im olios th a t  in te ra c tio n  w ill only be Fig.nl.ficsnt 

i f  the re  are s im ila r  v ib ra tio n a l frequoncie- in  the specie •

which coalesce*
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The in-pà'sae ladfimcnta is  H e  between 3XK) ca~^ to a’oou’̂
—1 —I.70 ^ l l ? t  the ou t-o f-o lsn«  modes occur only below ICXX) cm** •

Hence from (11) i t  follow*- th a t  p e rtu rb a tlons w ill l i e  a t  low

frequency w ithin a c e rta in  species. In  ta r - r in g  coupling csn

only occur throu^ii deformations which span the rin g s ne r  the

jo in in g  C-C bond and since in te ra c tio n  cannot occur w ithin the

A species th i s  excluder the C-C s tre tc h . Other in te rn a l

deform ations which may le^d  to coupling ?u*e (ou t-o f-p lane)

carbon »ajr ext*^mal to  th e .r in g ) , (in -o lene  cerbon wag)

and the to rsion?  (X) near +he function . The e rsd ic tio n s

are  fu l ly  su b stan tia ted  by the c s lc u la tio n s  re^Dorted below.

The p ra c t ic a l  s h i f t s  are able to give sn estim ate o f  the 

d ihed ra l angle when compered with the th e o re tic a l trends o f  

the modes which move.

2 .4  Result? and In te ro re ta  tion

The ca lcu la tlo n g  for four d ihed ra l angles with the  

coî’Tesrîonding a-signm ents are tabu la ted  fo r each symmetry species 

in  Table I I  (4 ) . Previous in v e s tig a tio n s  have e^tobllahed tlm 

m ajo rity  o f  the aasi^unentr. fo r  biphenyl beyond any reasonable 

doubt and reference w ill  the re fo re  be made to  the main ix jin ts 

o f  I n te r e s t .
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T able I I  ( 4 )

- 1 ,C a lc u la te d  and observed  fracfueneie? (cm ) fo r  b ipheny l fo r  
b ip h en y l fo r  v a rio u s  d ih e d ra l  a n g le s . (A s te r is k  deno tes

double aeed (firen t)

A S p ec ies  ( D ^  -  A ^  A^)

C a lc u la te d  
f re q u e n c ie s  
f o r  a l l  G

O bserved F req u en c ies

Raman I n f r a r e d

g

A
u

3072

3069

S o lid L iq u id Gas S o lid L iq u id

1690 1610 1612 1613 — -

1527 1513 1509 1505 —

1338 1276 1285 1282 - -

1192 1208 1192 - - —

1024 1036 1031 1029 — -

998 1002 1004 1003 — —

745 739 741 740 — —

212 331 316 3D7 — 315

963 - 967 964* —

933 - 841 938* -

409 M 410 405*



Table I I  (4) ( con tinned)

C alculated 
frequencies 
fo r  a l l  G

'70

lO'Hfiiaan

Solid Liquid

Observed Frequencies ’‘ct V •

In fra red  - 

Gas Solid  Liquid

B3u

B
3g

3)73

3)72

3369'

15X0

1483

1040

1020

992

611

963

833

409

Jig!) i:

346

409

969

841

tr'ï 

Ï

964

8 ^ *

m g'

X597

1430

1181

1041

1006

985

610

■ éJ-

■ f ■ ■  -'V

1595

1481

1174

1042

1007

990

609

964

403
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Table I I  (4) (continued)

-y eo le , q j

Caloulated Observed Freou^icie?
frequencies
fo r G Ram en In fra red

B,lu

0^ 3)'' 50° 90° Solid Liquid Gas Solid Llqali

3)70 3)70 Z070 7070 — — — — —

3)4': 3069 306ç> 069 — - - — —

1609 1608 1606 1605 1592 1595 1596 — 1595*

1449 1 4B 1443 1439 1462 146? - - 1455*

1337 1:3# 1332 1328 1?33 — — — 1317

1292 1293 1294 1296 1263 1249 1233 — 1243

1155 1155 1156 1158 1165 ' 
1149

1158 — — -

1069 1068 1065 1062 1097 1094 — - —

607 608 610 6ï 2 610 614 615 - -

342 326 320 275 - - - - 367

987 987 987 987 — - - 968 964*

898 399 900 90? — — - 903 S!02

726 723 735 746 — - - 729 735

303 703 703 703 — — — 695 697

431 449 479 932 — — — 458 436

91 91 91 91 «a» ‘ 73 77
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Table II (4) (oontiaw^)

S=>e.les

C alculated  Observed Frequencies
frequencies 
fo r

B

G = Ram sa Infrared

0^ 30'' 90° Solid Liquid Gas Solid Lieu!

3070 3070 3070 3070

3369 T369 3069 3069

l 608 1607 1605 1605 1568 1567

1433 1431 1433 1439 1423 1430

1325 1326 1;26 13^8 1344 IT ?

1295 1296 1296 1296 — - — 1268 1266

1161 Xl6u 1159 1158 — ** — 115V
1169

1155

1:55 1055 1058 1062 — — 1075/
lOSO

1075

622 621 617 613 - 6?6 — 6s6 —

96 95 93 91 - — — 118 112

987 987 937 937 978 (5R7 — - 979

909 908 906 90? - — — — 917

755 755 75^ 746 77^
786

782 - — 778

694 696 699 703 — - - — 670

515 514 512 502 546 546 — — 543

239 P44 5̂7 275 251 269 365 269



A F-oecie--

The agreem'mt between ca lcu la ted  and obnerved s„ and a ,C3 U.

frequencies i s  good except for V ^ which I s  80 cm""̂  too h i ^ .

I t  has been shown, however, in  subfequent work (33) th a t  the 

f i t  o f  the rin g  modes g rea tly  improves when in te i^ r in g  in te r 

ac tion  constan ts are in troduced in to  the force f ie ld . Tli© 

a^'signmmt? are e a s ily  recognised by t i e i r  s tm ag th  in  the 

Rmen -  a l l  the b- nds being strong ly  nolmri* @d in  the mcdt and 

very sharp in  the gaseous phase. f h i f t s  are observed for 

y and o f  l6  cm'*̂  and 1$ cjq"^ resp ec tiv e ly  going from

to D̂ $ These downward b i f t s  are  con i s  ta n t  with a lowering

o f  Lioad o rd e r. A lth o u ^  V ^ i s  n o t observed In the gRFeous 

chase, moves a furti^ier 9 in d ic a tin g  th a t  the molecule

tw is ts  to a g rea te r  dih. d ra l angle. This conclusion i s  

co n s is ten t with the vapour-pha*^e U.V* ?pectru®. From Appendix 3 

giving the P.F.D. amongst the normal modes i t  can be ?©en th a t 

^11  ^ very la rg e  con tribu tion  from f .  c .5  o f  3 ^  and

f.c .B  o f  ad jacen t to i t .  The d i tr ib u H o n  fo r ^ 

comes e n tire ly  Trom t)ie o rth o - and m e te -^ ^  ^ deform ations.

The ca lcu la ted  ca rte s ian  di*-placements i l l u s t r a t e  the increm e 

in  s te r ic  hindrnnoe due to  there two modes. I t  i r  worth 

po in ting  o u t tiia t can be seen In tiie so lu tion  fa r - in f ra - re d  

spectrum -  a d i r e c t  v io la tio n  o f  the se lec tio n  ru le s .
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The th ree  «iodes are  ab en t fro® t  s ?o lid  %%mm

s -ee r m  as would be p red ic ted , snd apoes^r wit^ moder t© strength

in  Ü1© m olt. Confusion now a r is e s  becru c the three modes
3g

are ca lcu la ted  a t  exactly  the Feme freouencies and the?© re  

Raman a c tiv e . Ibe d ep o larisa tio n  r a t io s  In the m elt are ;'re«tor 

than the coun terparts  in d ic a tin g  th a t  a double assignment i s  

b e s t assumid. In  accord with what was ?aid e a r l ie r  tb© 

calculat-od nnd frequencies d o  n o t vqrv with d ihedra l 

angle and hone© the ?h ifto  have to be ex  ̂Is in ed  in  terms o f 

e i th e r  a fo rce const£mt chanpe o r s te r ic  hindrance.

b? Gsecies

? e r b i  ( 6 ) r e c o r d e d  t h e  I n f r s - r e d  s o s c t r u n i  o f  a  s i n g l e  

c r y s t a l  o f  b i p h e n y l  k i t h  l i n e a r l y  p o l a r i s e d  r a d i a t i o n .  From  

T a b l e  I I  ( 5 ) t h e  d i r e c t i o n  c o s i n e s  rive t h e  o r i e n t a t i o n  o f

T ab l e  I I  ( b )

P i r n 0 t i o n c o s i n e s  rm d d i c h r o l c  r a t i o ?  f o r  c r y s t a l l i n e  b i p h e n y l

M o l e c u l a r R

C r y s t& l  a x i s

b  c D i c h r o i c
a x i s

X 0 . 2 9 3 ) - ; ; . . 3C6 5  1 .9 5 5 2

r c t l o

y 0 .5 2 0 3 - ' ’ .8 3 7 5  - C .1 6 7 0 0 .3 8

z - 0 . 9 0 0 2 0 .5 4 6 4  0 . 2 4 7 ? 2 .1 5
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the  bl.ohF^nyl mcl cu2.es in  the l a t t i c e  vdth re s re c t  to the ab 

c ry stfd  p lane. I t  o n be s?een th a t  the comnonent o f  the to ta l  

d ino le  moment chsnge for riotione (which transform s as 

on t2ie ab fre e  i s  very sm all,  ̂ Since the in te n s i ty  o f  an in f ra 

red  tra n s i t io n  I s  p roportional to  the souare o f  tliis  com ponant 

in  a given d irec tio n  ( ^ 2 ) ^  , the in te n s i ty  o f  the U
à a  '  ^

fundafflenfcals i s  escpeeted to  be very small when the ab 

cleavage i s  ob- ©rved. The same a f fe c t  was observed using 

biphenyl which was ?lowly allowed to Anneal on a KBr p la te .

I t  can be c le a r ly  seen from F ig , I I  ( i t  ) th a t  the modes
4»- ■ .

can be id e n t i f ie d  by th e ir  rt^duction in  in te n s i ty  going from 

t̂ i© d isc , wtmr© the o r isn ta tio n  i s  random, to the s o lid if ie d  

melt# This In d ica te s  th a t  the m elt must c r y r ta l l i r e  with i t s  

ab plane p e r r i l a l  to  the p la te .

Iba ca lcu la tio n s  again in d ic a te  th a t t te r e  I s  no change in  

frequency with d ihedra l angle. None o f  the modes can be 

id e n tif ie d  as %ppe'-ring in  the Ramm laolton spectnm  although 

the se lec tio n  ru le s  allow th is .  I t  can be genera lly  ob* erred  

there  «.re many more in f ra - re d  so lu tion  b^nd ■ than Raman 

bands end th a t  tit© spectra  are completely devoid o f

combtnation o r overtone bends. In  c o n tra s t the in f ra - re d
—1 —1 region between 2000 cm"* and l 600 ctr"* contains numerous

ou t-o f-p lene  combination and overtone modes c h a ra c te r is t ic  o f  

an aromatic molecule.
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fyndejsentals should give r i s e  to  A type band shapes 

in  the gnseou? infr^i-red spectrum. From the data o f  Pasquier

and Lebas (2?) ;mch bands are c le a r ly  recognised a t  6 l l
1 —1 1 

1012 cm"* ,  1046 cm and I486 cm"* . '

The b^g modes have been doubly arsigned vitlx the
•*“1 “•!fundamentalsaand they a lso  appear 4 t 9^4 cm** , 83B cm" and 

-1405 cm in  the “o lu tio n  in fra -red*

31 Srjecles

The b ig  fundamentals are  very d i f f i c u l t  to spot beoau e

th e i r  s treng th  in  t i e  Ram n i s  very we;"k* H nee only a few

d tn o la risa tlo n  r a t io s  csn be m eaured with any de (Tee o f

accuracy b u t txe a- signment i c  f p c i l i t s te d  above 1000 cm**̂

because the modes mu^t be in-plane* A few o f  the modes have

c o rre la tio n s  with in f ra - re d  so lu tion  d a ta . The only mode

W.?ich i s  p red ic ted  to s h i f t ,  9  cannot be observed in  the
.  -1

Raman soectrum, b u t a broad in fra -re d  band a t  3 ^  cm wit^i
—1a half-bsnd  width o f  14 cm*" becomes ac tiv e  in  so lu tio n .

A p ertu rb a tio n a l ana ly sis now in  oropresc. givee th is  mode a
—1zero weighting fa c to r  and a value o f approximately 400 cm 

in  always ca lcu la te d . This tend*' to suggest th a t i f  the 

fundamental vae ac tiv e  i t  would appear near th is  value. The 

change in  observed fx^equeacy then corresponds to a chrn^e in



58.

d ih a d ra l  mgle  o f  aonrox lm ete ly  55*̂ * I s  observed  to  move

frèm IP 63 in  th e  o l id  to  1^49 cm”^ in  s o lu t io n  and to

12^3 in  th e  g?s phase* I t  i s  d i f f i c u l t  to  id e n t i f y  th e

accu racy  o f  the«e oo^^itions because  th e  ftm diinental Hem ss

a vemk sh o u ld e r th e  v e ry  s tro n g   ̂ mode* The reason

fo r  t i l l s  -^ h irt i s  ooen to  Sî^eculatlon* The P.E.D* fo r  ^

show*’ t h a t  th e  In -o la n e  3 fo rc e  c o n s ta n t c o n tr ib u te s  891 to
/ 0

th e  m otion, aga in  co n firm ing  th e  p re d ic t io n s  above t h a t  s h i f t s  

a r i s e  th ro u i*  G m a trix  i n te r a c t io n s  in v o lv in g  defo rm ations n e - r  

th e  jo in in g  C-C bond*

The ou t-o f-p lanc  modes appear as moderately strong b-nds 

In the in f ra - re d  except fo r 9 ,  where ,, modes are alwaysJL ri
weak* Tills time a frequency increase  o f  ?8 cm ^ i s  observed

fo r which a lso  has a la rg e  half-band v,ldth* Bec mse the

v ib ra tio n a l energy w ithin a given species mu'^t remrln constant

regard less o f  conformation, the decrease in  frequency o f  tli©

^1 0  (low confirmed in d ic a tin g  th a t  a strong oerturb  : tion

e x is ts  between th e e  two levels*  The corresponding angle

chmnge fo r  th is  -M ft i s  approximately 35^ i t  mu'-t be
*•1remembered tbmt tiie ca lcu la ted  o lanar frequency i s  P? cm“ 

too low.

A’̂ out 34^ o f  the energy associa ted  with V^ i s  derived 

from the o u t-o f-  lane ^  ^ deformation*
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fijndamontale should give r i s e  to C-tyne envelopes In

the in f ra -re d  spectrum o f  the gas coî're'^pondlng to  n. d ipole

moment change p a ra l le l  to  the l a r r e a t  p rin c ip a l ax is o f  in e rtia#
—1Such band shapes can be d e f in i te ly  id e n tif ie d  a t  484 ora” ,

699 cm îûnd 737 cm . No d ich ro ic  o ffeo ts  are  an tic ip a te d  

in  the  s o l id if ie d  m alt and non9 o f  the bends became Reman 

ac tiv e  in  the molten z ta t^ .

B2 Snecles

The in f ra - re d  fundsmentala are e a s ily  id e n tif ie d  as 

f a i r ly  strong band*' in  the d isc , m elt solution# s-xecira .

The ca lcu la  Hons show tli&t they are mather in  sen 1 tiv e  to 

d ihed ra l angle, the maximum s h i f t  p red ic ted  over 90 being 

9 ca~^. V however, i s  a very ^trong  band which i s  seen

to  h i f t  by 6 cm** from so lid  to solution sta te#  In  the so lid  

s ta te , y y and >̂ g semi to be a ffec ted  by c ry s ta l  s o l i t t in y ,  

and th is  phpnomenon could explain  the appearance o f  the 

1149 so lid  Raman bm d Allocated to  in  the ''« rie s  

above. Only « at 6p6 cm“^ appears in  the Raman molt-7
spectrum. motions give r i s e  to I—type brnd shapes and

•Uiee© can be id e n t if ie d  a t  1431 cm""̂ , 1156 cm"^ and I070 cm"^.
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The oub-of-olene are c b a ra c te r l”ed by

th e i r  topearance ar strong  bpnds In the so lu tion  in fra -re d  

spectrum. This I p quit© su ro ris ln g  because the bends are 

very week in  tlie Raman snectra  (only one dipoleri«nation rsitio  

i s  determined) and V ^ and c nnot be located  a t  a l l .

The low est frequency ftmdsmental V ^ i s  cmloulated to h^ve a 

mall s h i f t  and a ehnnge o f  l8  la  observed from so lid

to  m elt. Ihim correspond? to  a oh ange in  d ihedral m g le  o f  

annroxim ately 6C® i f  the ? h i f t  i s  a t tr ib u te d  e n tire ly  to 

G m atrix  e f fe c t? .

2 .5  Id?ou.-:?ion
!

The agreement between the sp e c tra l frequenci ee reported 

here and those reported  by 7erbi and .fandroni (24) and 

Pasouier and Lebas (22) 1*̂  very good. The assignments d i f f e r  

from those o f  Pa.squier and Lebas only in  minor d e ta i l s ,  mainly 

in  the weak modes. The assignments o f  2erbi and fsndroni 

fo r the in -p lan e  fundamentals are  again in  good agreement as 

might he expected since they too were bn red on ca lcu la tio n s .

The one outstanding  gap in  our p resen t knowledge i"= the 

frocuency o f  the to rs io n  "b u tte rfly "  mode. Zerbi (34) suggests 

tria t t^iis might be a t  70 cm“*̂  corresponding to an absorption 

in  the neutron sc a tte r in g  spectrum. A? a b=nd appears a t
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th i s  frequeney in  the faz '- in fra -red  ''pectrisD and bar e l te m a tiv e  

©xplGnatlons as a ftaidamental th is  assif.nment may be dl^counted.

The only band below 1000 n o t to be as s i  mod occurs in  

the in f re - re d  ^o lid  ‘nectrum a t  174 cm"*̂  and tl i ls  dinapnear? 

in  so lu tio n . Mthou^ii the "b u tte rf lv "  to rs io n  i s  in f ra -re d  

in a c tiv e  fo r  symmetry, a f l ig h t  dev iation  from pl?m arity  

o f  the o rth o - hydrorens could porhspr- explain th is  weak band.

A more obvious explanation , however, would be fo r th is  band to 

be an ex ternal ( l a t t i c e )  mode, disappearing on d isso lu tio n .

More rec e n tly  Lim snd Li (35) have re-examined the 

luminescence «poctra o f  biphenyl and i t s  * u b it i tu te d  d e riv a tiv e s . 

In  excited  e le c tro n ic  s ta te s  molecule has been shovai to  have 

a p lanar conformation (^6) and c Ic u la tio n s  b* sed on the extended 

luckel treatm ent ( ^ )  in d ic a te  th a t the increered  conjugation 

energy outw eis^ts the non-bonded, ortho-ortlio  renulfdon energy. 

Mm and Li p re d ic t th a t  an e lec tro n ic  tra n s itio n  between <'tate? 

o f  ra d ic a lly  d if fe re n t  geometry i s  ch a rac te rised  by tlie appear

ance o f  a long pro?-re-”nlcm in  the v ib ra tio n a l mode th a t  c a r r ie s  

the  geometry o f  one s t? to  in to  th a t  o f the o tljer -  namely the 

"b u tte rf ly "  mode. They a s s im  th i r  mode to a vtrong band in  

the fluorescence spectrum e t  635 cm"^, and observe odd quanta 

in  the fluoraacence spectrum and even quanta in  the pho. phore?- 

cenc© spectrum e t  7 7 ^  in  n-heptane. A weak band a t  626
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does indeed appear in  the Hemen m elt spectrum bu t th is  has been 

assigned as a fundamental. In  fa c t , a l l  til© bands p re rm t ' 

in  both fluorescence and phosphorescence csn be accounted fo r 

by corresponding Raman fundamental?. The pho'-phope^'ceeice 

spectrum comprises n ea rly  a i l  the modes w h ils t the flu o res

cence sojotrum contains s m ixture o f  soecies.

From the work o f Fat€.ey ; nd K ille r  cn to rs io n a l modes o f  

aromatic compounds in  the f r r  in f ra - re d  ( 38) ,  such a high 

frequency WDuld req u ire  an enormous to ra lo n a l b o r r ie r .

A memi-emoiricel computation o f  the in te rn a l energy o f biphenyl 

as a function o f  d ihedra l angle 9 , ad jacent K-C-C angle 

and in te r - r in g  bond leng th  ha? bem made by Slmonetts e t  e l  (39). 

T heir ca lcu la tio n s  on t ' e  i r e la te d  molecule gave a minimum in  

energy o f  l 8 l .4  kJ/mole fo r r  = I . 5I  2, 8 = 35^ and X  = 121°.

The b a r r ie r  h e ig h t p red ic ted  was 9*2 kJ/mole a t  8 = 0° and

14.2 kJ/mole a t  8 -  90°#

The so lu tio n  o f  the wave equation fo r the to rs io n a l energy 

o f  a molecule assumes th a t  the ;>oteatifil m ergy  may be adequately 

described by a Fourier se ie s  in  terms o f  8 (40).

2V “*
n=l

ifrert-
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For biphenyl the b a r r ie r  i s  tw o-fold  (n=2), snd follow ing

P a te ley  e t  a l ,  V. I s  taken as zero .
4

Hence ( l  -  cos :8)

On s u b s titu tio n  in to  the wave equation , a function in  the form

o f  MatVil©u*s equation i s  o b tf ln ed .

y" + (b -  S cos^x)y = 0

For a fixed  value o f  S there  e x is ts  an i n f in i t e  sequence 

o f  c h a ra c te r is t ic  b v a lu es , corresponding to which the so lu tio n s  

y are  p e r io d ic .

The to rs io n a l eigen value i s  f l v ^  by: 

n 2

where n i s  the b a r r ie r  symmetry, v i s  the  p r in c ip le  to r  pion 

quantum number, b^ i s  an eigen value o f  the Mathieu equation 

and F i s  given by the expression :

h
E  T

‘red

_ I6.c3f>r̂

F — — — ( in  cm
P TT “C I

^red

"1

where % moment o f  I n e r t i a  the in te rn a l  top , ( i . e .  C^H )̂
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aiXïut i t s  own gyomatiy a x is , = cosine o f  the angle between 

the  ax is  o f  the in te rn a l  too nnd tbe i t h  p r in c ip le  ax is o f  

i n e r t i a  o f  th e  e n t i r e  molecule (1^) •

1For b lp h a iy l I  ^ » — = 44.54 amu A giv ing  F a value
2

o f  0 . 78 -1cm •

V PS
Nov -§ 3» mmnm

n 4

Hence
5  =

: PS

value o f 9 i s 2106.

Al?o E =5 PA b
0 ^ 1

A refinem ent o f  Her^ohbacb’ s ta b le s  o f  A>b/S can be fom d 

in  Ref. ( 4 ) and the " ;u t te r f ly "  to rs io n  i s  p red ic ted  to  be 

43 cm~^. I t  i s  perhaps fo rtu ito u s  th a t  a Rsmsn band i s  found 

a t  41 in  the so lid  s ta te .

2 .6  Conclusion

I t  has been c le a r ly  demonstrated th a t  change in  con.formatda 

fo r  biphenyl from to  Dp r-yramstry i s  accompanied by changes isi 

sp e c tra l a c t iv i t i e s  and s h i f t s  o f  c e r ta in  normal modes. The 

onlv h i f r e q u e n c y  s h i f t s  observed were fo r  the y and 

^ 6 ^Ig  fiiadamentills, the former being p red ic ted  to  be due to
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the  re le a se  in  s te r i c  hindrance o f  the ortho  hydrogens on 

tw is tin g  fo r  the ^  deform ations. The low est mode 

ex h ib ited  a decrease o f  I5  cm**̂  from so lid  to  m elt and a fa r th e r  

9 cm"*̂  from m elt to  the gam phase. These s h i f t s  9re  co n s is te n t 

w ith « low ering o f  bond o rder o f  the c a i t r a l  C-C in te r - r in g  

bond and p re d ic t a (greater change in  the gaseous phase.

The modes which r re  p red ic ted  md  seen to move, namely 

the y  g m d  ^ j q  b ^  fundamentals give

an es tim ate  o f  the d ihed ra l ang^le V^zicb l i e s  between 35°  and 

60°. Ik ita i ls  o f  bow the accuracy o f  th i s  es tim a te  can be 

improved a re  (dven in  Chapter 4 .
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CHAPTFR 7

'be V ib ra tio n a l A nalysis o f  the 

4-4 * Dihalo rrgno Blnhenvl?

. 1 In  tr c  due t l  on

I t  seemed a lo g ic a l  consequence o f  the work described  above 

to  examine the v ib ra tio n  e l p ro p e r tie s  o f  the 4- 4*dihalogeno 

biphenyls in  o rd er to es tim ate  the conformations in  d if fe re n t  

physica l s ta te s .  In  marked c o n tra s t to the biphenyl h is to ry  

th e re  i s  l i t t l e  d e ta ile d  an a ly s is  o f  the sp ec tra  fo r tîiese 

m oleciiles. Recently Nannl e t  s i  ( 41) concluded th a t  4- 4*- 

d lchlorobiphenyl had a n lan a r conformation in  'ootSri so lid  and 

d isso lved  « ta te  s . W hilst th e  spectra  o f  d ifluorobiohenyl are  

very s im ila r  to  those o f  b i  heny l and c?n be in te rp re te d  

accord ing ly , those o f  d ich lo ro - and dibroraobiphenyl have some 

very  d if f e r e n t  fea tu re s  which cannot be ©jqriained as a simple 

mass e f f e c t .
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3 .2  Experimental

4- 4* d ifluo rob iphuay l was purciiased from Kocb-Lights L td .,

4- 4* d ichlorobiphenyl from P fa l tz  and Bauer In c . and 4- 4 ' dlbromo- 

biphenyl was syn thesised  according to Buckles and Wheeler ( 42) .

The bond len g th s  end masses used in  the construc tion  o f  the G 

m atrix  were t a k ^  as r^^y* 1.30 % ^C-Cl * ^"70 A, » I .865 Î ,

mp = 19.000 aau, -  35*^57 amu end » 79*916 amu.

3 .3  In te rp re ta t io n  and assignments fo r 4- 4* difluorobinhenyl

The princip li?  in f ra re d  and Reman bands a t  frequencies below 

1700 081“*̂  are  l i s t e d  in  Table I I l ( l )  and the fe a tu re s  below 

1000 cm"*̂  are  i l l u s t r a t e d  in  P ig . I l l ( i ) .  C alculated  funda

m entals fo r  various d ihedra l angles with th e i r  corresponding 

assignm ent are seen in  Table H I  ( 2) ,  The force f ie ld s  used 

in  the c a lcu la tio n s  were tra n s fe rre d  from work on mono- and 

d i- s u b s ti tu te d  hsiogeno benzenes (12,  32) •

A Species

As with biphenyl no frequency s h if ts  with d ihed ra l angle 

change are p red ic ted  and V the h ig h est frequency rin g  mode,

i s  again ca lcu la ted  about 60 cm  ̂ too h i ^ .  This tim e, howeveç 

9 y i s  n o t observed to move bu t V appears a t  277 cm“^.



68.

F ig . u n i )

A - 4  01 FLUORO BIPHENYL
"-------   1------- 1-----T ------- 1 RAMAN

GAS

MELT

f ---

SOLID

T T INFRARED

SOLID

LIQUID

0600 400 2008001000
FREQUENCY (cm -*)



••1 ««T:?64 cm"" ' pnd 255 In  the so lid , molten and v&ponr phases

resD eotively* From the P.E.D. in  Appendix 4 much o f  the

energy o f  th is  fundamental i s  derived from in te r - r in g  s tre tch in g

deform ation re f le c t in g  a chanpe in  bond o rder due to tw ir t.
'  banols

Again a l l  these symmetric modes r iv e  very strong  in  the .

Raman and are  re a d ily  id e n tif ie d  by the band p o la r is a tio n s  nnd 

the sharpness o f  the bands in  the vapour phere.

The h i p e s t  mode cannot be located  but the o th e r two 

become ac tiv e  a t  8?4 cm"*̂  and 423 cm**̂  in  the uKslten sta^Æ#

The l a t t e r  i s  id e n t i f ia b le  from i t s  p o la risa tio n *

BT Species

The h i ^ e r  frequency b .^  fundamentals e x h ib it the seme 

kind o f  dichroism a? observed f&r-'iïlphenyl, where th e ir  

in te n s i ty  rap id ly  dim inishee on comparing the in fra re d  spectrum 

o f  the s o l id if ie d  m alt with th a t  o f  the randomly o rien ta ted  

KBr d is c . This suggests th a t  the cry.^tsi s tru c tu re  i s  very 

s im ila r  to  th a t  o f  biphenyl in  th a t  the m olecular axes along 

which the tr a n s i t io n  d ipole moments are o r ie n ta te d  are a l l  

pare3-lel, and are pern d id lo u lar to the plate*

The th ree  are  doubly assigned with the th ree

modes.
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Table 1X1(1)

The FrinciiTils In fra re d  Raman bands o f  4-4*difluorobiphenyl
a t  frequencies below lyoo

In fra re d  

S o lid  Soln, Solid

Raman

Liquid Gas

As a i lm e n t

l687w

l 660ffl

1645m

l 600vs

1585s

1495V:

1450m

1393m

1343W

1317 s

1 /^W

i 660¥

1600VS

158&B

15161,

1496VS

1476m

1458W

1394m

1350W

1302s

1283V*

1626a

1603vï

1554*

15%

1323*

1638*

1607 VP
(0.44)

1553V

1524m
(0 . 39)

l ^ w

1636*

1604

^2u

>2u

^2u

%
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I  In fra re d  

Fblid  Soln.

Table III(1 )(co n tin u ed )

Raman

1235*8 123OTS

1158

1124s)

1108))

1016s

1007e

956m

9?5m

827TS

1153s

1095s

1018e

1008s

952vw

932w

847s

82IVS

S olid

1176m

1169*8

1113V

1017*

966vw

938**

846*8

L iquid Gas

1273VS 1263*8 1264*5
(0 . 27)

1257m 1257eh 1257sb

1245** 1239* 1242*

1167a
(0 .12)

1100*

1018*

943*8
(0 . 09)

1163

840*

Assignment

B
b.%

°?u

h g

•‘e

s

)
h u

'2g

‘g

’2g

)

blu



Table I I I  ( 1) ( continued)
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lafr& red  

S o lid  Soln.

904*5

761»

702m

642*

518s

498)

505)
)vs

412m

287m

806$

755*

726m

704*

638*

63OV

^42b

454m

4?0o

414*

358m

255m

S olid

7%9

660 m 

627 s

54Dw

464w 7

395«

340**

?77v%

Raman

Liquid Gas 

8249 

312m 

30Bsh

728® 72Sw 
(0 .90)

661a  658*
(0.74)

632m
(0 . 94)

427m
(0%68)

392%
(0 . 81)

264s
(0 . 22)

673*

415*

789*

Aralgnment

)

j V  h e

h u

bgu

h e
b/xg

tu

^ 6

b2u

h e

O

255*^ a

Ig

lu

g



Tab le  I t l ( l )  ( co n tin u  d)
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In fra re d  

S o lid  Soin.

-  182w

145*

101*

9 6 w  81w

72** 68w

Solid

iSOvvf

Rafflsn Assignment

L iquid Gas 

183» 178tw bgg

Vî

h u

h u

'K ..lu, : <
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Teblo 1.11(2)

C alculated  end Observed Frequencies (om"'^) fo r 4-4* d ifluorobipbeayl 
fo r various d ih ed ra l angles.

A Specie? (Dp^ -  A^, A )̂

C alcu lated
freciuencies

Observed frequencies

fo r a l l Raman In fra red

'o lid  L iquid Gas Solid Liquid

3>73

3)72

1664 1603 1607 1604 - -

1535 1529 1524 1519 - —

1746 1323 1320 - -

1241 1277 1283 I2B4 - —

114? 1169 1167 1163 - -

1022 1017 1017 - —

835* 846 843 840 — -

<55f 660 661 658 — -

929* 277 264 255 - -

q 95S — - -

829 - 824 812

409 - 423 415

* denotes double as:Bi/snment

+ mass s e n s itiv e  modes
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Table I I I ( 2 ) ( continued)

Species (Dg^ -  ^7g)

C alculated Observed frequencies
frequencies
fo r 7)11 & Raman In fra red

S olid  L iquid Gas Solid  Liquid

3073

7072 — — — — —

I 5B6 1600 I 6CO

1494 ' -  ' 1495 1496

1245 1235 1230

1144 1158 1153

1032 1016 1018

1016 100? 1008

800^ 803 804 806

5?5^ 518 515

958 966

829 -  824* 812^

409 -  423* 415*
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T,'able I I I ( g )( continued) 

1 Species (D ^  — ^l\i^

C alculated  Observed frequencies
frequencies
fo r  Ô = Raman In fra red

Blu

VQ® 60° 90^ Solid Liquid Gas Solid Licrdii

3)70 3)70 3)70 3070

3)69 3)69 3)69 3069

1583 1582 1581 15B1 1554 1553 - 1555

1391 1388 1381 137? - — — '

1293 1292 1291 1288 1257 1259 1?67

1274 1275 1278 1281 1245 1239 IP iS

1095 1094 1092 1091 1098 1100 —

610 610 611 613 627 632 633 — 630

444+ 441 435 428 464 - — 454
+

3)1 325 349 365 340 — — 358

945 945 945 946 935 o r
956

932 <
952

820 821 822 826 822 821

709 712 720 729 702 704

494 500 511 520 499/505 515*

280’*' 254 233 196 283 255

55^ 56 58 61 71 12
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Table I I I {2) ( con tlnued) 

Bg Species (D ^  -  Egg)

C alcu lated
f re q u n c le a

Observed frequencies

B2u

8
2g

6 = Hamsn In fra red

0® 60° 90° S olid Liquid Gas Solid Liquid

3)70 3070 3)70 3)70 - -

5)69 3069 3069 3069 — -

1586 1585 1583 15S1 1585 1586

1361 1362 1366 1373 1393 1394

1291 1290 1288 1P88 1317 1302

1279 l?8o 1?3? IP81 ' 1288 1283

1088 1088 1089 1091 ■ - _ 1124/11081095

619 618 616 613 641 642 6?8

417^̂ 418 423 426 414 415

75^ 72 66 61 84 96

949 947 947 946 938 —

838 834 «30 8:^ 847* 843* 847

737 737 729 729 722 729 7:^ 726

520 522 52P 520 540 — 542

382’*’ 381 376 365 395 392 ?a9 390

150+ 157 173 196 180 183 178 182
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51 St) ooi.es

The in te n s i ty  o f  the b^g Rnm&n bands I s  again very weak.

The two low est fundamentele, %nd are p red ic ted  to s h i f t  

b u t u n fo rtu n a te ly  th e i r  Reman assignment i s  very un ce rta in  

because th e i r  s i  m a l to  n o ise  r%^tio i s  very low. f  a i r ly  strong 

in fra re d  bsnds do aone%r in  tlie so lu tio n  s t- 'te  a t  358 cbi“^,

454 cmT  ̂ and 6?0 ca”^ and the#e are assigned as the th ree 

form erly low est b^g modes. I f ,  indeed, 340 o f  0̂ I s  

v a l id  fo r  the so lid  s ta te  a d ihed ra l angle change o f approxiffiatel/ 

? 5̂  i s  p red ic ted .

A ll s ix  fundamentals an sear in  tlrie in f r s r e d ,tà e  only 

o n ce rtc in ty  ly in g  with tiie ambiguity o f  Sine© a strong

bend co rre  soon dine- to 2 x 956 cm""̂  aopears in  the overtone and 

combination Kp region a t  I9OO cm”^, the h l^ tier vexue le  

favoured. The lowe t  th ree  bands are  p red ic ted  to s h i f t ,  the 

la rg e s t  oorreso nding to V ^ a t  283 cm~  ̂ in  the so lid  ^tat® and
V

—1255 cm" in  so lu tio n . îh is  s h i f t  lead s to an e^ itiss te  o f  the 

change in  d ih ed ra l angle o f  ?2^ . I t  i s  In te re s t in g  to  comp: re  

the V b^y s p l i t t in g  with biphenyl where the s h if ts

occur in  the ooposite  sense. I t  i«  d i f f i c u l t  to  obr-erve any 

change in  from the interfcrograai tr^:nsfbrm'? becau?© the bf,ck- 

ground energy i s  cu t by the beam -sf^littor transm ission charac

t e r i s t i c ,  , i s  s p l i t  as a doublet (presumably by c ry s ta l
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e f fe c ts )  in  the so lid  s ta te  bu t apoesT?? as one band ( in  fe e t  

doubly a s s i^ e d )  a t  515 in  so lu tio n .

BP Species

Although the c a lc u la tio n s  show no s iq n if ic e n t s h i f ts  in  the 

b i^  fundamentals fo r  change in  d ihed ra l angle, a change o f  15 

i s  observed fo r  V This decrease, from so lid  to  so lu tio n , has 

been p red ic ted  as a re la x a tio n  in  s te r i c  hindrance due to the 

o rtho  ^  deform ations.

Five o f  the modes are ch a rac te rised  by th e i r  appearance 

in  the so lu tio n  in fra re d  in d ic a tin g  a re la x a tio n  o f  the sp ec tra l 

a c t iv i t i e s  from to  Dp. The measuresble d ep o larisa tio n  

r a t io s  fo r V ^ and V ^ are  c o n s is te n t with & non-symmetric 

v ib ra tio n , A ltliou^  i s  p red ic ted  to s h i f t  no s ig n if ic a n t 

change can be obrerved fo r the weak Reman l in e  a t  l 80 cm*"̂  

in d ic a tin g  th a t  the d ih ed ra l angle change w ill be fm&ll and 

la s s  than 30®,

^.4 Conclusion

I t  has been c le a r ly  demonstrated th a t  the f i r s t  o rder force 

f ie ld  taken gives an ex c e llen t f i t  with the observable frequencies. 

Again a weak band in  th e  so lid  f a r - in f ra re d  a t  I?? c®*"̂  which 

d isappears on d isso lu tio n  cannot be accounted fo r. Dim and Li (?5)
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GUggergest th a t  th e  " b u t te r f ly ” to rs io n  ( s^) forms a :>3X>p re s s io n

a t  6p6 cm"*̂  in  th e  lum inescence s r e c t r s ,  b u t th i s  has been 

assigned to  th e  g fundamental in  the Raman. The s h i f t s  

observed fo r  4- 4‘ d ifL uorob lohm yl suggest an a n ^ e  in  ro lu tio n  

o f  approxim ately 30®, a value which embraces a high degree o f  

u n c e rta in ty . The fu r th e r  change in  Sg Raman bend from 

m elt to  gas suggest th n t  the d ih ed ra l angle i s  g re a te r  in  the 

gas phase. Unfortim&tely no in f ra re d  gas phase d a ta  was 

ob tained  to  check th i s  and no v a r ia b le  t^ p e r a tu r e  so lu tio n  

d a ta  i s  a v a ila b le  to  in v e s t ig a te  the tem perature deoendence 

o f  the d ih e d ra l ang le .

>5 I n te r p re ta t io n  and areicnm ents o f  4- 4*dichlerD - and
dib roïïiobi -.̂ b gnvl

In  c o n tra s t  to  b iphenyl and i t s  4- 4*d ifluo ro  d e riv a tiv e  

the o th e r  two halogeno d e r iv a tiv e s  -how no s ig n if ic a n t  

frequency o r  in te n s i ty  v a r ia tio n s  with change o f  s t a te .  The 

sp e c tra  can be f a i r l y  re a d ily  in te rp re te d  by comparifon with 

th e  so lu tio n  o r  molten s ta te  sp e c tra  o f  d ifluo rob ipheny l on 

making allowance fo r  the h eav ie r masses o f  the -u b :t i tu e n ts .

A g lsnce a t  the  sp e c tra  in  F ig s. IX I ( i i )  snd ( i l l )  show th a t  

th e re  are  f a r  more bends to  assign  in  th e  so lid  s ta te  then the 

corresponding sp e c tra  o f  biohenyl i t s e l f .  Apart from the 

a fundam entals a l l  th e  i u  ra red  and Raman bends are  co inciden t
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in d ic a t in g  th a t  the aiale o f  Mutual Exclusion doe® n o t now anply 

and the  m olecules do n o t a cen tre  o f  symmetry. This

c o n tra d ic ts  th e  concluf?ion deduced by Hfjinl e t  e l  ( 41) who 

assigned th e  sp e c tra  on the  b a s is  o f  symmetry.

The p r in c ip le  bands fo r  d ich lo ro -sn d  dibromo-'biphenyl a re  

l i s t e d  In  Tables 111( 3) ( 5)» and the  assignm ents to g e th e r

with th e  Ciilc^ilated normal modés a re  g ivm  in  Tables i l l ( 4) and 

( 6) ,  The c a lc u la tio n s  were repea ted  fo r 4—4*difluorobiphenyl 

s u b s t i tu t in g  the masses o f  the two f lu o rin o  atoms fo r 

^Cl^ 33*5 ~ BC,0 , In  th is  way th e  fundamentals

in v o lv in g  a la rg e  c a r te s ia n  d i so la  cement (C .B.) o f  the  carbon 

atomp, i . e .  the mode9 se n s itiv e  to  « u b s titu tio n  were id e n tif ie d #  

These v ib ra tio n s  - r e  marked w ith a cro?s (+) In  Tüble 111( 2) .

I t  tu rn s  o u t th a t  n e a rly  a l l  the low frequency fundementals 

are  mass sen i t l v e .

J u s t  as fo r  d if lu o ro b ip h m y l and biohenyi th e re  are  

co n rid e rab le  in te n s i ty  changes o f  bends between aKBr d isc  and 

a s o l id i f i e d  m elt spectrum. The g re a te s t  changes occur fo r  

tho -e  bands which are  c e r ta in ly  b% fundamentals where the 

bands become weaker in  the s o l id i f ie d  m e lt. On the o th e r  

hand, n o t a l l  bends which eg&iibit th is  in  ten  i t y  decrease can 

a r i s e  from b? t r a n s i t io n s .  The p r in c ip le  deduction must be 

th a t  tlie long axes a re  once more o r ie n ta te d  alm ost percendloul r
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Table IIIC3).

The p r in c ip le  in f r s re d  and Hamsn bands o f  4- 4* dichlorobi'-iheayl 
a t  frequencies below 1700

In f ra re d Ramon A:-elRiaoBnt

o l id "o ln . Solid L icu id Gas

1675* l 667w

1640w I635W

1633*

1597VS 1597VP I595W a

1595® 1599:

1588m '

1556V 1549m

1516m 1513VW

b l

1503)
d)

1495)
150 5vw a

14880 14849

1474vs 1474s b .

1455m I45OVW 1453w

1410V 1411vw 1417vw

12@7m 1394tw

138OVW

b2

b l

l^DOd-v 1300 1307sb bg

1287?? 1?84ys 1P75VP a

I27IW

1242W

l> 24vw

*>2

b l
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Ta b le   ̂I I  ( ̂ ) { con t ln u sd )

I&fr&red Haman
! À rsignm ^t

S o lid Sola. S o lid L iquid Gas

1184vs 1191* 1186m a

I l 36w)
)

1172)
U 80v b 3

l l l 6 v 1114W 1123m 1124m 1123m
h

1100s 1100sh-w

■ IO98V8 1098s
(0 .13)

1096m &

1087v 9 1092VS 1078m 1077* 1070sh b - .

1016s 1018a
(0.20)

1013W a

lOlSvs 1019a 1019sb-w
•’3

1003VS lD04e lOQOvw b j

971VW

9 6 ? v 957v

973 ) 
d)

)

953VW
a

y

949vw
b s

94?w 941w b l

893s 843b 853V 847w b j

832*

822sb-w

829% 828 )
d)m

822 )
824m 8 1 7 v « A t ;

S l4vs BlPrs b l

762m 757*

77% 773*
(0 . 04)

768s a

723" 722w 727*

702- 7046 7 0 6 w

‘’3
698-h^a h .  ........................  ...................
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In f ra re d  

S o lid  Soln.

Table 111(3) (continued) 

Raman

8B-98m

63w

S o lid L iquid  Gas

116 ) 
d)vo 

,104 )

56m

42m

Assignment

657w 6"7v 6t8w 639% *>2
6?4w 626* 628m 629®

(0.78)
6?7v h

540 sh 545® 543b
(0.37)

536W a

5458 57̂ ® b?

>10/904
dUs

420m

501s

423w 424sh -a

l a

bz

410s 414s 421 ) 
d)m 

414 )

413*
(0 . 41)

406ffi &

y
368m 368m 37OV h

706w 306m 306m 309* b?

27OW 270m 270m b l

227 vt- — 2278 226w
(0.09)

219s a

219w - ?19w-sh b l

157w 150 vw b «

V
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Table I I I (4)

C alculfited  mid observed freciuencies (caT^) fo r  4- 4* d ic h lo ro -  
b ip b sa y l fo r  v a rio u s  d ih e d ra l an g les.

A S^pecies (D^ -  Â )

C alcu la ted  
freq u en c ies  
f o r  a l l  Ô

g

u

Reman

Observed frequencies

In f ra re d

S o lid L iquid Ges S o lid L iquid

307^

307?

1653 1597 1597 1595

1503 1495 — 1505

1334 1287 1 ^ 4 1275

1174 IIB4 1x91 1186

1088 109s 1098 1096

1012 1016 1018 1013 }■', I',;

783 773 773

521 542^ — 536 =40
. _

198 227 226 ?X9 227

964 973 — 953 971

832 822 — 817 8?2 824*

408 421 413* 406 414*
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Table 111( 4 ) ( con tlnued)

C alcu la ted  
freq u en c ies  
f o r  c l l  Ô

S p o d ea  (D ^  -  3^ ^

Obrerved frequenciee  

Raman In f ra re d

S o lid  L iqu id  Gae S o lid  L iquid

B.;u 307?

307?

1563

1468

1174

1097

1025

997

71?

420

1078

1000

706

424

1077

I5B8

1474

117?/

1186

1087

1019

1003

70?

423

1474

1180

1092

1019

1004

704

423

B
3g

964

832

408

966

828

414

3?4*

41" f

96?

832

957

829

414
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T ab le 1 1 1 (4 ) (c o n  t in  ligd)

C alcu la ted  
freq u en c ies  
fo r  0 =

h  -  b g »  %!%)

Observed frecucaicies

ilaman In fra re d

0^ 3)0 60® 90® S olid L iquid Gas S o lid L iquid

Big 3K)70 3070 3070 3072

3070 3070 3070 3072

1566 1565 1564 1564 1549 1556

1387 1 ^ 5 1380 1375 1380

1237 1237 1287 1290 1275

1284 1285 1285 1283 1242

1106 1105 1103 1100 1123 1124 U S 3 1117 1114

621 621 622 624 628 629 637 624 626

387 383 373 363 373 370 372 ;159

24? 261 ?77 289 274 271 570

3l u  940 940 941 941 943 941

809 810 813 820 814 , 812

695 698 705 71? 698 696

472 481 498 512 504/
510

ÿ i l

233 211 185 161 219 — - 215 —

42 43 45 48 63 —



Table I I I (4) ( continued) 

®2 S becies B„g)

90.

Raman In fra re d

B,

B?g

0® “0 ° 60® 90® S o lid L iquid  Gas S o lid L iquid

3070 3070 3070 jO70

3070 ^ 7 0 3070 ^ 7 0

1569 1568 1566 1564 1595 1593

1368 1368 1370 1375 1394 I3B7 1389

1296 1295 1293 1290 1307 1300 1 5 »

1279 1279 1281 1283 1271 —

1095 1095 1097 1100 1100 1100

630 629 627 624 639 639 637 ^37

306 303 297 289 — - - -

63 59 54 48 87-95

944 947 942 941 949

932 S3I 826 820 853 847 850 843

707 708 711 712 7S7 723 722

518 518 517 51.2 54?* 543 545 538

345 348 355 363 ■=09 309 306 706

119 126 141 161 116/ 154 157 -
150
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to  the  p lane o f  major c ry s ta l  development. A good example i e  

a ffo rd ed  in  d ich lo ro b io h en y l by th e  complex re r lo n  erom d  1100 

In  the  c r y s ta l l i s e d  m alt sp ec tn m  a h m û  a t  IO87 i s  s t r o n g ^  

reduced in  in te n s i ty  r e la t iv e  to  i t s  neighbouring b înd™. From

th i s  i t  i s  deduced th a t  the a a c o d a te d  t r a n s i t io n  i s  o f  a■'* - -

d i f f e r e n t  sp e c ie s  to  th a t  o f  i t s  nelr/hhours and i s  to  be 

id e n t i f ie d  as b_. However, a band assigned  es e i th e r  a t  

1186 o r  117? cm"'  ̂ end the  on ly  fundamental expected in  th i s  

reg ion  b es id es an a mode, show no d ic h ro ic  e f f e c t  a t  a l l .

D oublets n e a r  9^0 , 3tO and 415 cm*"̂  s re  c le a r ly  assigned  

to  the form erly  • and ou t-o f-p lane*  double assignm ents.

That such d o u b le ts  e x i s t  ( average re p a ra tio n  8 i s

f u r th e r  su p p o rt fo r  th e  conform ation.

In  d i fluo rob ipheny l th e  Raman V g mode appeared in  

th e  in f r a re d  so lu tio n  sneotrum and the  in f ra re d  a c tiv e  g 

mode appeared in  th e  Raman molten spec trim  bo th  arom d 63O 

How in  both  d ich lo ro -an d  dibromo- b in h m y l a m a ss- in sen s itiv e  

d o u b le t appears in  bo th  Haman and infr«^red '^ e c t r a .  Likewise 

the  m a ss - in re n ? itlv e  fundamental i s  s p l i t  in  the  in f ra re d

fo r  d lflu o ro b ip h en y l and appears s p l i t  eroimd ^00 in  the 

o th e r  two m olecu les. TheV ^ bg^ mode o f  d if lu o ro b ip h sn y l which 

was observed to  s h i f t  from 1717 in  the  so lid  s ta te  to  

1302 in  so lu tio n  due to  " te r ic  re la x a tio n  now appears &s



T ab le  I I I (B )

The o r in o lp le  In f re re d  and Slaiaen bends o f  4- 4' dibromobi ,<henyl 
 ̂ a t  freq u en c ies  below 1700 cm"!

»2,

I n f r a r e d  

S o lid  L iquid

I67OW

1635%

Raman Assignment

I 590W

1584a

1485s

1471rs

1452*

1382s

l 3D0d-w

ll66rw

1117V
i- — &

1583w

1485 )
d )a

1480))

1470s

1383a

ITDOw

1114VW

3o l id

I628W

1587 V»

15^vw

1498m

1490m

1302VW

127&w-sb

1263*-sb 

1235™

1224W

1201sh-vw

1184s

2

3
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In  f ra re d

Table I I I ( 5) ( continued) 

R&m&n Assignment

S o lid L iqu id S o lid

1100m llOOw 110? w
’̂ 2

1076s 1079» 10850 *’1
1067t 6 1071s

10699
' ’3
a

I 0l 6v 8 1016 m. 1015sh-w

1010s
S

a

lOOOvs 1001s
b

970w 969m a
f

$6t v 962

949 vw
: t ■°2

944vw

848m 841m 844w ‘>2
8a2v 824m

8l 4Eh-a 818m

810 907vs

7578 a

720m 718v 720w »>2
6728 672s 67IW l>7
663m-sh 6 ^ w -sh b l

635w 635W . 6?2w '*?

627w 624vw 625a b l

542m

537a

5^ w *>2

STSah-w
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Inble I I I ( 5 ) (continued)

In f r a re d  

S o lid  L iquid

Ramnn

S o lid

506 ) 
d)m 

500 )

410m 

?56w 

315VS 

271w '  

?57w 

190 vw

144vw

lOSvw

86w

74w

497s

4 1 2 s

355»

316vs

415s

408m

354»

?7 0 w

237»

192»

167s

112V S

9B tr

3

h

h

a

V

V

b

> r-'
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"3- Table 111(6)

C alcu la ted  and observed frequenolee (cm~^) f a r  4- 4* dlbrom) 
b inhenyl fo r  v a rio u s  d ih e d ra l angles

A Species A^)

C a lcu la ted  Observed freq u en cies
freq u en c ies
fo r  a l l  Ô Reman In f ra re d

S o lid  L iqu id  Gas S o lid  L icu id

g 3072

3072

1651 1587

1496 1498

1339 1^,2

llfiS 1184

1066 1069

1016 1010

771 757

443 463

147 167

972 969

827 816

411 408

_ -r.'lu

972 9<59 970

81#



B

B
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T ab le  I I I ( 6) ( co n tin u ed )

B , ?P"Cl8S (Dp  ̂ -
*

C alcu la ted  Observed freq u en cies
f re c u e n d e s
fo r  e l l  ô Reman In f ra re d

S o lid  L icu id  Gas Solid  L iquid

3072

3072

1560
■i

1584

1462 1471 1470

1169 1166 -

1077 1067 1071

1023 1016 1016

1001 IGOl 1000

679 671 672 673

321 315 316

972 962 962

327 824 822

411 415 410 412
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Table I I I ( 6 ) ( ccn tin n ed )

%  ^ 'P edes (Dpi) -

C alcu ls ted  Observed freeuencler,
freq u en c ies
f o r  a l l  0 Reman In f re re d

B

0° 33* 60" 90° S o lid  L iquid Gas S o lid  L iquid

I g  3)70 3070 3)70 2070

3)69 3)69 3)69 3)69

1546 1546 1548 1552 1538

1775 1774 1770 1367 -

1285 1284 1283 1281 IP63

1234 12'̂ 5 1238 1242 1224

1095 1094 1092 1090 1083 1076

616 6X6 617 618 623 623 624

361 “57 349 340 354 356 355
182 176 161 144 ?37 P37

Blu 925 925 925 926 944

816 817 820 827 910 808
696 698 704 710 668
460 471 492 509 500/

506
497

220 220 221 222 192 190
33 34 35 39 71
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Table III(6)(continued)

Bp S pecies 3^ ^

C alcu le ted  Observed frequencies
freq u en c ies

®2u

B2g

11 0 Ramen In f ra re d

30® 60® 900 S o lid  L iqu id Gas B alid L iqu id

T070 TO70 3070 ?069

3069 3069 3069 3069
-

1564 1562 1556 1559 1590

i ;64 1364 1365 1367 1:^2 1 ^ 3

1279 1279 1280 1281 1300 1330

1243 1247 1245 1242 ■

1037 1087 lo s s 1090 1100 1100

625 624 622 618 63? 635 635

223 223 223 222 — — -  — -

50 43 43 39 89

928 928 927 9^6 949

839 8^ 833 827 344 348 841

703 705 708 710 720 720 713

519 5L8 516 509 540 542 537

328 330 735 340 270 271

108 113 l ?7 144 112/ A 45
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a f in e ly  e u l l t  band cen tred  a t  1300 omT in  d ich lo ro  and dibromo- 

binhenyl* This p rov ides fu r th e r  evidence fo r  a Dp conform ation 

in  the  s o l id  < tate# The m&jor evidence again - t  e conform

a tio n  i s  th a t  th e re  a re  too many bands assigned  to  the  3^ m d  

sp ec ie s  ( g re a te r  than l 6) e v ^  thou j^  some o f  the  assignm ents 

a re  weak, m issing  o r  u n s a tis fa c to ry . The Raman band a t  413 cm“ ^ 

fo r  d lch lo ro b ip h en y l i s  p o la r ir e d  ( th e  low est * -  bg .̂* p a ir)

if ith  a d io o la r i s a t lc n  r a t i o  o f  0.41  in d ic a t in g  th a t  symmetry 

does n o t occur even in  the m olten s t a t e .

A comparison o f  the  s p e c tr  o f  4- 4’diclrdoro and dlbromo- 

b ipheny l below 1000 cm~^ in  Figs* I l l ( i )  m d  ( i i )  show th a t  they  

possess id e n t ic a l  f e a tu re s ,  the  lo v e r  frequency fundameattde 

s h if te d  s l i g h t ly  in  th e  dibromo ~nectra because o f  the  mass 

e f f e c t .  D if f ic u l ty  was experienced in  o b ta in in g  s uniform 

cry** tà llised  m elt spectrum fo r  dlbronrabir.henyl because the 

m a te r ia l tended to  form ^ lobu les on the  su rfa ce . m elt

2% o tended to  decomoo>e, micb thmt molten Ramon d ata  was n o t 

o b ta in e d ,

3 .6  Conclusion

The conform ations o f  4- 4’ d ich lo ro  and dibroKoblphaayl have 

been shown to  be i r r e s p e c t iv e  o f  phase. The es tim a tio n  o f  

th e  an g le , h e re , i s  more d i f f i c u l t  because tiie re  a re  no s h i f t s  

and the frequency f i t  i s  n o t as  good. The vary  poor o l a b i l i t i e s
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o f  d ic h lo ro -  end dibrom o-'ilpbenyl in  common o rgan ic  so lv en ts  

compared vdth b iphenyl and d if lu o ro b lp h en y l in d ic a te  « d if fe re n c e  

in  p h y s ic a l p ro p e r tie s  which may be r e la te d  to e tru c tu re .

A p re lim in a ry  ?tudy, w ithout c a lc u la tio n s , was c a rr ie d  o u t 

on o th e r  4- 4* d l- s u b s t l  tu te d  b ipheny ls to  in v e s t ig a te  the e f f e c t  

o f  o th e r  common o rg an ic  groups, 4- 4* d im ethyl, dicysno and d ln i t r o  

b ipheny l gave in f r a re d  and Raman rp e c tra  s im ila r  to  d ich lo ro  end 

dibrom o-blphenyl and had very  poor s o lu b i l i t i e s ,  Ciace no 

s h i f t s  o r  changes in  s p e c tra l  a c t i v i t i e s  o ccu rred , i t  was 

deduced th a t  they po ssess  a Dp conform ation in  a l l  phases,

A study  o f  4- f lu o ro -a n d  bromo-blphew/1,  however, gave

s im ila r  s p e c tra l  changes experienced  v i t i i  biphenyl and 4- 4*difluoro-

b iphenyl (4 3 ) . C elculatdonp were performed fo r  4-broroobiphenyl

u sin g  the sim ple b iphenyl model above and making the  ap p ro p ria te

changes in  symmetry (Cp^) and th e  bromine atom. A mode was

c a lc u la te d  a t  440 cm"*̂  end i t  was p re d ic te d  to  in c re a se  in

frequency w ith d ih ed ra l ang le , A band a t  464 chT^ in  the
-1in f ra re d  spectrum fo r  th e  s o lid  s ta te  •shifted to  492 cm in

s o lu t io n . The corresponding change in  the symmetry block

— -1was p re d ic te d  fo r  a band to  decrease in  frequency a t  353 ^  •

In  f a c t  a  Reman and in T rered  a c tiv e  band a t  258 cm"*̂  was 

ob 'erved  fjo move to  238 in  the m olten and so lu tio n  phase.
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A study o f  the v ib ra t io n a l  sp ec tra  o f  dècsfluo rob iphsny l 

(44,45) by S ta le  e t  a l  suggested th a t  the  ctolecule e x is te d  in  

a Do conform ation in  a l l  phases. I t  was thus decided to examine 

the v ib r a t io n a l  sp e c tra  o f  1, 2, 3, 4, 5-pen tafluD robiphenyl (k in d ly  

donated by P ro fe sso r  G. W illiam s o f  Bedford <3olleg©) to  examine 

the  e f f e c t  o f  th e  s tro n g  d ip o le  across the  in t e r - r in g  bond,

Apain a Dp con form ation in  a l l  phases was confirm ed.

I t  appears th a t  any in d u c tiv e  o r  mefomeric e f f e c ts  o f  the  

groups, w hether d ire c te d  In to  o r  away from th e  r in g , have l i t t l e  

e f f e c t  in  determ in ing  the  o v e ra l l  conform ation. The change 

observed fo r  4-brotaobiphenyl suggests th a t  the  p la n a r  conform

a tio n  C a n  only  be r e a l is e d  the su b ^ 'tltu o n ts  are  e i th e r

sm all o r  few in  nunber, i , e ,  the  determ in ing  fa c to r  i s  c ry s ta l  

packing.



102,

VipTKjJçD'ïl AnrlY 9l ? o f  Dgu t^ ra te d  Bloheayla 

4 .1  la tro d u o t.io a

Th@ s s t l a a te  <:f tha  d ih ed ra l ob ta ined  la  Chapter 2

fo r  biplic>n,yl and in  Chapter 3 d i fIuoro:>lphenyl had a la rg e

degree o f  u n e e rte in ty  a sso c ia ted  w ith I t .  Ih ie  r r o r  I s  to  be 

expected because th e  f i r s t - o r d e r  c a lc u la te d  frequgB cles h&ve a c t  

been ex a c tly  a l l /h a d  w ith the observed fimdsmentalm. A p e r tu r -
i '

b s t io n a l  a n a ly s is  wns thus, c a r r ie d  o u t ( 33) u s in r  the  $ o lld -3t&te 

data  o f  b ipheny l, perleateroblahenyX  And bipbanyl d-2  so as to  

r e f in e  the  fo rce  f ie ld  fo r  the p la n a r  conform ation. This tim e, 

however, in  t e r - r i n g  In te ra c t io n  co n s tan ts  were in troduced  to  

improve the la rg e  d e v is t lo a  a s so c ia te d  with soae o f  the  M rh e r

frecu  ncy  r in g  %odes.

' -

The uye o f  d eu td ra ted  ds.t% in  the reflac;:'3ont o f  force f ie ld é
I

i s  very  common p ra c t ic e  beo&uae h e  number o f  ad ju a ty b le  param eters 

always exceeds the number o f  obse 'v 'b la s  fo r  a la rg e  tsoI  I t

i s  Always a s su iM  th a t  the q u ad ra tic  fo rc e -T ie ld , which i s  

independent o f  oaharm /nic term s, i s  u n affec ted  by the  la rg e  mass 

change. Although d e u te ra tio n  re f in e s  the fore© co n stan ts  fo r
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fbTps.r.tlonç’ tnvol'üàii^^ v ib ra tio n s  t.h« tydrogen %to% to  s h igh  

de Toe o f  accuracy, Inrqe u n ce rta in  t ie s  -• 'till - - r i s e  for m'étions 

n sso c ia to d  with cha r in g . M ills  ra o e n tly  pointed o u t (46) 

th a t  o th e r  l^otooiG  d '-t'., in v o lv in g  o-rbon -̂ nd n i tm re n ,  enn be 

more u se fu l -'Vtn though the s h i f t s  r r e  ?uch sK o ll^ r.

? - lX o r  f'-nd in  'e p -n 'io n t ly  d '-v 'dooed th e  gtyaerAl

th e o r y  from ^ h lo h  a l l  i  -ot/seio r u l e s  c .n  he d e r iv e d .  I f  

Xj_> }\ r, • •**Av -h'" -^o tg  in  - o r t l n u le r  eyrsmntry noaeles

o f  th e  Seoul? r  e.-.nat ion

then

I - Pg -  ■ >\ 1 = 0

I t d l  = \ - A  / i ' / '  ' " " / k

A k

— X .X  * # * * X y

inc.^ F w il l  b :  tho for r/a iso -o p ic  sp ec ies  r rd
s

4 -n‘̂ s '0 i t  follow s th a t

Ov>
a :

A

\

*vhi?re thA p-inr. ' i f n i f i  dh ' i'=̂ 0 '"o;>ic sp e c ie s .

Th^g r e s u l t  i s  on ly  v a lid  i f  the g-ftmrtry soeol#? contain^! 

nc t ’̂ rn s lo tion  o r  r o ta t io n .  I f  th^se es o f  fr-sedk»m era

in v o lv ed  the ro o ts  v i : l  vanish  -̂rrh th a t  ths eroquet r a t io  i a
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i n  M  t e r m i n a t e .  T h i ? :  d l  ' T i c u l t . y  i s  o v e r o o w n  ,  h o v e v o r ,  o y  

co n sid erin g  the  rs-su t  o f  apol 'ln g  week fo rces  i.*ich co n v srt 

the ^soti'^o  o f  Iran a l'- tlo ti a-r! ro ts t io n  In to  Icvr i'rorn?pcy 

o s c i l l - î to 'T  p o t io r 3. In  th  'U n it  o f  the?# van ish ing  -broes

( i . e .  tb '- »  o c u o l i n ! • '  n “- r X l  ^ b r  r a t i o  o f  t b a  t r s a s l a t o r y

^re'-'urnoiut  ̂^

S)

A

vtfhrre M i s  fha t o t a l  mass th -̂ moloculs, ard f be ro ta tlon& l 

r a t i o  I s

where I  i s  tho mom -nt o f  i n i r t i a  'vl fh reepeo t to  *h9 nppt'oorlat© 

o~ incin lo  a>ree.

The product - c la  nov: t^Jcas for.'m

f '*-6
V k 

k=i V

3
».

k=l V a.

A'

>s

t I t
I I Ir rf

X̂. ly

ra;^ c a lc u la te d  .loo top i a n h lf ta  ere; u se fh i in  r.a <1 ruling some 

o f  tho ao re  dubious b rade .
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4.P  Expert is-aa

B î^ e n y i  d-10 was purchased from Merck Shfiro nnd Dolrse o f  

Canada LiTîîtod. %iohen%fl i - 2  eynthoalsed in  theae ia b o ra -

to r ie *  by R. J .  M. Pulhaa and D. ?. Sewell as p a r t  o f  a r^mar- 

v ised  th i'- 'd -year p r o je c t .

4-4* dibromo c l ah anyl was p repared  ..a .'ess r i  bed abo/e (4 2 ). 

n-B utyl lith iu m  rcn :ont was oraoarad (47/ a t  -lO^G in  dry e th y l 

e th e r  by tho ac tio n  o f  n - 'm ty l bromide on f re s h ly -c u t  lith iu m  

m t a l .  Tbr «'eaction W'S c& rrisd o u t in  an o.f dry

nltrO goh rrhu'tho flnR l p roduct was f i l t e r e d  fre e  o f  %euotion 

p r e c ip i t a t e .  Hic fre sh ly -p re p a red  n -b u ty l l i t h i im  re n g rb t was ’ 

then ra p id ly  added to  'ii  e th e r  so lu tio n  o f  d ib ro œ b ir^ e n y l and 

l e f t  o v e rn lfh t  to  r t i r  ( 8 ) .  The s ix tu r e  was then tre a te d  

w ith 9 9 . 8 % deuterium  ox ide . The e th e r  phase wj.s washed m d 

d r ie d  m d  the ■solvent removed by ro te ra ry  eV8p c r« tio n , The 

product was sublim ed,tw ice to y ie ld  i ^ i t ^  c ry '^ ta ls  with a 

mel t in g  poln  t  o f  66° C,

The p u r i ty  o f  those i  o tooeo assessed  by %eans o f  th o lr

mass fipeotra k in d ly  run by Dr. *. ih e a tle y  vd.th an A . / . I .  .4S 12 

double--^ocuaeiag sp<?otroiiicter uelng  a d ire c t- in -m r tio n  sample 

prob$*T. By i'educin the op .:ra ting  Io n is in g  vo ltage  i'roa ?0 eV, 

to G bou t 10 -«V, frpK m t&tion o f  the  nol;.cui&r ion  (&*) does



1 0 6 .

n o t occur» The acactr»  h*noe record *he T*elstlve

Rbundance o f  the deutar& tcd m olecular lone . da-bon-lg  i ootopic 

ahundcsce o f  the p a r t i a l ly  d eu ts ra ted  sp ec ies  w ill  hsve a 

n e g l ig ib le  e f f e c t  on oesk b a l r h t s .  S p ^strr  were run @t 

fou r io n is in g  volt&gos ( I f ,  11, 10 and 9 6^) and the  

oomo-mttiona me aho«Ti in  T A le  I V ( i / ,  Thu tub io

a lso  shoaa th a t  the u r to n t o f  d eu to ra tlo n  i@ 9 7 . f or  biphenyl

d-.? nod 99*2? fo r  b iohrny l d-IO,

Tsblv IV d )

I '-OtO^-ie Co’ijpo ;■■ 1 M on o f  Dnû .e ig d blrhenylB

domno.md
«co“)po Û fclon

Thuccpti cul 
maximum p u rity

biph cayl d-2 fi o *7?

- i z ' i o  -  )■• 

h A \ o  -  5 “ - V

09.6^

3iphenyl d-10 g jJJ  Do -  5.'"̂ ^

0 ,^ 0 %  -  i . i s

98. 0#
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4*3 R esu lts  and D lscussioa

The observed %mm and in f ra re d  b&nds are Lis tod in

T a b l e s  Î V ( ? )  a n d  ( 4 )  f o r  b i p h e n y l  d - 2  s o d  d - 1 0  r e s p e c t i v e l y

aad the  corresponding a a r l^ a ie n te  a re  compiled in  Tables IV(3)

end ( 5) .  Serb! %nd rm idroni h'^ve re c e n tly  ( 49? used t i i e i r

m odified UBFF to  as sip#  the in -p la n e  ftBidaaent?'!;: o f  mo-t o f

the ay im otrlcelly  denterated b lp h m y ls . Ihe most s tr ik in g

observs-.tion in  T erb l’ s date  i -  the number o f  bands which have

n o t bem. a ssigned  5imply because they have n o t been seen,

e s p e c ia l ly  in  the 3^^ a y m stry  block* D if f ic u lty  in  a ss ig n -

a a n t a lso  a r is e b  cccause o f  th e  ::everu ov^ircrowdirig o f '
-1fun iam ontala expected in  th e  BOO -  360 cm region (10 b nos?

—1fo r  b iuheay l d-IO snd in  th^  600 -  6fO cm region (5  bands) 

fo r  biph^myl d-f*

The m a jo rity  o f  th® fundamentals! a re  as p rev io u sly

d escrib ed  above fo r  b iphenyl h-IO , bu t fo r  tJ-ie areos o f  aaebi-paity 

two l ln ^ s  o f  aoproftch a re  Mdouted. The f l r $ t  i s  hused on th e  

a s s m p tlo a  th a t  the i n t e n s i t i e s  o f  the b&nds (bo th  md

in f ra re d )  th ^ u n h o u t th e  a e r ie s  rhould be roughly conparabl^. 

Secondly, the  r a t io  o f  the  c a lcu la te d  d ata  fo r the la o to p ic  

gpvicioa end t h r t  o f  biphenyl b-10  i s  co%p red I  th  the ruspected 

observab le  r a t io s  to  find  the  b e s t  f i t .  This i f  A&iilrably



s r
% 3A%%Zl

3T p
q  ̂ SA% ,I q3-*büJ%

s . «£t£ i

*2q

Si,

q

A-qKl6t'%

«TOGi

^sA fcyi

ys-A iSbt

SAQr9 3 1

^ i 6 ÿ l

A&Cbl

SA&66I

qa-A I# :!

sAccyi

q%-ATI%:

AggcfT

%%&&%

wG&l

spék l

%ga&i

ÜV6LT

GIZŸT

A/lyGl
JO

AÿÔbl

*^891 

%067l  

2 0561

M2£CJ K;7Zü Ac/Za p'O&Z

%Zj6Zü ^065c

w o n PÎIOb p w b n PtTsg

p8JU44B% 

AO%pq
%Ae%qütqo;%*naptp j o  6guuq %w%%& pus pwiauju^

*801
(5 e iq e i
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T ab le î  V( 2) tco n  11 nu --d ‘

In f ra re d  

vOlld L iquid

1:62m

XlBO*

u p }
‘} m

111=, j

1034m

1007m

95&VW

86?m

341s

767*

1?63&

II78&

1110s

S o lid  (|>)

oh

1 oxI 24? w

1209*

io ? 8 s 

1007 s

97Sa

96  'vw 

9 5 3 V .

874VW ?h 

868vw-oh

359e

878VS

34393

764#

1117 

1110 

1027m

9889

975w-sh

876%

86 Sv

845VW

vw

1197&

1107 w

1027*

99OV8

967 sh-m

869#

878m

Assignment

u

b3li

b .̂

r

-U

b
3u

a g
b,

g

?u

b7g/B%

h u



l ia

I n f r a r e d

o l i d

Tabl0 IY(2){con

%sm&R

716m

6IÛVS

6043 vs

449a

ÂH-SÎ

L iquid S o lid L if’u id(j)}

736m

743 }
a  (

738 j

744a ^2g

774® 7753 a
g

720* h u

697%

6lO*V3
►

6l7sh-m

6or$vs
J 605m 603^9

597w 603?^ ^pg
535® 538» 575*

477a b u
403v5

"̂ 59*

108 vvw ^05 s

^ i r
305W

?59w

324m

241m

97® ^

3O9*

2-62”

n.
g

*’?g

55“?-

4' ^
* L a tt ic e modes

25m
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T tb ïs  1 9 (7 }

G alou l& ts’i  f*nd "rer-n'^ncies ( - -4* d id ^ u tcr o -
biphenyl fo r vario u s d ih ed ra l ang les

A Species ( 1^  -  A^, 1^)

Càloîîlfited Observed freau an c ies
froqtiancie?
fo"  ̂ a l l  0 Reas-.n. In f ra re d

S olid  Lif’u id

Au

7072 1

P 7 " J

Sol Id Iii'-uici(o)

'■''76

1689 l6co 1 S 0 7 * ( 0 . ? 5 )

IS lS 1K>9 1=01(0.? j)

13:8 l ' 7'i irG K O .-'?)

119? i ;09 1 1 3 7 ( 0 . 1 5 )

10?4 1031 10?7(0.ü7)

978 988 9 9 0 ( 0 . 1 0 )

738 7 "4 7 3 5 ( 0 . 1 0 )

?^9 3 2 4 ’09(0 .31)

9^3 967* (D .ll)

8-^3 338*(0 .,31)

'09 40’ * ( 0. 35)

]P5
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Table IV(7) ( coa tluu?^ci}

B? Species (D ^  -  B? )
3g

C&lcülùted Observed freq u en cies
freq u en c ies
fo r  a l l  0 Raman In fra re d

S o lid  Li n ld(|)) S o lid  Liquid

P 7&

■^282 2296 b 97

1603

1476 1471

1193 24''" ' I l8 0  1178:/=f,

1034 . 103̂ 5

10X9 o-ïy ^  ^  IÛO7 1008

976 #3' ' 978

604 - 1-W -. J 601 602*

B':;g 963 975 967*(0.11) 964

833 , 345 3;58*(0. 31) 838

409 408 403* 40%
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CnXculated 

fo r  0 =

Bu

h u

Table XV(7}.(oontlrtUfid)

31 Species

ObsQT'ved frequgaeles 

Hamsn In fra re d

S o lid  L l-u l })) S o lid  L iru ld0® p® 6û® 90*̂

P 70 P 70 3070 3070

P 6 9 3069 2060 3069

1608 1606 160--I. 1603

1404 1401 1395 1388

1320 1319 1317 1315

1280 l:Æ l X'83 1296

1095 1094 1093 IG91

069 363 368 968

60^ 605 605 606

340 332 793 267

955 955 955 956

837 8T7 5-9 043

714 716 ■ 7’ 3 731

613 61 <1 615 616

413 ' AM m 190

99 38 58 39

Ho aeaeureaùn ts diw to  eoup lex lty  

o f  ov9"ton% and co 'sb lnstion  hmûB

159’  1607*

l U ’

I 'S

1110/
1117
376

605

1107

369*(0 . 79)

603

-

617%

011

716

610^

449

1283

874

610^

359

953*

9 /3

720
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Table IV(7) ( coRtinned) 

B3 SuGcies (Dpjj -  S ^ ,  0^_)

C alcu la ted  Observed frecu en c las
frequenoie?
fo r  0 5= Raman In fra re d

B?u

B

0® p® 60® 90® S olid L lquld(p) S o lid Jtticuli

P 70 P 70 3070 PTOl

p 69 p 69 P 69 7069 J

1605 1604 1607 1603 1555

1^ 7 1778 i p l 1388 1393 1394

IT l ' 1712 1717 1315 1322 XpS

1"90 1290 1289 1986 1%6? 1263

1088 losa 1089 1091 1171/
1115

1110

865 366 867 868 862 859

619 6X8 617 616 617* 610* 610*

9*̂ 94 91 89

9 '$ 9«7 9 5 ^ 9 ^ 953*

854 85? 848 843 865 869^(0*79) 868

7%)

608

771

608

73^

607

731

<06

7:^8/
743
597

7^4(0.76)

607

736

60;'*

P 5 P 4 501 490 538 CITÏS ^ . J 535

?29 234 248 267 241 255
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Table 1V(4)

P r in c ip le  in f ra re d  m d Raman bands o f  blph^^nyl D-10 belov/ 1700 —1

lafTarm d

S o lid

1620%

1607*

1566m

15j'4w

1522W

1140*'

1412*

1400w

1343?e

1317m

1260m

Liquid 

1614 w 

l600*

15653

1545*

"V

1438*

1412w
a v:

1400w

1344va

1725*

1711m

l ? 95w

98

S o lid

1576m

1563*5

1533»

1411m

1398*

1347»

1280*

Li ul

1571V»

1537 vw

141%8

1401*

I347VW

1273*.

Assignment

^Ig

Ig

^ is

^3u

b.?u

°lg

^2u
7 ', 4ït



T ab le IV ( 4 ) ( con tln u ed )

116,

In f ra re d  

S o lid  L iquid

Raman Assignment

IX-Ov

1116*

1024*

9 B 1 v;

950 vw

854  s

8l8vw

813s

1195%

1117m

1092»

1024W

100753

V

950w

860w

847m

370w-sh

825m

8l 5vs*

742»

782*

7 ' i s

Solid

l " 31vw

12l6vw

1186s

965 s

SSOai

8=0',a
J,

8-^a

8l 6w

L icu i

rglvw

1190v=

10G6vi-j-

37

842a

828*1%'

736*

’I g

tv'U

3u

"A 6

^Igf b -u

^ i s

^ 2u

«HI

!> V,
*3ec%

b111
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T ïb lc  (1 V( 4) i contlng :?’p

la ff& red

Solid

620m

594VW

589m

* ^w

410m

165**

IIZVT

83*»

L iqu id

6?4s

596»

=6^w

s p a - 'h

542*3

464s

4373

•■452a

*00*

?48w

105*9 

79w  ^

73»»

6 l* i f

S o lid

459VW

754*w

31?»

L lcuid(^

691®

652m

597 h

588m

551»

299%

A s s ig n e n t

Ig

% ,  b"2 Ju ' %
b2g

lu

( 2x̂ 9 9 )

bPu

b?u> b lg  

b g

■?B

b u

boff • ?>

^lU

I g

'Ig

T e

bpu

r>„i\i

/
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Tm.ble IV(S)

-1,mû  obaarved fr^ ru ^n c le*  ) fo r  blpb^ayl D-IO
fo r  V'lrioui^ dih^:dr?il %nfle@

A Spaolsi (1 _ -  *G, Aa)

Ca&cal&ted 
freq u en c ies  
fo r  ^11 ti

A

Qb«ar?sd iVeGU«.r5o i«5 

S'lmafl I n f r s r s d

S o lid . U .7 ii4 !P ) S o lid  U ;U ld

Ag ?r97

sr85

?r®3

1^78 1563 157110.#)

1457 1411 1415(0 . 16)

1198 1186 1 1 9 0 ic .ll)

981 965 962(0.06)

962 980 372(0 . 04)

840 3-6 842(0,34)

690 691(0.04)

?6 l 31? "99(8 . 1?) 300

780 786(0.05)

648 65?*(0.-î8}

358 748(0 . 40)
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Tabla I V( 5) ( con t in u - ’d)

B3 SpealQG

C alcu la ted  Ob<iervad frequencies
frsc u sn e lç e
fo r  ftll 0 RaiJEa In fra re d

S o lid  L lcu ldfp) S o lid  L iquid

?a37

'2Bo

3

1591 1566 -• '/

1320 1343 1344*

988 981 981

947 99) 950

855 85'.'. 360 a

923 — ■ ■>>■' -  ̂ 813 315*

590 Jill • ’t 588 536*

790 786* 78?**

648 655/657 659* S5?.i

358 354 353

^̂ 7

8 ^
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G«îcringed 

fo r  Q- -

3
Ig

^ lu

Table I y( 5 ? ( eonti nir  ̂>

B1 Specie gs

Observed frev ee

Raman Infr& red

0° 60^ 90^ S o lid L ln n id tP 'S o Iid Li .mid

3?*1 2231 1
£279 ::^79 <279 "''79 !
1584 1587 1581 1581 1573 1577

1301 1294 1':'89 13'7 T3f 3 1344*

1277 1^77 1?79 1280 1-78

10# 10^7 1037 10:"8 IOC/ 1007

840 9/?0 S40 SiO 850 84?* 843*

8 ?? 892 822 921 8j i 828 3r5

% 583 # 5 587 58? 588 # 5 *
n 9 02 776 r *>4 334

890 890 8 n 8 n 818 815*

799 731 777 746 740 74-4

613 616 6# 6?1 620 6£ i

R 9 539 5'i'> 545 5:3 542

7^7 404 43D - 6 410
, ■ • 437

35 35 8F 33 6l ( ? )
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C alcu la ted  
frequencies 
fo r  6  =

li2u

Tr-ble I  V( *>) ( con t ln u  d )

-  ^B2 Species

Observed frequ^neies 

Hati ea I It f ra  red

0^ 70* 60^ 90^̂ 5*116 L lculd(P )& oll6 Liquid

2281 2?81 2281 ?28l ^

2278 2278 2279 2l?9 >
153? I5SI 1580 1580 152?

1297 i ;96 L292 1289 1317 1714

126" 1264 1269 1278 1260 1 63

IUI6 1Û18 1022 10 8 1024 1024

841 B -i 841 8«o 844 843

822 822 821 8:1 818 815*

596 594 591 587 594 596

89 88 87 85 112 IDS

B 826 8^6 825 822 816 815

759 7̂ :8 75:̂ 716 782

629 630 632 631 6si 6S2 ‘̂ 652*

549 548 547 543 551 550

4^ 450 4SI 446 4^ 464

221 226 337 2S4 223 24?(0 . 65) 2^8



* -  *

lllu rtrü tfc îd  by 14J" o*' thf 9 ^ '.ne V ^ no.ies o f

qiohe-n/1 é -1 0 . U lü  tb" ■:.; % ta o.f b lph rny l i t s e l f  9  ^ auâ 9 j

nrc r - tlmeiud bo oc u r  e t  8 /^  me 847 r e sp e c t iv e ly .
-1

The; I l f  ;Ot eppe^r in  U;e ro lic. e t  880 en end

346 eSi

Tho 8sa% tren d s non ce m in  p s /# c i ra i  rh l  f t r  n iso  occur in  

tho d e u te rs tc d  s o e c ie r .  The 9 h.̂  uoües r;re -agrln va

la  t"he Rnmnn b u t occur l a  th t  so lu tio n  in f rn r fd  brouc bnnds 

a t  ciïïi” ^ Tor IdDhçû^d è-'"̂  end 33'' fo r b iohsayl }-lO.

The In '"'rern ' rc - iv n  9 ^ b>«nc sove? froÆ in  rhs
—1so lid  - t s tn  to  «77 in  .'(olulicn l'or r ln h  .-iryl 1-? ■•'.a.i îYoa 41Dc*~

to 37 fo r  l-lnhiîftyl d-10, u <hi " t o f  -9 in  lo th  or

siaiil'-m to  b isb^ny l I t r e i r .  Ü n.iortnaately  ia te r in ro a ^ b r ic  work 

wns n o t drne %ith r i  -hrnyl d-1 '.U' !.hr 9 j  so i*  o f  .1-10

/nov^sd from 1 1 '' 7r~^ te  12y "%y "-e -q r c t lv e  9 x h,.
• S

modes wars o ir r^ y  .d Ko h l f t  fros. V41 in  the s c I I l  : f  ta  to

255 la  so lu tio n  for i - 2  t i l  fron 725 to -:3 fo r  d-10.

Olpli^nyl j-2 e-'hibilt. ■• t.h? o dho-yS j_q nte i c  - f f ' r c t  w ith a

s h i f t  o f  2? c g - l 1;  9  .  sn i I f  c%T" la  9  ^ The

corrqgpondlnr h lyh  ■'̂ rn nirncy h i  f in  are n o t oh served ia  biphenyl 

d-10 b a t  'x)th ac làüu lan  hew tho c h e r rc tg r î  t i c  l i l f t  i^i Une lowePt 

ù '%oia (3>24 oîs"" to '337 r : fo r  1-1 rad  Jl?  cm"' to  '99X jt
fb r  8- 13) .



 ̂, 4 r tu rtK) Mort -̂.j n

I'h 'j 5;oiici ' t::.(,e ci/.tii f o r  t h r a e  blph.'^nyl i-pcioio^: o c-

used t o  rÿ fi« ^  rorco ix e là  c f  Uie u-L.'; nn

I t e r a t i v e  nro.-ryjo w ritten  by t r .  :•;, A, t .  Fv-.re . .  A 

o ertu rb iin io n a l an c ly s iz  involved i  r^ r ln  n n t  o '̂ th.: ci%: c-iv.i

Table IV(<4

-O.OiO ^üy.'ie/ï

m â  then th e  o f f — cons t ant e W t no isiorovrsieni. w<-s 

obm^rved fo r  the h igh-fre^  U'-nqy modes. Hovover, '-men thy

in  tftr-'rln.t* In -p l- 'n e  In  ter- coR~t^n î.-- o f  ?; b io  ; 4( 6j kcre

In troduced  ;?.nd i l l o  '.n4 to  find  th - i. '' ovn v-l-ue5 vhe f i t  w%s
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The n u ae rtcc l v%lu^s -nd s i r n o f  

th ese  focee oonetontp i-re conr.-lsl>ent «1 th  thone o f  ben/lene-typo 

in to r s c t io n  const nt&, s t r ik in g  is. ijio valur »n(s

si(m o f  f .  o , '’- vhich p re d ic te d  ^rom the c u t l i  rc^contag

in  Chapter 1 . Tn la c rea a e  in  the i s t o t - r l n t  C-C horid I - a f th  

w il l  " 'esu lt in  le e r e 4.se in  p-ch '-. - e l  or In ths r i i g  - nd favour 

an op'-.iing o f  the ' I j 'ic rn t  :.A y : .

The? o u t - o f '- ^ a jo  fo rce  eo n stv n ts  proved so re  l l f f ie u ifc  to

re f in e  because th,: -aa in l t r u c t io n  conatuats vsvho
in s e n s i t iv e  to  .re f in  cm Tbn f i t ,  ticv/ever, ccs improved

by the in tro a u c r io n  o f  f * e ,4 .

The f in a l  force f i e ld  was then u&ed t. c a lc u l: te  the

v a r ia t io n  o f  the fimdaseat.! 1 f rcv aen c les  1 th  clho iri.l 'n r l a .

The TS-'-ultr %ire bumacrlead In  F ig. IV (i) fo r the four so le s

wliisch e re  p re d ic te d  to s h i f t .  The ch-nVf in  *"he observed

fu n d n aen t^ s ' wr, ~ then p lo t te d  tc .clve r  more :• co u rtly  s i  t in s  t@

o f  the d lh c d rs l r a ^ ic . This o - t i u r t s  l i e s  \4 .t.hin th s  rcn.f,e

3 i~ fo r  ^ hpy, h ^  en.- ^  ^ SK>--ets. ,!i

value ner r  i s  p red ic ted  for fee V . ^ bs j, iioda hut th isiv

i s  praiv^tly  sn overestim ate  because the bend i r  Irico tlvc in  

th# S' l i d  at&te end the obsvrvsd ch-tnr:r in  f;'C;ur:ncy Ccuinot 

be oslquln tv id , Th« in  trouuctdon o f the To "cy son .-,t n t i ' ' i n  

Table IV(6 ; no lo n g er the Al tad  3 % s p . r t i i u v c r i - . n t

in ";,'!



FI G I V( i )  E s t i m a t i o n  of

d i h e d r a l  a n g l e  f o r  b i p h e n y l  

in s o l u t i o n .

- ■  3 9 0

g D-
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3 5 0

120

110 — 3 3 0

100

310

E 520  - -

H-102 50

500 - -

2 3 0

210

460

420
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to  d ihedra l angle change, bu t the very email change? ca lcu la ted
\ r

cannot eyolain the s h if ts  observed.

O nfortim etely the atteœ rted  p re n a ^ tio n  o f perdeutero- 

difltiorobiphenyft-by the c la s s ic a l Friedel-C rA fts technique 

proved u n sa tis fac to ry  so th a t  a o ertu rb a tio n a l analysis could 

no t be ca rried  ou t a t  th is  stage. , , ,

c f  -■ ''■ - - 1% cr' 3; -y etw /

* -  ̂ f r : %îîiéoi p:r(Lw

'b .vs r ' '--- \ - _

:c hr>c, m  m

FL'-.:Wy  ̂ : r  :/ ■ , .

'Lr Viis ja  ‘  ̂ y -

3 .V u»-T« '-e,

t i ^  i% î&05-VjÉre4i Iry / .t X,

O

u"i ̂  i/
K

O

<  '
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CHAPTER 5

Cog form ation#! Studies o f  Rome Monohalo seno 

Te trahydroDvrans

SECTION A: In fra red  = nd Raman S tudies

R .l In troduction

Cyciohexene end u b s titu te d  cyclohexanes have been studied 

ex tensively  by many physical techniques, p a r tly , no doubt, becare 

o f  tri« easy access ib i3.1ty  o f many cyclohexanes and p a r tly  because 

such ' tudie? ere  o f value in  the understanding o f the spectra  <f 

the many n a tu ra l products which contain cyclohexane systems*

PCony reviews have ably summarised the work to date ($0, ^1,  52) .  

L i t t l e  work, however, has been done on the six-aemtered oxyiren- 

heterocycle analogues, namely the te  trahydropy ran a and th is  

chapter p resen ts the epectrosco’)ic and con formation s i  p ro p erties  

o f some 4-monohalogeno tetrshydropyrans. The preference o f  a 

functional group X fo r the eq u a te rie l over the e x is l conforma

tio n  i s  measured by the equilibrium  constant K*

X



The free  energy change A  G i s  then read ily  Cfilcuiated 

Troa the re la tio n sh ip

A  G -  -RT I n K

I f  de«^ired the o ther thersodyn^mic param eters, AH and 

A  S, crni be found from measureaente a t  two o r more temperatures*

In  the p e s t, d e ta iled  v ib rr t io n a l analyses have no t been 

performed on ^ c h  moleoulss and sn em pirical approach fo r the 

assignment o f  bands has been adopted* Concequently there has 

been much uncerta in ty  mà  d iscussion over the o rig in a l (C—X)

arsignttents o f  Lem audio ( 5^). More recen tly , however, Hellam 

and Ray ( 54) have es tab lish ed  a l in e a r  re la tio n  ship between the 

A y  (C-X) s h if ts  in  various solvents and the corresponding s h if ts  

o f  a reference compound, c is-d lch lo ro  ethylene* Table V ( 1) 

summarises the V (C-X) asfd gnmentm fo r the monohalogeno cyolo- 

hexanes and tetrahydropyrens*

Normal coordinate ca lcu la tio n s have been sede possib le  

owing to thé a v a i la b il i ty  o f  & force f ie ld  derived fo r ten simple 

a l ip h a tic  e th ers  by '"nyder end ?erb i ( 57) ,  which included te tr a -  

hydropyren and two 1*4 dioxsnes* The vf^l^nce forme f ie ld  

contains param eters but 43 o f these were no t adjusted but 

were asslgned fixed values equal to o f  analorous force

constante determined from e a r l ie r  atud ies on the p araffin s  ( l 6)* 

Ttese values appear in  parentheses in  Table ? (? )•
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Table V ( l )

Compound Equatorial(cm"^) Rxial(cm""^) Ref.

Cyclohexyl flu o rid e 1129 1062 53

1053 1020 51

Cyclohexyl ch lo ride 742 688 53

Cyclohexyl bromide 687 658 53
Cyclohexyl iod ide 654 638 53

672 55

653v9 652.8 56

4- 3hloro tetrahydropy ran 757 718 th is  work

4-Bromo tetrahydrooyren 717 694 th is  work

The force f ie ld  was modifiod fo r the halogeno p a r t o f  the 

molecule by assuming a t r a n s fe ra b i l i ty  o f force constants from 

stud ios by Pnyder o f  the n-allcyl ch lorides ( ĵ8 ) and broæo 

su b s titu te d  alksnes (59)#

5#2 Experimental

The molecular model under consideration belongs to t i e  Cg 

p o in t group having only a plan© o f  symmetry. The 4P normal modes 

symmeterise in to  two blocks as 23 ^nd 19 A**, A ll bondy angles 

were assuabd to  be te tra h ed ra l and the C-0  bond d istance was assumed 

to be equivalen t to the C-C bond d istance o f  1*54 2. Other bond
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leng ths were taken ss  follows* C-H 1*096 Î ,  C-Cl 1*767 ? 

and C-Br 1*94 %» C alculations were only performed fo r the 

eq u a to ria l ch a ir  conformation. Atomic mssees (60) were taken 

as follows* H -  1.00797,  C -  12.01115, 0 -  15*9994, Cl -  35*453,

Br -  79.916 and a ca lcu la tio n  involving both Isotopes o f 

ch lorine showed th a t  only the 1) (C-Cl) fundRment&l was a ffec ted  iy 

2 cbT^. The force f ie ld  o f tetraaydropyran (THP) i s  tabu lated  

in  Table V ( 2) with the ad d itio n a l force constants o f 4-oh lo ro - 

11IP in  Table V (3) end 4-bromo-THP in  Table V (4 ) .  The observed 

bands are l i s t e d  in  Tables V (5 ) , (7) and (9) end i l lu s t r a te d  in  

F ig . V ( i ) .

P reoerations

The p repara tion  o f the 4-halogene tetrehydropyrans requ ires 

3-b u ten e -l-o l a« s ta r t in g  m aterial*

P reparation  o f  ~^-buteae-l-ol A lly l carbinol wes prepared following 

the method o f  Nystrora and Brown (6I) by the se lec tiv e  reduction o f  

v iny l a c e tic  acid  (3-butenoic acid) in  anhydrous e th e r. A so lu tion  

o f  45 g (1*17 mole) o f  lith ium  aluminium hydride in  6OO ml. o f 

sodiim -drled e th e r  was placed in  a two l i t r e  three-necked flask  

equipped with re f lu x  condenser, dropping funnel and mechanical 

s t i r r e r ,  and p ro tec ted  from atmospheric moisture by a calcium 

ch lo ride  tube* Through the drooping funnel a so lu tion  o f 60 g
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(0,93  o f  vinyl ac e tic  acid  (B,D,R#) in  400 ml* o f  eth r

was added a t  such a r a te  to  produce a gentle re flu x . A fter 

the addition  was completed water was added cau tiously  to 

decoapore excess hydride. 500 ml, o f 10% stâ.phuric acid 

was then added wi-fe cooling under Ice and the contents were 

extr"C ted many times with e th e r . The ex tra c ts  were d ried  with 

anhydrous magnesium sulphate. à crude product was obtained on 

ro ts ry  evaporation whlcli waa d i s t i l l e d  under vacuum to  give 

3 -b u t9 n e -l-o l. (b . t .  Xlÿ*C (760 am ),,y l3 ld  47. 7i )

LIAIH4

CHg = CH CHgCOgH ------------ ^  Oig = Ca OgCSgOH

dry e th er

P réparation  o f  tetrahvdrooyran 4- c l .  T .H ,P .-4- o l  was

prepared by a P r in ts  cy c lisa tio n  o u tlin ed  by Haa^chke (62).

30 g (0.42 mole) o f  3*but© ne-l-ol and 40 ml. o f  a fre sh ly - 

prepared sa tu ra ted  paraformaldehyde so lu tion  (prepared by 

h ea ting  paraformaldehyde and d i s t i l l e d  water o v em l# it)  are added 

to  a 500 ml* 3^GQked flask  equipped with a ccmdenser, dropping 

funnel and mechanical s t i r r e r*  6 ml. concentratèd sulphuric acid  

was then added dropwise to the mixture a t  80^C a t  *uch a ra te  th ^ t  

charing did n o t occur. The mixture was heated fo r a fu rth e r four 

hours and then n e u tra lise d  with a sodium hydroxide so lu tion .

The product was ex trac ted  with e th e r and tiie ex tra c ts  d ried  over 

anhydrous magnésium ?=ulphate. A fter ro ta ry  evaporation the
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crude product was die t i l l e d  under vacuum to give a 74. 4% y ie ld  

o f  te trahydropyran-4-o I  (b .p t  B^C (11 mm))# Vapour phase 

chroma to FTaphy showed the preeenc© o f two h igher-bo iling  

im purities  (3^) which could no t be separated on fu rth e r 

d is t i l la t io n *

cone O

CH, = CH ra.CH^OH + H,CO ---------^  / -------J
^ 2  ̂ 2 80°C

Preparation  o f 4-ch lo ro  tetrahydropyran* g (0*71 mole} 

o f 3*bu tene-l-o l was placed in  a 500 ml. flask  equioped

with a condenser, mechanical t l r r e r  and bleed together with 

100 ml* sa tu ra ted  formaldehyde so lu tion  in  the presence o f 

excess paraformaldehyde powder* Hydrogen chloride from a small 

le c tu re  b o tt le  was bubbled v ia  a tap through the contents o f  the 

fla sk , cooled in  an ice -b e th , a t  a steady rat© u n t i l  tlie so lu tion  

was sa tu ra ted  ( i .e *  a l l  the naraforaaldehyde had dissolved) care 

being taken to avoid -^udden fuck bnck* The so lu tion  was then 

n e u tra lise d  with sodium hydroxide a t  Ô C emd the aqueous so lu tion  

ex trac ted  with d ie th y l ether* The e th er e x tr rc ts  were dried  

with anhydrous msgnesium sulphate end ro ta ry  evaporation y ielded 

crude 4-ch lo ro  te  trahydropyran * D is ti l la t io n  under vacuum gave 

a co lou rless l iq u id  (b*pt 4T® a t  1? mm o f  Hg) in  44*5% yield*



133.

HCl

C l
0''C

G.L*C* ana lysis  Ind ica ted  no iapn ritle j?  were p reren t in  aeasureable 

cufoittty*

P reparation  o f 4-bromo tetrehydrooyran» An anelo^ous preparation  

to the above with hydrogen bromide gave a y ie ld  o f  4-broiso

te tr&hydropyren (b .o t  65^ a t  19 mm). C.L.C. analysis ind ica ted  

two h if^ e r-b o ilin g  im purities  vhlch could no t be separated on 

fu rth e r  d i s t i l l a t io n .

P reparation  o f  toluene-p-milohon&te d eriv a tiv e  o f  T#H.P.-4- o l .

10 g (0,1  mole) o f T ,H ,P ,-4-o l was dissolved in  90 ml# o f  diy 

(MaO?>) pyrid ine and cooled to in  an ic e -« e l t  bath.

20 g o f  to sy l ch loride (B.D.H, m.ot 68*̂0) wns added in  one portion 

W the mixture end sw irled u n t i l  d issolved . A fter allowing to 

cool fo r 2 h re , a t  0*̂ 0 a small amount (5 ml,) o f  water was edded 

with shaking and the mixture cuickly  poured in to  100 ml# o f 

d i s t i l l e d  water,

White crystalm  immediately p re c ip ita te d  out which were 

reo ry stm lllsed  to  constan t m elting p o in t in  ethanol to giv'. a 

y ie ld  o f  86#4i# The previously  unreportedcooopound (m#pt 54. 5° G)
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was analysed m icroanaly tica lly  by A lfred Bernhardt, West 

Germany, «a follows:

BKBl C -  H -  6. 35% 0 -  25.11% S -  12.37%

BHB2 C -  56.11% H -  6,18% 0 -  25.16% S -  12. 42%

A COR pound with the composition o f  T .H .F .-4-o l  tosyl&te 

would have a molecular formula o f  and the following

percentage composition:

C -  5^.25% H -  6.25% 0 -  25.00% S -  12.50%

Me -  -  SO^Cl + T .H .P .-4- o l  —>  Me-CgHp^SO .̂OC^^D + HCl

P réparation  o f  4- f lu o ro  tetrahydrooyren. An attem pt to prepare 

th is  compound, previously  unreported, was made by the action  o f 

the carbohydrate flu o rln a tin g  agent te tre  n-bu ty l ammonium 

flu o rid e  (k ind ly  supplied by Dr. J.H . Westwood, Chester Beatty 

Research I n s t i tu t e ,  London), 10 g (0.04 mole) on the to sy la te  o f  

T .H .P .-4-0I dissolved in  100 ml. pure dry a c e to n i tr i le  (3.D.H. 

b .p t  8l®C)« A s l ig h t  excess o f  te t r a  n-butyl ammonium flu o rid e  

15 g (0.06  mole) was added and t3ie mixture refluxed fo r approxi

mately 3 hours. A fter leaving overn ight the so lu tion  vae d is t i l l e d  

under vacuum leav ing  a tre a c le  coloured compound as residue .

G.L.C. an a ly sis  in d ica ted  the presence o f two components in  the 

d i s t i l l a t e  with almost the smrne b o ilin g  p o in ts , the so lvent
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being in  excess. Consecuently 4-flu o ro  tetrshydpopyrsn could
/■

n o t be ieo la ted  nnd e h igher b e llin g  io n ic  solvent (e .g . IMP 

dimethyl formaalde) was needed.
V
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îa b le  7 ( 2) Force F ie ld  o f  Tetrahydrooyren

^ tre to h  constan ts are in  u n its  o f  mOyne/%
Stretch-bend  in te ra c tio n  consten ts in  u n its  o f  ffidyna/j»&d. 
Bending and to reion  constants In u n its  o f  adyne % /rad'

Force constan t Group itom r coaaon
to In te ra c tin g  
co -o rd inates

STRETCH

Value

f ( c - a ) ^ C—GHq—0 — 4.626

C— c — (4.554)

f(C-0 )^ C—0 — 5.090

f(C-C)^ C—c —

STRETCH -  STRETCH

4.261

f(CH/CH) C—CRpm0 C - 0,046

f(CH/ra) C—CHp—C C (0.006)

f{CO/CO) C—0—C 0 0.288

f(CC/CO)

f(OC/CC)

C—C—0 c  )
)

G-C-G C ) 

BMD

(0 . 101)

C—CHp—0 — 0.471

f(H-C-C)^ C—CHp—0 — 0.752

C—CHp—0 *• 0.901

C—CFîp—C — (0.550)

C—CHp—0 — (0.656)
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?orce constan t

f(C-O-C)

f(C-0-0)^

f(C-C-C)^

f(CO/^CO)

f(CC/ïiCC)

f(CC/!lCC)

r(co/HCC)

f(CC/HCO)

f(cc/aco)

f(CO/COC)

f(C»/CCO)

f(CC/CCO)

f(CC/CCC)

f(HCO/HCO)

f(HCC/hCC)

f(HCO/ftCC)

f(HCC/HCC)

f(HCC/SCC)

Group

c-o-c

C-C-0 

C—C—c

Atoms common 
to in te ra c tin g  
co-ordinates

?TRETCH -  BEND

C—dip—0 

C—dip—0 

C-CHp-C 

C-CHp-0 

C-CHg-0 

C—CH/.—C

c-o-c

C-C-0

C-C-0

c-c-c

3MD -  BEND

C-CH/5-0

C—dip—0 

C—dip—c 

C—dir»—G

c-o

C-C

G-C

C

c

c

0-0

C-C

C-C

C-C

c-0

c-c

C-H

c-c

C-H

Value

1.313

1.182

1.071

0.337

0.478

(0.328)

0

0
0.079

0.483

0.618

0.403

(0.417)

-0.005

0.105

0.115

(-0.021)
(0 .012)



Force constant

f(H GC/HvCC) a

19).
Group Atoms common

to in  te rac  t in  g V alue
co-ordinates 

(C o r G)-CHp-CHo~C H C-C% gauche (-O.OO5)

f(HfgCC/SjjCC) (0 o r trans (0.127)

f(HgCcVdbC^C^) (0 o r C)*CĤ p“Ĉ H 
c”

p- C* gauche (0.009)

f(HgCC^/a^C^C^) (0 o r C)-CH,,-C^Hc- trensc. (0.002)

it I f  the olane formed by atom? Ĥ GC  ̂ b isec ts  the angle formed
1 ?by atoms Ĥ C C then f  i«  designated as gauohej othervdse i

l e  tran a .

f(HCO/CCO) C-CHp-0 C-0

f{HCC/CCO) G—CHp—0 G-C (-0.031)

f(HCC/CCC) G—CHp—C G-C

f(HCa/COC) CH—0—C
gauche 

H—C—0—C 0.004

f(HCO/COC) CH-O-C
trans

H-C-O-C -0.112

f(HCC/CCO) CH-C-0
gauche

K-C-C-0 -0.113

f(HCC/CCO) CH—C—0 trans
H-C-C-0 0.073

f(HCC/CCC) (0 o r C)—CH—C—C gauche 
H—C—0—H

(-0.052)

f(HCC/CCC) (0 o r C)-CH-C-C trans
(H)C-C(H)

(0 . 049)

r(coc/occ)

f(COC/CCO)

f(CCC/CCC)

C—C—C—c 

C—C—C—0

c-c-c -c

gauche
(C)-O-C-(O)

gauche
(C)C-C(O)

gauche
(C)C-C(C)

(0.011)
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Force cone te n t

f(COC/OCC)

f(CCC/CCO)

f(CCC/CCC)

Group

G—0—C—C 

C—C—C—0 

C-C-C-C

Atoms coawon 
to in te ra c tin g  
co-ordinates

treng
(C)-O-C-(G)

trroie 
(C)—0—C—(O)

tren s
(C)C-C(C)

Value

(-0,011)

Torsion ebout C® -  0,

TORSION

Al

h     On------ h

I inn 4

Torsion about -  C_ m n

V n

Ap

- i r 3
i :

T(O-O) C-0

T(C-C) C-C

B.

Ininj where A* and Bj are trans 
across vm - n

0,026

(0.024)



Forcé con stan t

c h l o r i d e s

Group
Atoms common 
to^ in te r«  c tin g  
co -o rd inates

STRETCH

141, 

n -a lk y l .

Value*

C-CHg-Cl 

C-Cl '

(4.346)

3.231

5'ÎRETCn -  STRETCa

f(C-C/C-Cl) C—C—Cl (0 . 7?))

3EKE

f(H-C-C)

f(H-C-Cl)^

f(O-C-Cl)^

c))ca„-ci

c - c a ? - c i

C—C—Cl.

0.692

0.879

0.936

STRETCH -  BWD

f(C C iA icc i)

f(CC/CCCl) w
f(CCl/CCCl)

C—C—'Cl 

C-C-Cl

a c i

c -c

C-Cl

<r '• .4 - ■-.-s-—-.- •«.- J'Cf
SEME -  REND

(0 . 333)

0.084

(0.550)

f(HCC/hOCl)

f(H C C /c ea )

' / -  
f(CCC/CCCl)

C—CHp—Cl 

Cl-C-CHp

C—C—C—Cl

H-C

gauche
(R)C-C{C1)

tran e
(C)C-C(Cl)

0.087

(-0.037)

0.026
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Table V (4)

A dditional valenoe force cons ten t r  fo r so%6 branched alî>;yl bromides

Force con*)ta n t Grour»

'̂TKETCH

C—CHp—Br

C-Br

Atomp common 
to in te ra c t in g  
co -o rd inates

Value

4.588

2.319

f(CC/CBr)

STSETCJ -  STRETCH

C—C—Br 0.347

gf(H-C-Qr) 

f(C-C-Br)^ 

f(H-C-C)^

sm p  

C—CHp—Br 

C—C—Br 

C—CH#̂ —Br

0.735

1.052

0.657

f(CBr/!iCBr)

f(CC/CCBr)

f(CBr/CCBr)

fTP-ETOB -  B5SD 

C—CHp—Br C—Br

C—C—Br C—C

ly—C—Hr C—Br

0.226

0.121

0.421

f(HCC/HCBr)

f(HCC/CCBr)

f(HCBr/GCflr)

f(CCBr/CCBr)

BEND --BEND

C-CHz-.-fir C-H

C-CHp-8r  C-C

C-.CH-.-Br C-Br

C—CHBr—C C—Br

0.083

- 0 , 0-^

- 0.031

- 0.041



Forco ûo astan t Croup

f<CCC/CCBr)

f(HCC/CCBr)

G-OHBr-C

CSp-CHBr

f(CCBr/GCC)

14Y.

coiaîüon 
to  In te ra c tin g  
co -o rd inatea

Value

C-3r

grtuche
UOO-C(Br)

tran s
(C)C-C(3r)

-0.041

-0 .030

0.093
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Table y (5)

The in f ra re d  and Raman b^nda o f  te trahydronyren end th e i r  esei^am ent

I .R . Raman (^) Assignment

234 a 253 V (0 . 84) A"

404 m (0.13) A*

430 YW 434 ffl (0,00) A"

4«59 0 A*

*365 m 565 T7V A»

810 «h-w A«

816 m 818 T? (0.05) A*

855 ffl 856 V A*

873 873 vw A*

968 m 971 ww A*»

1010 m 1011 s (0 . 73) A«

1030 m 1032 8 (0 . 64)

1047 s 1049 TS (0.82) A"

1090 TS A«

1155 w 1158 m A»

1172 V A«

1196 s 1198 V A«

1255 m 1258 m A*

1272 » 1274 s A*

1298 » 1301 s A»

1350 w 1750 V A»

1360 w A"
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I .a ,

1382 B

1440 a
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Table V ( 6)

C alcu lated  frequencies and assignm ents fo r  te trahydroqyran 

A» A«

2969 2967

293? 2927

2926 2361

2862 2855

2856 1459 1442

2854 1452 1438

1465 146? I7S9 1360

1456 1456 1366 139)

1448 1319 —

1391 i "$5 1254

1324 13OÎ 1222 1198

1246 1274 1168 1174

1234 1258 1105 1090
i

1 1 ^ 1158 p 1078 1049

1077 1032 p 968 971

979 1011 p 376 973

889 — 814 310

852 856 453 434

806 319 p 232 253

565
1

450

565

4*^

391 404 p
242 —
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Table Y (7)

The In fra re d  and Reman bande o f  4-ch lo ro  tetrahydrooypan and th e i r
esslgpnent

I .R .

157 s 

205 w 

258 m 

700 m

738 B-8h 

755 s

402 ¥ 

44$ V

ysV d

Ramen (p)

156 V (0 .67) 

206 V (0.69)

258 w (0 . 74) 

330 w (0.16) 

338 T S  (0 . 27)

445 V (0 , 11)

475
d (G.76)

479

492 w (0.?5) 

564 s (0 ,18) 

574 m (0 . 16) 

718 m (0 .16) 

757 5 ( 0 . 21)

825 1
a

875
d (0 . 14)

Amalgament

A*

A«

A»

A*

(157:+ 205) comb

A»

A«

(338 + 156)comb 

A*

A»

A«

A*

1«
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I ,R . Hfimea (p) Asalpam

903 w — A"

981 m — A«

1001 B 1004 s (Û.67) A»

10<O 1 
s f  d1 0 ^  J

1001
V

1007 ,
d -

1068 8 1069 w A»

1090 Vf5 1089 V (~  1.0) A«

1111 m 1111 m (0 . 14) i.»

1145 5 1147 Tw (0 . 80) . A"

11^7 » 1170 rv  (0.2C) —

1185 n 1187 TW (0.76) A*

12P1 1

1^27 J
d

1027 w-br (0.49) A*

i ?42 sh A«

1264 a 1266 w (0.54) A»

1290 Bh' - A*

1?99 m 1301 W (O.5O) A*

1344 a 1347 TV A*

1782 a 1387 TV A»

1419 w 14?4 V A«

14%4 w 1438 w A#

1446 a 1483 V A«

1454 sh 
1467 a  ^

>

1469 w A*
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Table V (3)

C alcu la ted  fre q u en d ee  and a^elgnments fo r  4-ch lo ro  tetrahydpopyran 

A» A»

2984 3967

2969 29?7

2929 2861

2862 2B55

2856 1459 1493

1464 . 1469 1452 1424

14R1 1438 -
1395 1

1390 1387 1379

1329 1347 1286 1290

1290 1701 p 1290 1242

1234 1266 p 1176 1187 dp

1232 , 1227 p 1153 1145 dp

1106 1111 p 1105 1090 dp

1057 1069
f 977 981

993 1004 p 924 903

375 877/335 816 815/302

321 825/835 P 498 475/479 dp

750 757/718 P 254 258 dp

576 574/564 P 227 206 dp

427 445 P

351 338 P

339 300 p

134 156 p
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T able V (o )

The in f ra re d  end Ramon bands o f  4-brcmo tetrehydropyran and th e i r
assignment

I .R . Raman

174

( f )

d
146 

193 w (0 .78) 

222 m (0 . 87)

262

270
T 9 (0 .37 )

388 W (0.64)

440 m (0 . 24)

471 3 (0 . 35) 

533
m

549

602

d (0.33)

618

694 m (0.33)

717 0 (0 .37) 

826

83?
TS> d (0.30)

Assignment

A*

A«

A*

A#

(222 + 134) comb 

A*

A»

Â»

A»

874 Rh
d (0.52)

883 m 

915 w (0 .95)

A»

A"



Raman (p)

IDOO s 

1012 sh 

1020 rh
lOlB m

1023 ®

107?  V
1070 V (0 .67)

10B6 s
1100 w (0* ^ )  

1144 V (0 .66) 

1170 V 

l l 88 sh-v 

1203 m (0 .40)

1110 V
1142 9

1067 V

1200 8

1220 B

1232 m 1»
1254 m (0 . 41) 

1298 m (0 . 57) 

1740 B (0.48) 

1356 V

1388 V

1420 V

1436 V

1296 8

1337 9r-hr

1*^3 m

1418 V

1431 w

1445 m A»
1458 V 

1469 V



l a b le  V, ( i p i

C alcu la ted frequencies and asslgnmonts fo r  4-brorao te t r s

A» A»

2969 2967

291) 2927

2902 2861

2862 2855

2856 14=9 1458
1464 1469 1451 1420

1451 1436 1337 -

1390 1388 1372 -

1321 1 3 ^  p 1278 -

1255 1293 p 1249 1232

1233 1254 p 1171 1167

1198 1203 p 1155 1144

1087 1100 p 1104 1066

1057 1070 p 973 98?

936 1000 p 927 915 Sp

380 883/374 p 816 •*

821 826/832 p 462 —

727 694/717 p 241 ?22 dp

554 533/549 p 218 193 ^
421 440/471 p

338 388 p

263 262/270 p

123 134/146

152

m



5.3 R esu lts and Disciission

The assignm ents fo r  te trabydropyran , 4-c iilo ro  TEIP and 

4-broino THP are  given in  Tables V ( 6) ,  ( 8) end (10) re sp e c tiv e ly . 

As can be seen from ? lg . V ( i )  mo^t o f  the  bands aro botb in f r a 

red  and Roman ac tiv e  as a n tic ip a te d  fo r molecules v lth  miah low 

syjàmetry» Most o f  the bands ere  strong  in  the Ham«n spectrum 

and are  re^*dily assigned by th e i r  d ep o la risa tio n  r a t io s .  ^

Many o f  the bands below 9C0  cm̂  ̂ fo r 4-ch lo ro  tHP ç.nd 4-bromo TUP 

occur as doublet? and th is  i s  a t t r ib u te d  to the presence o f  two 

con former e a t  room tem perature. The frequency f i t  i s  f a i r ly  

good fo r  a f i r s  b o r d e r  fo rce  f ie ld  fo r both molecules and 

would obv iously  be improved by a p e r tu rb a tlo n a l an a ly sis  o f  the 

t r a n r fa r re d  halogen© fo rce  co n s tan ts . Rven so^ the "P (C—X) 

modes are  p re d ic te d  very n ea r th e i r  ex o e rlaen ta l freouancies end 

th e  PED d is t r ib u t io n  in d ic a te s  a c o rre c t assignment 

fo r  4-eh lo ro  Til? has « 49. 1% e o a tr ib u tio n  from f(C-Cl) and 

^  18 4-bi*0B0 Trip he« a 31. 9^ co n trib u tio n  from f(G-3r))*

The e q u a to r ia l  v ib ra tio n  i t  alm ost always found a t  a h igher 

frequency than i s  the a x ia l and th in  has been as turned fo r the 

two m olecules under ^tudy. I t  has been suggested th a t  the 

reason fo r  t i l ls  c o n s is te n t d iffe re n ce  i e  th a t  when tl*« C-X 

bond i s  s tre tc h e d  th e re  i s  a sm all re s to r in g  force a c tin g  on 

the  carbon when X i s  » x ie l | rad the v ib ra tio n  i s  &frentiè’12iy
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p erp en d icu la r to  the p lane o f  the r in g . When X i s  © ouatoricl, 

th e  motion o f  the  carbon fo rces  e. r in g  expansion, the re s to r in g  

fo rce  i s  g re a te r  and the  frequency o f  the motion i s  tlie refo re  

h ig h e r.

The r a t io  o f  the in te g ra te d  ln^»?red In te n s i t ie s ' o f  the 

and ecus to  r i a l  9 (C-X) coaronent? does not give s v a l id  

f qui lib rium  co n s tan t. Indeed, i t  hss been shoim b)' JmMrn and 

Csle {63) th a t  the  r a t io  o f  the erueto ri& l and a x i r l  m olecular 

e x tin c tio n  c o e f f ic ie n ts  fo r  cyclohe^r'fl bromide le  1. 35* This 

Vf-2 accomplished by u t i l i s i n g  the corresponding cl%- and crsns- 

*<athyl cyclohexyl comiwimds and fteum lng th a t  the m olecular 

e x tin c tio n  c o e f f lc ie n te  were the aeme as those fo r the  two 

con form ation9 o f  the  cyclonexyl a e j lv a t lv e .  P revious work ( 64) 

vvslng 4- t - b u ty l  d e r iv a tiv e s  o f  cyclohaxanols ?hoved th a t  a bulky 

grouping assumed m  eq u a to ria l p rafsrence  and i t s  r&woteness had 

l i t t l e  e f f e c t  on the V (C—X) v ib ra tio n a l mode* U nfortunately  

tJie u n a v a lla b ll i ty  o f  such comromds in  the te trah y Iro p y rm  

S'Srie.i» p rec ludes any r e l ia b le  e ttim s t*  o f  the equilib rium  

constan t K by in  fr/« red we&sur ev en ts .

I t  i#  in te r e s t in g  to  compare in f ra re d  and Raman sp ec tra  

m olecules vi.th (îonformaticnsè i@om*rs in  both so lid  and l iq u id  

s ta te s*  In  the s o lid  phase subetances are  g en e ra lly  c ry s ta l l in e  

and & c ry s ta l  u su a lly  con tains only  one conform ation. On the



155.

o th e r  band add ltion ftl bands ufban appear In the l iq u id  s ta te  

In d ic a tin g  th e  presence o f  & second conformation n o t p resen t in  

the  s o lid  in  equ ilib rium  w ith the  more s ta b le  conform ation, 

Chlurooyclohexane (65, 66) f re e  mes to a so lid  a t  one t a p e r a  tu re  

bu t the in f re re d  spectrum o f  th is  so lid  I s  e s s e n t ia l ly  th a t  o f  

& l iq u id .  At a s t i l l  lower t@ n?erature th e re  i s  a tra n s i t io n  to 

another so lid  which i s  conform ationally  ptre# F luorocyclo- 

hexane, however, ex h ib ited  the same fp®ctria» as the l i e  a id  even 

a t  very  low tem peratures. This le d  lunde e t  a l to the  in c o rre c t 

conclusion th a t  the compound e x is te d  in  one conformation only , 

even In  the  l ic u id  e t s t e .  H.K.R. evidence ( 6? ) ,  however,proved 

the ex is ten ce  o f  both conform ations In the l iq u id  s t a te .  I t  

was thus deduced th a t  the two conf'orp’ptlonF are ispiaorphcug in  

the  s o l id  s ta te ;  th a t  i s  they f i t  equa lly  w ell in to  the c iy ^ ta l 

l a t t i c e .  Such a  s i tu a t io n  i s  n o t imexoeoted since f lu o rin e  and 

hydrogen a re  so n e a rly  the  same in  e ls e .

V ariab le  temner^iture s tu d ie s  were performed with 4-chloi'o  *55*, 

The vapour was sprayed under vacuo v ie  a f in e  j e t  onto a KBr p la te  

secured to  a cold  f in g e r  a t  l iq u id  n itro g en  tem oerature. Even 

a f t e r  annealing  the film  no change In the r e s u l t in g  in f ra re d  

spectrum was observed, ‘Secondly a 10,? cnrbon d isu lph ide  so lu tion  

was cooled in  the v a r ia b le  temnermture c e l l ,  described

above, w ith cold  n itro g en  gas (approx. - 100®C) in  a manner s im ila r  

to  » IS.M.R, v a r ia b le  tem perature u n i t .  The in te g ra te d  a rea s .
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however, remained co n stan t w ithin  the  l im its  o f  experim ental 

e r ro r  w ith a r a t io  in  favour o f  the eq u a to ria l conformer.

C h iu rio g lw  ( ^ )  ca lcu la te d  th a t  the fre e  energy d iffe ren ce  

fo r  both  cb lo ro - and bromo- cyclohexane in  the l iq u id  s ta te  to  

be between - ^ ,3  --0 .4  Kcal/mole (eporox. eq u a to ria l)  fo r

a l l  nolvents by in f ra re d  methods. More r e l ia b le  work (63) in d ic a te d  

a v a lu s  o f  -6IO -  20 cals/m ole fo r  bromo cyclohexane.

SECTION Bt N uclear Magnetic Rafonanee S tud ies

5.4 In tro d u e tic n

Chrclohexane has been iÀ\& su b je c t o f  numerous in v e s tig a tio n s  

usin g  S.M.R* fpectroscony. Eiirlng a f l ip  o f  the  eix-asmberod 

r in g  g iv ing  a c h a lr -c h a ir  in te rco n v erc io n , each asdLal proton 

transform s to  an e q u a to r ia l emvlronm&nt and v ice  v eraa , however, 

whon the r a te  o f  r in g  in v e rsio n  1? acp rec lsb ly  g rea te r  than the 

cnt.mlcal % hift d i f fe rm e s  ^ -  V ^  an averaged ea^rircnm^rnt

gives a eharp s in g le t  a t  8 .56 ( :o lvan t CSp). The in v ersio n  r a te

can be re ta rd e d  using  low tenpo ra ta re s  and a t  - 5̂ ®U t i e  sharp sizgglet 

begins to  broaden tmd even turn l l y  a t  - 70® C i t  i s  seen as xmo very 

broad resonances each con tain ing  auch f in e  s tm c tu i^ .  The 

coalescence tem perature T^, the tem perature a t  which on warming 

the sample the doubla,! resonances have ju  t  merged to e s in g le  

broad peak, i s  in  the region  - 6=^0 to  - 67®C, Below - 90®C the
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spectrum i s  tem perature independent. The chemical s h i f t  

d if fe re n c e  ( V -  9 ^) o f  0,48  ppm from the e a rly  measureaenta 

o f  M uller and Tosch ( 69) on the broad bonds was l a t e r  con firmed 

by the  e le g an t work o f  Anet end co-workers (70) u sing  undocadeutmro 

cyciohexane. Here on ly  a s in g le  proton wss observed end since 

cou rlinga  #ire on ly  about 0 ,153 timee as ^rreat as the 

corresponding 7!-H coupling®, the s I rh s I s  were q u ite  narrow#

X fu r th e r  improvement was ob ta ined  by reco rd ing  tl© fp a c tra  

w ith sim ultaneous i r r a d ia t io n  the deuterium frequency 

(doi&)l9 resonance) thus removing the  e f f e c ts  o f  H-D coupling.

The coalercen«e tem pérature le  re la te d  to  the r a te  

c o a sU n t fo r  in te rco n v ers io n  by

■>>., -  ^  « i  5. 4.1K = ?'̂ tT

Where V  ̂ and ^  ^ a re  the fret.uencies o f  a x ia l and eq u a to ria l 

pro tons a t  the coalescence tem perature ( 71) .  For cyciohexane 

a r a te  o nst& nt o f  52.5 was ob ta ined . From the Eyring

equation

k = [jo C k g T )/^  e 5. 4.2

where o( i s  the trnn rm irslon  c o e f f ic ie n t (assumed to be un ity ) 

k0 the Qoltswann conatsiit and h Plsnck*a co n s tan t, the free
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energy o f  a c tiv a tio n  (A G ^) fo r  c h s ir -c h a ir  In terconversion  

was ca lc u la te d  to  be 10.1 kcel/m ole (72 ).

Study o f  th e  monohaloreno cyclohexsnes I s  f a c i l i t a te d  

by the observa tion  th a t  the p( -p ro to n  i s  derh ie lded  by the 

ad jacen t halogen atom and ie  found a t  very  low f ie ld  compared 

to  the rem aining r in g  p ro to n s. I t  can th e re fo re  be e a s ily  

id e n t i f ie d  and stu d ied .

( I )  a x ia l ( I I )  eq u a to ria l

The chemical s h i f t s  o f  th ep (-p ro tons in  conform ations 

( I )  and ( I I )  w il l  have d if f e r e n t  values b u t th e i r  assignment 

does n o t req u ire  a f u l l  an a ly s is  o f  the spectrum. Use i s  made 

o f  th e i r  s ig n a l w id ths. Thus fo r  the e q u a to ria l proton 1%̂ ( I )

jr X s ig n a l width

end fo r the a x ia l pro ton  in  ( I I )

J  X s ig n a l width
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Since J a a »  Ja e '^ Je e  i t  f o l lo w  th a t  the eig^asl vddth 

o f  the  a x ia l  proton la  appreciab ly  g re a te r  than the e q u a to ria l 

p ro to n . I t  i s  a lveys found th a t  the  e q u a to ria l o( - vrotou in  

( I )  re so n a te s  a t  lower f ie ld  than the ax ia lo (—oroton in  ( I I )  .Th* 

f a lu o  o f  the e c u ilib r lim  co n stan t can be d e tera in ed  by -Wie 

fo llow ing methods;

a) D irec t in te g ra t io n . Accurate r e s u l t s  w ill  on ly  be 

o b ta ined  i f  i t  i s  fo r tu i to u s  th a t  the  "^ignals a re  w ell s^eparated*

b) S h if ts  o f  o( ^-irotone# I f  ^  i s  *toe chemical s h i f t  o f  

the equ ilib rium  m ixture o f  ( I )  and ( I I ) ,  the chemical s h i f t  

o f  the e q u a to r ia l o( -p ro to n  in  ( I )  and the s h i f t  o f  the ax ia l 

(<-oroton  in  ( I I )  then fo llow ing n i e l  ( 73) ,

e

where x i s  th e  f ra c tio n  o f  compound p re se n t in  the more s ta b le  

conform ation.

X ^Hence K ~ ——  = ------—
1 -  X 'Y ^  -  'T

o) Meaeuremwt'^ o f  v ic in a l  coupling ocmstantc (H-C-C*^)

X

V

X

(I) (II)
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In  the r& nldly in te rc o n v e r tin g  m ixture o f  ( I )  sixd ( I I )  

the observed v ic in a l  coupling constan ts  J  and are weighted 

averages o f  the  couollng constan te  in  the separa te  conformations* 

Thus

J  = average ^ J?*!*  + ( 1-X )

= average Jgx ® ^  *^?cle + (1 -  %) J 2e le

whence
J  -  J

K = 2&le
1 -  X

and j i -
K a ? e le

1 -  X

Normally the f i r s t  expression  fo r  K i s  n o t u se fu l because 

Jg e ia  and are  alm ost equal and the numerator end denominator

become comparable w ith experim ental e r ro r ,

d) S ignal widths* For the X p o rtio n  o f  an U*SB*X soin 

system the  d is tan ce  between the o u te r  l in e s  i#  independent o f  

^  and equale

2 ^AX + 2

X W -
I t  fo llow s th a t  K *= - - - - -  = w%iere W corresponds to

1 -  X
s ig n a l w idth .

W, -  w
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The param eters oontwined in  th e  above equations csn be 

determ ined ex p erim en ta lly  fb r  the  conformer p a irs  e i th e r  by- 

low tem perature l^ -o la tion  o r  by u s in g  the  4- t - b u ty l  c is  and 

tra n s  d e r iv a t iv e s .  Poor r e s u l t s  a re  g en e ra lly  o b ts in ed  fo r  

compounds w ith r e la t iv e ly  la rg e  A G value?:, e .g .  >  1#3 k ca l ao le“ ^ 

where th e  s u b s t i tu e n ts  a re  u su a lly  bulky end p r e f e r e n t ia l ly  

assume the  e q u a to r ia l  p o s it io n .

Table V (II) frummArisee the r e s u l t s  o f  many workers using  

the  a rea  and s h i f t  techniques to  o b ta in  thermodynamic

d a ta  fo r  th e  w o n o -su b stitu ted  haloreno cyclohexanss. The 

r e s u l t s  in d ic a te  t h a t  th e  f re e  energy change i s  de endent on 

technique o f  determ ination  and worker to  woriter as w ell as 

so lv e n t and tem pera tu re . More re c e n tly  Jensen and Bushweller 

(79) succeeded in  p ren arln g  e q u a to r !a l ly - s u b s t i tu te d  ciilo ro - 

cyclohexene f re e  from i t s  conform®tlonal l - o a e r .  The comDOund 

was cooled through i t s  m e ltin g -p o in t range ( - 43*9^0) when th e  

e q u a to r ia l  conformer c r y s ta l l i s e d  p r e f e r e n t ia l ly .  The c ry s ta ls  

were im m ediately cooled to  -IS l^C  ( so lv en t CD^CDGl) end the  

N.N.R* s iectniffi 'bowed the  presence o f  on ly  the  a x ia l  c( -p ro to n . 

When the  so lu tio n  was warmed to - 12$^C the resonance o f  the 

e q u a to r ia l  o( -p ro to n  o f  the  o th e r  conformer began to  sppeer 

end in c re a se d  w ith tim e u n t i l  the  eq u ilib riu m  was e s ta b lish e d  

w ith  approxim ately  8'?% e q u a to r ia l conform er.
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Comoo laid -A C (c a l fflole"^) Conditions Reference

Area S h if t Temp/Solvent

T 250 241 ^

01 513 478 - 8i ° c / 0Sp 74

Br 430 439

I 431 407 ,

Cl

Br

417

393 J

4- t - b u t y l /  
c i s  d eca lin

75

Cl

Br

435 ]

421

4- t - b u t y l /  

o -d ichlorobenaene
75

Br 200 RT/neat 76

01 406 -lOO^C/CSg 77

Br 511

T

f 24?

153 I ^^T/CCUT/79'°C

^9? / c c y f / _ 55°c
78

Very l i t t l e  s y - te a a t ic  work to  d a te  has been pub lished  

on the  N.H.E. sp ec tre  o f  sim ple te trahydropyrane compered to 

the  v a s t  i n t e r e s t  in  carbohydrate a, which con ta in  the TH? 

sk e le to n . However, the  work o f  G a ttl  e t  e l  (80) suggests th a t  

th e  csonformational m o b ility  o f  TH? r in g  in  eomoerison w ith
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t h a t  o f  the  cyclohexfise r in g  i s  n o t se n s ib ly  a ffe c te d  by the  

p resence o f  the oxygen atom.

The 60 i^ z  PME snectrum ob ta ined  a t  room tem perature

shows two cos^lex  m iiltin le ts  cen tred  a t  1 ,^  p ^  and 3*5 PP®

from TRS, having  In te g ra te d  I n te n s i t i e s  o f  6 and 4 re sp e c tiv e ly .

On th e  b a s le  o f  the value  o f  the cheaiicfl s h i f t  and peak

in t e n s i t y  th e  up f i e ld  ab so rp tion  i s  as signed to  the  p  -  end

^ -  o ro tone, and the  rem aining down f i e ld  ab so rp tio n  to  the

CHp- group lin k e d  to  the  oxygen atom. By double resonance

a t  1 ,5  ppm, the  CHg m u lt ip le t  transform s in to  a c le a r  s in g le t

a t  3 .45  ppm th^it, w ith decreasing  tem perature, broadmis and

f in a l ly  s p l i t s  a t  - 65°C in to  an AB q u a r te t .  This p e t te m

rem ains isiobsngcd below —85^0, At th i s  tem perature the

s p e c tr a l  p a rm e ts r^  a re ; 9 Q ^  ^ 55 Hs and = 12 Hz

which i s  c o n s is te n t  w ith gemlnal coup ling . The r a te  constan t

a t  the  coalescence tem perature i s  c a lc u la te d  to  be about 
-170 sec from the  r e la t io n  (S i)

E » ® + 6 a h
2 j s
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FIG V(ii) 100 MHz N.M.R. SPECTRA OF 4-CHLORO TETRAHYDROPYRAN
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100MHz SPECTRA OF 4 -BROMO TETRAHYDROPYRAN FIG V(iii)

K»

R O O M
T E M P E R A T U R E

300 200

1 0 0  C

J.

TM s300 200500 400 100



F I G V ( i v )  220MHz EXPANSION OF 4-CHLORO TETRAHYDROPYRAN
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I t  corresponds to s free  energy o f  a c tiv a tio n  ( A g*) o f 

10.2 Kcal Thie value was con firmed by ob ta in ing  K

by the lln e -w ld t^  method a t  various tem peratures above (82).

*5.b Experimental

X0% so lu tio n s  o f  4-ch lo ro  and 4-bro«o IHP In  cerbon

d lsu lph ide  with TMS reference were run on a Varlan HA 100 spectro

m eter a t  Harwell by kind perm ission o f  the Physical Chemical 

Measurements U nit (PCSU). The o f f - s e t  frequenoieB o f  the 

expanded feaU iret were accu ra te ly  c a lib ra te d  u ing  the frequency 

coun ter. The low est tem perature ob ta inab le  a t  100 MHz was 

-100 i  5̂ C. A ll 220 MHz spec tra  were run by the SRC u n it  a t  

Runcorn where the low est tem perature o b ta in ab le  was - 33^G.

^.6 R esu lts

The room- and low-tem perature 100 MHz sp ec tra  fo r the two 

compounds are I l lu s t r a t e d  in  F ig s . V ( 11) and ( i l l ) .  A «mall 

amount o f  im purity  can be detected  fo r 4-bromo TH?. P ig . ?  (iv ) 

i l l u s t r a t e s  the expanded fea tu re s  o f  the 220 Î0îz sp ec tra  fo r 

4-ch lo ro  THP and c le a r ly  in d ic a te s  the grmdual collar)se o f  two 

fe a tu re s . D if f ic u lty  a r is e s  in  lo c a tin g  the cen tre  o f  the 

s e p te t In  the room- temper a tu re  spectrum o f  4-ch lo ro  îîff* due to 

overlap* I t  has been estim ated  by assuming th a t  the l in e s  o f  

the "iOptet are equally  spaced. Table 1 ( 12) riumiaarises the
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value® o f  the equilibrium  cone tan te  and the corresponding free  

energy change®. The r e s u l t s  In d ica te  th a t  t^ie equilibrium  

favours the e q u a to r la lly -su b s titu te d  conformers -  approximately 

80:̂  fo r  4-ch lo ro  TOP end 68% fo r 4-broso THP. U nfortunately, 

these values cannot be checked by d i r e c t  in te g ra tio n  o f  the low- 

tem perature s ig n a ls  because the s e p te t o f  the proton ad jacen t 

to the halogen atom merges with tiie lo w -fie ld  fe a tu re s  o f  the 

protons n ex t to the h e te ro cy c lic  oxygen atom. The free  

energy change fo r 4—bromo THP i s  approximately the same as fo r 

l t d  cyclohexane analogue ( 74) bu t th a t  o f  4-ch lo ro  TOP i s  fa r  

g re a te r  than expected. The accuracy o f  these values depends

j on tîie ex ten t o f  tiie equ ilib rium . A 50 -  ^  equilibrium  o f

conformera w ill give a more accurate  estim ate  o f  the free  

energy change than an equilib riian  invo lv ing  one predominant 

j conformer. As w ith the cyclohexane s e r ie s  the value o f  K i s

^  dependent on the method o f  argument. —

Üf.i .

t
H:  ̂ ;f '

; 4°
( %
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Compound Equilibrium  constan t (K)

S h if t  Couoling *^ignal width

Cl 3 .2 6 * /* .?  5. 15* 4.2*

Br 2.19 2.36 1.7

Corresponding free  energy change (-A G  In  ca l aiolo*^)

Cl 704/355 9Ï 7 855

Sr 467 512 316

* values marked vdtli en a s te r is k  in d ic a te  th a t ca lcu la tio n

has been perfonsed by asausing & symmetric s e p te t in  the room-

tem perature spectrum o f  4-ch lo ro  THP

5.7 Computer riam latlon  o f NMR p le c tra

A fu rth e r  glance a t  the lo"**field a h s ra c te r i f t ic s  o f  th® 

100 îîiîz sp ec tra  reveal a th a t the fea tu re s  c m  be in te rp re te d  

on a f l r ^ t -o rd e r  b a s is  

X

H,
Hi  ^

^-----
X

(I) (II)
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Proton RI F ig. ?(v) th a t  the gymmetrloal seo tu p le t o f

HI o f  both Bolecules can be explained by assuming th a t  

Jflu =s 2 = 2 Jgg, and the low -tem oerature spectruia revea ls

the  I so la te d  g h if t  o f  HI in  the eq u a to ria l oonformation a t  

450.1 Hz fo r 4-ch lo ro  THP and 462.3 fo r  4-broiso TH?. th e  

fin e  s tru c tu re  rev ea ls  a 1*4%6: 4:1 q u in te t fo r  4-ch lo ro  TH? 

made up by assuming th a t  Jne'^ Jee* The corresponding fin e  

s tru c tu re  o f  eq u a to ria l HI fo r  4-bromo THP, namely a 1*5*10^10: 5*1 

p ex te t, remains to be e^mlained in  a s& tirfac to ry  manner.

The cen tre  o f  the sen to t  a t  blither f ie ld  due to the a x ia l proton 

HI cnn be c le a r ly  seen fo r 4-bromo TH? bu t becoaea obscured, 

a a remarked abr^ve, fo r  4-ch lo ro  THP from coïncidence with 

another low f ie ld  resonance. I t  i s  in te re s t in g  to  note th a t  

HI resonates a t  417.0 when the spectrum o f  4-ch lo ro  THP Is  

run as a n ea t l iq u id , c le a r ly  showing the f u l l  s e p te t. Hence 

the n ea t l iq u id  favours e lo v er equilibrium  constan t and a 

corresponding lower free energy change than fo r  a so lu tio n .

This r e s u l t  agrees with da ta  fo r the cyclohexane analogues 

in  Table ? ( U ) .

Protons H4 and H5 The É^ignals from thee© two protons would be 

expected to  occur down f ie ld  since they are ad jacen t to the 

e lec tro n e g a tiv e  hetero-oxygon atom. The low-temperature resonance 

o f  4-ch lo ro  TH? a t  3^4.7 Hz can be explained by assuming th a t
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the v i d n s l  coupling constan t h&s the same value &s the a x i i l -  

ax la l eou^ling constan t o f  11.6 Hz. Hence the hi*#!-field  

component muet belong to  the a x ia l environment. At room 

tem perature, however, becomes an averaged coupliiig

constan t and I t s  value f a l l s  ( 8.4 H*). Consequently the fora 

o f  the  resonance changes t^trougj^i the given tem perature range 

and th is  can be c le a r ly  s?eon fi'om the 220 % » expanded fea tu re s  

in  F ig . V ( iv ) .  The room t^ o e ra tu r e  resonance a t  3^4*7 Ha 

comprises a predominant eq u a to ria l environment whoye ssso c ia ted  

couplings have sm aller values v^ich w ill n o t vary  to any e x tw t  

over the two extremes o f  tem perature. I t  i s  indeed obrerved 

th a t  th is  resonanre remains in ta c t  a t  ?20 AHr (-37^0).

At -lOO^C (100 F̂Hz) th is  arma becomes very com plicated due to  

the o resence o f  two eq u a to ria l protons from two conform ational 

1 -o«€ r s .

P rotons K2 and H3 The remaining a lk y l proton re  son «m ces are 

expected to be found n ea r the TiKS re fe rence  f^ifmsl. There are 

very c lose  to g e th er and can only be eeoarated a t  220 The

broader o f  the two s ig n a ls  obviouf^ly contains a la rg e  coupling 

constan t and h«ice belongs to the ax ia l environment. The f i r s t  

o rder fe a tu re s  can be cd e a rly  deciphered from the 220 AHs expansion. 

The lo w e r-f ie ld  coun terpart i s  d l f f i c u i t  to I n te rp re t .

The room tem perature data  fo r 4-chIoro  THP la  summarised in  

Table V (I3 ) b e l o w ____________________________________
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Table V (13)

Coupling constfiut (Hz)

S h if t  (Hz)a t  100 MHs 
^12 • ^ 1 3  h 4 ^ 1 5

HI 406.8 8.4 4 .2 — -

H2 176.7
-11 .6

*̂ 24 ^25

3 . 9  8 .4

H3 ;?03.5 *̂ 34

4 .6

J 3 5

3.2

H4 384.7
J45

H5 - 1 1 . 6

A program in  Fortran  I I ,  namely ÏÏEA BASIC was ob tained  

from Dr* R* K. H azrls o f  the lïn lv e rs ity  o f  F ast Anglia* This 

pro-Tran comprises the o r ig in a l program LAOCOOH o f  C astellano 

and Bothner-By with two m odifications:

(fi) the p ro rrsa  au tom atica lly  performs sag n e tic  equivalence 

fac to rin g  (e .g . an group i s  tre a te d  as occupying a q u a r te t s ta te  

with « to ta l  coin o f  o r  a doublet s ta te  o f  spin ^ and m ultip ly ing  

the ca lcu la te d  in t« \ - t i t le s  by the app ron riste  weighting f a c to r ) ;

(b) fa c to r is a tio n  o f  the to ta l  ?pin Hamiltonian i s  performed 

fo r  d if f e r e n t  tyoes o f  nucle i with la rg e  d iffe ren ces  in  resonant 

frequency.
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± The « a th e a o tio a l trea tm en t fo r the so lu tio n  o f  frequencies 

end in te n s i t i e s  fo r  thie e im olest o f  spin  systems has been 

o u tlin e d  in  v ario u s te x te  (83, 84)* For t^e complex spin 

system under co nsidera tion  a com putational procedure has 

to  be adopted.

The con ten ts  o f  th i s  program were updated to  Fortran  IV 

fo r  use on th e  CDC 66CW. The cap ac ity  o f  th e  program i s  

u ltim a te ly  lim ite d  by t 'le  e ls e  o f  the la r g e s t  m atrix  to be 

d iagoneli^ed  a f te r  f a c to r is a t io n  -  namely 35 x 35# The 

program can th e re fo re  on ly  handle a maximum o f  sevwi sp ins
y

(«*înce C? = 35) « F o rtu n a te ly  the  molecule under crn ld e ra tio n  

has a n lane o f  pymmetry thus reducing the a is e  from n ine to 

f iv e  spina*

The lo g ic  o f  the  program c m  be euiamarised in to  a number 

o f  steps*

( 1) uee i s  made o f  a s e t  o f  b a s is  fm c tio n s  as app rop ria te  

l in e a r  com binations o f  the 2̂  b a s ic  product fu n c tio n s .

 f  ( “ )

i n  " u / ;
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( 2) The Hem iltonian (H) i s  mede ap d f  two components

H * Ho 4 Hi

Hq rep re se n ts  the energy o f  is o la te d  n u c le i o f  magneto- 

gy ric  r a t io s  sc bed on by f ie ld s

w ill  d i f f e r  f'rom th e  ex te rn a l f ie ld  Bo because o f  e le c tro n ic  

screen ing

B i  =  a *  ( 1  -

The in d ir e c t  srnin counllng  ney be rep resen ted  by & 

Hem iltonlen invo lv ing  the s c a la r  products o f  tà e  sp in  v ec to rs  

o f  a l l  p a irs  o f  magnetic n u c le i.

( 3) The m atrix  elem ents o f  the  Hamiltonian are

m

where ^ ^ ( i ^  ^ i s  ^ i f  nucleus i  hmsc^ spin i n a n d  

i f  I t  has J3 sp in . con ta ins d iagonal elem ents on ly .
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( 4) The m atrix  elem ents o f  the  spin-cou l in g  Hamiltcmian 

between product functions e re

1<  j

= * 9 ' i j

where 7^^ = 1 o r  ~1 defending on whether sp ins i  and j  a re  

p a r a l l e l  o r  a n t lp a r a l le l  i n y ^ ,  end Ü 1 i f  d i f f e r s  from 

by an in te rchange o f  sp ins i  and j  and i s  zero otherwise* 

M atrix  elem ents between l in e a r  com binations o f  b a s ic  products 

are  eva luated  by expansion.

( 5) The o rd er o f  the complete encu lar ecuatioc can be

reduced by u%ing t t e  ru le  th a t  no mixing occurs between functions

w ith d i f f e r e n t  va lues o f  the to ta l  so in  comoonent F .
%

( 6) I f  sev era l spec ies o f  n u c le i A, B e t c . ,  are  p r e s e t ,  

s tep  ( 5) lead s  to a fu r th e r  g im p lif ica tio n  because to a h l ^  

apcroxifflRtion, no mixing occurs between ftm ctions which d i f f e r  

in  any o f  the to t a l  sp in  components F^ (A), (B) etc# The

same ru le  c n  be ap p lied  when th e re  are  several se ta  o f  n u c le i 

o f  the same sp ec ies i f  the chemioel s h i f t  between them i s  la rg e  

compared w ith th e  coupling co n s tan ts .
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(7) Diagon%110%tlo n  o f  the  ^ubm etiioas o f  the to ta l  

Ramiltonl&a and consecutive o p era tio n s on uinlt m atrices o f  

s im ila r  dimensions lead s to  the computation o f  energ ies and 

wave fm c tlo n s .

(8) The number o f  p o ss ib le  t r a n s i tio n e  i s  l im ite d  by the 

« e lec tio n  n i le  i  1»

(9) The p ro b a b il i ty  o f  a t r a n s i t io n  induced by the

f ia ld  in  the x  d ire c tio n  fo r a s in g le  is o la te d  nucleus o f  spin § 

between s ta te s  m and i s  ^ v e n  by

Pmm' = y  I * ) | ^  e  (>7 )

where g ( ) i s  a iin e -ah ap e  param eter.

For tra n s itic m s  betwem s ta te s  o f  a s e t  o f  coupled n u c le i 

th e  p e rtu rb in g  Hamiltonian i s

H

where M i s  th e  component o f  the  n u c lea r semant in  the x

d ire c tio n :

Hence fo r  the m u lti-n u c lea r problem th e  in te n s i ty  a r is in g  

from th e  t r a n s i t io n  q-> q* w ill  be pz^oportional to  the  square 

o f  the modulus o f  the corresponding m atrix  elem ent o f  the
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nuclesr-iooaient oomponmnt This I s

['II <"! ']
2

The d a ta  o f  Table V ( 13) g ives an o u tp u t o f  l in e s  with the 

corresponding in te n s i ty .  I t  i s  obvious t i ia t  a v isu a l represen

ta t io n  o f  the cfflculatÆd spectrum cm  be more e a e ily  como; red 

w its  the a c tu a l rpectru^# To eneble th is  to  be done SMR FIT 

(see  Appendix 5) vas w ritten  to  6«ake u^e o f  the A tla r Celcoap 

p lo t t in g  f a c i l i t y .  B a s ic a lly  th is  p r o f i t s  s L o r m ta im  

l in e  shape, to the o J c u la te d  iiiten & ltie e .

I 2A >>\2

where A V ^  i s  the half-band  width and I (  the c a lcu la ted  

i n t w s i t y .  The spectrum can be p lo tte d  in  many forme and 

F igs V(vi) and ( v i i )  I l l u s t r a t e  two such examples. I t  i s  

u se fu l to  no te  th a t  the s h i f t s  o f  the sp in  system a t  one 

o p e ra tin g  frequency can be m u ltip lie d  by the ap p ro p ria te  

sc a lin g  fa c to r  to  p re d ic t  the sp ec tra  a t  o th e r  o p era tin g  

frequencies (coupling  co n stan ts  a re  in v a r ia n t to  o p era tin g  

frequency) • A coaparition w ith the observed spectrum o f 

4-c h lo ro  T?I? chows a very good f i t  except fo r proton HI where 

coupling has been r e s t r ic te d  to  one h a l f  o f  the molecule only .
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The f i t  o f  the up f ie ld  fe a tu re s  could have be« i improved by 

using  the  i t e r a t iv e  v ersion  o f  the program, namely ÜEA KMR, 

ITERATIVE which in co rp o ra te s  e l e a s t  squares procedure.

A u se fu l a d d itio n a l fe a tu re  o f th is  version  i s  èî'i&t the 

frequencies are  l i s t e d  In d ica tin g  a sso c ia ted  energy le v e ls  and 

connected tr a n e it io n e . Such inform&ticn i s  u se fu l when 

in te rp r e t in g  the r e s u l t s  o f  double resonance and s p in - t ic k lin g  

experim ents. However, the refinem ent o f  t^is m olecular para

m eters d id  n o t w arran t the  use o f  the  v a s t  s to rag e  req u ired  by 

the program on the CDC 66CO,

T h eo re tic a lly  i t  would orove extrem ely e le g a a t to  cho<?ec 

a conform ational p r o b l^  whereby the  m olecular o a raa e te rs  

could be determ ined fo r  both conformera from th e  low tem perature 

spectrum# The room tem perature spectrum could th « i be p red ic ted  

by the summation o f the in d iv id u a l co n trib u tio n s  in  the ca lcu la te d  

oonforeer r a t io .

5.8 Conclusion

RMR meaf*urcmœits In d ic a te  «n cnciaalons tr^md In the  ecu ilib riia s  

conîîtant in  C.% fo r  4-ch lo ro  and 4-bromo "DiP, More work on th e  

flu o ro  And iodo d e r iv a tiv e s  1? needed to confirm th i s  trend , 

to g e th e r w ith supplementary inform ation from the resonance 

o f  4- flu o ro  Tii?»
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CKAPÎE? 6

L iquid  Send fn a ly  %le fo r  the 215 caT^ Mode o f  HexafXi^robengene.

6*1 In tro d u c tio n

I t  has been on em b^rresslng f a c t  from s ■^spectroscopic p o in t 

o f  view tb s t  no d i r e c t  evidence has been pre'-ented fo r  the  

e x is te n c e  o f  the  hexafiuorobensene complex in  the  so lu tio n  s ta te .  

P rev ious work he« shown th a t  hexafluorobenxfm e forms 1 :1  m olecular 

coaolexes with aany %romrtic hydrocarbons (85) in  the  s o lid  s ta te ,  

Here i t  wbs suggested th a t  the complexes ^re o f  the  chrrge tr '^n efe r 

type w ith th e  arom atic hyirocarlion a c tin g  as the  donor end HFB 

(hexafluorobenxene) as the  acceotor* A dd itiona l I n f e r e n t ia l  

evidence fo r  th e  ex is ten ce  o f  0 comolex has been ob ta ined  from 

measurements o f  h e a t o f  mixing (8 6 ), vapour p re ssu re  in  gas (87) 

and l iq u id  s ta te s  (*\9) ,  excess volume (8 9 ), end d ie le c t r i c  c o n s ta n ts /  

r e f r a c t iv e  In d ice s  ( 90) .

Tim ch firs c t e r l  S tic  s p e c tra l b^nd Wiich i s  a a so c i s ted  with 

undoubted eh a ri?o -tran sfe r complexes, e .g .  Ip  w ith benzene ( 2ü G - î^  nm) 

i s  n o t observed fo r  th e  HFB-B syntem. Bauer c t  a l (90) conclu fed 

th a t  th e  HFB-B system has very  l i t t l e  n o ln r ch^Af-ar w ith a permanent 

d ip o le  moment n o t In  exdo^s o f  0,1  B, The d erree  o f  nrlxing o f  

the  c h f rg e - tr s n s fa r  a ta te  in to  the ground n t^ te  fo r  such a complex 

i s  un i a l ly  estim ated  to  be in  the o rd e r  o f  5- 10^ le ad in g  to 

complex d ip o le  moments o f  approxim etely 1 D. Gew and Swinton ( 88)
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suggest a pure e l e c t r o s t a t i c  I n te ra c t io n , the  most probable 

being 9. d ip o le  -  cuadruoole in te r a c t io n ,  th e  C -  F bond 

d in o lee  o f  HÎB ln te r® c tin g  with the  TT -e le c tro n  cruedrupole 

o f  th e  eromfltic hydrocaibon. Such an in te ra c t io n  would 

produce a maximum a t t r a c t iv e  fo rce  when the  planes o f  th e  two 

m olecules were p s r c l l e l ,  i . e .  the co n fig u ra tio n  o f  th e  complex 

in  the d r y s ta l l in e  s ta te  (91) ,  The assum otion o f  th i s  type 

o f  fo rce  can a lso  account fo r  the in c re a se  o f  s t a b i l i t y  o f  

the  oomolex as the e le c tro n -d o n a tin g  power o f  s u b s t i tu e n t  

groups on th e  arom atic r in g  i s  inoreoped.

Vapour phase and so lu tio n  phase in f ra re d  in t e n s i t i e s  o f  

hexafluorobenzene were determ ined by Wheatley and S te e le  (9? ) ,  

Since the p o la r ! s a b i l l ty  o f  HFB i s  m all i t  was a n tic ip a te d  

th a t  the  so lu tio n -o h ase  in t e n s i t i e s  would be explained  by th e  

standard  Debye-Onsager th eo ry . This prem ise tu rned  o u t to  be 

tru e  fo r  a l l  the  b inds measured, except the fundamental a t

P15 cm”^ . This was assigned  by S te e le  and W hiff en to  the

o u t-o f-p la n e  ^  mode o f  symmetry (93) although o th e r  

work (94,95) suggests th a t  i t  i<? the  mode. In

benzene so lu tio n  the  in te n s i ty  o f  t i e  mode was approxim ately 

more than in  cyclohexpne and cprbon d isu lp h id e . Furtherm ore

the frequency o f  the band maximum in c re a se d  by 4 cm"" and in  the

o p o o site  d ire c tio n  to  the normsl ®olvent e f f e c t .  Wheatley then
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proceeded to  measure the  ab so lu te  In te n s i ty  o f  th i s  band in  

a mixed o lv e n t  syctem extending  ^rom pure cyclohexane to  

pure ben sane, Th« r e s u l t s  -howed -tuât th e  I n te n s i ty  ro se  

sh a rp ly  below 20$ v/w ben zene-cyclohexsne and then remained 

f a i r l y  co n s tan t above th i s  com position. The in te n s i ty  

in  ores se could be in te rp re te d  in  terms o f  th e  appearance o f  

th e  HFB-B complex* Bauer e t  a l  (90) es tim ated  the HIB-B 

In te r-m o le c u le r  s tre tc h in g  frequency o f  the  oomolex to  be 

approxim ately 0.1  the  to ta l  HFB-B bond energy. Aĵ BUHsing 

the  l a t t e r  to  be a few k ilo  jo u le s , the  frecuency should be 

on the o rd e r  o f  200 ca”^ and the  eq u ilib riu m  c o n s tan t could 

be c a lc u la te d  from the  in te n s i ty  d a ta  as shown below. 

However, in  re c e n t y ea rs  the  in f ra re d  sp e c tro sc o ^ is t  has 

s h if te d  h is  a t te n t io n  from eigenvalues and e ig en v ec to rs  o f  

in f ra re d  bands to  the  a c tu a l b«nd shape?- o f  fundamental^ in  

th e  so lu tio n  ohace because much in fo rm ation  can be deduced 

concerning i n t e m o le c u la r  in te ra c t io n  and m olecular m otion.

6*2 Experim ental

M a te ria ls

Hexa flu o ro  ben sene v s  purchased from Im peria l Sm elting 

Co* Ltd* (B .ot* 80*1^0/760 mm). C.L.C. a n a ly s is  showed no 

t r a c e s  o f  im purity  p re se n t and th e  saao le  was used w ithout 

fu r th e r  p u r if ic a tio n *  Benzene (B #pt. 80,l^C /760 mm) and
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cyclohexane (B ,p t,  80. 7^6/760 mm) were purchased from B.D.H. 

( sp ec tro sco p ic  grads) end used w ithou t fu r th e r  p u r i f ic a t io n .

In te r fe ro m e tr ic  Recording

A ll p e c tra  were recorded on a F .S . 720 manufactured by 

the  Research and I n d u s t r ia l  In strum en ts Company# An e x c e lle n t  

review  on I n te r f e r o a e t r le  spectroscopy in  th e  f a r  in f ra re d  

has been w ritten  by Hurley (96) and on ly  a Bhort suam^iry w ill  

be covered hero . E s s e n tia l ly  the  in te rfe reg ram  function  

F(x) i s  r e la te d  to  the  sp e c tra l  d is t r ib u t io n  X (V  ) by a 

F o u rie r  tra n -fo n a a tio n .

P(x) I (y  ) cos (2 tt y x) d y

oO

Conversely, r -f

i(V ) = F(x) cos (ZTT y  x) dx

(J — 0 0

In  p ra c t ic e  F(x) can only be o b ta in ed  over a f i n i t e  in te rv a l  

on e i th e r  rid© o f  the 2?D ( zero path  d iffe re n ce )  say -1  to  

?o th a t  the c a lc u la te d  snectrum 1$ given by s tru n ca ted  

in te g r a l

i ( y  ) s=
+x

- X

F(x) co s(2TT y %) dx
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f in  ce F(x) i s  pyauaati*ical about th e  2FD,

r  *
I ( y  ) = F(x) COS ( 2 tt9 x) dx

J G

In  c i 'lcu lf ttln g  sp ec tre  the F o u rie r  copine in te g ra l  i s  

approximated by a suHKuatlon*

X

1(9  ) = 2  ^  F(x) cos g-n-y X A  X
o

I t  can be shown from inform ation  theory  th e t  in  o rd e r to

o b ta in  a l l  the in fo rm ation  in  a spectrum from 0 < y  <  i)^^ max
i t  i s  necessary  to  sample p o in ts  from th e  in to rfe ro p ram s a t  

in te r v a ls  o f

/ \  X — ——— —
p ŷ aa x

In  our case 9  i s  400 cm~  ̂ and hence the sampling in te rv a l  

must be a t  l e a s t  12#5yu « Because o f  the p e rio d ic  sampling 

i t  can be shown th a t  a t  the frequency V th e  computed ppectrum 

co n ta in s  f a ls e  en e rg ies  o f  fre q u en c ies .

mmx “  ^  ^ e r e  n i s  an in te g e r .

This e f f e c t  i s  c a lle d  s l is rd n g  and a b lack  noly thene f i l t e r  

was used to  cu t o f f  frequencies above 400 cm""̂  to produce an 

unambiguous spectrum .
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The re so lu tio n  ob ta ined  i s  governed by the maximum path  

d if fe re n c e  o f  the  in te r f e r in g  beams by th e  fo llow ing re la tio n s h ip

1
A  9  »= -

X

A ll the samole runs were performed w ith a m irro r movement o f

8 mm e i th e r  s id e  o f  th e  2FD g iv ing  a re s o lu t io n  o f  0 , 6?5 cm

The « igna l from the Golay d e te c to r  was se n t through an

en a lo g u e /d ifr ltn l converte r such th a t  the in te rfsro g ram  function

VFS d ig i t i s e d  and ou tpu ted  on paper ta p e , A 25 gauge Mylar
—1beam s p l i t t e r  e f f e c t iv e ly  covered a range >f 40-400 cm" g iv ing

-1B^ximuo transm ission  n ea r POO cm .

The background and sswple in te rfe re /T am s were then tra n s 

formed and ra tio e d  u s in g  e programme w ritte n  a t  King* f C ollege, 

London U n iv e rs ity , which in co rp o ra ted  in te r fe ro g ra a  symmeter- 

i s a t io n  and tr ia n g u la r  a p o d isa tio n . The o u tp u t sp e c tra  were 

then p lo t te d  a t  0 ,5  in te rv a ls  such th a t  any change in

band shape which occurred  would be c le a r ly  v i s ib le .

2amt)le handling

A s u ita b le  polythene f a r  in f ra re d  c e l l  was co n stru c ted  

hevinq a c e l l  th ick n ess  o f  approxim ^tely ? mm widh apparatus 

designed in  th e se  la b o ra to r ie s  (%1) * A stock so lu tio n  o f  hexa- 

fluorobenzene in  cyclohexane was p repared  from which a co n s tan t
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volume was p ip  t te d  each time to  make up a s e r ie s  o f  so lu tio n s  

co n ta in in g  tiie game co n cen tra tio n  o f  hexetluorohenzene  in  a 

mixed 'o lv e a t  so lu tio n  co n ta in in g  vary ing  amounts o f  benzene 

and cyclohex&ne. The in te r f e r e  grams o f  a cyclohexane back

ground p lu s  the so lu tio n '' were recorded and the ra t io e d  sp e c tra  

p lo t te d . The oolythene c e l l  w;zs f i l l e d  w ith each sample by 

means o f  a sy ringe  and anne^rled w ith a h o t spatu la.. To p rev en t 

deform ation under vacuum the c e l l  was firm ly  clraapèd between 

th e  m etal p a r ts  o f  a conven tional l iq u id  c e l l  (R ,I ,I .C .  F-01) ,  

The accu ra te  c e l l  th ick n ess was determ ined wh^n a l l  th e  runs 

had been completed -  th e  c e l l  wss c le a r ly  cu t and an average 

taken o f  v a rio u s  p o r it lo n s  under a t r a v e l l in g  m icroscope,

6 ,3  R esu lts

The ab so lu te  in te n s i ty  o f  an in f ra re d  abso rp tion  band 

fo r  a m olecule in  so lu tio n  i s  rèven by

Band

lo g
p  N X 1000 X 2.303 

N X c X 1

X \ d>>o
10

M -  m olecular w eight o f  m olecule 

c -  co n cen tra tio n  in  g ,l~^

N -  Avogadro co n s tan t

1 -  oath  len g th  in  cm.
p  2 - 1

The u n its  o f  1 a re  cm mol
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I n te n s i t i e s  in  some te x ts  are  expressed in  terms o f  a 

q u a n tity  A which i s  r e la te d  as fo llow s

A = r  c >)
o

1 - 1whe»»e i s  the  freruencv  o f  the  band o r ig in  in  cm , and c

i s  the v e lo c ity  o f  L ight. The u n i ts  o f  A are  th e re  to re
1 o —I  nol“*^ca'^sec ,

The ab so lu te  in t e n s i t i e s  o f  th e  215 cm ^ bend o f  HFB are  

n re^ented  in  Table VI ( 1) ,

Table VI ( l )

$ w/w benzene y max A X 10'^ T x  1 0 - 1

0.0 216 7 .5 4.34 6.69

4.0 216.5 3,0 4.62 7.11

7 .9 216.5 9 .0 5.12 ? . 8B

15.5 217 10.0 5.27 8.03

?5.0 217.5 10.0 5.29 8.10

50.0 218 11.7 5.15 7.91
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The band area  req u ired  fo r  the  c a lc u la tio n  o f  V  o r  A was 

o b ta in ed  by the Fimo on* s Rule suawetioTi. The main d if fe re n c e  

which re a d i ly  d i? tln?îu iphes in te r fe ro s s e tr ic  st‘e c tra  fro® 

conwentional r r a t in g  ro e c tra  i s  th e  p o s it io n  o f  th e  beck ground 

curve (Ig ) • Wheatley (92) took tlie background ab so rp tio n  

from the  spectrum o f  the  empty c e l l  s in ce  benzene and cyc lo - 

bexane show no absorp tion  in  the  s p e c tra l  rsngte concerned.

In  the case o f  the above in te r f e r o a e t r ic  sp ec tre  a l in e a r  

background base l in e  was computed from two p o in ts  s t  e i th e r  

e x tre m itie s  o f  the band where the r a te  o f  change o f  in te n s i ty  

v/ith frequency was minimal* To check th e  v a l id i ty  o f  th is  

approxim ation f iv e  30 lu  t l  on a o f  d i f f e r e n t  co n cen tra tio n s  o f  

hexafluorobenzaie  in  cyclohexene were made uo from the  stock  

s o lu tio n . U«lng the  same c e l l  th e  In te r fe ro m e tr ic  sp e c tra  

were recorded  and the  band a reas  c a lc u la te d . F igure VI ( i )  

shows a l in e a r  üeer* s Law p lo t  passin g  through the  o r ig in ,  

in d ic a t in g  to a t  band areas computed in  th i s  way have meaningful 

v a lu es . This approxim ation w i l l ,  however, a f f e c t  the accuracy 

o f  the brnd shaP« near th e  wings and th i s  w il l  le ad  to  

u n c e r ta in t ie s  In  the c a lc u la tio n  o f  tiie c o r re la tio n  ('unction 

r e fe r re d  to  in  Section 6 . 4.

I t  can c le a r ly  be seen from Table VI ( i )  th a t  tbe 

p o s itio n  o f  the  bend maximum s h i f t s  by ? cm ^ fo r  a w/w 

mixed so lv e n t. The ab so lu te  in te n s i ty  end brdf-band  width



1 9 2 .

Fi g  VI (i )

B e e r s  Law Plot  of  Band I n t e n s i t y  
v s  Concentration for H e x o f l u o r o -  

b e n z e n e  in Cyclohexane

N

o

X)

c
c

CELL T H I C K N E 5 5  =  0 . 1903  c m s

2 5

C one ( g m / l )
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phow a marked i n i t i a l  in c rease  uo to 15*5 ^ v /v  mixed so lven t 

and then remain f a i r ly  constan t fo r g rea te r  p roportions o f  

benzene.

I f  we consider the eq n llib r iim  as follow s,

k l
cgae + CgPg ^  = cg Pg

h i

the  equilibrl^jm  constan t K w ill be the r a t io  o f  the r a te  

co n s tan ts . A c la s s ic a l  estim ate  o f  K csn be ob ta ined  I f  we 

assume th a t  (a) only a 1:1 oomnlex e x is ts  and (b) the equilibrium  

l i e s  com pletely to the righ t-hand  side  fo r  so lven ts having a 

g re a te r  percentage than 1^ . ^  w/w benzene to cyclohexane.

For the 7#9% w/w ’’o lv en t K has a value o f  0.21 mole"*  ̂ 1 ,

However, e more meaningful physical p ic tu re  o f  the natu re  

o f  the complex in  the so lu tion  s ta te  can be b u i l t  up from a 

study o f  t i e  c o rre la tio n  functions cà lcu ls ted  from the above 

band shapes.

6.4 C orre la tion  Functions

L et F (t)  be a dynamical v a ria b le  o f  a system a t  time t ,  

and C ( t t  Y) the value o f  another v a ria b le  a t  time (t+'T^).

The c o rre la tio n  function o f  F and G i s

CpG ( t , ^ )  = ( j U )  G ( t+ Y ))

Where the b racke ts  rep rese n t an average over some sp p ro p ria te
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s t a t i s t i c a l  ensemble* I f  F nnd G are the same v a r ia b le ,

C ( t ,^  ) i s  known as the au to co rre la tio n  function , and i f  

defined  fo r an ensemble wîiich i<  tim e indeoendsnt we have

( c ( t ) . G ( U Y ) ^  = ^G (0) .C ( 'T ' )^  = Gg(Y )

Considering the motion o f  m  indi.vidu&l molecule in  a l iq u id , 

l e t b e  i t s  d ipo le  moment a t  t O .  At subsequent

times t^iis moment t) wil3. follow e random behaviour

covering p o s it iv e  and negative  v a lu es. The orodijict

w ill  behave s im ila r ly . The inimmation o f th is  product over 

a l l  tbe molecules divided by the to ta l  number o f  molecules 

w ill give the d ipo le  c o rre la tio n  function* At t+0 , c^ (t)  

w ill have a f i n i t e  D ocitive value arid as t  becomes la rg e ,

( t)  w ill converge towards zero* The d ipo le  c o rre la tio n  

function thus re p re re n ts  a q u a l i ta t iv e  aesru re  o f  the lo s s  o f 

memory o f  the  d ire c tio n  o f  the  d ioo le  a f te r  a c e r ta in  time*

C orre la tio n  fim ctions have g re a t im:)ortance In  non-

equilib rium  s t a t i s t i c s  because a l l  tra n sp o r t phenomenon

(e .g .  d iffu s io n  and v isc o r ity  c o e ff ic ie n ts )  is ay be expressed

as in te g ra ls  o f  the appro-’r i a te  c o rre la tio n  function . In

fa c t ,  viieress the knowledge o f  the p a r t i t io n  function  perm its

the c a lc u la tio n  o f  a l l  ecu!lib rium  p ro p e r tie s  o f  a system in

equilib rium  s t a t i s t i c s !  mechanic?, knowledge o f  the various time

c o rre la tio n  functions perm its the c a lc u le tio n  o f  tran sp o rt 

p ro p e r tie s .
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Tine-deuendent p e rtu rb a tio n  theory  app lied  to the i n t e r 

action o f  ra d ia tio n  with m atter (97) r iv e s  the p ro b a b ili ty  

per u n i t  time th a t  % tr a n s i t io n  t%kea place between two quantum 

e ta  te s .  Vihen c a lc u la tin g  the bend shape 1(b)) using 

Heisenberg quantum mechanics, wtilch r tre o se e  the time dependence 

o f  tho system ra th e r  then the s ta tio n a ry  le v e ls  o f  the  

Schrodinger model, an ex}.ir©s#rion i s  obtained (98) invo lv ing  

a F ourier tranr,form o f  the d ipo le  c o rre la tio n  function

1(b) ) = -±1
?TT

+  00

d t  e- i d t < ^ ( 0 )  ■ M (t)^

— 00

Conversely, on in v e rtin g  the F ou rie r a n a ly s is , an expression 

fo r  the c o rre la tio n  thmction i s  obtained  in  term^ o f  the b ’nd 

shape
band

1Ü t
C( t)  = dw e I ( ^ )

Con id e r in g  only the re a l  p a r t  o f  the c o rre la tio n  function

band

C(t) = I(u) ) OOP ?Trio t  du)

I t  l a  convenient to norm alise the c o rre la tio n  function  to 

u n ity  a t  t  = 0 .

band

C(0) ( a  (0))
I(u) )da)
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bsnd 

;  -Hence C(t) -  — ji,.
bsnd

1 (0  )du)

Cordon (99) p lo tte d  the co rre la tio n  functions o f  

carbon monoxide in  various environment? from previous 

experim ental d a ta . From F ig ,V l( il)  the c o rre la tio n  function 

fo r a low p ressu re  ga? decay? rap id ly  to  ass'ume ja t iv e  values 

«nd then converges to  zero. This in d ic a te s  th a t  the molecule 

i#  f re e ly  rotenting such th a t  a f te r  b&lf a period  o f ro ta tio n  

i t s  o r ie n ta tio n  if) predom inantly in  the oppojvite d ire c tio n .

I t  h igher p ressu res  o r in  so lu tio n  ro ta t io n a l  ra ls^ ^ tio n  i s  

funerseded by c o l l i r io n a l  r é o r ie n ta tion  and in te r-m o lecu la r 

torques lead in g  to  an increase in  the c o rre la tio n  function  a t  

a p a r t ic u la r  tim e.

A F ourie r cn c ly s is  o f  the band shape described  above 

enables the sh o rt-  and Iongp-term motion to  be considered 

se p a ra te ly . At sh o rt tim es the behaviour o f  the c o rre la tio n  

flaictlon i s  b e s t  d isplayed by considering  a power s e r ie s  in  

the tim e.

( ^ ( O ) . ^ ( t ) )  * Z - -  ( - ^ ( / ) ( 0) . ^ ( t ) )

t o
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The time d e r iv a tiv e s  are det« ra ined  using  the time dependent wave 

equation . The c o e ff ic ie n ts  in  tb i^  time se r ie s  are  id e n t i f ie d  

58 frequency moments o f  the spectrum*

I > c i d t  y -  ( i t ) "
^ y u i ( 0 ) .^ ( t )  y = e I(u)) do  =

n=0 nl u
u)”l(u))du)

fome o f  the lower moments have been computed p rev iously  by 

Gordon (lOO), e*g* fo r an in f ra re d  bend o f  a l in e a r  molecule

/ \ p 1 kT 2 - - l / p v ^
^ (O) *y 4 ( t)  y = 1 — ( k T / l ) t  + r ( ‘*“ ) (241 ) ^ (OV) y t

k -  Boltzmann'f constan t

T -  temoera tu re ,

I  — raoment o f  in e r t i a

mean square torque on a molecule due to the o th e r  

molecules*

I t  i s  In te re s t in g  to no te th a t  the i n i t i a l  curvature (second 

moments) o f  the c o rre la tio n  function depends only on t i e  tem per-ture 

and moment o f  in e r t i a ,  bu t n o t on the m olecular fo rces. For 

c l a 's i c a l  systems the e f fe c ts  o f  in te ra o le c u la r  fo rces are  f i r s t
A

seen in  terms fo r  t  . For longer tim es the h indering  o f  ro ta tio n  

In c reases  tiie c o e ff ic ie n t o f  t^  by an amount o rooo rtional to the 

mesn-square torque* Hence tbe ac tu a l decay o f  the ro ta tio n a l
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c o rre la tio n  function  fo r hindered ro to rs  i s  slower Uim Idie 

decay fo r  free  ro to rs . This csn c le a r ly  be neon from a ty ;d c a l 

experim ental decay curve in  Fig* VI ( i i ) .

For hexsfluoronenaene M(?) can be ca lcu la ted  from mol «ocular 

param eters and i?  found to be 28.92 cm“ ^.

From en an a ly s is  o f  the band shape fo r  he-xsfluorobensene 

in  cyclohexane with no benzene preî^ent the follow ing moments 

were determ ined: %(l) = -0 .272  %(2) = 11.09  cw~^,

M(3) = -4 ,628  M(4) -  416.2 cm~^.

The second moment i s  thu? ooneiderebly below i te  c la s s ic s !  

value and hence one may suspect th a t  measurements were n o t 

c a rr ie d  f a r  enough in to  the wings o f  the band. S lig tit assymmetry 

i s  in d ic a te d  by the prerence o f  f in i t e  values fo r  odd moments. 

Hence during a b r ie f  i n i t i a l  period , free  ro ta tio n , &° in  the 

ges, w ill  determ ine the  k in e tic s  o f  the d ipo le ro ta tio n  and the 

time c o rre la tio n  function should '’ollow  e feu ss  decay r a te .

At longer tim es the ro ta t io n a l  motion has become 90 

comoliofited by the in te ra io lecu la r torques th a t  the average 

c o rre la tio n  i s  in d is tin g u ish a b le  from -that o f  a stocha-^tic 

(random averaged) exponantlal decay* The rece n t paper by 

Bretoa e t  a l  (101) describee a s to c h a s tlc - ty n e  theory to explain  

the in fra re d  saec tre  o f  in e r t  so lu tio n s o f  diatom ic molecules*
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They d iscu ss the re la t io n  between a given band form and the 

n a tu re  o f  the dominating re la x a tio n  p r o o e w h i c h  inc lude  

tr a n s la t io n a l  d if fu s io n , free  ro ta tio n , ro ta t io n e l  d iffu s io n  

and en in te rm ed ia te  type reo rien te tio n *  The c h a ra c te r is t ic  

narrowness o f  in fra re d  and Ramon bands in  the  so lid  s ta te  

where ro ta t io n a l  motion i s  uppressed in d ic a te  th a t  in  the 

so lu tio n  s ta te  the r e o r ie n ts t io n s l  re la x a tio n  function  

Gi^(t) i s  f a r  g rea te r  in  magnitude then the v ib ra tio n a l 

re la x a tio n  function G y(t). Rotation*:!, d iffu z io n  l a ,  in  fa c t , 

the most widely app lied  s to c h a s tic  model fo r the behaviour o f  

r o ta t ic n a l  c o rre la tio n  functions a t  long tim es, end the 

L orentzian form generates a c o rre la tio n  function o f  the  form

tn  G^(t) —

where 'p ^ i s  taken as the ro t/\t lo n a l d iffu s io n  con-^tant as 

ca lc u la te d  by Pavro (10?) which "hoijld have the same value fo r 

a l l  v ib ra tio n s  o f  the : ame rymmetry species*

6*F A pplication to 'dexafluorobeny.ene

The c o rre la tio n  functions o f  the band shapes recorded in  

Section 6.2  a re  p lo tte d  in  F ig , V I( i l l )  * I t  can be clearljf: 

seen th a t  »s the concentration  o f  benzene in c re ase s , the 

c o rre la tio n  f\m ction re la x es  faste r*  A co llif lo n -ln d u ce d  

v ib ra tio n a l re la x a tio n  i c  probably tak ing  p lace involv ing  a
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TT -  TT complex which involves bonding o r b i ta l s  o f  the  saae 

symmetry as the o u t-o f-o lan e  mode o f  v ib ra tio n . This 

Btechaniem i s  aunported by the as symmetry o f  t^e band shapes 

vriiich according to Bra to* e t  a l  (lO l) a r is e  from tl-ie presence 

o f  a non-vanishing im aginary component o f  Gy(t) in  tu rn  favoured 

by a one-to-one ch a rac te r  in  the so lv e n t-so lu te  in te ra c t io n .

Vihen the complex s n l i t s  the v ib ra tio n a l lx>nd energy i s  presumably 

degreded to h e a t energy, a mechanism favoured by the f a c t  th a t  

a t  room tem perature, the photon energy hV kT. A p lo t  o f  

the lo g a rit iia  o f  the c o rre la tio n  functions versus time gave 

severe o s c i l la t io n s  a t  long tim es ruch th a t  the g rad ien ts  

ex h ib ited  a g re a t d e i l  o f  im certa in ty . The band shapes were 

then symmeterised by hand and the p lo ts  re ca lcu la te d  as shovm 

tn  F ig . VI ( iv ) .  The re^nilts are tab u la ted  in  Table VI ( 2) .  

Assuming the Bom-Oppenhciaer approximation to  hold

P t = F v  + P r

where p  ^  in  a sso c ia ted  with the v ib ra tio n a l re la x a tio n  and 

p-^ with the re o r ie n ta tio n e l d if fu s io n . p  y can th e re fo re  be 

ca lcu la ted  fo r each so lu tio n  i f  i t  l e  assumed th a t  In  the absence 

o f  benzene, v ib ra tio n a l re la x a tio n  la  mippreased. The optimum 

slopes were ca lcu la ted  ucing the method o f  l e a s t  squares.
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Time ( s e c x l Q - ' ' )

-  0.2  -

- 0.lt -

-  0.8  -

-  0.8  —

Ü

cn
0
1

- 1 . 2  H

■ 1.4 -

1.6  -

-  1.8 -

TI ME c o r r e l a t i o n  
C U R V E S

1 - 0 %  w / w  B E N Z E N E  
II -  4 - 0 %  w / w  B E N Z E N E  

i n  -  7 ' 9  vy/w B E N Z E N E
IV -  1 5 - 5  %  w /vy B E N Z E N E
V -  2 5%  w / w  B E N Z E N E  

VI -  5 0 %  w / w  B E N Z E N E
V n -  FREE H F B  

Vin -  FREE H F B - B

- 2.0 -L
Fi gVI ( i v )
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Table VI (? )

% w/w b ^ z e n e  j ^ ^ ^ a o l e . ^^(xiO ^^)pE6C ^̂ /^y(xlO^'^)psec^^

0 .0 0 0.642+0.005 0

4.0 0.385 0.69810,005 O.O56IO.OIO

7,9 0.736 0.74310.006 0.092t0 .012

15.5 1.358 0 . 896±0.007 0.25410.013

25.0 2.041 O.879I0.OO7 0 .2 3 7 ^ .0 1 2

50.0 3.453 I.144I0 .009 O.5O2IQ.OI4

F ig . VI (v) shows an in v e rse  re la tio n sh ip  between the 

v ib ra tio n a l re la x a tio n  time end the  benzene concen tra tion .

6.6  Discussion

The t r a n s i t io n  moment resp o n sib le  fo r  the band i s  

along the symmetry ax is (2) and can be ro ta te d  by ro ta tio n  about 

e i th e r  o f  the eq u iv a len t x o r  y axes. The ro ta t io n a l  d iffu s io n  

constan t about the  x o r  y ax is  i e  given by the simple re la tio n

\ , y  =

This gives « velue o f 0»3? (psee” ) which compares very favourably 

with the value o f  O.36 determined by Fujiyama end Grewford (95)*

A band shape an a ly s is  o f  the 315 oni~  ̂ ^®lu) band would jrive sn
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estim ate  o f  D^. Comparison o f  the d iffu s io n  constan ts fo r  

benzene end hexetfluorobenzene shov th a t  replacem ent o f  hydrogen 

by flu o rin e  has l i t t l e  e f f e c t  on the spinning o f  the molecules 

( i . e .  ro ta tio n  about z axis) b u t the a b i l i ty  to f l i p  ( i . e .  ro ta tio n  

about X and y axes) i s  dim inished by « fa c to r  o f  3*

R othschild  (103), in  a s im ila r  study o f  the chloroform - 

benzene comolex, in v e s tig a te d  the c o rre la tio n  function  derived 

from the band shape o f  the j62  cm"’^ (p a ra l le l)  mode o f  CDCl^ in

benzene. He also  ca lcu la te d  the c o rre la tio n  function  o f  fre e ly

ro ta tin g  CDCl-jr molecules and from a valus o f  the equilib rium  

constan t, the  c o rre la tio n  function o f  an equilibrium  m ixture o f

complexed and uncomplexed CDCl^ m olecules. For sh o rt tim es

th is  c o rre la tio n  function i s ,  to a good approximf'tion, given by 

e l in e a r  combination o f two gaussions, each describ ing  the free  

ro ta tio n  o f  the oorresnonding m olecular snecios and weighted by 

the c o rre c t equilib rium  mole f ra c tio n . The ac tu a l c o rre la tio n  

curve f e l l  below th a t  o f  the  ca lcu la ted  eouilib rium  m ixture end 

R othschild  deduced th a t  the weak in  te  nmole oui e r  bond in  the 

chlorofona-benzene complex i s  indeoendent o f  the r e la t iv e  o r ie n ta 

tio n s  o f  the in d iv id u a l m olecules. A n ia i lo r  trea tm en t o f  the 

hexafluorobenzene-benzene complex giv©« the so lid  end dashed 

Gaussian curves in  F ig . VI ( iv )  fo r the fre e  and equilibrium

m ixture c o rre la tio n  curves re sp e c tiv e ly . Since the ac tu a l 

c o rre la tio n  functions l i e  w ell above these  two curves. I t  i s
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deduced th a t  the HFB-B complex i s  held  to g e ^ e r  by r e la t iv e ly  

s trong  Rni?otror>ic fo rces , i . e .  ro ta tio n  o f  the HFB molecule 

about the in te rm o lecu lar bond { a axte) may be p o ss ib le  b u t no t 

in  a perpend icu lar d ire c tio n  (x  and y axes). This deduction 

w ill  be c o rre c t even i f  the estim ate  o f  tbe ecu llib rium  constan t K 

i s  wrong, because the moment o f  in e r t i e  o f  the complex i s  only 

f ra c t io n a lly  la rg e r  than ü ia t  o f  free  HÎB.

F ig . VI ( iv )  shows th a t  the c o rre la tio n  curves o f  hexa- 

fluorobenzene st& rt to  d isoerse  a f te r  O.3 p ico -ec^ . Up to  0,2  

pieosec© a l l  the curves are in d is tin g u ish a b le  in d ic a tin g  th a t  on 

■U18 average HFB m olecules and HFB-B complex i n i t i a l l y  experience 

f re e  ro ta tio n . An estim ate  o f  the reverse  r a te  constan t (k_%) 

fo r  the HFB-B equilibrium  w ill  be

1
k

This estim ate  assumes th a t  v ib ra tio n a l energy t r a n s fe r  occurs 

in  every d is s o c ia tiv e  a c t .

Since K = 0 ,?  =
—1

then k^^  1 x 10^^ l i t r e s  mole ^ ( fo r  50^ w/w so lv e n t) .

This i s  o f  the  o rd e r one might expect fo r  d if£ \jsion  co n tro lled  

re a c tio n s .



J08.

I n te re s t in g  aspects o f  m olecular motion in  the so lu tio n  

s ta te  fo r  o th e r simple molecules have been in v e s tig a te d  from 

the d ip o le -c o rre la tio n  time curves, Fujiyama and Crawford (104) 

showed th a t  an iso tope  e f f e c t  operated  when s u b s titu tio n  o f  

hydrogen by deuterium in  methyl iod ide a ffec ted  the  ro ta tio n a l  

d iffu s io n  co n s tan ts , R othschild ( 105) In v es tig a te d  most o f  

the  fundamentals o f  methylene ch lo rid e  as w ell as $ ummation, 

d iffe ren ce  and overtone bends. The r e s u l t s  showed th a t  the 

an iso tropy  o f  the ro ta t io n a l  motion in  the l iq u id  at&te i s  

very s im ila r  to  th a t  found with f re e ly - ro ta t in g  ŒgOlp m olecules. 

In  o th e r words the ro ta t io n a l  motion i s  in s e n s it iv e  to m olecular 

a sso c ia tio n  o r weak hydrogen-bond form ation.

6.7 Conclusion

Evidence fo r the ex istence  o f  the HFB-B complex in  the 

l iq u id  s ta te  from a study o f  the d ipo le  au to co rre la tio n  functions 

has been pre sented. The concept o f  the time c o rre la tio n  function 

i s  being app lied  to o th e r measurements o f  the p ro p e r tie s  o f  

l iq u id s ,  p a r t ic u la r ly  proton magnetic resonance, e le c tro n  spin 

resonance and neutron d if f ra c tio n  soectrorcopy. Whether one 

o b ta in s  the tru e  k in e t ic r l ly  r lg n if ic a n t  band i s  d i f f i c u l t  to 

a s se ss . In fra re d  and Raman bends are in fluenced  by weak 

dombination and d iffe ren ce  bands, h o t bands and d isp laced  bends
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a r is in g  from molecules contain ing  i o t o p i c  sp ec ies .

C orrections ari-d n g  from v a ria b le  r e f ra c t iv e  index has been 

discussed  by Crawford and co-workers (95* 104) u sing  t^e 

method o f  a tten u a ted  to to i  r e f le c t io n . More rece n tly , 

Konynenburg end S tee le  (106) have ca lcu la ted  the c o rre la tio n  

functions fo r  th re e  simple molecules (chloroform , methyl iod ide 

and methylene ch lo ride) a f te r  co rrec tio n  had been mede to  the 

band shapes to e lim ina te  these  co n trib u tio n s . In  the fu tu re  

more so p h is tica ted  models o f  tlie l iq u id  s ta te  w ill  be 

form ulated fo r simple and co w l ex m olecules, bu t fo r  the 

p re sen t the  ©xperimentsl d i f f i c u l t i e s  o f  genera ting  meaningful 

sp ec tra  are  a more se iio u - l im ita tio n .

R.H.a
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Appendix 1 .

A ll the programmes described In th is  th e s is  are 

av a ila b le  on magnetic tape (MARÏ1U No. UHOO3I) o r  permanent 

d isc  f i l e  on the London U niversity  CDG 66OO. Programme 

LINDA whose flow diagram i s  given in  Chapter 1 can be 

m odified to  give e i th e r  C artesian  Displacements (CD) o r 

P o te n tia l Energy D is tr ib u tio n  (PED). The version  o u tlin ed  

below in  F ortran  IV show? how the redm dancles ere  removed 

to  give the C artesian  Displacement coordinates fo r  a ty p ica l 

la rg e  m olecule.
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PROGRAM LINDA (lNPUT,00T?aT,TAPE2.IHPUT,TA?El=0(JTPDT)
DIMS?SION G(72, 72) , P(7P ,72) , GMAT( 20, 20) ,  RIAT( 20, 20) ,

Z X (\22) ,EA(72) ,B (68, 72) m r S ( 22) , 0(72, 20) ,MAE3 ( 5) ,I«AT 
7,(20, 20) ,D (20,S O ),? (20) ,R (20) ,IH (8) ,JH (8),VAL(8) ,IB (9) ,
ZJB(9) , VALUE(9) , Z(20) , A(72, 72)

COMMON NOAT,SINT,NQ,NATOM1,NATOM2,SATOM ,̂NATOB4,NATOM5, 
ZNATOM6,SR,NDEF,RA 
HEAD(2, 7)NPR0B 

3 PORMAT(il)
DO 4 NCTC=1 ,HPH03 
READ(2, 5)MARÏ

5 FORMAT?5A8)
WRITE(1, 6)MARI

6 VOmAT( IH l, 301, 5A8, / ,  51X, 108**»***$***,//)
RF.AD(2,7)NOAT,HR

7 FORMAT? 212)
NLo3*S0AT
w r i t e ( i ,8)n o a t,n r

8 ÎOfWATdH , 40X,10HN0 . ATOKS=,I2, / , 41X ,l6 ffl0 . INT. C00RDS=,I2, / / / / )  
HEAD( 2, 12) ? (X (I, J) , 1=1, 3) ,J= 1 ,N0AT)

12 ÎOHHAT?9ï8 . 5)
NRITE(1, 1?)

IX K)ÎWAT(1H , 40X,1!JX,P0X,1H I,20X,1HZ)
DO 14 J=1,N0AT 

14 WRI TE( 1, 15) J ,  X( 1,  J) ,  X( 2, J) , %( 3, J)
IM F0S«AT(1H , 20X ,I2, 15X,î8 . 5, 12X,F8. 5, 12X,F«.5)

V aiT E (l,l6)
If: FORMAT? 18 , / / / / , 54X,8HB MATRIX,/,54X,8t;*fcfcm **,//)

DO 17 IC=1 ,NR 
DO l 8 I» 1,NQ

18 EA(I)=0.0
READ(2, 19)NINT,NDEF,NAT0M1,SAT0K2,SAT0«X,NAT0M4,HAT0M5,SAT0«6

19 B0 !9!AT?3IX)
WRITE(l,P0)HINT,NDEr,NATDMl,NAT0M2,SAT0KX,NAT0M4,NAT0M5,NAT0K6

20 PORMATdH , 5X,'HHINT=I2, 5X,9 ÎSDEF=I2, 5X,7HHATOH1=I2, 5X,7HNAT0H2 
Z=I2, 5X,7HHATOK3=I2, 5X,7HNATO«4* , I 2, 5X,7HNATOM5=I2, 5X,7HHATO«6 
Z=I2)

GO TO ( 21, 22, 27, 24, 25, 26) SDEF
21 CALL STaET(X,EA)

GO TO 127
22 CALL A3i5ND(X,EA)

00 TO 127
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23 CALL 0’ LA>I(X,EA)
GO TO 127

24 CALL TOR£5J(X,EA)
00 TO 127

25 CALL XPLAII(2,SA)
00 TO 127

26 CALL 3PECT(X,EA)
GO TO 127

127 EO 27 J=1,HQ
27 3{J,»INT)=EA(J)
17 CONTIîraE

READ(2, 28){AMASS(I),I=l,BOAT)
28 KIRMAT(8P10. 6)

WRITE(1, 29)
29 PORNATdR , / / / / ,  502,4aMASS/50X,43* s« c ,/)

DO 30 I=1,N0AT
30 i«RITE(l,31)I,AHASS(I)
31 PORMATdH , 202, I 2, 13X,F10. 6)

EO 32 J=l,NR
DO 33 I=1,NR 
G (I ,J )20.0 
DO 34 K1«1 ,H0AT 
DO ?5 K=l,3  
K2»3*Kl4M-3
G (I,J )= C (I,J ) '« (K 2,I)*B(K2,J)/AMASS(E1)

35 CONTINUE 
34 CONTINUE 
^  CONTINUS 
3? CONTINUE

R2AD(?,133)HSTMB,MCDS
133 format? 212)

DO 51 I=1,NR 
DO 52 J=1 ,NR 
F d ,J )= 0.0  

52 CONTINUE 
51 CONTINUE 

WRITE(1, 56)
56 FOfMATdH , / / / , 302, 23Hl®SÏMMETEHISED F MA'TRIX/3OX,238**l$*i&WdWA 

/ ///)
DO 53 KD=1,HCDS
READ?2,54) ?ia(M),JU(M), VAL(M),M=1, 8)

54 F0RMAT?8?2I 2,F 6. 4))
WRITEd, ̂ )  (IH («), JH(M) ,VAL(M) ,M*1, 8)



■s roRMAT(8(PHF(,I?,ia,I2,2a)=,P7.4,lX))
EO 55 M=l,8 
IG=IR(M)
JGsJH(M)
?(IG,JG)=VAL(H)

55 F(JG,IG)^nL{H)
53 COHTIHÜF

WRITï:(1, 134)MEÎHB 
134 FORMAT? D! , / / / / , 40X,17HS0 . STBM. BLOCKE=,I?)

DO 1^5 JC=1,KEÏ«B 
READ? 2,36) NHM,NCEE,SRT

76 FORMAT?312)
EmiTF(l,77)NDIM,NCDS,NRT

77 TOFWATdH , / / / , 20X,5HNDIH=I2, 20X,5 fflCDS=,I2, 202, 4HSRT=,I2, / )  
DO 9 I=l,NR
DO 10 J=1,NDIR 
U (I,J)= 0.0  

,10 CONTINUE 
9 CONTINUE

DO 38 KC=1,NCDS
READ( 2, ^ )  ?IB(S) ,  JB(N) ,m U E (S ) ,H=1, 9)

79 F0RNAT?9( 2I 2,F 4. 0 ))
DO 40 N=l,9  
ID=IB(N)
JD=JB?S)

40 U(JD,ID)=VAL0E(H)
WRITK(1, 41)(IB?S),JB(N),VALUE(N),H=1, 9)

41 FORMAT?IH 9?2R0? I2, 1H ,I2, 2H)=F4. 1, 1*))
78 CONTINUE

DO 42 JA=1,NDIN 
UF=0.0
DO 43 IA=1,NR

43 0S=OR+0?IA,JA)«J?IA,JA)
UN=,DQRT(US)
DO 44 IA=1,NR

44 n?IA,JA)=0?IA,JA)/DN
42 CONTINUE

DO 145 I=1,HDIM 
EO 144 J=1,NDIM 
CM AT? I ,  J) =0 .0

144 CONTINUE
145 CONTINUE

DO 46 JA=1,SBIK 
DO 47 IA=1,NR 
EA?IA)=0.0  
DO 48 K=1 ,NR 

48 FA?IA)*EA?IA)+U?K,JA)*G?K,IA)
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47 CONTINUE
DO 49 lA=l,NDlm 
DO 50 K=1,NR

50 gmat( ia , ja )=gmat(xa, ja )+ea(k)* o(k, ia )
49 CONTINUE 
46 'CONTINUE

VRITE(1, 45)JC
45  FORMAT?IH ,50X,l«iSÏMM G « A T a iX ? ,I l , lH ) ,/ ,50X ,l6li«t*******3dtMcfcac, 

?///)
F(RITE?1, 60) ? ?I,J,GMAT?I,J) , J=1,NDIM) ,I=1,SEI«)

60 TOBMAT?5?7U G?I2, lH ,I 2,? H )= n ? .8, 3ï ) )
DO 161 I=i,NCIK
TO 16? J=1,HDI«
MAT?I,J)=0.0  

16? CONTINUE 
161 CONTINUE

TO 62 JA=1,NDIM 
DO 63 IA=1,NR 
EA?li)*0.0  
TO 64 K=1,HB

64 E»?lA)=EA?IA)+0?K,JA)*F?K,IA)
63 CONTINUE

TO 65 IA=1,NCI«
TO 66 K=1,HR

66 mT?IA,JA)=F«AT?IA,JA)+S*?K)«;?K,IA)
65 CXWTINOE 
62 CONTINUE

VBITE?1,61)JC
61 TOBKAT?1H , / / / , 50Z,l«ISÏH« F M A TRIX ?,Il,lH ),/,50Z .l6H »*******«*at 

z « a t , / / /0
WRITE?l,168)? ? I , J ,  EMAT?I,J),J=1,NDIM),I=1,DKIM)

168 FORMAT? 10 , 5?2H y?,I2, lH ,I 2, 2a)= ,F12. 8, 3X)>
CALL EA03A?QNAT,rHAT,NEIH,20,l& -08)
LT=0
TO 67 I=1,SDIM 
R?I)=GMAT(I,I)
IF?R?I).LK.0 .001) 00 TO 68 
J I= I-L t
A?JI,JI)=EQRT?R?I))
TO ff) J=1 ,»DIM 
D?J,JI)=DKAT?J,I)

69 CONTINUE 
GO TO 67

68 LI=LT+1 
WRITE?1, 70)

70 TOimAT?2» î NEGATIVE ROOT WARNING)
67 CONTINUE
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DO 72 Izl.NDIM 
DO 73 J»1,HRT 
G«AT?I,J)=0.0 
DO 74 K*1,NDIM
GMAT(l,J)=CatAT(I,J)+rf?AT(I,K)*D{K,J) 

74 CONTINUE 
73 CONTINUE 
72 CONTINUE

DO 76 I=1,NRT 
DO 77 J=1,NRT 
IMAT{I,J)=0.0 
DO 7 K«1,NDIM
DMAT{I,J)*EMAT(I,J)+D(K,I)«»îAr(K,j)

78 CONTINUE 
77 CONTINUE 
76 CONTINUE

DO 79 I=1,«KT 
DO So J=1,HRT 
FNAT(I,J)=0.0 
DO 81 K=1,NRT
PMAT( I ,J )  =FMAT(I, J)+mAT{ I ,K) *A{K, J) 

8 l CONTINUE 
30 CONTINUE
79 CONTINUE

DO 179 I=1,SRT 
DO l80 J=1,NRT 
D«AT(I,J)=0.0 
DO l 8 l  K=1,NRT
DHAT(I,/)=DKAT(I,J)+A(I,K)«MAT(K,J) 

181 CONTINUE 
180 CONTINUE 
179 CONTINUE

CALL EA07A(DMAT,FMAT,NRT,20,1E-08)
DO 103 I=1,NRT 
*5(I)=0.0

183 CONTINUE
DO 184 I=1,NRT 
S(I)=1302.9K'4RT(DMAT(I,I))
W R IT E (i,1 8 5 ) 1 , 8 ( 1 )

185 FORMAT?7H 0MEGA?I?,2H)=n0.1)
184 CONTINUE

DO 201 I=1,NRT 
DO 202 J=1,NRT 
DMAT?I,J)=0.0
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DO 203 K=1,HRT
IMAT(J,I)=ra4AT(J,I)+A(J,l)jS?lAT(K,I)

20’  OONtlHOE 
202 COSTIIflJE

WBITE( 1, 186)1,  ( IKAT( J , I )  ,  J=l,HRt)
186 K)RMAT(2'!® EIGÏSVECTOR FOR 0MEGA(I2, m ) , / 10(gX,P9. 5) ) 
201 OHfTIHBE

DO 190 I= 1,SRT 
DO 190 J»1,KRT 
CHAT(I,J)=0.0

190 CONTIHUE
DO 191 I=1,KRT 
DO 192 J=1,NHT
g«at( j , i )=™ at( j , i ) / a(i , i )

192 CCWTraUK
191 CONTimJE

DO 87 I=1,MDIH 
DO 88 J=1,MRT 
Z9tAT(l,J)sO.O 
DO 89 K=l,HRT
DMAT(I,J)=DMAT(I,J)+D(I,K)*mAT(K,J)

89 COSTISTJE 
88 CONTINUE 
87 CONTINUE

DO 91 I=1,NR 
DO 92 J=1,NRT 
A (I,J)=0.0  
DO 93 K=1,HDIB
A (I,j)® A(I,J)+U{l,K)fi«AT(K,J)

9? CONTINUE
92 COHTIUHF.
91 CONTINUE

DO 95 I» 1,HQ 
DO 96 J=1,SRI
n{i,j)«o.o 
DO 97 K=1,SK
U(I,J)=CJ{I,J)+B{I,K)*A(K,J)

97 CONTINUE 
96 CONTINUE 
95 CONTINUE

DO 98 I=1,SQ 
DO 99 J=1,NR 
A (I,J)=0 .0  

99 CONTINUE
93 CONTINUE

DO 100 I=1,N0AT
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DO 101 «=1,3
L=3<tr+M-3
DO 102 J=1,ÎÎRT
A(L, J) =ïï(L, j)//uMArS(l)

102 CONTINUE 
101 CONTINUE 
100 CONTIMUF,

DO 103 I=1,HHT 
VRITE(1,104ÏI

104 F0BMAT(1H ,20X,3^CARTFSIAN DISPLACmmT K5H OMEGA( , I I , I H ) , /  
2251, n u ,  20X*1HY,^X,1HZ)
VTUTE(1,105)(AJ,I),J=1,NQ)

105 mmAT(3( i 5X,F9 . 5))
103 CONTINUE

DO 221 I=1,NDIK 
DO 221 J=1,NDIM 
im T ( l ,J )» 0 .0  
D (I,J)= 0 .0

221 CONTINUE
DO 222 X=1,NR 
DO 222 J=1,RR 
A (I,J)= 0 .0

222 CONTINUE
DO 223 I=1,NCIM 
R(I)=0.0

223 CONTINUE 
135 CONTINUE

4 CONTINUE 
CALL EXIT
m u
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Ap’oendlx P

Symmetry coord inates fo r binhenyl and. i t s  4-4^ d im b s t i tn te d  
d e riv a tiv e s  fo r  the p o in t group

A Species

h s 1̂-7
8g X ^"^^*■8-18 ■*■ ''12-22 + *'6-17 ■*■ ''2-13)

®7 ? '^ ( rq _ i9  + + r̂ ig + r ,_ 14)

S4
X 2"*(p10-20 + '4-15)
s

■'■ ^?-7  ■*■ ®6-l ■*'

■̂6 = + R,_3 + t

“7 X ”̂^{^9-10 + *10-11 + *4-5 ■*■ *7-4)

X 4. cij)
"9

X + .̂  4)

-10 X
Z 12'*■'^8 + "̂6 *

X + <^5 + 0^9 +

q
"12

X
 ̂^̂ 8̂-18 ‘  ^ 12-22 ■* ^17-6 ■*■ ^13-2)

"I3
X

 ̂^ (^ 9 -1 9  “  ^ 21-11 " ^ 16-5 * ^14-3)

-14 X
* 8-18 “ P 22-12 - F17-6 * flW

"15
X F19-9 -  P 21-11 -  F 1&-5 + F14-3)

Si6 *“^<Ps_9 ■*■ S^ii-12 + P̂5-6 + 1^2-3)

h? X
^̂ (̂ 7-8 + P12-7 + î6-l + 9̂ i_2)

hd X
 ̂ (̂̂ 9-10 ■*' **̂10-11 '"' î 4-5 ■'■
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B1 Species

æ 2 - 1

2 - 1
2

* 3
X

* 4
p—1

X 2 -^

ss 2 - 1

■'V
2 - 1

* g
s 2 - 1

®9
X ? - l

® 10
ss 2 - 1

^ 1 1
X 2 - 1

<* 9 - 1
1 2

C

Ç p - 1
1 3

c

"14 s

^ 1 5
X 2 -

^ 1 6
X

s 2-1
1 7

rs

%.l8 - 12-22 - ̂6-17 '̂2-13^
'■9-19 -  1 l - ? l  -  '■5-15 * ’*>•14^

*7-3 -  *7-12 * *1-2 -  *1- 6^

%_9 -  *11-12 ■*■ *2-3 ~ *5-g)

*9-10 " *10-11 *3-4  " *4-5)

■̂ 3 ■ “̂ 12  °^2 ■ '^6>
<̂ 9 -  2^11 + -  0(5)

^ 3-13 ^12-22 * ^2-13 ■*■ ^ 6- 17^

^9-19 * ^ 11-21 ■*■ ^3-14 * ^5-16^

f 8-18 * P 12-22 ■*■ P  2-13 ■*■ P  - 1 7 '

P 9-19 * P 11-21 ■*■ P 3-14 + P 5-16^

Ŝ3-9  -  '*’11-12 * ^ 2-3  -  ^3-6^

1̂ 7-8 ~ '*’12-7 * '̂ ’l - ?  “  ^6-X^

S -10  ■ '*’10-11 + '*’5-4 -  '^4- 5)

P 10-20 + f  4_15>

f  1-7 * F 7-1)
^ 1-7 ■'■ *^7-1)

^10-20 * ^ 4-15^



2 2 0 .

B2 SnecleR

\  = ^ ^ ( r g _ i8 -  ' 12-22 -  ' 2-13 + '6 -17

= 2 ^ ^ '9-19  ~ ' 11-21 “  'Z -14 ■*' ' 5- 16^

*3 = z ^(*7_g -  *7-12 -  *1-2 ■*■ *6- 1)

*4 = Z>~l(Rg_^ -  -  Rg_7 + *5- 5)

S5 = ^"^(*9-10 '  *10-11 -  *1_4 ■*■ *4 . 5 )
Sg = 2“l(=<g -  -  o<g + oi^)

Ry = — c 4 j + 0<^)

Sg X 2“1(X g_i8 + ^ 13_22 -  ^2-13 -  ^6-17)

^9 -  * ^9-19 * ^11-21 -  ^ 3-14 -  ^ 5-lg )

^10 ®  ̂ (P  8-18 * P 12-22 -  P 2-13 "P6- 17^

®U “  ̂ P 9-19 ■*■ P 11-21 ~ P 3-14 -  P 5-16^

*12 *"^((^8-9 -  <’’11-12 * <”2-3 * <”5-6)

*13 *"^(<^-8 -  (”12-7 -  <̂2_2 ■*■ <’’6- 1)

*14 “ ^^(<”9-10 -  <”10-11 -  <”3-4 <”4-5)

*15 " 10-20 -  P 4-15)

*16 = **^(P7- l - P l - 7>

*17 "  2  ̂10-20 “  ̂4- 15)

*18 " ^"^(^1-7 -  ^ 7-1)



m .

B3 S pedea

- '* a - i8  ’’ ' ’12-22  ”

Sg = 2 ^ ( '9-19  *  ' 11-21 ” *’3-14  *̂5- 16^

= 2"^('lO -?0  -  ’̂ 4- 15^
C

4 " ’̂̂ <*7-8 + Vl2 - ’*6-1 - *i-2>
*5 "  * ^ (% -9  ■*■ *11-12 -  *5_6 "  *2- 3)

*6 = Vio * ’’lO -U  -  *4-5  -  M
Sy X ^ { )

*8 * *"^("^10 -  "^4)

\ o

-  8 *  "^12 ~ ‘̂ s ~

= 2 '°^ 9  ^ ° ^ i i  “ °^3 ”  o(p)
«•X ^

11 “  * ( ^ 8-18  "  ^1 2 -2 2  -  ^ 2-13  " 6- 17)

Hs ~ ^  ̂ ^9 -19  "  ^ 1 1 -2 1  “  ^3 -14  *
- 1 . '

= S~h

p - \

. -.. — - 3- 14 • “ 5-16'

*13 F S-lB  -  P  12-22  -  F  S-1 3  * F  6- 17)

*14 ■ *  ̂P 9-19 -  F 11-21 ~ P 3-14 ■*■ P 5-15) 

*15 "  ^ (<”8-9  * <”11-21 -  <”2-3  ”  <”5- 6)

1 6  == * (̂<”7-8  ■*■ ^12-7 “  <”1-2  -  <”6 - l )

17 "  * (<”9-10  ■'■ <”10-11 “  <”3-4  “  <”4- 5)
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PmOGRfA HMRPIT(ISPl'T, OOWOT, W E 25 , WPE27, TAPEéaOüTPÜT) 
DIR'WSION X(5003) ,T (5003) ,«ARr{4),FH(100) ,SIZE(100) 
cowoH pfacH C ,» t,K ,m ,?k ,sizE  
c m , STAOT 
READ 2,W,NLINER

2 K )m T (F 6 .0 ,I3 )
PRINT 7, W,Nli»BS

7 roîWAT{lHl,20Z,l6fflALF-BANr /21X,1«30RIG SO
aisEf;«=,i3/ / / / )
READ 3,(FR (I),2I!tE (I),I= l,SI.IH ES)

3 TOHKAT(6(F7. ‘' ,F 6. 3))
PHINT 8

8 FORMATda , 20Z,5HFRECiaiHCI,20X,9HINTFSStTT/)
EC 10 I=1,HLINES
PRINT 11, FR(I),CIZE(I)

11 TORHATdH , 22X,F7. 3, 24Z,F6. 3)
10 COSTINBi’

READ 4,NPH0B
4 TORKATdl)

EO 5 NïOl.NPROB 
READ 6,XARI,FR1,FR2 

6 mRMAT(4A10,2P7.F)
PRINT 12, K A H r,m ,FS2

12 Î0B!AT(1H ,P02,4A10/,22X,15a«ITIAL PRFQ»,Î7.V22X»11!^™XI- 
ZFREC=,77.3)
NL»0

31 DO -R) j=i,rnjW ES
IF(PR(J).nE.FRl) GO TO 28 
GO TO 31 

28 IF(PR(J).LE.PR2) GO TO 27 
GO TO 31 

27 SL:4iX,+l
Fa(»L)*PR(J)
,SIZE(NL)=.2IZE(J)

30 COHTIHUE
PRINCr(?R2-P R l) /5OOO.O 
CALL ?L 0T(9.0,14.0,3)
CALL rYMBOL(9.0,14.0,0.28,lW mR .GPKCTffiîM OF,0 .0 ,15 )
CALL SÏM 30L(9.0,13.5,0.28,«ÂR1,0.0,22)
CALL CORVE(X,T)
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?iaST 1 4 ,(I ,X (I) ,I ,T (I) ,I= 1 5 0 0 ,2 0 0 0 )
14 K>aSAT(4(?HX{l4,2H)»?tJ.3,2X,a{I{I4,2H)»F7.4))

CALL PT/)T(3.0,2.0,-3)
CALL RCALE(x,20.0,>5001,-1)
CALL SCALE(Y,10.0,^1,1)
CALL AÎ'5(0.0,0.0,12HmftCa{CI H Z,-1?,20.0,00.0,X(9002),X (5003)) 
CALL AXIf'(O,O,O.O,9fiINT0JSITr,+9,lO.O,O9O.O,Y(5OO3))
CALL LIH?.(X,Ï,'001,1,0,0)
CALL PL0T(24.Q,-2.0,-3)

5 COSTHTO?.
CALL B«PLOT(4.0)
EMD ,



S03H0ÜTINE GÜKV£(X,Y) ' ' *
DIMÎHGÎCK X( 5003) ,T( 5003) , FE( 100) , SIZS{ 100)
COMMON FRING^NL^W.FLlySiZE
DO 2 J*l,5001
I(J)=0*1
X(j)=mtj4sFHtNC

2 CONTINUE
DO 3 I=1,NL 
M=IFIX(FE(I)/FPJNC)
N«=inx(5.0*fA/FRlNC)
NN=24N+1 
DO 4 L=1,SH 
LNstL-N-l 
LA49+LN
l(W)4r(L^)4CD[2E(I)/(1.04(2,0/w*LNdkFRING)$*P)

4 CONTINUE
3 CONTINUE 

RETUIN
END

■ i7it..
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ABSTRACT

The vibrational frequencies o f biphenyl and its 4,4'-dihalogen derivatives 
have been com puted for various values o f the dihedral angle between the two rings. 
It is shown that certain modes with frequencies below 700 cm “  ̂ are sensitive to  this 
angle. Agreem ent between experimental and calculated frequencies is good. The 
spectra o f biphenyl and 4,4'-difluorobiphenyl are in complete accord with a planar 
D 2 h structure in the crystal phase. In  solution, melt and gas the dihedral angle of 
these systems is 45+15°. The observed frequency shifts o f  certain modes are 
shown to  be due to  considerable force constant changes for the central C -C  
bond and  its neighbouring internal angle deform ations. N o significant frequency 
shifts w ith phase changes were observed for 4,4'-dichloro- or 4,4'-dibrom obiphenyl. 
In these cases the structures are D 2 .

INTRODUCTION

Biphenyl poses some interesting structural problems. It is known to  be 
planar (Djh configuration) in the crystal^'^ and to have a staggered configuration 
in the vapour phase w ith a dihedral angle^ of 45+10°. N M R  data show a non- 
planar configuration in solution but is inconclusive as to the dihedral a n g l e I n  
principle the vibrational spectra o f the various possible configurations should show 
marked differences. It has been an em barrassing fact tha t despite many studies in 
the past^“ ^  ̂ convincing evidence of spectral changes accompanying a change of 
state has been sadly lacking. Only one p a p e r r e p o r t s  data showing such evidence, 
and the spectral in terpretation here is based on qualitative argum ents. This raises 
the question as to  whether or not vibrational spectroscopy really can give un
equivocal evidence for structure. In  view of this im portant issue it was decided to 
re-examine the spectra from  theoretical and practical viewpoints. It will be shown
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that drastic changes do occur in the spectra of biphenyl and one of its 4,4'-di- 
substituted derivatives on change of phase. The contradiction between earlier and 
the present work is due in part, but not entirely, to the fact tha t the low-frequency 
spectra, both Raman and infrared had been inadequately examined.

Spectral changes can arise from two sources: changes in restoring forces 
and changes in coupling conditions resulting from different geometries. As the 
dihedral angle changes, the n orbital overlap will vary and possibly lead to changes 
in bond orders and restoring forces on the nuclei. The experimental evidence is 
that n orbital overlap between the rings is very weak. The only positive data is that 
the inter-ring bond length in the crystal is 1.50 Â, a value only slightly less than 
the accepted value of 1.54 Â for a C -C  single bond. Electron diffraction data yield 
a value of 1.48 Â for this bond in the vapour phase. This small bond length de
crease, if real, may imply a slightly higher bond order, but still near unity, and a 
steric interaction between the 2,2' substituents. Zerbi and Sandroni^® sought 
evidence for coupling between the rings by carrying out a perturbation analysis 
of planar biphenyl using two simple quadratic force fields. Their results indicated 
that the extent of delocalization of n bonds across the inter-ring C -C  bond m ust be 
very small. They also believed that evidence for steric interactions between sub
stituents (hydrogen) on the two rings was weak. These conclusions lead to the 
predictions that the restoring forces will be changed by very little when biphenyl 
loses its planarity. We shall show that there are some force constant changes whose 
affect on the spectra can be distinguished from  those due to  changes in the kinetic 
energy expressions. The latter however are responsible almost entirely for the 
observed spectral variations. Thus the dihedral angles in solution may be estimated 
subject to the lim itation of the accuracy o f calculations for the planar case. Dis
crepancies between the calculated and observed frequencies for the planar con
figuration have large effects on the perturbations produced by changes in the 
dihedral angles.

Substitution on the arom atic rings leads to changes in the stabilities of the 
planar configurations through inductive and mesomeric effects, shown by the fact 
that the 4,4'-dichloro- and -dibromobiphenyls are twisted in the crystal and solu
tion phases, whereas biphenyl itself and its 4,4'-difluoro derivative are planar in 
the crystal and twisted in solution.

SPECTRAL PREDICTIONS BASED ON SYMMETRY CONSIDERATIONS

As the dihedral angle is rotated from  0° to 90° so the nuclear geometry 
changes from ZJjh through Z> 2  to  ^ z d '  the Z>2 h configuration the in-plane and 
out-of-plane vibrations do not interact if high order effects such as Coriolis coupling 
are ignored. For a significant ro tation about the central bond -  one large enough 
to  change the shape of the vibrational potential wells -  the centre of symmetry is
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effectively lost and the symmetry classes of the Djh group coalesce in pairs. Each 
pair is constituted from  a gerade and an ungerade species and from  an out-of-plane 
and an in-plane species of the configuration (Fig. 1). Thus, provided the in
plane and out-of-plane vibrational wavefunctions mix, the vibrations constituting 
the pairs of classes will push one another apart and the mixing of the wavefunctions 
will lead to a relaxation of the spectral activities. On this basis changes can be 
predicted.

^2h '^g ,'^u ^1g ®1u ®2g ®2u ®3g ®3u

\  /  \ /  \  /  \  /

", S, \  E a/  \ b.

Fig. 1. Relationships between vibrations of different symmetry species for biphenyl in the Z>2 h, ^ 2  

and D zd configurations.

In first-order perturbation theory the interaction between levels depends
(i) on the interaction integral (lAal^abliAb); ro tation  of the rings with respect 

to one another will no t affect this integral if  the vibrational wavefunctions are 
localized in the rings;

(ii) inversely on the difference between the energy levels. This implies that 
interaction will be weak unless there are similar vibrational frequencies in the 
species which coalesce.

The in-plane and  out-of-plane fundam ental frequencies range from  3000 to 
70 cm “ 3  and 1000 cm “  ̂ down respectively. It follows from  (ii) that the perturba
tions will lie below 1000 cm “ .̂ This range can be narrowed. Coupling can only 
occur through those modes which span the ring. As will be explained below inter
action cannot occur in the A species. This precludes any interaction through the 
CC stretch. O ther internal deform ations which span the ring and m ay lead to 
coupling are Jq (out-of-plane deform ation of the external to  the ring), 
plane deform ation of C J  and ô, or ^  (ring torsion). The natural frequency of the 
VcH deform ation lies well above tha t o f the only in-plane deform ation coordinate 
to span the ring, being about 900 cm “  ̂ com pared to  300 cm “ .̂ Again inter
action is predicted to be weak. The prim ary perturbations arise from Pc inter
actions.

Calculations reported below show that no interaction occurs between the 
and no r between the and  vibrations on reduction o f the symmetry, 
though this is form ally allowed. The explanation is that in the and 6 3 g vibrations 
the nuclei lying on the C 2  axis passing through C^ and C{ cannot move w ithout 
violating the appropriate transform ation properties of the species. Coupling can only 
occur through the C 2  and  Cg carbons. As is easily shown the symmetry cartesian

J. M ol. Structure, 11 (1972) 107



co-ordinates of these nuclei for Ag, B^u and B^g representations rotate with 
the rings and hence remain orthogonal for all dihedral angles.

CALCULATIONS

All calculations were perform ed on a CDC 6600 com puter using Fortran 
programmes. The logic o f the programmes is as reported previously^ The aro
matic rings were assumed to  be regular hexagons and the bond lengths were taken 
as Bcc = 1.40 Â; i^CiCi' =  1.48 Â; =  1.084 Â; r^p =  1.30 Â; red  =  1.70 Â 
and rpBr =  1.865 Â. The fields of Duinker and Mills^"' were used for the in-plane 
deformation coordinates. The inter-ring stretching force constant was assumed 
to be 4.9 mdyn Â “  ̂ -  a value chosen on the basis of the known bond length and 
a simple force constant/bond length relation for CC bonds. No inter-ring coupling 
constants were introduced in view of the uncertainty concerning any resonance 
interaction. All out-of-plane force constants are transferred directly from  derived 
fields for benzene and mono-and/?-di-halogenobenzenes^^. As there are no data 
on values for angle bending constants for a carbon substituent on a ring we 
assumed that the energy required for a unit angular deform ation was independent 
of the substituent. This has been shown to be a reasonable first approximation^^. 
The values chosen were based on the benzene values. All constants are given in 
Table 1.

In this work we have not used the force field o f Zerbi and Sandroni^® since 
it was derived from a perturbation analysis using their biphenyl assignments and 
we wished our conclusions to  be independent of this earlier work. It is extremely 
encouraging that our computed frequencies (Tables 2 to  5) are in alm ost as good 
an agreement with the assignments as their perturbed field.

EXPERIMENTAL

Calculations were carried out on the London University CDC 6600. Biphenyl 
was purchased from  B.D.H. Ltd., 4,4'-difluorobiphenyl from  Koch-Lights Ltd., 
4,4'-dichlorobiphenyl from  Pfaltz & Bauer Inc. and 4,4'-dibromobiphenyl was 
synthesized according to Buckles and Wheeler^®. The near infrared spectra 
(1700-200 cm “ ^) were recorded with a Perkin-Elm er 325 and the far infrared 
spectra (400-40 cm “ ^) with a R.I.I.C . FS 720. All solid interferometric spectra 
were recorded at liquid nitrogen tem perature to prevent evaporation of the sample 
under vacuum. Ram an spectra were recorded with either a Cary 81 (180° scattering 
and He/Ne 6328 Â exciting line) or a Spex Ram alog (90° scattering and Ar"*" 
5147 Â exciting line). M olten Ram an spectra were taken in a specially designed 
glass heating finger at University College and the gas-phase spectra using facilities 
at Southam pton University.
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TABLE 1

THE Q U A D R A TIC FORCE CONSTANTS USED IN  CA LCU LA TIN G  THE FREQUENCIES OF THE SYSTEMS
XC6H4 - CeH.,X

Interaction constants are shown in parentheses. The units are mdyn A“  ̂for stretching constants, 
mdyn rad“  ̂for stretch/bend interactions and mdyn Â rad“  ̂for bending constants.

Force constant 
fo r  coordinate

X  =  H X  =  F X  = C l X  =  Br

(H) 5.125 5.125 5.125 5.125
r,: (X) — 5.80 3.70 3.12
A" (H) 1.035 1.012 1.028 1.036

(X) — 1.741 1.656 1.117
R p 7.015 6.97 6.87 6.95
jg' (C) 1.035 1.012 1.028 1.036
R ^  (C) 4.9 4.9 4.9 4.9

(H) 1.103 1.070 1.213 1.149
(X) — 1.394 1.405 1.207

(̂ ij 7?i + i) 0.531 0.526 0.480 0.558
iR „ P x ) 0.364 0.347 0.379 0.414
( R i ,P i(X ) ) — 0.448 0.425 0.476
(n, a,(X)) -- -0.637 -0.772 -0.557
(Pij Pi + i) 0.028 0.047 0.022 0.015
(Pit P i+ 2 ) -0.022 -0.022 -0.019 -0.008
(p it P1 + 3 ) -0.032 -0.073 -0.065 -0.080
((%!, OCj + i) -0.098 -0.096 0.000 -0.043
(R lt K|) 0.442 0.463 0.441 0.462
(ri (X), /?,) — 0.429 0.334 0.336
(Pit %i + i) 0.064 0.064 0.064 0.064
YiP 0.307 0.306 0.311 0.310

-- 0.359 0.354 0.321
0.0706 0.0700 0.0700 0.0700

<̂HX̂ — 0.0676 0.0561 0.0684
(Yh yn") 0.0153 0.0155 0.0145 0.0155
(yii yu"") -0.0129 -0.0132 -0.0153 -0.0148
(yn yn”) -0.0141 -0.0142 -0.0135 -0.0159
(yn yx°) — 0.0234 0.0284 0.0281
(Yh yx™) — -0.0058 -0.0116 -0.0040
(yn yx”) — -0.0056 0.0013 0.0160
(H o ) -0.0137 -0.0141 -0.0131 -0.0129
(Yn 4>o) 0.0182 0.0187 0.0190 0.0191
(Yx <Ao) -0.0195 -0.0081 -0.0123
(Yx <f>m) -0.0122 -0.0055 -0.0115

Note: {R i, R\ + i )  — —(/?i, +2 ) — {Ru R 1 + 3 )
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TABLE 2

CALCULATED AND OBSERVED FREQUENCIES ( c m “ ‘ )  FOR BIPHENYL FOR VARIOUS DIHEDRAL ANGLES

Calculated frequencies O bserved frequencies
fo r  all 0 Raman Infrared

Solid Liquid Gas S olid Liquid

A Species (Dzu—Ag, A^)
A ,

3073)
3072 ) No measurements 
30691
1690 1610 vs 1612 vs 1613 vs — —

1527 1513 m 1509 m (0.27) 1505 w — —

1338 1276 vs 1285 vs (0.18) 1282 vs — —

1192 1205 w 1192 m (br) (0.18) — — —

1024 1036 s 1031 s (0.06) 1029 m — —
998 1002 vs 1004 vs (0.09) 1003 vs — —
745 743 sh/739 m 741 vs (0.08) 740 s — —

272 330 m 316 m (0.18) 307 s — 315 w

Au
963 — 967* m (0.29) 964* w — 964* vw
833 846* w 841* m (0.33) 838* w — 838* m
409 409* vw 410* m (0.56) 405* m — 403* s

0 3  Species ^3 u,
•®3u

No measurements

1610 — — 1597 s 1595* s
1483 — — — 1480 vs 1481 s
1193 — — — 1181 m 1174 w
1040 — — — 1041 s 1042 s
1020 — — — 1006 s 1007 s
992 — — — 985 w 990 w
611 — — — 610 m 609 s

B3,
963 — 969* m (0.29) 964* w — 964* vw
833 846* w 841* m (0.33) 838* w — 838* m
409 409* vw 410* m (0.56) 405* m — 403*s

6 = 0 ° 30° 60° 90° •

Bi Species (Z> 2 h — lg5 - ® i u )

Bi,
3070 3070 3070 30701 No measurements
3069 3069 3069 3069]
1609 1608 1606 1605 1592 vs 1595 s 1596 vs — 1595* vs
1449 1448 1443 1439 1462 w 1462 w — — 1455* m
1337 1336 1332 1328 1333 w — — — 1317 w
1292 1293 1294 1296 1263 sh-w 1249 m 1233 m — —

1155 1155 1156 1158 1165/1149 m 1158 m (0.81) — — —

1069 1068 1065 1062 1097 w 1094 w — — —

607 608 610 613 610 m 614 m (0.75) 615 w — —

342 326 300 275 — — — — 367 m
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TABLE 2 (continued)

Calculated frequencies  
for 0  =

O bserved frequencies

Raman Infrared
0 ° 30° 60° 90° S o lid L iqu id Gas S o lid L iqu id

B i u
987
898
726
703
431
91

987
899
728
703
449
91

987 987
900 902
735 746
703 703
479 502
91 91

8 2  Species (L>2 h —̂ 2 u> ẑg)
B2u

3070 3070 3070 3070 — —

3069 3069 3069 3069 — —

1608 1607 1605 1605 — —

1430 1431 1433 1439 — —

1326 1326 1326 1328 — —

1295 1296 1296 1296 — —

1161 1160 1159 1158 — —

1055 1055 1058 1062 — —

622 621 617 613 — 626 w
96 95 93 91 — —

B it
987 987 987 987 978 w 987
909 908 906 902 — — *

755 755 752 746 779/786 m 782 m
694 696 699 703 — —

515 514 512 502 546 w 546 w
239 244 257 275 251 m 269 m (0.88)

Unassigned observed frequencies

1620 sh

— 968 w 964* vw
— 903 s 902 s
— 729 vs 735 vs
— 695 vs 697 vs
— 458 s 486 s

73 w 77 w

— — —
— 1568 s 1567 s
— 1428 vs 1430 s
— 1344 m 1337 w
— 1268 w 1266 m
— 1154 w/1169 s 1155 m
— 1075 m/1090 s 1072 s
— 626 w —
-- 118 vs 112 vs

_ _ 979 vw
— — 917 m
— — 778 s
— — 670 m
— — 543 s
265 w 269 m

1690 w 1683 w
1650 w 1655 w

1617 w 1612 w
1380 w 1381 m
1307 w 1300 w
1280 w 1280 w
1110 m 

174 w

1107 w 
670 w

89 m 
52 m|
41 ml Lattice nodes 
22 mj

* Double assignment.
vs, s, m, w, vw, sh, very strong, strong, medium, weak, very weak, shoulder respectively.
The species symbols refer to 6 = 0 (Z)2 h configuration). The mode correlation for 8 0 is made
on the basis of eigenvector similarities.
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TABLE 3

CALCULATED AND OBSERVED FREQUENCIES ( c m ” ‘ ) FOR 4,4'-DIFLUOROBIPHENYL FOR VARIOUS
DIHEDRAL ANGLES

Calculated frequencies 
fo r  a ll 6

O bserved frequencies 

Raman
S olid Liquid Gas

Infrared
S olid Liquid

A  Species (D 2 h~A g, A J  
At 

30731 
3072 No measurements

1664 1603 vs 1607 vs (0.44) 1604 s — —
1535 1529 m 1524 m (0.39) 1519 m — —
1346 1323 w 1320 w -- — —
1241 1277 vs 1283 vs (0.27) 1284 vs — —
1143 1169 vs 1167 m (0.12) 1163 m — —
1022 1017 w 1017 w — — —
835 846 vs 843 vs (0.09) 840 vs — —
653 660 s 661 m (0.74) 658 w — —
229 277 vs 264 s (0.22) 255 vs — —

Au
958 — — — — —
829 823* w 824* s 812* s — —
409 — 423* m(0.68) 415* w — 420* m

B 3 Species (T>2 h— ^3 g)
B^u

30731 -vT . 
3072 measurements

1586 — — — 1600 vs 1600 vs
1494 — — — 1495 vs 1496 vs
1245 — — — 1235 vs 1230 vs
1144 — — — 1158 s 1153 s
1032 — — — 1016 s 1018 s
1016 — — — 1007 s 1008 s
800 — 808 sh — 804 vs 806 s
525 — — — 518 s 515 s

B st
958 966 vw — — — —
829 823* w 824* s or 812* m 812* s -- —
409 — 423* m(0.68) 415* w — 420* m

6 = 0 °  30° 60° 90°
B i Species (Djh—-Big, -B̂J

B it
3070 3070 3070 30701
3069 3069 3069 3069| No measurements

1583 1582 1581 1581 1554 w 1553 w — — 1555 w
1391 1388 1381 1373 — — — — —
1293 1292 1291 1288 1257 m 1259 sh 1267 sh — —
1274 1275 1278 1281 1245 vw 1239 w 1242 w — —
1095 1094 1092 1091 1098 m 1100 w — — —
610 610 611 613 627 s 632 m (0.91) 633 w — 630 w
444 441 435 428 464 vw — -- — 454 m
301 325 349 365 340 vw — — — 358 m
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TABLE 3 (continued)

C alcu lated frequencies  
fo r  6  =

O bserved frequencies

Ram an Infrared
0 ° 30° 60° 90° S olid L iqu id Gas S o lid L iquid

- B i u

945 945 945 946 — — — 935 m 932 vw

820 821 822 826
or 956 m 

822 vs
or 952 vw 

821 vs
709 712 720 729 — — — 702 m 704 w
494 500 511 520 — — — 499/505 vs 515* s
280 254 233 196 — — — 283 m 255 m
55 56 58 61 — — — 71 vw 72 w

B 2 Species (D̂ h— -Bz,)
Ẑu

3070 3070 3070 30701 
3069 3069 3069 3069) 
1586 1585 1583 1581

No measurements

1585 s 1586 m
1361 1362 1366 1373 — — — 1393 m 1394 m
1291 1290 1288 1288 — — — 1317 s 1302 s
1279 1280 1282 1281 — — — 1286 w 1283 vw
1088 1088 1089 1091 — — — 1124 s/1108 1095 s
619 618 616 613 — 641 sh — 642 w 638 w
417 418 423 428 — — — 414 m 415 w
75 72 66 61 — — — 84 w 96 vw

B it
949 949 947 946 938 vw — — — —
838 834 830 826 846* vs 843* vs (0.09) — — 847 s
727 727 729 729 722 s 728 m (0.90) 728 w — 726 m
520 522 522 520 540 vw — — — 542 m
382 381 376 365 395 s 392 m (0.81) 389 w — 390 s
150 157 173 196 180 vw 183 m 178 w — 182 vw

Unassigned observed frequencies

1626 m 1638 w

1176 m 
1113 w

1636 w

1687 w 
1660 m 
1645 m

1450 m 
1343 w

761 m 
145 w

1660 w

1516 w 
1476 m 
1458 w 
1350 w

755 w 

101 w

Same abbreviations as in Table 2.
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TABLE 4
CALCULATED AND OBSERVED FREQUENCIES ( c m “ ' )  FOR 4,4'-DICHLOROBIPHENYL FOR VARIOUS
DIHEDRAL ANGLES

Calculated frequencies 
fo r  a ll 0

O bserved frequencies
Raman
Solid Liquid

A Species (-Dzh— A f)  
At 

3072)
30721 measurements

Infrared

Gas S olid Liquid

1653 1597 vs 1597 vs 1595 vs — —
1503 1495 — 1505 vw — —

1334 1287 vs 1284 vs 1275 vs — —

1174 1184 vs 1191 m 1186 m — —

1088 1098 vs 1098 s 1096 m — —

1012 1016 s 1018 m 1013 w — —

788 773 s 773 m 768 s — —

521 545* s 543* m 536 w 540 sh —

198 227 s 226 s 219 s 227 vw —

Au
964 973 w — 953 vw 971 vw —

832 822* m 824* m 817 w 822 sh-w
408 421 w 413* m 406 m 410* s 414* s

B 3 Species (D^h—B 3 u j  ^ 3 g )

Biu
3072)
3072J No measurements

1563 — — — 1588 m 1593* m
1468 - — — 1474 vs 1474 s
1174 — — 1172 w/ 1180 w

1186 m
1097 1078 m 1077 m 1070 sh 1087 vs 1092 vs
1025 1019 sh-w — — 1019 vs 1019 m
997 1000 vw — — 1003 vs 1004 s
712 706 w — — 702 s 704 s
420 424 sh-m 423 sh — 420 m 423 w

B i t
964 966 w 962 w 957 w
832 828 m 824* m — 832* w 829* w
408 414 w 413* m 406 m 410* s 414* s

e = o ° 30° 60° 90°
Species  ( £ > 2 h — i g ,  - B i u )

B i t
3070 3070 3070 3072) No measurements
3070 3070 3070 3072)
1566 1565 1564 1564 1549 m — — 1556 w —
1387 1385 1380 1375 1380 vw — — — —

1287 1287 1287 1290 1275 m — — — —

1284 1285 1285 1283 1242 w — — — —

1106 1105 1103 1100 1123 m 1124 m 1123 m 1117 w 1114 w
621 621 622 624 628 m 629 m 627 w 624 w 626 w
387 383 373 363 373 m 370 w — 372 w 369 m
242 261 277 289 274 m — — 271 w 270 m
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TABLE 4 (continued)

C alculated frequencies O bserved frequencies
fo r  6  = Raman Infrared

0 ° 30° 60° 90° S o lid L iqu id Gas S o lid L iquid

Byu
940 940 941 941 — — — 943 w 941 w
809 810 813 820 — — — 814 vs 812 vs
695 698 705 712 — — — 698 sh-m 696 w
472 481 498 512 — — — 504/510 s 501 s
233 211 185 161 219 w-sh — — 215 w —

42 43 45 48 — — — 63 w? —

Bz Species (Dzi,— ẑ*)
B z u

3070 3070 3070 3070 — ' — — — —

3070 3070 3070 3070 — — — — —

1569 1568 1566 1564 — — — 1595 m 1593 m
1368 1368 1370 1375 1394 vw — — 1387 s 1389 s
1296 1295 1293 1290 1307 sh — — 1300 w 1300 w
1279 1279 1281 1283 — — — 1271 w —

1095 1095 1097 1100 — — — 1100 s 100 sh-w
630 629 627 624 639 w 639 w — 637 w 637 w
306 303 297 289 — — — — —

63 59 54 48 — — — 87-95 m —

B it
944 943 942 941 -- — — 949 vw —

832 831 826 820 853 w 847 w — 850 s 843 m
707 708 711 712 727 m — — 723 m 722 w
518 518 517 512 542* m 543* m — 545 s 538 m
345 348 355 363 309 m 309 m — 306 w 306 m
119 126 141 161 150 vw 154 vw 157 w —

Unassigned observed frequencies

1633 w 
1516 m

1453 vw 
1417 vw 
1224 vw

116 vs 
104 vs 
56 m 
42 m

1513 vw

1675 w 
1640 w

1488 m 
1455 m 
1410 m

762 m

1667 w 
1635 w

1484 s 
1450 vw 
1411 vw

757 m

Same abbreviations as in Table 2.
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TABLE 5

CALCULATED AND OBSERVED FREQUENCIES ( c m “ ‘ ) FOR 4,4'-DIBROMOBIPHENYL FOR VARIOUS
DIHEDRAL ANGLES

Calculated frequencies 
fo r  a ll 0

O bserved frequencies 

Raman Infrared  

S olid  S o lid L iquid

A  Species (P ztt—Ag, A^) 
A t  

30721
3072 No measurements

1651 1587 vs — —
1496 1498 m — —
1339 1282 vs — —
1168 1184 s — —
1066 1069 s — —
1016 1010 s — —
771 757 s — —
443 460 s — —
147 167 s — —

Au
972 969 w 970 vw —
827 818 m 814 m-sh —
411 408 m — —

B z Species (-Dzi,— ^3 g) 
Bzu 

30721
3072 measurements
1560 — 1584 m —
1462 — 1471 vs 1470 s
1169 — 1166 vw —
1077 — 1067 vs 1071 s
1028 1015 sh-w 1016 vs 1016 m
1001 1001 vs 1000 s
679 671 w 672 s 672 s
321 — 315 vs 316 vs

B i t
972 962 w 962 w —
827 824 m 822 w —
411 415 s 410 m 412 s
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TABLE 5 (continued)

C alculated frequencies  
fo r  6  =

O bserved  frequencies

Ram an Infrared

0 ° 30° 60° 90° S olid S olid L iqu id

B i Species (D zh—BiIg» B if)
B i t

3070 3070 3070 3070 — — —

3069 3069 3069 3059 — — —

1546 1546 1548 1552 1538 vw — —

1375 1374 1370 1367 — — —

1285 1284 1283 1281 1263 w-sh — —
1234 1235 1238 1242 1224 w — —

1095 1094 1092 1090 1083 m 1076 s 1079 m
616 616 617 618 623 m 623 w 624 vw
361 357 349 340 354 m 356 w 355 w
182 176 161 144 237 w 237 w —

Biu
925 925 925 926 — 944 vw —

816 817 820 827 — 810 vs 808 vs
696 698 704 710 — 668 m 668 w
460 471 492 509 — 500/506 m 497 s
220 220 221 222 192 w 190 vw —

33 34 35 39 — 73 w —

Bz Species (D z h ~ B 2u, B zt)
Bzu

3070 3070 3070 3069 — — —

3069 3069 3069 3069 — — —

1564 1562 1556 1552 — 1590 w 1588 w
1364 1364 1365 1367 — 1382 s 1383 m
1279 1279 1280 1281 --- 1300 w 1300 vw
1248 1247 1245 1242 — — —

1087 1087 1088 1090 1103 vw 1100 m 1100 w
625 624 622 618 632 w 635 w 635 w
223 223 223 222 -- — —

50 48 43 39 98 vs 89 w —

B it
928 928 927 926 — 949 vw —

839 837 833 827 844 w 848 m 841 m
703 705 708 710 720 w 720 m 718 w
519 518 516 509 540 w 542 m 537 m
328 330 335 340 270 m 271 m —

108 113 127 144 — 145 vw —

Unassigned observed frequencies
1670 w
1635 w

1628 w
1490 m 1485 s 1485/1480 m

1452 w
1271 w
1235 vw
1201 vw-sh

1117 w 1114 vw
538 sh-w 537 m

112 vs 108 vw

Same abbreviations as in Table 2.
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4 , 4- d i f l u o r o b i p h e n y l

GAS

m e l t

SO LID

INFRARED

SOLID

U QUIO

0200AOO6006001000
FREQUENCY ( c m - ' )

Fig. 2. Solid, melt and gaseous Raman and solid and liquid infrared spectra of 4,4'-difluorobi- 
phenyl.

Composite spectra of 4,4'-difluoro- and -dichloro-biphenyls are shown in 
Figs. 2 and 3. The spectra of biphenyl have been adequately presented previously 
and those of 4,4'-dibromobiphenyl are sufficiently similar to those of the dichloro 
com pound no t to  warrant reproduction. In  Fig. 4 the absorption spectrum of a 
crystallized melt of 4,4'-difluorobiphenyl is compared with that o f the same com
pound as measured in an alkali halide disc.

4 , 4 - D I C H L O R O B I P H E N Y L

GAS

MELT

SO LID

i n f r a r e d

SOLID

LIQUID

1000 600
FREQUENCY (c m " ' )

200 0

Fig. 3. Solid, melt and gaseous Raman and solid and liquid infrared spectra of 4,4'-dichlorobi- 
phenyl.
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4 ,-4-DIFLUOROBI PHENYL

KBr DISC

SOLIDIFIED
M ELT

WOO
FREQUENCY (c m -'I

1600 1200 
I

1000

Fig. 4. Infrared absorbtions of 4,4'-difluorobiphenyl between 1000-1700 cm L

INTERPRETATION OF THE SPECTRA OF BIPHENYL

Previous investigations have established the m ajority o f the assignments for 
p lanar biphenyl beyond any reasonable doubt. We shall therefore refer only to 
the m ain points o f interest.

A Species

The agreement between calculated and  observed frequencies is quite 
pleasing -  especially in view of the fact tha t no attem pt has been m ade to  improve 
the fit by varying the transferred benzene force field. The greatest discrepancy is 
for the highest ring m ode, which is 5 % high. In our experience this is a characteristic 
failing o f the field used.

The assignments present no problem  -  all the bands being strongly polarized 
in the m elt and rem aining sharp in the gaseous phase. The calculated A^ and Â J 
frequencies do n o t vary w ith dihedral angle. The observed changes are indeed small 
(Table 2) for all, except the lowest m ode, and  are probably associated with small 
variations in the C -C  force constants. We found it rather surprising tha t the 
lowest mode varied so strongly w ith phase until we examined the eigenvectors. 
A bout 30 % of the energy of this mode is associated w ith stretching of the central 
C -C  bond and a further 27-  ̂% arises from  the adjacent ring angle deform ation. 
This dependence then shows th a t there is indeed a reduction in these force constants 
as the molecule goes from  planar solid to  solution to  gaseous phase. This change 
m ust be quite large, perhaps as high as 30 %, to  account for the 7 % variation in 
frequency. Study of the deuterated biphenyls may elucidate the problem  of the 
relative contributions o f the two internal deform ations. F or the present we content 
ourselves w ith the observation th a t the varia tion  from m elt to gaseous phase is at 
least half of tha t from  solid to melt.

The Ram an polarization data positively identifies the A  modes of the melt 
derived from the A^ modes o f the p lanar configuration. Three m oderate to strong
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polarized bands appear in the melt where there were no bands in the solid. The 
extent of the increase in intensity, and the extent of the polarization, is surprising 
in view of the facts that the modes are Ram an active anyhow and the eigen
vectors do not change with dihedral angle.

B y Species

The calculated frequencies greater than 1000 cm “  ̂ do show small depen- 
ences on dihedral angle due to  changes in the G m atrix coupling term s between 
what were in-plane symmetry co-ordinates. The m ajor angle dependence however 
is predicted to  arise from interaction between the lowest and the second lowest 

vibrations. Both exhibit about 20 % shift in change of dihedral angle from 0° 
to  90°. Experimentally the band shifts 28 cm “  ̂ at 458 cm “ .̂ N o Ram an band 
was observed in the liquid phase at the new frequency of this mode. In accord 
with this failure we could not find a Ram an band in the crystal which could be 
assigned to  the b^g vibration, but an infrared band of m oderate strength appears 
in the infrared at 367 cm~^. The observed frequency shift o f the b^^ band is in 
accord with a dihedral angle in solution of near 40°. However it should be noted 
that the b^^ and 6 ^  ̂ frequencies are calculated to  be about 50 and 30 cm “  ̂ high 
respectively. The interaction between the levels is sensitive to  their frequency 
separation for reasons discussed earlier, and therefore the above deduction has an 
uncertainty of at least 10°. It is our hope that the studies o f force fields and 
deuterated species which are in progress will allow these error limits to  be decreased.

The m ajor assignment problem s in this species arise from  the weakness of 
the associated Ram an and infrared bands. It is reassuring that our calculations 
have vindicated the agreement o f earlier studies in locating and assigning these 
fundam ental transitions.

W ith the exception of the perturbation discussed earlier no effects of inter
action between the b^^ and modes are found.

B 2  Species

As with the B^ species, the higher frequency modes show up to 10 cm"^ 
calculated shift with a dihedral angle change from  0° to 90°. Interaction between 
the two lowest bju and Z?2 g vibrations is significant, though not as great as with the 
b^ pair discussed earlier. Experimentally the frequency shifts are indeed small — the 
greatest being 18 cm “  ̂ (lowest bj^ mode) —but there are strong intensity effects due 
to  the strength of the Z?2 u ^.nd 6 2 g bands for the planar configuration. Thus the 
Z?2 g vibration at 546 cm “  ̂ gives rise to  a strong infrared band in the melt, or in 
solution, due to  interaction with the 626 cm "^ band. Surprisingly the 626 cm ”  ̂
band disappears in solution, but this is not because of a frequency shift since a 
moderate strength Ram an band now occurs at 626 cm “ h
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The frequency shift of the lowest &2 g m ode, if  a ttributed entirely to G m atrix 
effects indicates a dihedral angle change o f ju s t over 60°. This result is rather 
suspect since the frequency shift from  m elt to vapour is 4 cm “  ̂ in the opposite 
direction. We consider this estimate too high and believe the deduction from  the 
species to be m ore reliable.

5  3  Species

The identification of the vibrations is facilitated by the m arked polariza
tion o f these bands along the c axis o f the crystal^’ N o m arked frequency or 
intensity effects are expected or observed with the single exception tha t the 6 3 g 
band at 838 cm “  ̂ gives rise to  a m oderate strength infrared band.

DISCUSSION

The agreement between the spectral frequencies reported here and those 
reported by Zerbi and  Sandroni^ and by Pasquier and Lebas^^ is very good. Our 
assignments differ from  those o f Pasquier and Lebas only in m inor details. This 
is an encouraging fact since their paper has come to our attention only since the 
completion o f our work, and  their assignments were arrived a t essentially by quali
tative arguments. The assignments o f Zerbi and Sandroni for the in-plane species 
are again in good agreement as might be expected since they too  were based on 
calculations, though for the p lanar case only.

The one outstanding gap in our present knowledge is the frequency o f the 
torsion mode. Zerbi and Sandroni suggest tha t this might be 70 cm “  ̂ correspond
ing to an  absorption in the neutron scattering spectrum. As a band appears at this 
frequency in the electrom agnetic absorption spectrum  and has alternative ex
planations as a fundam ental this assignment may be discounted. In  a recent 
analysis o f the fluorescence spectrum^ ̂  a long sequence o f bands o f frequency 
635 cm "^ was reported. On the assum ption th a t the excited state was p lanar 
whilst the ground state was non-planar the authors pointed out tha t a progression 
in the torsion m ight be expected, and they assigned the long sequence accordingly. 
This is n o t tenable as such a high frequency w ould require an  enorm ous torsion 
barrier.

A semi-empirical com putation o f internal energy of biphenyl as a function 
of dihedral angle, H 2 C 2 C^ angle and C i C /  bond length has been made^®. The 
results were in excellent accord with know n properties. The m ost stable configura
tion predicted for the free molecule had  a dihedral angle of about 35° and a C ^ C / 
bond length of about 1.50 Â. A p lanar configuration was predicted for the crystal 
with a slightly longer C ^ -C /  bond length of 1.52 Â. The barrier height predicted 
was 2.5 kcal mole~^ at % =  0° and 3.7 kcal m ole“  ̂ at % =  90°. An assumed barrier
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height of 12.5 J m ole“  ̂ (3 kcal m ole“ ^) and a two-fold barrier, then, with F  =  0.377 
cm “  ̂ a torsion frequency of approximately 60 cm “  ̂ is predicted.

The predicted n orbital overlap energy between the rings decreases sharply 
with the dihedral angle. The flatness o f the internal energy-dihedral angle curve is 
due to  the simultaneous sharp drop in steric repulsion. The small change in bond 
length observed on passing from  crystal to vapour does no t therefore preclude a 
considerable change in the inter-ring force constant. Such a change is suggested 
by the behaviour of the lowest mode.

INTERPRETATION OF THE SPECTRA OF 4,4'-DIFLUOROBIPHENYL

In m arked contrast to the biphenyl history there is no earlier detailed analysis 
of the spectrum. However the similarity in the spectra of biphenyl and of its 
difluoro derivative — especially in the dependence of bands on phase and crystal 
orientation — allows a ready interpretation of the latter which is based on the 
earlier analyses of biphenyl itself.

A Species

As with biphenyl no frequency shifts with dihedral angle change are pre
dicted. The actual Ram an bands due to the and modes are readily identified 
by the band polarizations and the sharpness of the bands in the vapour phase. 
Only the highest mode is not located. Just as w ith biphenyl, the observed 
frequency shifts, on passing from  solid to  liquid to  vapour, are small, with the 
single exception of tha t for the lowest mode. The potential distribution is 
similar to  that for biphenyl, and in principle this again should allow reasonable 
estimates for the change in bond order of the central C -C  bond to be determined. 
A significant answer however could only be given after a careful analysis of the 
force field to ascertain the relative contributions due to the ring angle and the C-C 
stretch force constants. This difficulty is made clear when it is realised that the 
vibrations at 1603 and 1323 cm~^ both have over 20%  of their energy in the 
central C -C  stretching mode and both, in contrast to the 277 cm~^ vibration, are 
calculated too high.

B y Species

The intensity of many of the 6^^ Ram an bands is very weak -  ju st as for 
biphenyl. Only three of the eight non C -H  stretching modes can be located with 
any certainty. Strong interactions or the dihedral angle changes are predicted 
between the two lowest modes and the 6^^ modes. Strong new infrared bands at 
357 and 456 cm “  ̂are clearly due to these formerly g modes. The other interacting 
vibrations o f the species in the p lanar case, show considerable frequency
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shifts (10%  for a band at 283 cm “ ^), but in accord with the weakness of the 
Ram an activity of the modes, no Ram an bands can be located at the displaced 
frequencies.

The observed frequency shift o f the 283 cm “  ̂band would indicate a dihedral 
angle of about 32° in the solution. However the main interaction between this mode 
and the b^^ species is w ith the b^^ vibration at 464 cm “ .̂ The observed difference 
in the energies of the two modes is 181 he erg com pared with a calculated value of 
164 he. The greater observed difference will lead to  an underestim ate o f angle. An 
angle of 35° to 45° appears to be more realistic.

B2  Species

The general comments about frequency shifts and intensity changes made 
for this species o f biphenyl apply equally well to 4,4'-difluorobiphenyl. Shifts are 
sm all, bu t intensity changes are quite dram atic. In particular the strong infrared 
bands o f the solution at 847, 726 and 542 cm "^ are due to  formerly Z?2 g vibrations.

R 3  Species

The behaviour o f the bands due to  the F 3  species vibrations on allowing a 
m elt to  crystallize on a plate in itself gives good evidence for planarity, or near 
planarity , o f the rings in 4,4'-difluorobiphenyl. It also suggests th a t the crystal 
structure is very sim ilar to  tha t o f biphenyl in tha t the m olecular axes along which 
the Z?3 u transition m om ents are orientated are all parallel and are perpendicular to 
the plate. This is shown as a very strong dichroic ratio for theZ?3 u bands as m easured 
by relative intensities in the crystallized m elt spectrum and in a KBr disc. Fre
quency shifts and  activity changes are small.

INTERPRETATION OF THE SPECTRA OF 4,4'-DICHLOROBIPHENYL AND 4,4'-DIBROMOBI- 

PHENYL

In contrast to  biphenyl and its 4,4'-difluoro derivative, the dichloro and  di- 
brom o derivatives show no significant frequency or intensity variations with change 
of state. The spectra can be fairly readily interpreted by com parison w ith the solu
tion or m olten state spectra o f difluorobiphenyl on m aking allowance for the heavier 
masses o f the substituents.

In a recent publication^^ the spectra o f 4,4'-dichlorobiphenyl were briefly 
reported and interpreted on the basis of a p lanar system. The arguments presented 
in support o f this were the sim ilarity to the spectral frequencies o f biphenyl itself 
and the simplicity o f the spectrum. N either argum ent is acceptable on the present 
much m ore extensive evidence. The m ajor argum ent against a Z>2 h structure m ust 
be the alm ost to tal coincidence between observed infrared and Ram an frequencies 
below 1 0 0 0  cm “ h
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It would be possible to assign the principal bands on the basis of the 
structure. The m ajor evidence against this is the polarization of the Ram an band 
at 413 cm “ .̂ N o measurements of polarization were made on the other weaker 
fundamentals derived from the vibrations of the species.

Just as for difluorobiphenyl and for biphenyl there are considerable intensity 
changes of bands between a KBr disc spectrum and a solidified melt spectrum. The 
greatest changes occur for those bands which are certainly 6 3  fundamentals. In 
these instances the bands are weaker in the solidified melt. On the other hand not 
all bands which exhibit this intensity decrease can arise from 6 3  transitions. The 
principal deduction m ust be that the long axes are once more oriented almost 
perpendicular to  the plane of m ajor crystal development. This serves to assist 
vibrational assignments. A good example is afforded by the complex region around 
1100 cm “ .̂ In the crystallized melt spectrum a band at 1087 cm “  ̂ is strongly 
reduced in intensity relative to neighbouring bands. From  this we deduce tha t the 
associated transition is of a different species to  tha t of its neighbours and that it 
is to  be identified as the 6 3 . From  similar arguments our desire to assign one of 
the pair of infrared bands at 1186 and 1172 cm “  ̂ to a 6 3  fundam ental, which is 
the only fundam ental apart from an a expected in this region, has to  be tempered 
by the lack of any orientation effects on the strengths of the bands.

Doublets near 970, 830 and 415 cm “  ̂ should clearly be assigned to the pairs 
of bands due to  the a and 6 3  out-of-plane type vibrations. That such doublets 
exist is further support for the D 2  structure.

The spectra of 4,4'-dibromobiphenyl are very similar to those of the dichloro 
analogue. Difficulty was experienced in obtaining a uniform  crystallised melt 
spectrum. The m aterial tended to  form globules on the surface and crystallise in 
random  orientations thereby probably explaining the fact that no m arked intensity 
changes were observed.

On the existing evidence it is no t possible to  estimate quantitatively the di
hedral angles in these molecules. However the similarity of the spectra with those 
o f solutions of biphenyl and its 4,4'-difiuoro derivative suggests similar angles.

CONCLUSION

It has been clearly dem onstrated that change in conform ation for biphenyl 
and 4,4'-difluorobiphenyl from  to D 2  symmetry is accompanied by changes in 
spectral activities and shifts o f certain norm al modes. The only high frequency 
shift observed was ys{B2 v) for difluorobiphenyl and this tallies with an observed 
shift for of 4,4'-dideuterobiphenyl from  1322 cm “  ̂ in the solid state to
1308 cm~^ in solution. This can be explained in terms of lack of steric hindrance 
in the ortho hydrogens on twisting which would be expected to  affect the j^-CH 
bending modes.
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Both the lowest modes for biphenyl and 4,4'-difluorobiphenyl are affected 
by a decrease o f 15 cm “  ̂and 13 cm “  ̂ respectively from  solid to  liquid and  9 cm “  ̂
from  liquid  to  gas. These shifts have to  be explained in terms of force constant 
changes about the central joining bond.

Several frequencies o f these systems are predicted to  shift. Com parison o f 
calculated dihedral angle dependence and observed shifts leads to estimates for 
the dihedral angles of near 45°. A m ore accurate estimate o f the dihedral angles 
in solution for these two molecules is being undertaken by using supplem entary 
data from  the deuterated species. W ith the additional observables the force field 
is being refined for D 2 h symmetry, and then the dihedral angle will be varied until 
the practical shifts on the modes which move correspond to  the theoretically 
predicted shift.

The conform ations o f 4,4'-dichloro- and 4,4'-dibrom obiphenyl have been 
shown to  be irrespective of phase. The estim ation o f the angle here is m ore 
difficult because the frequency fit is no t as good. The very poor solubilities of 
dichloro- and dibrom obiphenyl in com m on organic solvents com pared with bi
phenyl and difluorobiphenyl indicates a difference in physical properties which may 
be related to structure.
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