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S U M M A R Y

T h is  th e s is  is  d iv id e d  m a in ly  in to  th re e  sections  (see o u tlin e ) 

the f i r s t  s ec tio n  is  a b r ie f  d e s c r ip tio n  of the  th e o ry  and m ethods of 

x - r a y  c r y s ta l  s tru c tu re  a n a ly s is , the second s ec tio n  d e s c rib e s  the  

c r y s ta l  s tru c tu re s  of fo u r  c > -h a lo g e n a -a ro y l com pounds and the  

th ird  one in c lu d e s  the s tru c tu re  o f a p a lm a r in  d e r iv a t iv e .  T h e re  

a re  tw o appen d ices  in  the th e s is . T h e  f i r s t  one is  a b r ie f  account 

of the  u n s u c ce s s fu l a tte m p t to so lve  the s tru c tu re  o f p h o rb o l and the  

second be ing  the im p ro v e m e n t o f the e x is tin g  a p p ara tu s  fo r  

N onius W e is s e n b e rg  c a m e ra s  to c o lle c t p h o to g rap h ic  data  a t lo w  

te m p e r a tu re .

S ec tio n  I  is  d iv id e d  u n d e r n in e  b ro a d  h ead ings  g iv in g  a s h o rt 

re v ie w  o f the c r y s ta l  g e o m e try , th e o ry  and m ethods o f x - r a y  c ry s ta l  

s tru c tu re  a n a ly s is , re f in e m e n t o f a to m ic  p a ra m e te rs  and eva lu a tio n  

of the  a c c u ra c y  o f the f in a l  r e s u lts .

T h e re  a re  f iv e  ch ap te rs  in  S ec tio n  I I .  T h e  c r y s ta l  s tru c tu re !  

o f c> -ch lo ro b en zo y lace ty len e  and o -b ro m o b e n z o y la c e ty le n e  a re  

d e s c r ib e d  in  the C h a p te rs  1 and 2 re s p e c t iv e ly .  In t r a m o le c u la r  

o v e rc ro w d in g  and in te r m o le c u la r  e th y n y l h yd ro g en  bonds a re  p re s e n t

v



in  both the s tru c tu re s . C h a p te r 3 conta ins the s tru c tu re  o f 

o>-fluorobenzoic  a c id  and th a t o f 2 -c h lo r o - l ,  8 -p h th a lo y ln a p h th a le n e  

is  d e s c r ib e d  in  C h a p te r 4 . The  d e ta ile d  fin d in g s  o f the  c h a r a c te r ­

is t ic  fe a tu re s  o f the  c o n fo rm a tio n , in te r m o le c u la r  h yd ro g en  bonding  

and in t r a m o le c u la r  o v e rc ro w d in g  in  d if fe re n t  _o -h a lo g en o -a ro y l 

com pounds a re  d iscu ssed  in  C h a p te r 5 .

The  c ry s ta l  s tru c tu re  a n a ly s is  o f p -b ro m o p h e n a c y l  

d e r iv a t iv e  o f p a lm a r in  is  d e s c rib e d  in  S ectio n  I I I .  The  c o n firm a tio n  

o f the  (3-epoxide  c o n fig u ra tio n  o f the p a lm a r in  d e r iv a t iv e  has decided  

the c o n fig u ra tio n  o f the epoxide in  a s e r ie s  o f C olom bo ro o t b i t te r  

p rin c ip le s h a v in g  c o m p o s itio n  C H  0 (p a lm a r in , ja te o r in  and
L , \ )  C t w  I

ch as m a n th in ) . The  s tru c tu re  a n a ly s is  has a lso  re v e a le d  the  s p e c ia l 

d is to r t io n  o f the  m o le c u le .

A  b r ie f  account o f the u n fru it fu l a tte m p t to so lve  the  

s tru c tu re  o f p h o rb o l, a n a tu ra l p ro d u c t, us ing  th re e  d if fe re n t  

so lva te  d e r iv a tiv e s  is  g iven  in  A p p e n d ix  A .  The  s h o rt d e s c rip tio n  

of the a rra n g e m e n t fo r  ta k in g  photo graphs in  the  cold  n itro g e n  

a tm o s p h e re  .can be seen in  A p p e n d ix  B .
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S E C T I O N  I

S O M E  M E T H O D S  O F  X - R A Y  C R Y S T A L  

S T R U C T U R E  A N A L Y S I S



1,1 IN T R O D U C T IO N

T he e a r ly  c ry s ta llo g ra p h y  dates b ack  to the beg inn in g  o f 

the  seventeen th  c en tu ry , when Johannes K e p le r , the g re a t  a s tro n o m e r,  

being in s p ire d  by the b e a u tifu l re g u la r  shaped s n o w flak e s  conce ived  

the id e a  th a t th is  r e g u la r i ty  m ig h t be in h e re n t in  som e m in u te  

fu n d a m e n ta l id e n t ic a l u n its . In  1890, E . S .  F e d o ro v  and

A .S c h o e n flie s  d e r iv e d  the 23 0 space g ro u p s . F u r th e r  p r o g r e s s  was  

a w a itin g  the d is c o v e ry  of x - r a y s  b y  W ilh e lm  C o n rad  R o n tg en (in  1 8 9 5 ). 

B ra g g  (1913) gave the p h y s ic a l concept o f x - r a y  d iffra c tio n  d is c o v e re d  

b y  von B aue (1912), and had opened the  door to the new  h o r iz o n  of 

x - r a y  c ry s ta llo g ra p h y .

T h e  fu n d am en ta l o b je c t of x - r a y  c ry s ta l  s tru c tu re  a n a ly s is  

is  to study the d iffra c tio n  p a tte rn  o f an x - r a y  b e a m  s c a tte re d  by the  

cloud o f e le c tro n s  su rro u n d in g  the a to m ic  n u c le i, and to in fe r  the  

g e o m e try  o f the e le c tro n  d e n s ity  d is tr ib u tio n . B ecau se  o f the  

enorm ous ca lc u la tio n s  in v o lv e d  and the l im ite d  know ledge of the  

techn iques  fo r  d e te rm in in g  the  phases o f the  d iffra c te d  p a tte rn s , i t  

was once a d if f ic u lt  ta s k  to solve even a s m a ll s im p le  s tru c tu re ;  

w ith  the a p p lic a tio n  of the e le c tro n ic  c o m p u te r and th ro u g h  the advent 

of new  m ethods o f o v e rc o m in g  the c ry s ta llo g ra p h ic  "phase p ro b le m "  

m o re  and m o re  co m p lex  s tru c tu re s  a re  being so lved .
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1.2 G E O M E T R Y  O F  X -R A Y  D IF F R A C T IO N

1 . 2 . 1  C ry s ta l  la t t ic e

C ry s ta ls  a re  com posed of id e n tic a l groups o f a tom s  

a rra n g e d  in  a re g u la r  m a n n e r in  th re e  d im e n s io n s . A n  a r r a y  

o f such id e n tic a l po in ts  is  c a lle d  a c ry s ta l  la t t ic e .

1 . 2 . 2  L a u e  equations

I f  we assu m e th a t each la t t ic e  p o in t is  the s ite  o f an 

e le c tro n , then its  p o s itio n  can be e xp re s se d  in  te rm s  o f a v e c to r ,  

R , as

w h e re  m , n , p a re  in te g e rs  and a, b, c a re  the p r im it iv e  t ra n s ­

la t io n s  o f the  la t t ic e .

R  = m a  + nb + p c. (1)

7 S

■ * • -2p

FIG. l . l
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L e t  a p a r a l le l  b e am  o f x - r a y s  o f w ave len g th  X, fa l l in g  in  

the d ire c tio n  of the v e c to r  _ŝ  on two la t t ic e  points P  and Q, s e p a r ­

a ted  b y  a v e c to r  d is tan ce , R ,  be d iffra c te d  in  a w ay  p a r a l le l  to the  

v e c to r  js (P ig . 1 .1 ) .  I f  A P  and B Q  in d ic a te  the  d ire c tio n s  of in c id ­

ent and d if fra c te d  w ave fro n ts  re s p e c tiv e ly  and the m ag n itu d e  of 

both the v e c to rs , s_ and _s , be 1/ \ fthe path  d iffe re n c e  b e tw een  the  

in c id e n t and d iffra c te d  b e a m  w i l l  be

P B -A Q

= \ ( R .  s -  R . s )

= V  R . (s -  s )— — o

= X R . S  (2)

w h e re  S = s - s q

In  o rd e r  to have phase a g re e m e n t in  the d if fra c t io n  R .S  m u s t be an 

in te g e r .  H ence  putting  the v a lu e  o f R  f r o m  eqn. ( l)  in  eqn. (2)

(m a  + nb + pc) . S = In te g e r  

S ince m , n, p a re  in te g e rs ,

a .S  = In te g e r

b .S  = In te g e r  }  (3)

c .S  = In te g e r
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le t  h, k  and JL be the v a lu e s  o f these in te g e rs ; th e re fo re  eqns. (3 ) 

can be r e - w r i t t e n  as

a . S = h

b.S = k

c .S  = Z

T h e s e  a re  c a lle d  the L au e  equations:

(4)

1 . 2 . 3  B ra g g  equation

T h e  L au e  equations (4 ) can be w r it te n  in  the fo r m

a / h . S  = b /  k . S  = c /  j & . S = l  

i . e .  ( a / h - b / k ) . S  = 0

(5)

(6 )

I t  m ean s  th a t the v e c to r  S is  p e rp e n d ic u la r  to (a /  h -  b /  k ) .

0
a /h A

KG. 1 .2



b c
S im i la r ly  i t  can be shown th a t S is  a lso  p e rp e n d ic u la r  to  —/ k  — —/  j2,

i . e .  _S is  p e rp e n d ic u la r  to the p lane A B C  (F ig .  1 . 2 ) ,  w h ich  has in t e r ­

cepts a /h ,  b / k ,  and c./i, on the u n it c e ll axes; i . e .  S i s  p e rp e n d ic u la r  

to the p lan e  having  M i l l e r  in d ices  h, k, f,. T h is  is  the  m a jo r  con­

tr ib u t io n  o f B ra g g  (1913) to id e n tify  h, k, I  of the L au e  equations  

w ith  M i l l e r  in d ic e s .

(F ig .  1 .2 )  is  the p ro je c tio n  o f a /h ,  b /k  and c l  I  on the  u n it v e c to r  

in  the  d ire c tio n  S.

The d is tan ce , d, f r o m  the o r ig in , O, to the p lan e  A B C

_ a /h .  S
1« 0 a Q. —   ■■ —

F r o m  eqn. (5 )

a / h . S  = 1

S (?)

F r o m  F ig .  1.1 i t  can be shown th a t

2 sin  0 
X (8 )

T h e re fo re  f r o m  (7) and (8)

X = 2 d  sin  0 (9)

T h is  is  the  B ra g g  equation w h ich  a llo w s  the x - r a y



d if f ra c t io n  b y  a c r y s ta l  to be c o n s id e re d  in  te rm s  o f the  s im p le  

concept o f o p tic a l d iffra c tio n  (B ra g g , 1913) .

1. Z ♦ 4 R e c ip ro c a l la t t ic e

E q n . (5 ) shows th a t fo r  a p a r t ic u la r  va lu e  o f h the p r o ­

je c t io n  of S on a is  constant i .  e. the end of the v e c to r  S lie s  on a 

plan e  p e rp e n d ic u la r  to a ;  co rresp o n d in g  to d iffe re n t va lu es  o f h 

(= 0, 1, 2 e t c . )  an a r r a y  o f such p lanes of constant spacing is  set 

u p . In  a s im i la r  m a n n e r, co rresp o n d in g  to the in c re a s in g  va lu es  

o f k  and I  th e re  w i l l  be o th e r two groups o f p la n e s . The  in t e r ­

sections  of these th re e  sets o f p lanes re p re s e n t the end points  o f 

the v e c to rs  w h ich  s a tis fy  the th re e  L au e  equations (4 ) s im u lta n ­

eously , and g ive  the re q u ire d  so lu tio n s . The po in ts  o f in t e r ­

sections o f these sets o f p lanes fo r m  an a rra y , c a lle d  the re c ip ro c a l  

la t t ic e .  The u n it c e ll o f th is  la t t ic e  is  d e fin ed  b y  the th re e  v e c to rs  

a * ,  b *  and c * , w h ich  can be re p re s e n te d  as



w h e re  V  = ^  b x  c = b ,  c x a  = c , a x b  = V o lu m e  of the u n it c e ll  

of space la t t ic e .

1 .3  F A C T O R S  A F F E C T IN G  IN T E N S IT Y

1 . 3 . 1  A to m ic  s c a tte rin g  fa c to r

T h e  m a x im u m  s c a tte rin g  p o w e r (f) of an a to m  is  defined  

as the  to ta l s c a tte rin g  a b il i ty  o f a l l  its  e le c tro n s  and is  equal to Z , 

the a to m ic  n u m b e r (see eqn. 32) • f  is  a lso  a fu n c tio n  o f s in  @/X, 

w h e re  8 is  the s c a tte r in g  angle  and X is  the w a v e -le n g th  o f the  

x - r a y s .  D ue to the u n c e rta in ty  o f the know ledge of the  exact 

d e n s ity  functions  of a l l  the atom s (excep t the h ydrogen  a tom ), 

s c a tte r in g  fa c to rs  c a lc u la te d  by d if fe re n t  m ethods fo r  v a r io u s  atom s  

cannot be expected  to be a b s o lu te ly  a c c u ra te ; the exten t o f the  

a c c u ra c y  depends upon the r e l ia b i l i t y  o f the e le c tro n  d e n s ity  functions
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e m p lo y e d . A  l i s t  o f the s c a tte r in g  fa c to rs  fo r  v a r io u s  c h e m ic a l  

a to m s  and an a p p ro p r ia te  co n c ise  b ib lio g ra p h y  can be seen in  

In t .  T a b le s , V o l .  111 (1 9 6 2 ).

A  fu r th e r  c o m p lic a tio n  in  the c a lc u la tio n  o f the  a to m ic  

s c a tte r in g  fa c to r  a r is e s  i f  the  b o u n d -e le c tro n  s c a tte r in g  o f the h igh  

e n e rg y  x - r a y  photon is  c o n s id e re d , as a r e s u lt  o f w h ich  the  a to m ic  

s c a tte r in g  fa c to r  b ecom es a c o m p lex  q u a n tity ,

f  = f  + A f  + iA f«  (13)
o

w h e re  A f 1 and A f  " a re  the  r e a l  and im a g in a ry  c o rre c t io n  te rm s  fo r  

the  an o m alo u s  s c a tte r in g . V a lu e s  o f A f ‘ and A f "  fo r  v a r io u s  

e le m e n ts  c o rres p o n d in g  to  d if fe re n t  w a v e -le n g th s  a re  g iven  in  In t .  

T a b le s , V o l .  in  (1962) • T h e se  c o r re c t io n  te rm s  a re  o ften  s m a ll 

enough to be ig n o re d .

I f  the fre q u e n c y  o f the  p r im a r y  x - r a y s  is  ju s t  above th a t 

c o rres p o n d in g  to an a b s o rp tio n  edge o f the s c a tte r in g  a to m , the  te r m  

A f 11 m a y  be a re a s o n a b le  q u a n tity  and can le a d  to a m eans  o f tes tin g  

fo r  the  c e n tro « y m m e try  o f a s tru c tu re  and d is tin g u ish in g  e n a n tio - 

m o rp h ic  s tru c tu re s  (L ip s o m a n d  C o ch ran , 1966 ); to  som e exten t,
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i t  m a y  a lso  a s s i s t  d ir e c t  s tru c tu re  a n a ly s is  (H e rz e n b e rg  and Lau , 

196 7 ) .

1 . 3 . 2  T e m p e ra tu re  fa c to r

T h e r m a l e ffe c ts  cause the spread ing  out o f the e le c tro n

d is tr ib u tio n  o f an a to m  re s u lt in g  a d e c re a s e  in  the in te n s ity  o f the

s c a tte re d  ra d ia t io n . I f  f  be the s c a tte r in g  fa c to r  c a lc u la te do

fo r  an a to m  a t re s t , the c o rre c te d  v a lu e , f, is  g iven  by

f  = f  exp -  B ( s i n 0 y ^ ) ^  (14)

o r f  = f  exp -  8tt^ U (s in  Q /  (15)

w h e re  B is  the D eb ye  fa c to r , w h ich  can be m e a s u re d  f r o m  the  

fu n d a m e n ta l constants  and h e a t c a p a c ity  data  (D ebye , 1914 ), U is  

the m e an  square  d is p la c e m e n t o f a to m  a t r ig h t  ang les  to the r e f le c t -  

in g  p lan e  and is  equal to B / 8 tt , 0 is  the s c a tte r in g  ang le  and \  i s  

the  w a v e -le n g th  o f the  ra d ia t io n . T h e  e xp re s s io n  (15) m a y  lea d  

to a f a i r  a p p ro x im a tio n  ̂ on the  a ssu m p tio n  o f sp read in g  o f the  

e le c tro n s  in  a s p h e r ic a l m a n n e r i . e .  is o tro p ic  th e rm a l v ib r a t io n ) . 

H o w e v e r, due to the th e rm a l v ib ra tio n , each a to m  undergoes a
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m o tio n  such th a t its  e le c tro n  d e n s ity  is  sp read  o v e r a s m a ll a n is o ­

tro p ic  v o lu m e , u s u a lly  re g a rd e d  as the t r ia x ia l  e llip s o id  in  the

e llip s o id , b u t th ese  a re  a ls o  d if fe r e n t ly  o rien ted , and hence the  

c o r re c t io n  te r m  b eco m es  m o re  c o m p lic a te d ; i t  m a y  be re p re s e n te d  

as (C ru ic k s h a n k , 1964 and 1965 a)

1 , 3 . 3 .  L o re n tz , p o la r is a tio n  and ro ta tio n  fa c to rs

T h e  to ta l en erg y , E ( h k i ) , o f the x - r a y  b e a m  re fle c te d  

f r o m  a set of p lan es , hav ing  M i l l e r  in d ic e s  h, k, I  o f an id e a lly  

im p e r fe c t  s m a ll c ry s ta l  ro ta tin g  w ith  a u n ifo rm  v e lo c ity  can be 

re p re s e n te d  as

g e n e ra l case .  E ac h  n o n -e q u iv a le n t a to m  not on ly  has a d if fe re n t

2U A h c *a * + 2U  h k a *b * )  ] (16)

w h e re  U . a re  w ith  r e f e r e n c e  to the re c ip r o c a l axes a * ,  b and c * .  
i j

E (h k ^ ) - K  L (h k i )  p (h kx ) |F (h k i - ) j  
2

(17)
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w h e re  K  = constant,

L (h k i )  = L o re n tz  fa c to r ,

p (hkX) = p o la r is a t io n  fa c to r ,

|F(hki-)J = s tru c tu re  a m p litu d e .

T h e  co n stan t o f the  e x p e r im e n t, K , is  g iven  by  (B u e rg e r , I9 6 0 )

I  \ 3N 2dV  4
o__________ . e

°  m 2 c4 (18)

in te n s ity  o f the  in c id en t, b e a m ,  

w a v e -le n g th  o f x - r a y s ,  

n u m b e r o f u n it c e lls  p e r  u n it v o lu m e , 

s m a ll v o lu m e  o f the c ry s ta l  i r r a d ia te d ,  

a n g u la r v e lo c ity  o f the c ry s ta l,  

e le c tro n ic  c h a rg e , 

m ass  of an e le c tro n , 

v e lo c ity  o f l ig h t .

L o re n tz  fa c to r , L ( h k i ) ,  depends on the s p e c ific  ro ta tio n  o f the  

c r y s ta l  and is  a lso  dependent on the  e x p e r im e n ta l m ethod  u sed .

w h e re

I
o

\

N

d V  = 

co = 

e = 

m  = 

c =
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T h e  v e lo c ity  o f the u p p e r la y e r  p lanes is  not the sam e as th a t o f 

the e q u a to r ia l la y e r ,  and a llo w a n ce s  fo r  ro ta tio n  c o rre c t io n  is  a lso  

n e c e s s a r y  in  the  c a lc u la t io n  of the  L o re n tz  fa c to r  fo r  h ig h e r la y e r  

in te n s it ie s .  A c c o rd in g  to T u n n e l (1939 ), the e x p re s s io n  fo r  the  

c a lc u la t io n  o f the L o re n tz  fa c to r  w ith  due c o n s id e ra tio n  o f the  

ro ta tio n  c o rre c t io n  fo r  the e q u i- in c lin a tio n  m ethod  o f W e is s e n b e rg  

p h o to g rap h y  is

w h e re  jjl is  the ang le  be tw een  the in c id e n t b e a m  and the p lan e  p e r ­

p e n d ic u la r  to the ro ta tio n  a x is .

is a tio n  o f the  re f le c te d  x - r a y  b e a m . I t  is  a s im p le  fu n c tio n  of the  

angle  o f in c id e n c e  and can be w r it te n  as

in te n s ity , i (h k f ) ,  w h ich  can be m e a s u re d  b y  p h o to g rap h ic  m ethods

L (h k f-) = 1 /[2  cos Q (cos p - c os  b ) 2 ] (19)

P o la r is a t io n  fa c to r , p (h k f ) ,  is  an outcom e o f the p o la r -

p (h k f ) 1 + cos 2 6 
2 (20)

Th e  e n e rg y  o f the  d if fra c te d  b e a m  is  p ro p o rt io n a l to its

o r  co u n te r techn iques  and hence f r o m  eqn . (17) i t  can be re p re s e n te d
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as

2
I(h k ^ ) «  L (h kX ) p ( h k i )  |F ( h k i )  | (21)

1 . 3 . 4  A b s o rp tio n

The in te n s ity , I ,  o f a tra n s m it te d  x - r a y  b e a m  can be  

re p re s e n te d  as

I  = I 0 e x p (-p t)  (22 )

w h e re  I q is  the in te n s ity  o f the in c id e n t b e am , p is  the l in e a r  

a b s o rp tio n  c o e ffic ie n t fo r  m a te r ia l  o f the c ry s ta l  depending on the  

w a v e -le n g th  o f the x - r a d ia t io n  used , and t  is  the  th ickn ess  o f the  

m a tte r  th ro u g h  w hich  the b e a m  pa ss e s .

U n less  the c r y s ta l  is  s p h e r ic a l o r  c y lin d r ic a l,  the  a b s o rp ­

tio n  c o rre c tio n  is  r a th e r  c o m p lic a te d . I f  the s ize  o f the c ry s ta l  is  

v e r y  s m a ll and the l in e a r  a b s o rp tio n  c o e ffic ie n t is  not h igh  then the  

e r r o r  due to the ab so rp tio n  b ecom es an in s ig n if ic a n t q u an tity  w h ich  

m a y  be ig n o re d . D if fe r e n t  w ays and m eans o f a b so rp tio n  c o rre c tio n  

a p p lie d  in  v a r io u s  m ethods have been  d e a lt w ith  b y  Roge r s  and M o ffe t  

(1956 ), F ra s s o n  and B e z z i  (1959 ), W e lls  ( i 96 0 ) ,  de M e u le n a e r  and  

T o m p a  (1965) e tc .
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1 . 3 . 5  .E xtinction

T h is  is  the case of a tten u a tio n  of the p r im a r y  x - r a y  

b e am  when the c ry s ta l is  in  a d iffra c tin g  p o s itio n  so as to 

red u ce  the in te n s ity  of the d iffra c te d  b e a m . D a rw in  (1922) 

subdiv ided  th is  e ffe c t in to  two c a te g o rie s , v iz .  " p r im a r y  

e x tin c tio n "  and " seco n d ary  e x tin c tio n "  . Accounts of these  

e ffec ts  have a lso  been g iven  by  L o n sd a le  (1947) .

1 .4  S T R U C T U R E  F A C T O R  A N D  S T R U C T U R E  A M P L IT U D E

L e t th e re  be N  atom s p e r  u n it c e ll o f a c ry s ta l,

s itu a ted  a t points having  f ra c t io n a l c o -o rd in a te s  (x  , y  , • z ) ,
n n n

r e f e r r e d  to the c ry s ta llo g ra p h ic  axes,  a, b and _c (F ig .  1 . 3 )  .

-ax cz

K G . 1 .5
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T he p o s itio n  of the nth a to m  in  the u n it c e l l  can th e re ­

fo re  be re p re s e n te d  by  the v e c to r  R
—  n

w h e re  R  = x a  + y b - f z c  (23)
— n n~ n~ n— ■

F r o m  eqn. (2 ) ,  the path  d iffe re n c e  betw een  the  waves, s c a tte re d

b y  these atom s w i l l  be XR .S .  H en ce  the c o n tr ib u tio n  o f the
~n

c o m p le te  w ave s c a tte re d  by the c ry s ta l is

N
F  = V  f  exp 2 u i XR . S

V  n —7— —n “
1 X

N

o r F  =  y  f  exP ^rri &  (24)^  n —n —
1

S u b stitu tin g  R ^ f ro m  (23)

N
F  =  T  f  exp 2 T ri(x  a . S + y  b *S  + z c .S )  (25 )

u  n c  n-n---------------- n-------------
1

S u b stitu tin g  the  va lu es  o f a .S , b .S  a n d js .S  

f r o m  the  eqn, (4)
N  -

F  = X  f  exp 2 r r i  (hx + k y  +  JLz ) (26)
n n n n .

i
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i 0On expansion  by  E u le r 1 s s e r ie s  (e = cos 8 + i  s in  0)
N

F  = f I  f  cos 2 Tr(hx + k y  + ) ] +

(27)

T h e  q u a n tity  F  is ,  th e re fo re , a fu n c tio n  o f the M i l l e r  in d ic e s ,

(h , k , X)and is  c a lle d  the  s tru c tu re  fa c to r  and its  m odulus is  known  

as the s tru c tu re  a m p litu d e .

S ubstitu ting  A  and B fo r  the te rm s  in  the two p aren th es e s  

of the eqn. (2 7 ) ,  the e xp re s s io n  fo r  the s tru c tu re  fa c to r , F (h k / ) ,  

and the s tru c tu re  a m p litu d e , |F (h k X ) | ,  m a y  be w r it te n  as

Thus i t  is  fu r th e r  ev id en t th a t the s tru c tu re  fa c to r  is  

a c o m p lex  q u an tity  w h ereas  the s tru c tu re  a m p litu d e  is  a r e a l  

n u m b e r and is  p ro p o rtio n a l to the in te n s ity  o f the x - r a y  beairn

F  (h k *  ) = A  + i  B (28 )

and | F  (hk-6) | = (A^ + B ^ ) 2 (29 )

T h e  c o rresp o n d in g  phase ang le  w i l l  be

a(hk^) = tan * ^ / a (30 )

w h ich  i t s e l f  is  a m e a s u re a b le  q u a n tity  (see  eqn. 2 1 ).

To  d e r iv e  the e xp re s s io n  (2 7 ) ,  the fu n d a m e n ta l
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a ssu m p tio n  w as to c o n s id e r a p o in t a to m  as the source  o f 

d if fra c t io n , but i t  is  in  fa c t the e le c tro n  c lu s te r  around  the 

a to m ic  nucleus w hich  is  re s p o n s ib le  fo r  the d iffra c tio n  o f x - r a y  

b e a m s . I f  p (xyz) is  assum ed  to be the e le c tro n  d e n s ity  a t a 

p o in t (x, y, z ) , the am ount o f s c a tte r in g  m a tte r  in  the v o lu m e  

e le m e n t V d xd yd z is  pVdxdydz and hence the equation fo r  the  

s tru c tu re  fa c to r  w i l l  be

1 1 i
F (h k ^ ) = 0  j  V p (x y z ) exp 2TTi (hx + k y  + ^z) dxdydz (31)

o a o

S ince p (xyz) is  e xp re s se d  in  e le c tro n ic  u n its , the  

s tru c tu re  a m p litu d e , |F (h k i-) j, becom es a s im p le  ra t io  o f the  

c o n tr ib u tio n  due to a l l  the e le c tro n s  in  the u n it c e l l  to th a t w hich  

could  be re c e iv e d  i f  the contents o f the u n it c e ll  w e re  re p la c e d  

b y a s in g le  c la s s ic a l e le c tro n ; hence |F (h k f- ) | is  a p u re  n u m b e r.

The  z e ro  te r m  o f the s e r ie s  (31) becom es  

11 1
F (0 0 0 ) = V  J J jp (x y z ) dxdydz = Z  (32 )

o o o
w h e re  Z  is  the to ta l n u m b er o f e le c tro n s  p e r  u n it c e l l  and fo r  a 

p a r t ic u la r  com pound th is  is  a constant q u a n tity .
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1 .5  F O U R IE R  S E R IE S  A N D  IT S  A P P L IC A T IO N

IN  C R Y S T A L L O G R A P H Y

T h e  a p p lic a tio n  o f F o u r ie r  s e r ie s  in  a c ry s ta l, Having  

i ts  p e r io d ic ity  in  th re e  d im en s io n s , was f i r s t  suggested by  

B ra g g  (1915).

A llo tt in g  the in te g ra l  in d ice s  h 1, k 1, £ l to each F o u r ie r  

c o e ffic ie n t, K , the s e r ie s  can be w r it te n  as

p (x y z) = £  Z  Z K ^ h 'k 1̂ )  exp 2 r r i(h 'x  + k 'y  + X* z ) (33 )
H k '  ( '

S u b stitu tin g  these va lu es  in  eqn. (31)
11 1 OO

F (h k X ) = V  J j  J/b Z Z  K^h’k 'x ' )  exp 2 n i ( h 'x  + k ‘y  + X 'z )
OOU  ̂ .

— «©

exp 2 r r i(h x  + k y  + Xz) dxdydz (34 )

The  exp o n en tia l functions a re  both p e r io d ic  and the

in te g r a l  o f th e ir  p ro d u c t o v e r a s in g le  co m p le te  p e r io d  is  z e ro  in

g e n e ra l; on ly  i f  h = -  hf, k  = -  k 1 and X = -  X1, is  i t  no t z e ro .

U n d e r these  conditions  

X 1 1
F (h kX  ) = V j  J ^ ( h ' k ’ X1) dxdydz (35 )

* o o
i .  e . F (h W )  = V K (h k l)  (36 )
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The F o u r ie r  c o e ffic ie n t, K , is  th e re fo re  d ir e c t ly  

re la te d  to the c o rresp o n d in g  s tru c tu re  fa c to r  and hence the  

e x p re s s io n  fo r  the  e le c tro n  d e n s ity  d in s tr ib u tio n  can be w r it te n  

f r o m  eqn. (33 )

1 ° °
P(xyz)  -------------Z E Z F ( h k X )  exp [ - 2  TT i(h x  + ky  + Xz) ] ( 3 7 )

V h k t  
-oo

T h is  a p p a re n tly  shows th a t the c a lc u la tio n  of e le c tro n -  

d e n s ity -d is tr ib u t io n  throughout the u n it c e ll  o f a c r y s ta l 'm a y  not 

be a t a l l  d if f ic u lt ,  but due to the co m p lex  n a tu re  o f the abso lu te  

v a lu e  o f F (h k X ) (see eqn. 31) the com p u ta tio n  fo r  the eqn. (37 ) is  

not an easy  ta s k .

1 .6  P H A S E  P R O B L E M  A N D  M E T H O D S  O F  S O L U T IO N

E q u atio n  (37) can be r e -w r it te n  in  the fo rm

P (xyz) = - i y - L  £ £ |F (h k X ){  c o s  [2  tt (hx + k y  + Xz) -a (h k x ) ] (38)
v h k t

T h e  phase angle  a(hkX) is  the  sam e as shown in  eqn. ( 3 0 ) .  No  

e x p e r im e n ta l m ethod  can re c o rd  the v a lu e  o f a (h k X ). The  g re a t  

d if f ic u lty  in  d e te rm in in g  its  v a lu e  has caused c ry s ta llo g ra p h e rs  to 

c a l l  th is  tro u b le  "the phase p ro b le m " . The fo llo w in g  a re  som e  

of the  im p o r ta n t techniques of d e te rm in in g  the unknown p h ases .
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1 .6 .1  T r i a l  and e r r o r  m ethod

T h e  b a s ic  id e a  o f th is  m ethod  is  to p o s tu la te  a c e r ta in  

a to m ic  a rra n g e m e n t th a t co n fo rm s to the space g roup  s y m m e try  

and to c a lc u la te  the co rresp o n d in g  s tru c tu re  a m p litu d es , j^r'c |> 

and to c o m p a re  these  w ith  the o b served  v a lu e s , j F  |, so as to  

d ec id e  w h e th e r the s tru c tu re  w i l l  be a ccep tab le  o r n o t.

I t  has been found u s e fu l to exp ress  the o v e ra l l  a g re e ­

m e n t in  te rm s  of the m ean  d is c re p a n cy , the so c a lle d  " re s id u a l" ,

ZlF°l
w h e re  the su m m atio n  is  to be taken  o v e r a l l  the re fle c tio n s  

(B ooth, 1945) • I f  the a g re e m e n t be re as o n a b le  (say  R < C 0 .4 5 ) ,  

the  s tru c tu re  m a y  be c o n s id e red  as a p ro m is in g  one and the  

a d ju s tm e n t m a y  be continued u n til  the c o r re c t  re s u lt  is  o b ta in ed .

The t r i a l  s tru c tu re s  a re  a r r iv e d  a t by v a r io u s  m ethods v iz , 

c o n s id e ra tio n  o f s y m m e try  and a to m ic  r a d ii ,  ev idence f r o m  v a rio u s  

p h y s ic a l p ro p e rtie s  (m o rp h o lo g y  and c leavag e , in f r a - r e d  a b so rp tio n , 

o p tic a l and m a g n etic  p ro p e r t ie s  e t c . ) ,  d is tr ib u tio n  o f x - r a y  

in te n s it ie s , e xp e rien ce  ga ined f ro m  o th e r s im i la r  c ry s ta ls  and so on.
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To m in im is e  the c a lc u la tio n s , use o f the F o u r ie r

t r a n s fo r m  of a set o f atom s, is  found h e lp fu l. In  th is  m ethod  

holes  re p re s e n tin g  the a to m ic  lo ca tio n s  in  p ro je c tio n  of the p r o ­

posed s tru c tu re  and the  a to m ic  types a re  punched on a m a s k .

T h e  d if fra c t io n  in  p a r a l le l  lig h t re p re s e n ts  the re q u ire d  F o u r ie r  

t ra n s fo r m  and th is  can be c o m p are d  w ith  the co rresp o n d in g  

w eig h ted  re c ip ro c a l la t t ic e .  In  th is  w ay  p ro b ab le  s tru c tu re s  

can be q u ic k ly  tes ted  and hence the n u m b e r o f p o s s ib ilit ie s  m a y  

be red u ced  to a m an ag eab le  q u a n tity .

1 .6 .2  PatteP .son fu n ctio n

P a tte rs o n  (1935) showed th a t im p o rta n t in fo rm a tio n

! ,2can be d e r iv e d  f ro m  the ph ase less  q u a n tit ie s ,|F | . H e  set out 

to so lve  the fu n ctio n , P (u v w ) , c a lle d  the P a tte rs o n  function , w h e re

1 1 1
P (u v w ) = V  y  + v, z + w ) dxdydz (40)

o o o

S u b stitu tin g  in  th is  e xp ress io n  the v a lu e  of p (xyz) f ro m  eqn. (37)

and c o n s id e rin g  the sam e reaso n in g  as was a p p lied  to ob ta in  eqn. (35)

f r o m  th a t o f (34) i t  can be shown th a t

1 7
p (u v w ) - 2 — 1 1 1  FChkjfc ) I exp 2 TT i(h u  + k v  + Xw) 

V  H C
(41)
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oC
o r  P  (uvw ) -  . — i ~  Z L J]|F(hkX)| cos 2TT(hu + k v  + ^w ) ' (42)

— oo

In  th is  equation |F (hk£)J  is  the p ro d u c t o f F (h k ji)  and 

its  c o m p lex  conjugate  F  (hk-^) and the function  P (u v w ) is  r e a l  fo r  

a l l  va lu es  o f u, v , w . E q n . (37 ) re p re s e n ts  the peaks in .th e  

a to m ic  lo ca tio n s  w h ereas  eqn. (42 ) has its  peaks a t the endsof the  

v e c to rs  b etw een  a to m ic  lo c a tio n s . The he ig h t o f e v e ry  peak is  

p ro p o rt io n a l to the p ro d u c t o f the a to m ic  num berso f atom s in v o lv e d  

in  the  v e c to r . The s tru c tu re  a m p litu d es  a re  d e r iv e d  d ir e c t ly  

f r o m  the m e a s u re a b le  q u antity , the in te n s ity  d a ta . T h e re fo re ,  

the P a tte rs o n  synthesis  can be com puted w ith o u t m uch tro u b le  

and hence s im p le  s tru c tu re s  having a l im ite d  n u m b e r o f a tom s, 

m a y  be so lved d ire c t ly  f ro m  the P a tte rs o n  fu n c tio n . S ince th e re  

a re  N ( N - l )  d is tin c t in te ra to m ic  v e c to rs  (c o rre sp o n d in g  to the  

N  atom s p e r  u n it c e ll) , w h ich  a re  a lso  re v e a le d  in  the P a tte rs o n  

syn th es is , i t  is  v e r y  d if f ic u lt  to obta in  the p o s itio n s  of. a l l  the a tom s  

of even a m o d e ra t ly  c o m p lic a te d  s tru c tu re  by in sp ec tio n  o f the  

P a tte rs o n  function  a lo n e .

I t  was H a r k e r  (1936 ), who fo r  the f i r s t  t im e  c o rre la te d  

the P a tte rs o n  function  w ith  the e le c tro n  d e n s ity  d is tr ib u tio n .
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H e  po in ted  out th a t c e r ta in  s y m m e try  re la te d  p lanes o r lin e s  

(c a lle d  H a r k e r  sections o r  H a r k e r  lin e s ) in  the th re e  d im e n s io n a l 

P a tte rs o n  synthesis  conta in  m o re  u s e fu l in fo rm a tio n  about the  

s tru c tu re . B u e rg e r  (1951), in  h is  m in im u m  fu n ctio n  m ethod  

showed th a t i f  two P a tte rs o n  m aps a re  su p erim p o sed  and a th ird  

m ap  is  d raw n  o v e r the m in im u m  contours of the co in c id en t peaks, 

i t  m a y  re v e a l the id e n tity  o f the m o le c u le .

1 .6 .3  H e a v y  a to m  m ethod

I f  the c ry s ta l a s y m m e tr ic  u n it contains a fe w  h eavy  atom s  

w hose s c a tte r in g  p o w er d o m in ates  the in te n s ity , i t  m a y  c o n tro l som e  

o r a l l  the p h ases . The p o s itio n s  o f h eavy  a tom s, i f  not too  

m an y, can e a s ily  be obta ined f ro m  the P a tte rs o n  fu n ctio n  and hence  

the phases due to the h eavy  a tom s can be c a lc u la te d . T ak in g  these  

as the a c tu a l phases due to the w hole contents o f the c e ll, an e le c tro n  

d e n s ity  d is tr ib u tio n  can be com puted w hich  m a y  re v e a l som e of the  

l ig h t  a to m s . In c lu s io n  o f these new  atom s in  a subsequent s tru c tu re  

fa c to r  c a lc u la tio n  w i l l  y ie ld  im p ro v e d  phase angles w hich  can be 

used  w ith  the o bserved  s tru c tu re  a m p litu d es  to g ive  a s t i l l  b e tte r
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e le c tro n  d e n s ity  d is tr ib u t io n . T h ro u g h  s e v e ra l cyc les  o f such 

c a lc u la tio n s , i t  m a y  be p o s s ib le  to e lu c id a te  a c o m p lic a te d  s tru c tu re ,  

Th e  f i r s t  su cc e ss fu l a p p lic a tio n  of the h e av y  a to m  m eth o d  was by  

R o b e rts o n  and W o o d w ard  (1940) in  so lv ing  the s tru c tu re  o f p la tin u m  

p h th a lo c ya n in e .

Though th is  is  a v e r y  p o w e rfu l m ethod, i t  a lso  has its  

l im ita t io n s .  I f  the h eavy  a to m .is  too h eavy , lig h t a to m s m a y  not 

be re v e a le d  in  the  e le c tro n  d e n s ity  d is tr ib u tio n s  based  on on ly  the  

h eavy  a to m  p h ases . In  such c irc u m s ta n c e s , i f  the lig h t a tom s a re  

re v e a le d  a t a ll ,  th e ir  p o s itio n s  w i l l  be r a th e r  u n c e r ta in . On the  

o th e r hand, i f  the h eavy  a to m  is  not h eavy  enough then the phase  

c o n trib u tio n s  f ro m  i t  m a y  not be ab le  to show the p o s itio n s  of the  

l ig h t a tom s a t a l l .  A. re a s o n a b le  c o m p ro m is e  is  ach ieved  when the  

sum  of the squares  o f the a to m ic  n u m b e rs  o f the h eavy  a to m s is  

equal to th a t o f the l ig h te r  a tom s (L ip s o n  and C o ch ran , 1966). S im  

(1961) has shown the p ro p o rtio n  o f c o r r e c t  signs in  the h eavy  a to m  

m ethod  in  te rm s  of T  d efin ed  as

r  = (« >
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w h e re  f^. and f  a re  the s c a tte rin g  fa c to rs  of the h eavy  and lig h t  

ato m s re s p e c t iv e ly .

In  the h eavy  a to m  m ethod, fu r th e r  co m p lica tio n s  

a r is e  when the h eavy  a to m  is  s itu a ted  in  a s p e c ia l p o s itio n  such  

th a t i t  m akes  l i t t le  o r  no c o n trib u tio n  to a p ro p o rtio n  of the s tru c tu re  

fa c to rs *  The  ensuing e le c tro n  d en s ity  d is tr ib u tio n  based on h eavy  

a to m  phases is  then c o m p lic a te d  by  p seud o-sym m etry  and its  in t e r ­

p re ta tio n s  m a y  be d if f ic u lt .

1 .6 .4  Iso m o rp h o u s  re p la c e m e n t m ethod

A n o th e r p o w e rfu l m ethod  o f so lving  the phase p ro b le m , 

f i r s t  used by  C o rk  (1927 ), is  to co m p are  the x - r a y  in te n s it ie s  f ro m  

a s e r ie s  o f iso m o rp h o u s  com pounds in  w h ich  one a to m  is  re p la c e d  

b y a n o th e r . The f i r s t  su ccessfu l a p p lic a tio n  of th is  technique in  

a la rg e  o rg a n ic  com pound, ph th a lo cyan in e , was by  R o b ertso n  (1935, 

1936) . The p o p u la r ity  o f th is  m ethod  g re w  ra p id ly  being  v e r y  

u s e fu l in  the s tru c tu re  e lu c id a tio n  o f p e n ic il l in  (C ro w fo o t e t a l .  1 9 4 9 ).  

In  th is  m ethod , u n like  the h eavy  a to m  techn ique, the s ize  o f the
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re p la c e a b le  a to m  is  im m a t e r ia l .  The  on ly  c o n s id e ra tio n  is  to 

have a l l  sets o f in te n s ity  data  on the sam e sca le  (B e e v e rs  and  

C o ch ran , 1 9 4 7 ).

L e t  the co m p o sitio n s  of two iso m o rp h o u s  com pounds be  

P R  and Q R  w h e re  P  and Q a re  the re p la c e a b le  atom s and R  is  the  

re m a in d e r  o f the m o le c u le .

T h en  F (P R )  -  F (Q R ) = F (P )  -  F (Q ) = AF ■ (44 )

F o r  c e n tro -s y m m e tr ic  c ry s ta ls  s tru c tu re  fa c to rs , F , a re  r e a l  

q u a n titie s  w hich  a re  e ith e r  p o s itiv e  o r  n e g ative  and A F is  equal to 

the d iffe re n c e  in  the s c a tte r in g  p o w ers  o f the two re p la c e a b le  a tom s; 

and hence i t  is  not d if f ic u lt  to d e te rm in e  the signs of F (P R )  and  

F ( Q R ) , e s p e c ia lly , i f  the re p la c e a b le  a tom s a re  s itu a ted  a t  a 

s y m m e try  c e n tre .

In  the n o n -c e n tro -s y m m e tr ic  case the F s  a re  c o m p lex  

q u a n titie s  whose m agnitudes a re  know n bu t not the p h ases . 

C o rre sp o n d in g  to a p a r t ic u la r  v a lu e  o f A F  one p a ir  o f so lu tions fo r  

F ( P R ) , F (Q R ) having the sam e m agn itude  bu t opposite  phase a re  

ob ta in ed  (F ig .  1 .4 ) .
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PE

FIG. 1 .4

T o  d ecid e  the f in a l  re s u lt, fu r th e r  in fo rm a tio n  is  n e c e s s a ry  w hich  

can be m ad e  a v a ila b le  th rough double iso m o rp h o u s  re p la c e m e n t as 

suggested by  Bokhoven et a l .  (1951) and is  fu r th e r  e la b o ra te d  by  

H a r k e r  (1956) • The m u ltip le  iso m o rp h o u s  re p la c e m e n t m ethod  

has been  used w ith  g re a t success in  d e te rm in in g  the s tru c tu re s  o f 

p ro te in s  (A v e y  e t a l .  1 9 6 7 ).

1 .6 .5  D ir e c t  m ethods

A  n u m b er of d ire c t  m ethods o f phase d e te rm in a tio n  have  

been suggested b y  d iffe re n t a u th o rs . O f these, H a r k e r  and K a s p e r ’ s 

(1947, 1948) m ethod  of in e q u a lit ie s  deals  w ith  the re la t io n  betw een
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s tru c tu re  fa c to rs , w h ile  S a y re 1 s (1952) sign re la t io n  m ethod  is  

based  on the n o v e l id ea  of a squared  a to m . K a r le  and H au p tm an  

(1950, a lso  H au p tm an  and K a r le ,  1950) have in tro d u c e d  a p o w e rfu l 

s ta t is t ic a l  m ethod  w hich  was su ccessfu l in  so lving  the s tru c tu re  o f 

p, p 1 -d im eth o xyb en zo p h en o n e  (K a r le  et a l .  1 9 5 8 ). The s ym b o lic  

a d d itio n  p ro c e d u re  fo r  obta in ing phases d ire c t ly  f ro m  the s tru c tu re  

fa c to r  m ag n itu d es  has a lso  been a p p lied  by K a r le  and K a r le  (1966) 

to the s tru c tu re  d e te rm in a tio n  o f A lk a lo id  P a n a m in e .

1 .7  S T R U C T U R E  R E F IN E M E N T

The m ethods of so lving  a s tru c tu re , so f a r  d iscussed , 

can on ly  le a d  to the  a p p ro x im a te  a to m ic  p a ra m e te rs .  The n e x t  

ta s k  is  to re f in e  the p a ra m e te rs  so th a t the d is c re p a n c y  betw een  the  

o b s erv e d  and c a lc u la te d  s tru c tu re  a m p litu d es  becom es a m in im u m ,

1 .7 .1  F o u r ie r  methods

1 .7 .1 .1  S uccessive  e le c tro n  d en s ity  d is tr ib u tio n

The m ethod of success ive  s tru c tu re  fa c to r  c a lc u la tio n , 

and co m p u ta tio n  of e le c tro n  d en s ity  d is tr ib u tio n  can be ap p lie d  fo r
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re fin in g  a cru d e  s tru c tu re . In  th is  techn ique, so lu tion  and 

re f in e m e n t both m a y  go hand in  hand, e s p e c ia lly , in  the h e a v y -a to m  

m ethod , w h e re  g ra d u a l in c lu s io n  o f re c o g n is a b le  a to m ic  p a ra m e te rs  

im p ro v e s  the re s u lta n t e le c tro n  d en s ity  d is tr ib u tio n s . A f te r  the  

fu l l  s tru c tu re  is  solved, the p ro cess  is  re p e a te d  u n t il  the changes  

in  a to m ic  p a ra m e te rs  a re  in s ig n if ic a n t.

T he  m a jo r  d ra w b ac k  o f th is  m ethod  is  the s e r ie s  te r m in ­

a tio n  e r r o r  w h ich  is  due to the in c lu s io n  of on ly  a l im ite d  n u m b e r o f 

F o u r ie r  te rm s  in  the c a lc u la tio n  o f the e le c tro n  d en s ity  d is tr ib u tio n .  

To  m in im is e  th is  e r r o r ,  c o -o rd in a te s  fo r  each a to m  a re  obta ined  

f r o m  the two e le c tro n  d en s ity  d is tr ib u tio n s  ----  one w ith  F q as

F o u r ie r  co e ffic ien ts , and the o th e r w ith  F  • The c o rre c te dc

c o -o rd in a te s  can be c a lc u la te d  f ro m  the e xp re s s io n  (Booth 1946b)

X (45 )
c o r r c

w h e re  X c o r r
c o rre c te d  c o -o rd in a te ,

X old
old c o -o rd in a te

X.

X.
F

F o
c o -o rd in a te  f ro m  F  m apo »

c o -o rd in a te  f ro m  F c m a p .
c
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The c o rre c tio n  fo r  s e r ie s  te rm in a t io n  e r r o r  is  a p p re c ia b le
o

and m a y  am ount to 0 . 01 to 0. 04 A  (B u rg e r , I9 6 0 ) .

1 .7 .1 .2  D iffe re n c e  synthesis

T h e  fu l l  d iffe re n c e  synthesis  ( F q -  F ^ ) was f i r s t  suggested  

as a d ev ice  fo r  re fin e m e n t by  B ooth  (1 9 4 8 b ). I f  the proposed  

s tru c tu re  is  qu ite  c lo se  to the a c tu a l one, in  the d iffe re n c e  m ap  

f la t  to p o g rap h y  is  expected, except som e u n d u la to ry  c h a ra c te r is t ic s  

due to ra n d o m  e r r o r .  In  th is  p ro cess  re fin e m e n t o f both the  

p o s it io n a l and th e rm a l p a ra m e te rs  is  p o s s ib le . T h is  m ethod  is  

f r e e  f r o m  the e r r o r  due to the s e r ie s  te rm in a t io n  e ffe c t and can  

be used fo r  checking the types o f th e rm a l v ib ra tio n  and d ra s t ic  e r r o r  

in  the  a to m ic  p o s itio n s , and m a y  a lso  be used to obta in  the a p p ro x ­

im a te  p o s itio n s  o f the lig h te r  atom s w hich a re  not re v e a le d  in  the  

o rd in a ry  e le c tro n  d en sity  d is tr ib u tio n .

In  o rd e r  to ach ieve  b e tte r  re s u lts  f ro m  the F o u r ie r  m ethod  

and to g e n e ra lis e  the d iffe re n c e  synthesis  C ru ic ks h a n k  (1952) has  

in tro d u c e d  a m o d ifie d  technique w hich  is  a lm o s t id e n tic a l to the le a s t  

sq u ares  m ethods. In  th is  p ro cess  an a tte m p t is  m ade to m in im is e
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the  q u a n tity , D , w h ere

D  = —-—  £  ( F  I -  | f  j)c o s  [2 n (h x +  k y  + i z )  -  a (h k ^ )] (46)
.y r iK Z  0 ‘ c

1 .7 .2  L e a s t  squares  m ethods

Th e  re fin e m e n t o f a to m ic  p a ra m e te rs  w ith  the h e lp  o f the

le a s t  s q u ares  m ethodswas f i r s t  suggested b y  Hughes (1941) • The

b a s ic  id e a  o f th is  m ethod  is  to e s tab lis h  sets o f n o rm a l equations

and fin d  the p a ra m e te rs  p. w h ich  m in im is e  the q u an tity
J

R  = I  w  A^ (47 )

w h e re  w  = w eigh t a llo tte d  to the o b s e rv a tio n .

and A  = F  -  F  , and the sum  is  taken  o v e r a l l  the  
1 o ‘ ' c 1

in d ep en d en t s tru c tu re  a m p litu d e s .

F o r  R  to be the m in im u m

•&R = 0 w h e re  j  = 0, 1, 2 . . ................n p a ra m e te rs  in
a P j

the  d e te rm in a tio n  o f F  .c

i . e .  J w  A  = 0 (48)
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I f  p be c lo se  to the c o r re c t  va lu e  and ^  is  a s m a ll change in  the
V

p a ra m e te r  p  ̂ then i t  can be shown th a t

n

E
d | F s | f  r

i .  = 1E w * c * c 1 Z w
 ̂ hk£ a pi a Pj J hk^

(49 )

fo r  each v a lu e  of j  = 0, 1, . . . . . . . .  n, n equations m a y  be set up to

d e te rm in e  the n unknown q u a n titie s * T h ey  m a y  be w r it te n  out as

,w fa lF |
i^ P ,

| h  +Zwfa If  I j fd lF l  )
/ [ d  pi> \ 1 / \ P2 J

^  + .................. =y. w A d I f

, W
I F  ' (s If A

V3 p 2 )
w

(  J .\2  c> F ,X

5 p;
h  +

= Ew A

1

d | F |  

^ P ,
(50)

J

T h ese  a re  c a lle d  the n o rm a l equations of le a s t  s q u a re s . 

F o r  s tru c tu re  re fin e m e n t, these s im u ltaneous equations a re  so lved  

to a d ju s t the p a ra m e te rs  so th a t the c o rre c tio n s  becom e s m a ll in  

c o m p a ris o n  w ith  the e s tim a te d  s tandard  d e v ia tio n s . Thus  

p o s itio n a l, th e rm a l and sca le  p a ra m e te rs  m a y  be im p ro v e d .

T he  m a in  advantage o f the le a s t squares  m ethodsof 

s tru c tu re  re fin e m e n t is  th a t in  th is  p ro cess  w eig h t m a y  be ass igned
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to the re fle c tio n s  acco rd in g  to th e ir  r e l ia b i l i t y  and the m ethod  is  

f r e e  f r o m  s e rie s  te rm in a t io n  e r r o r s .

1 .7 .3  M in im u m  re s id u a l m ethod

R e fin e m e n t o f a c ry s ta l s tru c tu re  by  d ire c t  c a lc u la tio n

o f the  m in im u m  re s id u a l was f i r s t  in tro d u ced  by  B h u iy a  and

S ta n le y  (1963) * In  th is  m ethod, the p a ra m e te r  to be re fin e d  is

v a r ie d  in  tu rn  f ro m  p. + nA p. to p. -  nA p. in  2n + 1 steps o f A p .
3 3 3 3 3

and the accepted  re fin e d  v a lu e  is  th a t w h ich  g ives the m in im u m

l | l F ol -  lF ,
v a lu e  o f the re s id u a l, R ,w h e re  R  = T h is  m ethod

I l F ol
w as used  in  the re fin e m e n t o f the s tru c tu re  o f 2 -c h lo r o - l ,  8 -  

ph th a lo y ln ap h th a len e  in  the (100) p ro je c tio n  (sectio n  I I ,  c h ap te r 4 )

1 .7 .4  O th e r  m ethods

T h e re  a re  som e o th e r m ethods of re fin in g  the a to m ic  

p a ra m e te rs  . In  the p ro cess  o f d if fe re n t ia l  synthesis  (Booth, 1946 a) 

i t  is  assu m ed  th a t a t the p o in t o f m a x im u m  e le c tro n  d e n s ity

a  p = ,  a p  = = o (51)
a x  a y ^ z
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w ith  th is  b as ic  concept, d i f fe r e n t ia l  equations a re  set up fo r  

obtain ing  the im p ro v e d  a to m ic  p a ra m e te rs .  In  the m ethod  o f 

s teep es t descents (Booth, 1947 b and 1949) an a tte m p t is  m ade  

to m in im is e  the  f ig u re  o f m e r it ,  R , w h e re

R

R 1

R n

R ni

( F c l }

(F  -  F  )
o c (52 )

F |  2  - F
oj c

2 . 2
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1.8 E V A L U A T IO N  O F  A C C U R A C Y

1 .8 .1  R e s id u a l

The e x ten t o f a c c u ra c y  o f a s tru c tu re  is  u s u a lly  judged  

by the v a lu e  o f the  re s id u a l,

R (53 )

In  the re f in e m e n t b y  the le a s t  squares  m ethods

R  = £  w A (54)

w h e re  a = sca le  fa c to r  o f F

w  = w e ig h t a llo tte d  to the o b s e rv a tio n

A = a | F ol - F C
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I t  is  n o rm a lly  expected  th a t the s m a lle r  the v a lu e  of R, the  

b e tte r  is  the s tru c tu re  d e te rm in a tio n . H a m ilto n  (1965) has g iven  

a thoroug h  a n a ly s is  o f the R  fa c to r  and the a c c u ra c y  o f the s tru c tu re ,  

C ru ic k s h a n k  (1964) has in tro d u c e d  a n o th er in d ex  o f c o m p arin g  the  

d e g ree  o f re f in e m e n t

R ' = S w A2  (5 5 )

J > ( a  |F C | ) 2

1 .8 .2  S tan d ard  d e v ia tio n s  o f p a ra m e te rs

A n o th e r c r it e r io n  o f ju d g in g  the a c c u ra c y  of the s tru c tu re  

d e te rm in a tio n , is  to c a lc u la te  the s ta n d ard  d ev ia tio n s  o f the p a r a ­

m e te rs  w h ich  can be d e r iv e d  f r o m  le a s t  sq u ares  re s id u a l by  

a p p lic a tio n  of the equation

<r (pj) = S  w  A  _____________  (56 )

(m  -  n) £  (  d | F c
\

C> p. /
J

w h e re  m  and n a re  the n u m b e rs  o f independent o b serva tio n s  and  

p a ra m e te rs  to be re f in e d .
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1 .8 .3  S tan d ard  d e v ia tio n s  of bond lengths

T he  s tan d ard  d e v ia tio n  o f the bond len g th  P Q  m a y  be

d efin ed  as

<rz( i )  = <r 2(p) + / ( q ) (57)

2 2
w h e re  ( f  (P ) and (Q ) a re  the v a r ia n c e  o f P  and Q in  the d ire c tio n  

of P Q . I f  the a to m s a re  re la te d  by  a m i r r o r  p lane o r  a c e n tre  of 

s y m m e try

< f ( e )  =  2 (T (P )  (58 )

1 .8 .4  S tan d ard  d ev ia tio n s  o f bond angles

I f  {3 be the angle  subtended a t Q by  the th re e  independent 

a to m s P , Q and R, then the v a r ia n c e

2 2
In  the above e x p re s s io n ^  (P ) and q  (R ) a re  the v a r ia n c e  o f P  and

2
R  in  the p lane  P Q R  and p e rp e n d ic u la r  to P Q  and QR, and CT (Q ) is  

the v a r ia n c e  o f Q in  the d ire c tio n  ta n g e n tia l to the c ir c le  P Q R  

(D a r lo w , I9 6 0 ) .

Q R  I Q R *
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1 .8 .5  C a lc u la te d  m ean  p lanes and~X^ te s t

A n o th e r m eth o d  of ju dg ing  the a c c u ra c y  of a s tru c tu re  is

to c a lc u la te  a s e r ie s  o f m ean  p lanes  th ro u g h  the a tom s (S ch o m aker

et a l. ,1 9 5 9 )  w h ich  a re  expected  to be c o p lan a r and to dec ide  the

2
m e r i t  o f the r e s u lts .  In  th is  re s p e c t th e X -  te s t m a y  be used to 

d ecide  the goodness o f the f i t  o f the e x p e r im e n ta l re s u lt  to th e ir  

th e o re t ic a l v a lu e s .
o

L e t  D . be the  d e v ia tio n  (in  A ) o f j th  a to m  f r o m  the  
J

c a lc u la te d  m ean  p lane  th ro u g h  n a to m s and cf is  the m ean  d e v ia tio n  

o
(in  A )  in  the  p o s itio n a l p a ra m e te rs  o f the a to m s, then

^ n j . 2

%  = £  (60 )

The  p ro b a b ility  o f the d e v ia tio n  f r o m  the p la n a r ity  due to 

the ra n d o m  e x p e r im e n ta l e r r o r  can then be exam in ed  f r o m  the  

ta b le s  (F is h e r  and Y a te s , 1953) . I f  the p ro b a b ility  th a t the  p lane  

is  a good f i t  be le s s  than  1% i t  is  u s u a lly  safe to  assu m e th a t the  

atom s a re  n o n -p la n a r .
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1 .9 C O M P U T A T IO N

T h e  m a n y  c a lc u la tio n s  w e re  p e r fo rm e d  on the G lasg o w  

U n iv e rs ity  K D F - 9  c o m p u te r . Som e d e ta ils  o f p ro g ra m s  and  

au th o rs  a re  g iven  b e lo w :-

P R O G R A M

In te n s ity  c o rre c tio n  ( I to jF ^ j )

A U T H O R

A .  A .  H ook  
R . T r u te r  

and  
M .  W e lls

Is o tro p ic  s tru c tu re  fa c to r  
and  

F o u r ie r

F o u r ie r  s e a rc h

L e a s t  sq u ares  re fin e m e n t

B ond len g th  and bond ang le

D a ta  sharpen ing  fo r  P a tte rs o n  
fu n c tio n

J . G . S im e

D . M c G re g o r

D . W . J .  C ru ic k s h a n k  
and

J . G . F» S m ith  

K .  W . M u ir  

K .  W . M u ir

M in im u m  re s id u a l re f in e m e n t K .  W . M u ir

H yd ro g e n  p lac in g G . F e rg u s o n

M e a n  p la n e W . O b e rh a n s li



P R O G R A M  -  contd .

S tan d ard  d ev ia tio n s  o f bond  
len g th s  and bond ang les

S im  w eig h t

40 -

A U T H O R  -  con td . 

W ‘. S . M acd o n a ld

K .  W . M u ir  
and

D .  R . P o lla r d

I t  w as n e c e s s a ry  to m o d ify  som e o f the p ro g ra m s  to  

s u it s p e c ific  exam p les  and to w r ite  s m a ll p ro g ra m s  fo r  v a r io u s  

c a lc u la tio n s  and data  h a n d lin g .



S O M E

S E C T I O N  ' II

C R Y S T A L  S T R U C T U R E S  O F  

o - H A L O G E N O - A R O Y  L C O M P O U N D S



2 IN T R O D U C T IO N

T h e  s te r ic  e ffec ts  occasioned by  the c lose  p ro x im ity  

o f a ha logen  a to m  and a n e ig hbouring  group a re  su scep tib le  to 

in v e s tig a tio n s  b y  a v a r ie ty  o f p h y s ic a l m ethods e .g .  i . r . ,  u . v . ,  

n .m .  r . ,  d if fra c tio n  m ethods e tc . O n ly  d iffra c tio n  m ethods  

a llo w  p re c is e  d e te rm in a tio n  of in tra m o le c u la r  d is tan ces  in  anything  

o th e r than the s m a ll m o lec u le s  and in  ad d itio n , in  m onohalogeno  

com pound the halogen a to m  n o rm a lly  p ro v id e s  a m eans o f o v e r ­

com ing  the c ry s ta llo g ra p h ic  "phase p ro b le m " ,

F e rg u s o n  and S im  have in v e s tig a te d  a n u m b e r o f o -m o n o -  

halogeno b en zo ic  acids  £o -c h lo ro b e n zo ic  ac id (F .erguson  and S im , 

1961), £ -b ro m o b e n z o ic  a c id  (F e rg u s o n  and S im , 1962 a ) and  

2 - c h lo r o - 5 -n itro b e n z o ic  a c id  (F e rg u s o n  and S im , 1 9 6 2 b)J. A l l  

these  s tru c tu re s  showed s ig n if ic a n t n o n -p la n a r ity  and d is to rtio n s  

o f bond an g les , w h ich  m ig h t be the outcom e o f the in tra m o le c u la r  

o v e rc ro w d in g . A n o th e r in te re s tin g  fe a tu re  in  the s tru c tu re s , was  

the  p re s e n c e  o f in te rm o le c u la r  hydrogen  bonds.
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The f i r s t  x - r a y  study of the hydrogen  bond was done by  

B e r n a l and F o w le r  (1933). S ince then c ry s ta llo g ra p h e rs  have  

done m uch  w o rk  in  th is  f ie ld .  F u l le r  (1959 ), B a u r  (1965), 

S peakm an  (1967) and o th ers  have re v ie w e d  som e of these  w o rk s .

N o rm a lly , the hydrogen  bond ( A - H . . ,B )  is  assum ed  to

be l in e a r  and in  a la rg e  n u m b er o f com pounds (H a m ilto n , 1962 ),

/ \  . o
the A - H . , .B  angle  is  found to be n e a r  to 180 . The ex is ten ce

o f d e v ia tio n s  f ro m  l in e a r i ty  in d ic a te s  th a t the en erg y  re q u ire d  to

bend the h ydrogen  bond is  not la rg e  and can be c o m p ared  to the

e n erg y  o f the van d e r W aals  in te ra c tio n s  in  the c r y s ta l .  The

h yd ro g en  bond is  thus m o re  re a d ily  d is to rte d  by packing fo rc e s

than any co va len t bond. T h e  m a jo r  c h a ra c te r is t ic s  o f the

h yd ro g en  bond a re  decided  by  the type and c h e m ic a l e n v iro n m e n t

o f the donor and acc e p to r a to m s . B ecause  o fits  s m a ll bond

e n e rg y  (o n ly  about 5 K .c a l . /m o le )  and the s m a ll a c t iv a tio n  e n erg y

in v o lv e d  in  its  fo rm a tio n  and ru p tu re , the h ydrogen  bond is  e s p e c ia lly

su ited  to p la y  an im p o rta n t ro le  in  re a c tio n s  o c c u rr in g  a t n o rm a l

te m p e r a tu re .  F o r  th is  reaso n  i t  has been e x te n s iv e ly  s tud ied  by

d if fe re n t  m ethods (P im e n ta l and M c C le lla n , I9 6 0 ) •
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V a r io u s  hydrogen  bonds of the type O H . . .O ,  N H . . . O ,

O H . . . N , N H . . ,  N  e tc . have been in v es tig a te d  th o ro u g h ly  (F u l le r ,

1959; B a u r , 1965), but th e re  has been v e ry  l i t t le  s y s te m a tic  study

of C H . . . O  o r  C H . • .  N  hydrogen  bonds in  the so lid  s ta te* The
o

a p p a re n t u n u s u a lly  sh o rt in te rm o le c u la r  C H . . .O  contact o f 3 . 0 A , 

in  the c ry s ta l  s tru c tu re  o f 1, 3, 7, 9 - te tra m e th y lu r ic  ac id  (S utor,

1963 a ) p ro m p te d  Sutor (1963 b) to re v ie w  c ry s ta llo g ra p h ic  w o rks  on 

s tru c tu re s  having  sh o rt C H . . . O  co n tacts . In  h e r  re v ie w , she 

could  no t fin d  any s tru c tu re s  having in te rm o le c u la r  e th yn yl h y d ro ­

gen bonds. T y r r e l l  (1963) c a r r ie d  out in v es tig a tio n s  o f e th yn yl 

h yd ro g en  bonds in  b en zo y lace ty len es  and ph en y lacety len es  by  v a r io u s  

m e th o d s .

The m a in  purpose of the fo llo w in g  in v es tig a tio n s  o f the  

fo u r  m o n o -h a lo g e n e -a ro y l com pounds (o -c h lo ro b e n zo y la c e ty le n e , 

o -b ro m o b e n z o y la c e ty le n e , ^ -f lu o ro b e n z o ic  ac id  and 2 -c h lo r o - l ,  8 -  

p h th a lo y ln a p h th a le n e ) was to extend the n u m b er o f the m e m b e rs  of 

the  s e r ie s  in v e s tig a te d , and to exam in e  the com m on fe a tu re s  of 

c o n fo rm a tio n , in te rm o le c u la r  hydrogen bonds and in tra m o le c u la r  

o v e rc ro w d in g  in  the fa m ily  o f ^ -h a lo g e n o -a ro y l com pounds. The  

d e ta ile d  fin d in g s  a re  d iscussed  in  C h ap te r 5 .



C H A P T E R  1

o - c h l o r o b e n z o y l a c e t y l e n e
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2 .1  IN T R O D U C T IO N

D u rin g  h is  in v es tig a tio n s  o f e thynyl hydrogen  bonds by  

v a r io u s  m ean s , T y r r e l l  (1963) p re p a re d  q -c h lo r o -  and jo -b ro m o -  

b e n zo y la c e ty le n e s . These w e re  p re p a re d  in  two stages; the  

f i r s t  being  the synthesis  o f h a lo g e n o -b e n zo y lc a rb in o l and the second, 

the  o x id a tio n  of the c a rb in o l.

In  the in f r a - r e d  ab so rp tio n  s p ec tru m  of o -c h lo ro b e n z o y l-  

a c e ty le n e , a m a x im u m  co rresp o n d in g  to the e thynyl hydrogen  

s tre tc h in g  fre q u e n c y  occurs  a t 3304 c m .  ̂ in  cyc lohexane so lu tion  

and a t 3235 c m .  ̂ in  the so lid  s ta te . I t  was in fe r r e d  f ro m  th is  

( T y r r e l l ,  1963) th a t th e re  is  som e a d d itio n a l bonding in v o lv in g  th is  

g ro u p  in  the so lid  s tate  w h ich  is  not p re s e n t in  s o lu tio n . The  

c h a ra c te r is t ic  studies show th a t the hydrogen  bonding in  the b e n zo y l -  

a c e ty le n e  is  s u rp r is in g ly  strong (B ran d , E g lin to n  and T y r r e l l ,  1 9 6 5 ).  

T h is  is  c o n firm e d  by  the fo llo w in g  c ry s ta l s tru c tu re  a n a ly s is  (F e rg u s o n  

and Is la m , 1966 a ) .
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2 *1 .1  C ry s ta l data

_q -C h lo ro b en zo y lacety len e , C ^H ^O C l, M  = 1 64 .5 ,

o
a = 3 . 97 + 0. 02, b = 12 .35  + 0. 04, c = 15. 87 + 0 . 04 A , (3 = 9 8 .4  +

o °3
0 .2  , U = 7 6 9 .8  A ,  D m  = 1 .4 0  g m /c c . (by f lo ta t io n ) , Z = 4,

D c  = 1 .4 2  g m /c c . ,  F (0 0 0 ) = 336, space group P 2 . /c  (C^. , N o .1 4 ,
i  2h

In t .  T a b le s , V o l .  I ,  1965); l in e a r  ab so rp tio n  c o e ffic ie n t fo r  x - r a y s

°  -1 
( \  = 1 .5 4 2  A ) ,  [i = 43 c m . .

_o~Chlorobenzoyl ace ty len e  c ry s ta lis e s  f ro m  m e th a n o l and

w a te r  m ix tu re  as need les  e longated  along the a -a x is .  The u n it c e ll

d im en s io n s  w e re  m e as u re d  fro m  the o s c illa t io n  and e q u a to r ia l la y e r

W e is s e n b e rg  photographs, and hkO and h0j& p re ce s s io n  p h oto graphs .

2 .1 .2  Space group

Ok-C —■ 3k^ W e issen b erg  photographs and p re c e s s io n  photo­

grap h s  o f the  hkO and h (U  re c ip ro c a l la t t ic e  nets w e re  exam in ed  and  

i t  w as found th a t the h(H  s p ec tra  w e re  absent when I  = 2n + 1 and th a t 

the OkO s p e c tra  w e re  absent when k  = 2n + 1, but th e re  was no 

r e s t r ic t io n  fo r  the g e n e ra l re f le c tio n s . The m o n o c lin ic  

c h a ra c te r  o f the c ry s ta l was a lre a d y  es tab lis h ed . The
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space g ro u p  is  th e re fo re , P Z ^ c  (C^ , In t .  T a b le s , V o l .  I ,  1965) 

h av in g  the  g e n e ra l e q u iva len t positions

x, y, z .  ( 1 )

-  x, -y ,  - z .  (2)

-  x, \  + y, }  -  z .  (3 )

X ,  \  -  y, i  + z .  (4 )

2 .1 .3  In te n s ity  data

Since the c ry s ta ls  su b lim ed  re a d ily  on exposure to the

a tm o s p h e re , a s m a ll n eed le  c ry s ta l enclosed in  a L in d em an n

g la ss  c a p i l la r y  was used fo r  c o lle c tin g  in te n s ity  d a ta . The

in te n s it ie s  o f re fle c tio n s  o f the re c ip ro c a l la t t ic e  nets Ok/ to 3k^

w e re  re c o rd e d  on e q u a to r ia l and e q u i-in c lin a tio n  W e issen b erg  photo-
o

g rap h s  using Cu K a  ra d ia tio n  (X = 1 .5 4 2  A ) • The m u lt ip le  f i lm  

tech n iq u e  o f R o b ertso n  (1943) was em p lo yed . F o r  the O k/ and  

l k /  r e c ip ro c a l la t t ic e  nets two sets o f photographs (each  o f a fo u r  

f i lm -p a c k )  w e re  taken , one o f a long exposure and the an o th er of 

a s h o rt exp o su re , so as to fa c il i ta te  the v is u a l e s tim a tio n  o f a w ide  

ra n g e  o f in te n s it ie s . The  2 k /  and 3 k /  nets w e re  photographed
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on one p ack  o f fo u r f i lm s .  The v is u a l e s tim a tio n  of 772  

in d ep en d en t re fle c tio n s  was c a r r ie d  out using a c a lib ra te d  in te n s ity  

step  wedge; a fu r th e r  332 ‘‘unobserved" re fle c tio n s  w e re  in c lu d ed  

in  a l l  c a lc u la tio n s  w ith  a value  one h a lf  o f the m in im u m  lo c a lly  

o b s e rv a b le . In i t ia l ly ,  a l l  the in te n s it ie s  w e re  p laced  on a p p ro x ­

im a te ly  the sam e scale  by co m p arin g  the tim e s  o f exp o su re . The  

in te n s it ie s  w e re  c o rre c te d  fo r  a p p ro p ria te  L o re n tz , p o la r is a tio n  

and ro ta tio n  fa c to rs  (See Sec. I ,  1 .3 .  3 ) .  The ab so rp tio n  

c o rre c tio n s  w e re  ig n o re d .

T h e  ra t io  of the square  o f the a to m ic  n u m b er o f the h eavy  

a to m  to the sum  of the squares of the a to m ic  n u m b ers  o f the  r e s t  o f 

the a to m s  p e r  a s y m m e tr ic  u n it is

2
y  = H  = 0 .7 4  (5 )

w h ich  showed th a t the h eavy  a to m  m ethod  fo r  phase d e te rm in a tio n  

m ig h t be fa v o u ra b le  (Liipson and C ochran , 1 9 6 6 ).
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2 .1 .4  S tru c tu re  d e te rm in a tio n  and re fin e m e n t in  the (100) p ro je c tio n

o
B ecau se  of the sh o rt a ax is  (3 .9 7  A ) i t  was expected th a t 

th e re  w ould  be good re s o lu tio n  of the atom s in  the (100) p ro je c tio n ; 

w h ile  the  fu l l  th re e  d im en s io n a l data c o lle c tio n  was in  p ro g re s s , the  

s tru c tu re  was so lved  and re fin e d  in  the (100) p ro je c tio n  using the  

230  Ok^ d a ta .

The  p lane g roup  o f P 2 ^ /c  in  the (100) p ro je c tio n  is  pgg 

( In t .  T a b le s , V o l .  I ,  1965) having the eq u iva len t pos itions

y, z (6)

-  y, -  z ( 7 )

i  + y, i  -  z (8)

i  - y, i  + z (9)

T h is  shows th a t in  the (100) p ro je c tio n  o f the P a tte rs o n  synthesis

p eaks  c o rres p o n d in g  to the v e c to rs  betw een  the h e a v y  a tom s w i l l  be 

a t (2y , 2 z ) , -  2y, \ )  and ( j ,  \  -  2 z ) . In  the (100) P a tte rs o n

p ro je c tio n  (F ig .  1.1) peaks " A " , "B " and "C " co rresp o n d  to the  

above in te rp re ta t io n  and w e re  c o n firm e d  to be C l -  C l v e c to r  p e a k s .
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T w o  m aps of the P a tte rs o n  p ro je c tio n  w ere  p re p a re d  on tra c in g  

p a p e r us ing  two co n trastin g  c o lo u rs . The g e n e ra l C l  - C l  

v e c to r  p eak  "A " of one was then superim posed  on the o r ig in  o f 

the o th e r . The m in im u m  function  m ap (F ig .  1 .2 ) was then  

p re p a re d  (B u e rg e r , 1951). I t  c le a r ly  re v e a le d  the p o s itio n s  o f 

a l l  the  n o n -h yd ro g e n  a to m s .

A n  a p p ro x im a te  sca le  fa c to r  and o v e ra ll th e rm a l p a r a ­

m e te rs  fo r  the atom s w e re  then found fro m  a W ilso n  p lo t (W ilso n , 

1 9 4 2 ) .  Tw o cyc les  o f re fin e m e n t by successive  e le c tro n  d en s ity  

c a lc u la tio n s  w e re  then fo llo w ed  by the c o rre c tio n  fo r  the s e r ie s  

te rm in a t io n  e r r o r  (See S ec. I ,  1 .7 .1 .1 ) .  The le a s t squares  

re f in e m e n t fo r  a d ju s tm e n t o f p o s itio n a l and is o tro p ic  th e rm a l p a r a ­

m e te rs  co n verg ed  a t R  = 0 .0 9 .  U sing  the re fin e d  sca le  fa c to r  the  

O k / data  w e re  then p laced  on the absolute  s c a le .

2 .1 .5  S tru c tu re  d e te rm in a tio n  in  th re e  d im en tions

F r o m  eq u iva len t positions (1) and (3) o f the space group  

P 2 ^ /c  i t  is  ev iden t th a t the end locations  of som e of the in te ra to m ic  

v e c to rs  w i l l  be a t (2x, 2;, \  + 2z) • T h is  in d ica te s  th a t the H a r k e r  

s ec tio n  (See S ec . I ,  1 .6 .2 )  a t v  = 2 should contain  a C l  -  C l  v e c to r
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p e a k . In  the H a r k e r  section  (F ig . 1 .3 ) one peak was seen to 

be d o m in a tin g . The z c o -o rd in a te  of th is  peak a g ree d  q u ite  

w e ll w ith  th a t o f the C l a to m  found in  the p ro je c tio n  w o rk . T h is  

d ec id ed  the unknown x  c o -o rd in a te  fo r  the c h lo rin e  atom ; a c c u ra te  

y  and z c o -o rd in a te s  fo r  the re s t  o f the n o n -h yd ro g en  a tom s w e re  

a lre a d y  know n. The  x  c o -o rd in a te s  fo r  the carbon atom s of the  

b en zen e  r in g  and C (7 ) of the c arb o n y l group w e re  d e r iv e d  fro m  the  

g e o m e tr ic a l c o n s id e ra tio n s , paying due re g a rd  to the t i l t  o f the  

b enzen e  r in g  as g iven  by the (100) p ro je c tio n .

S tru c tu re  fa c to rs  w e re  com puted w ith  a l l  1104 re fle c tio n s  

using  c a lc u la te d  x  and re fin e d  y  and z c o -o rd in a te s  fo r  C (l)  — C (7 ) 

and C l  a to m s . The o v e ra ll  R  fa c to r  becam e 0 ,3 8 8  and fo r  0k4 

p la n es  a lo n e  the re s id u a l was 0 .4 2 4 . The exc lus ion  of two  

a c e ty le n ic  carbons [C (8 ) and C (9 ) ] and one carb o n y l oxygen was the  

cause o f such a h igh R  fa c to r . The f i r s t  e le c tro n  d en s ity  

d is tr ib u t io n  was then com puted w ith  a l l  the data; the 230 0 k /  p lanes  

w e re  c o r r e c t ly  phased fro m  the p ro je c tio n  w o rk  and the re s t  w e re  

phased  f r o m  the eight atom s s tru c tu re  fa c to r  c a lc u la tio n  as m en tio n ed  

e a r l ie r .  In  the m ap the im p ro v e d  lo catio n s  of the e ight a tom s w e re
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seen to be acco m p an ied  by the c le a r  peaks of the re m a in in g  atom s  

[C ( 8 ) ,  C (9 ) and O ], The peak  positions fo r  a l l  the e leven  non­

h yd ro g en  a tom s w e re  then ca lc u la ted  f ro m  th is  e le c tro n  d en s ity  

d is tr ib u t io n  b y  B o o th 's  m ethod (Booth, 1948a) . A t  th is  stage  

the  re s id u a l, R, was 0 ,1 8 . The course  of the s tru c tu re  so lu tion  

is  shown in  T a b le  1 .1 .

2 .1 .6  S tru c tu re  re fin e m e n t

Tw o cyc les  o f F o u r ie r  re fin e m e n t w e re  c a r r ie d  out a t 

the  end o f w h ich  no a p p re c ia b le  change in  the a to m ic  p a ra m e te rs  

w e re  n o tic e d . In  a F o u r ie r  synthesis  using (F q -  F ^ ) as co­

e ff ic ie n ts , peaks a ttr ib u te d  to hydrogen  atom s and a n is o tro p ic  

c h a ra c te r is t ic s  o f the o th e r atom s w e re  noticed; the absence of any  

o th e r s ig n if ic a n t peaks c o n firm e d  the c o rre c tn e s s  of the s tru c tu re .  

T h e  R  fa c to r  was 0 .1 7 6 . The a p p ro p ria te  c o rre c tio n  fo r  the  

e r r o r  due to the s e r ie s  te rm in a t io n  e ffec t, w hich is  in h e re n t in  the  

n o rm a l re f in e m e n t by F o u r ie r  m ethod, was then a p p lied  (See S ec . I ,  

1 .7 .1 .1 ) .



then  sca led  so th a t K  Z  F  = T  F
o I c

In  the s tru c tu re  fa c to r  ca lcu la tio n s  the U iso  va lu es  f ro m  

the  p ro je c tio n  re fin e m e n t w e re  u sed . A t  the conclus ion  of 

F o u r ie r  re fin e m e n t the in te n s ity  data fo r  the in d iv id u a l la y e rs  w e re

No la t e r  a lte ra t io n  of 

these  la y e r  sca le  fa c to rs  was found n e ce s sa ry ; on ly  an o v e ra l l  sca le  

fa c to r  was subsequently  re f in e d .

A lto g e th e r  tw e lve  cyc les  o f le a s t squares re fin e m e n t w e re  

re q u ire d  to ad ju s t the a to m ic  p a ra m e te rs  and scale  fa c to r .  The  

p ro g re s s  o f le a s t  squares re fin e m e n t is  shown in  T a b le  1 .2 .  A t  

the end o f the tw e lfth  c yc le , p a ra m e te r  sh ifts  w e re  a l l  le s s  than one 

th ir d  o f th e ir  e s tim a te d  s tan d ard  d ev ia tio n s , in d ica tin g  the c o n ve rg ­

ence o f the re f in e m e n t. The  f in a l  R  fa c to r  was 0.092, The  

c a lc u la te d  s tru c tu re  fa c to rs , a t the end o f re fin e m e n t, a re  shown in  

T a b le  1. 3 .

In  the f i r s t  th re e  cyc les  o f fu l l  m a tr ix  le a s t squares  

re f in e m e n t, ad ju stm en ts  w e re  m ade to the p o s itio n a l and is o tro p ic  

th e r m a l p a ra m e te rs  fo r  a l l  n o n -h yd ro g en  atom s and the o v e ra ll  scale  

fa c to r .  T h e  in d iv id u a l la y e r  scales (K ) and re s id u a ls  (R ) fo r  each

o f the  fo u r  la y e rs , O'kZ -  3 k / ,  w e re  ca lc u la ted  by m ak in g  K ^ f F ^ - ^ F
c
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b u t no s ig n if ic a n t d iffe re n c e  in  in d iv id u a l la y e r  sca les  was n o tic e d .

T h e  p o s itio n s  of the fo u r benzene r in g  hydrogens and one a c e ty le n ic

h yd ro g en  w e re  ca lc u la ted  f ro m  g e o m e tr ic a l c o n s id e ra tio n s  using

the s ta n d ard  bond len g th  of an a ro m a tic  C -H , 1. 084 and an a c e ty l -  

o
enic C -H , 1 .0 6  A  re s p e c tiv e ly . These hydrogen c o -o rd in a te s  

w e re  then in tro d u c e d  in  the subsequent s tru c tu re  fa c to r  c a lc u la tio n s  

b u t w e re  not re f in e d . The sam e is o tro p ic  te m p e ra tu re  fa c to r ,

U is o  = 0 . 044, was used fo r  a l l  the hydrogen  a to m s . In  the  

re m a in in g  cyc les  o f re fin e m e n t, a n is o tro p ic  th e rm a l v ib ra tio n s  fo r  

the e leven  n o n -h yd ro g en  atom s w e re  a llo w ed  and a b lo c k  d iag o n al 

a p p ro x im a tio n  fo r  the n o rm a l equations was u sed . In  a l l  stages  

o f re f in e m e n t, the w eighting  schem e ap p lied , was th a t o f C ru ic k s h a n k  

e t a l .  (1961).

^  = l / ( p 1 + | F | + p 2| F f T  (10)

U p to the  seventh  cyc le  o f re fin e m e n t, the va lu es  of the constants, 

p and p , w e re  chosen to be 2 | f |  an(i  7 y / / ' \ Y \  max# re s p e c tiv e ly .
JL C *

A  c o r r e c t  choice o f w eighting  schem e should g ive a p p ro x im a te ly  the

2sam e m e an  v a lu e  of A  fo r  a l l  batches o f data grouped in  the
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o rd e r  o f in c re a s in g  jF^  and s in § /^ .  F r o m  such an e xa m in a tio n

a change o f the v a lu e  o f the constant, f ro m  4 to 6 was found

n e c e s s a ry . A f te r  one fu r th e r  cyc le  o f re fin e m e n t, w h ile  R  was

0 ,11, the agreement of the whole sets of If  and If  were
I o I c

th o ro u g h ly  checked and tw e lve  lo w  o rd e r  h igh in te n s it ie s  w e re  found  

to have  v e r y  bad a g re e m e n t. A f te r  in dependently  re m e a s u r in g  

the  in te n s it ie s  o f these p lanes and a llo w in g  fo r  a p p ro x im a te  spot 

shape c o rre c tio n s , the p lanes w e re  again  in tro d u ced  in to  the r e f in e ­

m e n t c y c le s . F u r th e r  ad ju s tm en t o f the w eighting  schem e was  

found n e c e s s a ry  and consequently , the va lu e  o f p^ was changed to 8 , 

T h e  h yd ro g en  positions w e re  then p icked  out f ro m  a th re e  d im e n s io n a l 

(F  -  F* ) F o u r ie r  synthesis , (w h ere  F  re p re s e n ts  the c a lc u la te d
O C ■ c

s tru c tu re  fa c to rs  fo r  n o n -h yd ro g en  atom s on ly) and w e re  in c lu d ed  

in  the la s t  th re e  cyc les  o f re fin e m e n t but no a tte m p t was m ad e  to  

re f in e  th e ir  p a ra m e te rs .

A t  the end o f the tw e lfth  cyc le  o f the le a s t squares  r e f in e ­

m e n t, the p a ra m e te r  sh ifts  w e re  qu ite  n e g lig ib le  in  c o m p aris o n  w ith  

the  a p p ro p r ia te  e s tim a te d  standard  d evia tio n s  in d ic a tin g  the
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co n verg en ce  o f the re fin e m e n t. Once again  s tru c tu re  fa c to rs  

w e re  c a lc u la te d  fo r  n o n -h yd ro g en  atom s and a d iffe re n c e  synthesis  

w as co m p u ted . In  the m ap w e ll re so lv ed  hydrogen  peaks w e re

o b s e rv e d  in  the expected  lo catio n s  but no o th er s ig n ific a n t fe a tu re s  

w e re  n o tic e d . The re le v a n t sections fo r  the hydrogen  p o s itions

o f the d iffe re n c e  synthesis  a re  shown in  F ig ,  1 .4 , su p erim p o sed  

on the sections o f the th ird  th re e  d im en s io n a l e le c tro n  d en s ity  

d is tr ib u t io n .

In  a l l  the s tru c tu re  fa c to r  c a lc u la tio n s , a to m ic  s c a tte rin g  

c u rv e s  used  w e re  those o f In t .  T a b les , ,Vol. I l l  (1 9 6 2 ).

2 .1 .7  F in a l  a to m ic  p a ra m e te rs , m o le c u la r  d im en sions  e tc .

T h e  P a tte rs o n  p ro je c tio n , the m in im u m  function  m ap and  

the  H a r k e r  section  a re  shown in  F ig u re s  1.1, 1 .2  and 1 .3  re s p e c t­

iv e ly .  T h e  f in a l th re e  d im en s io n a l e le c tro n  d en s ity  d is tr ib u tio n

o f the  a to m s and the hydrogen  lo catio n s  fro m  the la s t d iffe re n c e  

s yn th es is  a re  p re se n te d  in  F ig .  1 .4 , as superim posed  contour 

sec tio n s  d ra w n  p a r a l le l  to (100) • The a rra n g e m e n t of the m o le ­

cu les  v ie w e d  along the s h o rt a _axis  is  shown in  F ig .  1 .5 . Bond  

len g th s  and angles a re  in  F ig .  1 .6 . T h is  a lso  contains the
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n u m b e rin g  schem e fo r  id e n tify in g  the atom s of a m o le c u le . T h e  

d is tan ce s  and angles in v o lv e d  in  the in te rm o le c u la r  hydrogen  

bonding is  p re se n te d  in  F ig .  1 .7 .

The co u rse  of the s tru c tu re  solution , p ro g re s s  o f r e f in e ­

m e n t and the s tru c tu re  fa c to r  ag ree m e n ts  a re  shown in  T a b le s  1.1,

1 .2  and 1 .3  re s p e c tiv e ly . The  f in a l f ra c t io n a l c o -o rd in a te s  and

e s tim a te d  s tan d ard  devia tions  of the n o n -h yd ro g en  a tom s, a re  in  

T a b le  1 .4 .  In  the T a b le  1 .5 , th e re  a re  the f ra c t io n a l c o -o rd in a te s  

o f h yd ro g en  atom s c a lc u la ted  fro m  the la s t d iffe re n c e  s yn th es is .

T h e  o rth o g o n al c o -o rd in a te s  of the a tom s, r e fe r r e d  to the axes

p a r a l le l  to a * , b and c, and the co rresp o n d in g  e s tim a te d  s tan d ard  

o
d e v ia tio n s  (in  A ) a re  shown in  T a b le  1 .6 .  The a n is o tro p ic  

te m p e ra tu re  fa c to rs  a re  in  T a b le  1 .7 .  T hese  a re  the va lu es  of 

U (See S ec. I ,  1 . 3 . 2 . ) .  The  p r in c ip a l values and the d ire c tio n
i j

cosines o f the v ib ra tio n  ten so rs  w ith  re fe re n c e  to the o rth o g o n al 

axes p a r a l le l  to av , b and c a re  p re se n te d  in  T a b le  1 . 8 .  Som e  

in t r a m o le c u la r  and in te rm o le c u la r  sh o rt d is tan ces  can be seen in  

T a b le  1 . 9 .  D e v ia tio n s  o f atom s f ro m  v a rio u s  m ean  p lanes a re  

g iven  in  T a b le  1 .10 .
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The a ve ra g e  e s tim a te d  s tandard  d ev ia tio n s , d e r iv e d

f r o m  the  le a s t  squares n o rm a l equations, o f bond lengths a re ,

C a rb o n -C a rb o n  (0 . 009) ,  C a rb o n -O xyg en  ( 0 . 0 0 7 )  and C a rb o n - 
o

C h lo r in e  ( 0 . 0 0 6  A ) .  The a ve ra g e  e s tim a te d  s tan d ard  d e v ia tio n

o
o f bond ang les  is  0 . 6 .



D I A G R A M S  A N D T A B L E S
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F IG .  1.1

T h e  P a tte rs o n  p ro je c tio n  on to (1 0 0 ). C ontours  a re  a t

a r b i t r a r y  in te r v a ls .



T h e  m in im u m  fu n ctio n  in  p ro je c tio n  on (100) obta ined  f r o m  s u p e r­

im p o s it io n  o f the C l - C l  v e c to rs  in  (100) P a tte rs o n  synthesis  and its

in te rp re ta t io n .



a

o

o

1 . I . I

F IG .  1 .3

T h e  H a r k e r  section  a t v  = 0y5 . C ontours  a re  a t a r b i t r a r y

in te r v a ls .



F IG . 1 .4

The  th ir d  e le c tro n  d e n s ity  d is tr ib u tio n  (s o lid  co n tours ) shown by m eans o f 

s u p erim p o s e d  co n to u r sections p a r a l le l  to (100). A ls o  shown a re  the h y d ro ­

gen peaks  (b ro k e n  c o n to u rs ) found in  the d iffe re n c e  F o u r ie r  syn th es is , c ^  

puted a t the co n c lu s io n  o f the re f in e m e n t. C ontour le v e ls  a re  a t 0 .1  e /A  

around  the  h yd ro g en  atom s s ta rtin g  a t the 0 . 6 - e le c tro n  le v e l, fo r  o th e r a tom s  

contour le v e ls  a r e -a t  l e / A 3 except around. C l ( 2 e /A 3 ) s ta rtin g  a t one e le c tro n  

le v e l.



o

O  I 2 3A

F IG . 1 .5

T h e  a rra n g e m e n t o f the m o lecu les  v iew ed  down the a -a x is  

in te r m o le c u la r  = 0 -1 1 , • . b o n d s ( . ~ . ~ . )  and o th e r s h o rt

contacts



o

F IG . 1.6

T h e  m o le c u la r  d ia g ra m  showing the in tra m o le c u la r  bonded d is tances  
o

(in  A ) ,  v a le n c y  angles (in  d eg rees ) and the n u m b erin g  schem e used  

fo r  the  n o n -h yd ro g e n  atom s (hydrogen atom s have the sam e n um bers  

jels th e  c arb o n  atom s to w hich  th ey  a re  b o n d e d ). The  C -H  bond- 

len g th s  a re  b ased  on the hydrogen pos itions  obta ined f ro m  the la s t

d iffe re n c e  syn th es is .



F IG .  1 .7

D is ta n c e s  and ang les  ass o c ia te d  w ith  atom s in vo lved  in  hydrogen

bonding#



TABLE 1.1

COURSE OF

O p e r a t io n

1) U s ing  Ok-t d a ta  o n ly

a) P a t t e r s o n  p r o j e c t i o n

b) Minimum f u n c t i o n

c) S t r u c t u r e  f a c t o r  
c a l c u l a t i o n

d) R e f in e m e n t by l e a s t  
s q u a r e s  methods

2) U sing  Ok-l to  3k I  d a ta

a) From H ark e r  s e c t i o n  
a t  v = l / 2  and i n f e r ­
ence  from  t i l t  o f  
benzene  r i n g

• b) S t r u c t u r e  f a c t o r  
c a l c u l a t i o n

c) C a lc ,  o f  e l e c t r o n  
d e n s i t y  d i s t r i b u t i o n

d) S t r u c t u r e  f a c t o r  
c a l c u l a t i o n

THE STRUCTURE SOLUTION

Atoms found R

Cl

A l l  non-hydrogen  
atoms

-Do-

C1,C(1) t o  c(7)

A l l  non-H atoms

f a c t o r

0.19

0.09

0.39

.18



TABLE 1 . 2

PROGRESS OF THE LEAST SQUARESREFINEMENT

C yc le R f a c t o r 22AW R==ZW /̂zw |Fof

1 a 0 .1 7 6 399 0 .070

2 0.161 302 • 0 .055

3 0 .1 5 8  . 284 0 .053
4 & 0 .1 5 8 283 0.052

5 0 .1 2 4 181 0.034

6 0 .1 1 6 156 0 .030

7 0 .113 145 0 .0 2 8

8 ^ 0 .110 137 0 .027

9 d 0 .0 96 111 0 .02 2

10 0 .0 9 4 67 0 .01 7

11 0 .0 9 3 67 0 .01 7

12 0 .0 9 2 67 0 .0 1 7

<*) I s o t r o p i c  f u l l  m a t r ix  , ■&) a n i s o t r o p i c  b lo ck  d ia g o n a l

and  h y d ro g en  atom s in t r o d u c e d  3 ■£) changes in  w e ig h t in g

scheme } d- ) in d e p e n d e n t  r e - e s t i m a t i o n  o f  a  few p la n e s  

w i th  bad a g re e m e n ts  and changes in  w e ig h tin g  scheme •



(TABLE 1 .3

OBSERVED AND CALCULATED STRUCTURE FACTORS

H K L Ip o I Po H K L iP o l Po

0 0 2 3 2 .1 3 7 .0 0 6 11 2 1 .2 - 2 0 .2
0 0  ft 0 .6 - 0 .1 0 6  12 13 .6 - 12 .6
0 0  6 6 1 .0 - 6 4 .3 0 6 3 2 .9 - 2 .2
0
0

0 8 
0 10

2 6 .0
1 8 .2

- 2 2 .9
1 6 .5

0
0

6
6

4

1

3 -6
5-1 .1:1

0 0  12 1 .2 0 .6 0 6 5 .4 2 - 8
0 0 i f t 6 .4 - 5 . 8 0 7 1 2 7 .5 - 28 .1
0 0 16 1 3 .6 - 1 3 .0 0 7 2 6 .1 4 .9
0
0
0

0 18
1 1 
1 2

3 -3

8 : 8
, 1 :1

- 4 7 .8

0
0
0

7
7
7

I
5

4 .4
1.1
4 .7

- 3 .9
0 .9
4 .3

0 t 3 0 .5 - 0 .4 0 7 6 1 . ,  
14 .7

- 0 .7
0 1 ft 3 0 .0 3 1 .1 0 7 7 15.1
0
0 ! 2

4 9 .8
2 8 .5 i l l : ?

0
0

7
7

8
9

1 .2
1 7 .4

0 .4
- 1 7 .2

0 ’  7 1 .9 3 .3 0 7 0 5 -8
0 1 8 1 4 .1 1 2 .8 0 7 1 5 -3 5 .9
0 1 9 1 1 .3 1 1 .0 0 7 2 3 -2 H
0 1 10 1 0 .9 - 10. ft 0 7 3 3 .6 3 .8
0 1 11 lo . o 10. ft 0 7 5 3 -7 - 3 .7
0 1 12 

'  ’ 3
5 .2 - f t . i 0 7 5 2 .5 2 .0

0 5 .1 - f t . 9 0 7 16 2 - '
2 .4

0 1 14 1 0 .0 - 1 0 .5 0 0 10 .0 - 10.1
0 8 .5 - 7 . 5 0 8 1 1 1 .8 12.3
0 1 i i 1 .3 - 1 . 3 0 8 2 7 .9 - 7 .0
0 1 17 1 .2 - 1 . 7 0 8 3 1.1 - 1 .4
0 1 18 1 .0 - 1 .0 0 8 4 7 .6 6 .8
0 1 19 3 -8 2 .6 0 8 5 7 .4 7 . ,
0 2  0 6 0 .5 - 6 o .7 0 8 6 1 1 .9 11 .9
0 e 1 1 2 .0 - 1 2 .3 0 8 7 18 .3 - 1 7 .5
0 2 2 2 1 .3 - 2 0 .6 0 8 8
0 2 3 4 7 .3 - 5 0 .6 0 8 9 5 . 1 4 ,1
0 2 5 1 0 .0 - 1 0 .5 0 8 10

i J : l
0 .5

0 2 5 3 .4 - 5 . 7 0 8 11 13.2
0 2 6 7 .0 - 8 .0 0 8 12 1 .3 0 .7
0 2 7 3 9 -8 3 9 .6 0 8 13 5 .2 4 .1
0
0

2 8 
2 9

2 3 .0
1 4 .0

2 2 .0  
13. ft

0
0

8
8

14
15 1:1 5 .2

3 -3
0 2 10 1 2 .6 1 1 .7 0 8 16 4 .3 2 .7
0 2 11 1 .2 0 .9 0 8 17 6 .9 - 5 .0
0 2 12 1 .2 - 0 . 8 0 9 1 19-4 - 18 .6
0 2 13 1 .3 - 2 .1 0 9 2 2 1 .8 2 0 .0
0 2 14 1 .3 - 2 . 0 0 9 3 4 .7
0 2 15 ’ •3 1 .2 0 9 4 1 0 .8 10 .3
n 2 16 2 .8 2 .8 0 9 5 1 0 .0 8 -5
0 2 17 6 .4 5 .9 0 9 6

7 - f
- 7 .4

0 3 1 17-3 17 .3 0 9 7 4 .3 3 .8
0 3 2 3 8 .2 - f to .  1 0 9 8 12.1 - 1 1 .2
0 3 3 7 .9 - 7 .2 0 9 9 4 .4 4 .2
0 3 5 2 4 .0 - 2 f t . 8 0 9 10 4 .3 - 4 .1
0 3 5 1 9 .9 - 1 9 .9 0 9 11 10 .0 - 8 .9
0 3 6 2 4 .5 2 3 .1 0 9 12 3 .1
0 3 7 9 -0 ? * 5 0 9 13 3 -4 3 -5
0 3 8 2 3 .2 2 f t .2 0 9 l5 1 .0 1 .0
0 3 9 7 .4 - 8 .1 0 9 15 2 .0 2 .0
0 3 10 6 .8 - 6 . 9 0 9 16 3 -2 - 2 .7
0 3 11 2 3 .5 0 10 0 5*5 ft.7
0 3 12 2 3 -3 - 2 1 .8 0 10 1 15-0 15.1
0 3 13 1-3 1 .2 0 10 2 6 .4 - 6 .0
0 3 14 2 .9 - 2 . 2 0 10 3 16 .5

'? *4
0 3 15 6 .5 ft.O 0 10 4 1.3 0 .4

0 3 16 1 .2 1 .0 0 10 5 1 .3 0 .9
0 3 '7 1.1 - 1 . 2 0 10 6 2 .0
0 3 16 7 -5 6 .7 0 10 7 5 .7 - 4 .9
y 5 0 1 .5 - 2 . 2 0 10 8 3 .2 - 3 .6
0 4 1 3 - 1 - 3 . 8 0 10 9 9 .0 - 7 .9
0 4 2 3 2 .7 - 3 3 .7 0 10 10 1 .2 0 .5
0 4 3 5 9 -3 - 6 0 .6 0 10 11 2 .9 3 .2
0 4 4 4 .1 -ft.2 0 10 12 4 .6
0 4 5 1 6 .9 17. 1 0 10 13 7 .0 6 .1
0 4 6 1 0 .5 - 8 .2 0 10 i5 0 .9 0 .3
0 4 7 1 3 .0 1 i . 5 0 10 15 2 .4 2 .2
0 4 8 4 .3 3 .7 0 11 1 2 0 .7 2 1 .0
0 4 9 13.1 1 2 .0 0 11 2 4 .2 3 .7
0 4 10 1 .2 - 2 . 5 0 11 3 2 .7
0 4 11 1 .2 0 .7 0 11 5 13.5 12.6
0 4 12 1 1 .2 9 .7 0 11 5 50 - 5 .6
0 4 13 1 6 .2 - 15 .1 0 11 6 12 .6 - 1 2 .2
0 4 16 2 -9 2 .7 0 11 7 4 .3
0 4 15 1 -3 1 .2 0 11 8 3.1 - 2 .6
0 4 16 6 .0 - f t .1 0 11 9 1 .2 -2 .1
0 4 17 1 . 1 0 .3 0 11 10 1 .2 - 1 .9
0 4 18 4 .6 3 .3 0 11 11 1.1 1 .3
0 5 1 9 .3 - 8 .5 0 11 12 6 .2
0 5 2 3 4 .2 - 3 3 .2 0 12 0 - 0 .6
0 5 3 2 2 .5 2 1 .6 0 12 1 4 .§
0 5 4 1 4 .8 - 1f t . ft 0 12 2 9 -5 8 .9
0 5 5 4 7 .6 ft5»3 

. 1
0 12 3

iS :30 5 6 1 .0 0 12 4 -1 0 .4
0 5 7 7 .7 - 7 .7 0 12 5 0 .6
0 5 8 2 1 .5 1 9 .9 0 12 6 5 .8 - 4 .8
0 5 9 6 .7 - 6 . 2 0 12 7 8-5 - 6 .7
0 5 10 8 .0 8 .0 0 12 8 I t0 5 11 2 4 .2 - 2 3 .6 0 12 9 h i 'H
0 5 12 8 .7 7 .8 0 12 10 f t . 3 4 .6
0 5 13 6 .4 - 6 . 8 0 13 1 1 .2 - 0 .2
0 5 14 4 .1 - 3 .3 0 13 2 3 -0
0 5 15 6 .8 6 .1 0 13 3 5 -9 - 6 .2
0 5 16 6 .8 f t . 8 0 13 4 1 .2 - 0 .9
0 6 0 2 9 .6 - 2 7 .9 0 13 5 f t . 3 -4 .1
0 6 1 11 .3 -1 2 .  » 0 13 . 1 1 .0
0 6 2 8 .1 7 .0 0 13 7 .0 - 1 .0
0 6 ? 5 .7 6 .1 0 13 8 1 .0 - 0 .20 6 4 4 o .6 3 8 .9 0 13 9 9'1 7 .6
0 6 5 6 .4 - 5 . 2 0 13 10 0 .8 0 .4
0 6 6 2 1 .0 2 J . ft 0 11 f  *5 2 .4
0 6 7 5 .4 6 .5 0 14

14
0 11 .8 9 .0

6 8 5 .7 - 6 .1 0 1 .  1 - 0 .9
0 6 9 1 .2 0 .2 0 14 2 2 .6 VI
f) 6 10 2 4 .2 - 2 2 .ft 0 14 3 .0 - 1 .6

H K L iP o l Po H K  L |P o l

0 1*1 
0 111 
0 1 ll 
O III
0 15 
0 15 
0 15 

15

13 i 
0 111
0 12
0 10
o 8
o 6
0 I|
0 2

7 .1  
1 . 0
H.6  
2 .9  
U. 6 
7.H
3 .1  

. 1 .7
4 .4
I . 9
7 .4  

l l . o
U.2

2 1 .9
6 1 .2

6 7 ! ?
0 -2 95 -3
0 -4 6 1 .8
1 14 11 .9
1 13 8 .8
1 12 3 .6
1 11 8 .3
1 10 3 .3
1 9 3 .1
1 8 2 .9
1 7 21.1
1 6 16 .0
1 5 2 .2
1 4 4 2 .0
1 3 2 0 .2
1 2 3 9 .4
1 1 3 8 .2
1 0 18 .3
1 -1 12 .8
1 -2 4 1 .0
'  -? 5 8 .6
1 -4 14 .6
1 -5 11.6
1 -6 2 0 .7
> - I 2 .4
1 -8 16.1
2 14 9 .0
2 13 3 -7
2 12 3 -7
2 11 5 -9
2 10 3 - 3
2 9 8 .7
2 8 14 .5
2 7 3 -0
2 6 17 .2
2 5 2 8 .3
2 4 8 .9
2 3 8 .3
2 2 53-1
2 1 3 9 .9
2 0 49.1
2 -1 to 5 .2
2 -2 6 8 .0
2 -3 2 6 .3
2 -5 24 .1
2 -5 5 -9
2 -6 9-1
2 -7 14 .0
2 -k 3 0 .2
2 -9 15.3
3 10 10.5
3 9 I-2
3 8 0 .1
3 7 16.0
3 6 2 .6

3 ?
2 .4

3 4 31 •?
3 3 5 .5
3 2 19-1
3 1 11.1
3 0 4 1 .3
3 -1
3 -2 8 .0
3 -3 1 .9
3 -4 12.4
3 -5 2 4 .3
3 -6 4 4 .3
3 -7 2 .6
3 -8 2 .8
3 -9 8 .3
3 -10 14 .5
4 1, 6 .1
4 10 16 .5
4 9 3 1 .2
4 8 10.2
4 7 3 .0
4 6
4 ? 2 2 .5
4 4 15-9
4 3 2 5 -7
4 2 3 2 -9
4 1 11 .5
4 0 2 .1
4 -1 2 0 .0
4 -2 2 0 .4
4 -3 18.8
4 -4 4 .8
4 -5 2 2 .5
4 -6 9 .9
4 -7 2 7 .0
4 -a 2 1 .9
4 -9 22 .1
4 -10 3 -3
4-11 11.2

- 5 .6
0 .9

-U .2
2 .2
3 .7

-5 .1
- 2 .9
- i . H

- 7 :6
11 .2
- 3 .4

-2 2 .9
- 6 6 .0

2 .2
66.5
9 7 .5  

- 6 2 . 2  
- 1 2 .1

0 .9
-U .2

9.1 
0 .9
3 .2  
2 .0

-2 2 .3
- 16.O

-O .ll
- 110.8

18 .0
3 8 .5
3 5 .6  

-1 6 .7  
- 12. It

110.2 
- 6 1 .0  
- 1 5 .0

1 0 .1

•“S'j
1H.5
0 .2

- l | . 9
3 -0
5 .9

11 
- 111. 1 

- 3 .0
16 .7  

- 2 8 .6
- 9 .2
- 9 .5
5 6 .7  
37 .1

-U 7 . U 
I 0 7 .8  
-68.U

2 6 .7
-2 3 .0

- 5 .2

- , J : §

-?J:2
9 .6

11
- 17 .2

1 .7  
0 .5

- 3H.2  
- 4 .6  

- 19.7 
10.4  
111. 2 
1 0 .0  
- 6 .6  
- 0 .8  

-1 2 .9  
-2 2 .3  
-4 6 .4

1.7
1 .3
7 .7

14.0  
6 .1

15 .9
3 3 .19 .8  

0 .4
8 .9  

-2 3 .1  
-1 5 -9
-2 5 .4
" 3 3 - i- 9 .8

- 1 .2
2 2 .2
2 0 .6

- 2 3 .5
- 10.2
- 2 8 .2
-1 9 .9

2 2 .2
- 1 .0
10 .6

5 11 
5 10 
5 9 
5 8

I I
I I
5 3 
5 2 
5 1 
5 o 
5 -1
5 -2
33
33
1:1
§ -9
6 13 
6 12 
6 11 
6 to 
6 9 
6 8 
6 7 
6 6

3 2
6 3 
6 2 
6 1 
6 o 
6 -1 
6 -2

1:2
13
6 3
6 -9  
6 -1 0  
6-11
7 13 
7 12 
7 11 
7 10 
7 2 
7 8

7 2

? 2
7 3
7 2 
7 1 
7 0 
7 -1
7 -2  

7 3
?3
7 -7  
7 -0  
7 -9

8 -9  
8 -1 0  
8-11 
8 -1 2
9 8

I 1
1 2
9 3
9 2 
9 1 
9 ') 
9  - I  
9 -2

13
9 -5

2 2 .3  
22.0

3 -5
12.7 
16 .9
8.2
2.8

20.8

1:2
2 4 .0
19.1
U - 326.1
16.7
J - 52 6 .5
13.3
9 .9
3.1

1 1 .4
6 .0

12.1

? -714.7
19.9  
3 .5

11.5
19.6
17.0  
2 .9  
2.E

8 .5  
19-3 n.o 
2 3 .2  

3 -5  
3 -5  

1 3 .”  
9 .4  
5 .1 

.7  

.7

Po

-2 3 .6
2 1 .5  
- 3 .7
12.5

3:!
- t . 3

-2 1 .5
12.6  
- 0 .8

-2 2 .J
2<>.S
19.3
2 5 .6
16.7 
- 2 .3
2 8 .3  

- 13 .8
- 9 .5
- 1 .0

- 1 1 . 0

-t!:S 
2 .2  

- 1 5 .0  
••2 0 .2  

1 .9  
12 .2  
19 .6  

- 1 7 .0

1 10 3 
1 in  2 
1 10 1

- 7 .5
-1 7 .7
-1'V>
-2 5 .9

-3 -1
2.0

12: i
4 . 8
2 .2

- 4 .7

H K L | Po|

12.8
3 -7
9 .8
3 -7

10 .3

,3:2
3 .7

11.0

?:!
u
5 .6
5 .2
3-7

:11 10
1 10 -7  
1 10 - 8  
1 10 -9  
1 1 1  7
1 1 1  6 
1 11 5 
1 i t  ft 
1 "  3 
1 1 1  2 
1 1 1  1 
1 1 1  0 
1 11 - 1  
1 11 -2  
1 11 
1 11 -ft 
1 r  -5

1 11 - 9  
1 11-10 
1 12

7 .1

IS:?
10 .2
3 .7
3 .7
7 .0

1:1
3 .6
5 .9
3 .4

9 .9 -8 .8 1 12 1 5 -6
2 .7 2 .2 1 12 f) 5-1
6 .7 - 6 .7 1 12 -1 3 -6
I-6 7 .6 1 12 -2 12.1

10 .9 19.7 1 12 -3 3 .6
2 .7 -1 .4 t 12 -5 3 .6

29 -9 32-3 1 12 -5 3 .5
13.8 -1 5 .3 t 12 -6 3 - ft
3 .0 5 .2 1 12 - z 3*3
3 .2 0 .5 1 12 -8 6 .1

'2:?
-1 3 .9

- 5 .8
1
1

13 3 
13 2

7.1
3 .3

6 .n -6 .2 1 13 1 3 -3
12.5 12.8 1 13 0 7 .6
6 .1 -6 .8 1 13 -1 7 .9
7 .6 - 8 .3 1 13 *2 3*3
5 .7 5 -3 1 13 -3 9 .3
3 .7 -5 .1 1 13 -ft 3 -2

13.2 12 .9 1 13 -5 3 - ft
11 .2 -9 .7 1 13 -6 3 -y
12.5 1 13 -7 7 .3
3 -5 1 .8 2 y  10 7 .0

12.1 13 .0 2 y 8 10.1
10.0 8 .8 2 0 6 5 -3
36 .3 -3 7 .2 2 0 ft 1 ’ .0

3 .0 1 .8 2 0 2 ift.3
2 5 .9 -2 2 .4 2 y -2 10 .2

5 .9 6 .1 2 y - ft 1ft. 6
2 .9 - 2 .6 2 0 -6 ?'2
5 .6 5-6 2 0 -8 f t .7

2 6 .0 2 7 .9 2 U-10 6 .8
9 .7 ? - 3 2 y -12 9-5
3 -2 -5.o 2 1 16 3 -8
7 .1 6 .5 2 1 2 .2

11.5 - 11.5 2 1 1ft ?*5
3'5 -3 -3 2 1 13 6 .5

12.8 - 13.1 2 1 t2 2 .7
11 .2 10.6 2 1 11 2*Z
3 -7 - 0 .9 2 1 «> ft.8
8 .5 7 .6 2 1 2 3 .8
7 .9 6 .4 2 1 8 6 .8
7 .1 -5 -7 2 1 7 2 -3

11 .9 11.3 2 1 6 5 .7
16.8 - 17 .0 2 1 5 1 3 . ’
8 .2 -8 .4 2 1 ft 17.7

10.7 - 10 .6 2 1 3 3 1 .U
8 .8 - 8 .0 2 1 2 1 ft. 0

11.7 ,3 .1 2 1 1 5 -6
7 . ’ 2 1 O 12.9

11.1 10.6 2 1 -? 21.1
18 .8 20.1 2 1 -2 1 2 .ft
3 .5 - 5 .2 2 1 12.8
3 . 6 2 .3 2 1 -ft 1-3
6 .9 -7 .0 2 1 -5 8 .7
3 -7 2 .8 2 1 -6 1.7
3 .7 - 3 .5 2 1 -7 3 1 . 1

15.7 -1 6 .9 2 1 -8 9 . ft
12.7
6 .6 : i : l 2

2
1 -9  
1-10

1 0 2
8 .5

10.8 9 -3 2 1-11 5 .8
9 .6 9*ft 2 1-12 7 .5
6 .1 6 . 3 2 1-n 12.2

10.4 t T. 6 2 2 ift ft. ft
3 .6 -1 .9 2 2 13 2 .6

I !

2 .7  
9 -5  
P .9

14.6
2 3 . 4

2 .2
2 3 -9
3| . o

8 .2
6 .9

4 4 .6
14 . “
2 7 . 8

Po

1 2 .4
-3 - 3
- 9 .5
- 2 .5
- 9 .6

1 . 4  
- 1 1 . 4

- 2 .5
1 0 .4
4 .7
7 .1  

- 0 .7  
- 8 . 1  
- 9 .7

5 .4

4 . 0
8 .2  

1 2 .1

* 2 .5ft. 1 
7 .3  

- f t . 2 
6 .2  
ft .ft 
5 . *  

- 2 .  1

1:5
- 5 .2

J:!
- 1 2 .8

- 1 .9

1:2
- 2 .2

4 .6
7 .0
7 . 1
1.7
2 .7
7 .7  

- 8 .7  
- 0 . 8

- 10 .4
2 .8  

-4 .6
1 . 0
8 .2  

- 7 . 6
- 1 0 .3

- 4 .9
1 0 . 6
12.6 

— 14 . 6

1 3 ,11 .6
6 .1 

- 6 . 3
- 9 .1 
- 4 .7

3 .6  
- 1 .3

7 . 0  
- 3 .8

3 -2
5.1 

- 9 .8  
- 6 . 3  
- 1 .7  
-5 .1  
12.7

- 17 .4
2 9 .0
14.0 
- 4 . 1
16.5  

-2 5 -5  
-1 5 .5  
-1 1 .4

1 . 4
7 .6  

- 1 . ’ 
31 .3

0 . 2
- , o .  I

8 .4  
-6 .6  
- 6 .9

- 1 2 . ?

, .6  
5 . "  
4 .3  

- 1 . 1  
-8 .6  

- 1 5 . 2
-2 3 .o0.2
- 2 2 .6

3 0 . 6

42 .7
11.5
26 .o



•TABLE 1,5 Cont«

H K L |P o| Po H K L I Pol Po H K L

2  2 - 2 5 I4.6 5 3 - 5 2 6 U 11 . U - 10 .it 2 10- 12
2 2 - 3 2 5 - 9 2 9 . 5 2 6 3 10 .0 - 9 . 9 2 10- n
2 2 - 4 6 . 8 - 5 . 2 2 6 2 7 . it - 6 . 5 2 11 8
2 2 - 5 11 .u - 9 . 6 2 6 1 12 .it 12 .2 2 1 3 7
2 2 - 6 1 6 .8 16 .7 2 6  0 l i t . 8 15.1 2 11 6
2 2 - 7 18 . h 1 8 .3 2 6  -1 2 . 2 2 . 8 2 11 5
2 2 - 8 15 - 7 15 .8 2 6 - 2 1 0 .5 q .6 2 11 4
2 2 - 9 10.1 9 . 3 2 6 - 3 2 . 2 o. it 2 11 3
2  2 - 1 0 ■Z.h 1 . 9 2 f  - 4 7 - 9 - 7 . 5 2 11 2
2  2-1 1 5 . 6 - 5 . 8 2 6 - 5 11 .9 - 11.7 2 11 1
2  2 - 1 2 6 . 8 - 6 . 3 2 6 - 6 12 .8 - 13 .8 2 11 0
2 3  12 7 - 2 8 .1 2 6 - 7 2 . 5 - 1. 0 2 11 -1
2  3 11 2 . 7 - 3 - 3 2 6  - 8 it . 6 - i t , 9 2 11 - 2
2  3 to 9 - 3 9 . 6 2 6  - 9 2 . 7 0 . 2 2 11 - 3
2 3 9 5 - 0 - 9 . 6 2 6 - 1 0 7 . 7 7 . 8 2 11 - 4
2 3 8 9 . 3 - 9 . 7 2 6-11 2 . 7 - 1 . 3 2 11 - 5
2 3 7 10 . l i - 8 . 9 2 6 - 1 2 9.1 9 . 3 2 11 - 6
2  3 6 I 9 . ' t - 1 8 . 3 2 7 15 2 . 9 - 2 . 1 2 11 - 7
2  3 5 5 .  ** - 3 - 9 2 7 lit 1 . 7 - 1 . 7 2 11 - 8
2 Z ^ 1 2 . 9 12 .2 2 7 13 2.1 - 2 . 9 11 - 9
2  3 3 e .k - " • 3 2 7 12 2 . 3 -O . i t 2 11- 10
2 3 2 8 . 9 6 . 8 2 7 11 2 . 5 1 .7 2 11- 11
2 3 1 7 . 6 5 . 8 2 7 V) 9 . 7 - 10 .2 2 12 8
2 3 0 1 8 .7 16 .8 2 7 9 19-3 2 1 .6 2 12 7
2 3 - 1 7 . 8 - 7 . 9 2 7 8 2 . 7 - 3 . 6 2 12 6
2 3 - 2 18 .1 - 1 7 .1 2 7 7 7 . 3 7 . 7 2 12 5
2 3 - 3 9 . 7 8 . 9 2 7 6 2 . 7 - 3 . 2 2 12 4
2 3 - 4 1)3-7 - 9 5 . 2 2 7 5 9 . 5 - 9 . 8 2 12 3
2 3 - 5 9 .1 - 3 - 8 2 7 it 2 . 6 - 2 . 5 2 12 2
2 3 - 6 9 . 9 - 3 . “ 2 7 3 17 .7 - 1 7 . 8 2 12 1
2 3 - 7 5 - 9 - 5 . 8 2 7 2 5 . 0 i t .7 2 12 0
2 3 - 8 2 . 2 2 . 6 2 7 1 7 . 1 - 7 . 2 2 12 -1
2 3 - 9 6 . 9 6. 1 2 7 u 2 . it 1 . 3 2 12 - 2
2 3 - 1 0 1 9 .9 19 .7 2 7 -1 20 .  3 19 .7 2 12 - 3
2  3 - n 2 . 6 - 0 . 8 2 7 - 2 1 5 .8 15 .7 2 12 - 4
2 3 - 1 2 2 . 7 - 2 . 8 2 7  - ? 17 .7 18 .6 2 12 - 5
2 3 - 1 3 9 . 9 6 . 0 2 7 - 5 9 . 0 8 . 9 2 12 - 6
2 3 - 14 2 . 7 2 . 1 2 7 - 5 5*3 - i t . 5 2 12 - 7
2 3 - 1 5 6 . 8 7 . 9 2 7 - 6 2 . 6 3 . it 2 12 - 8
2  4 16 3 • 9 - 2 . 8 2 7 - 7 16 .3 - 18 .2 2 12 - 9
2 U 15 6 . 9 - 7 . 1 2 8 lit 3 . 2 - 3 . 7 2 12* 10
2 4 14 2 - 3 - 1 . 2 2 8  13 1. 8 - 0 . 8 2 12- 11
2  4 13 6 .1 6 . 3 2 6  12 5 . 3 - 5 . 3 2 13 6
2 4 12 2 . 7 - 0 . 8 2 8  11 6 . it - 7 . 0 2 13 5
2  4 11 8 . 5 8 . 8 2 8 10 2 . 5 3 .1 2 13 4
2 4 10 9 - 3 9 - 7 2 8 9 2 . 6 2 . 2 2 13 3
2 I* 9 1 3 .0 13 .7 2 8 8 2 . 7 2 . 2 2 13 2
2 4 8 19 .5 2 0 . 8 2 8  7 6 . 5 5 . 9 2 13 1
2 4 7 2 . 5 1 .3 2 8  6 2 . 7 1. 0 2 13 0
2 4 6 6 . 6 - 7 . 2 2 8  5 2 . 7 i*. 0 13 -1
2 4 5 12 .5 - 1 1 . 9 2 8  it l i t . 8 - 15.1 2 13 - 2
2 4 4 7 . 6 - 6. 1 2 8  3 5 . 6 - 6,1 2 13 - 3
2  *4 3 6 . 3 6 . 5 2 8 2 11 .3 - 11 .it 2 13 - 4
2 ii 2 1 3 . 8 - 1 3 . 5 2 8  1 5 . 7 - 5 . 6 2 13 - 5
2 4 1 1 9 . 2 1 3 .5 2 8  tj 9 . 2 6 . it 2 13 - 6
2  4 0 1. 7 1. 2 2 8  -1 2 . 6 1. 5 2 13 - 7
2 it -1 1 6 .5 - 15 .8 2 0 - 2 10 .3 10 . 1 2 13 - 0
2  it - 2 3 3 . 2 32 .1 2 8 - 3 11.1 10 . 1 2 13 - 9
2  4 - 3 3 8 . 9 - 3 9 . 8 2 8 -it 6 . 2 5 . 9 2 14 2
2  4 - 4 6 . 5 5 . 9 p 8 - 5 ,<l#2

17 .0 2 14 1
2  4 - 5 2 9 . 0 - 2 9 . 0 2 8  -6 11 .8 - 13 .0 2 14 0
2  4 - 6 9 . 6 - 3 . 6 2 8 - 7 2 . 7 - 3 . 3 2 14 -1
2  it - 7 2 . 2 - 2 . 2 2 8  - 8 6 . 7 2 14 - 2
2 4 - 8 9 - 9 - 10 . 1 2 8 - 9 2 . 7 - 2 . 8 2 14 - 3
2 it - 9 1 6 .9 17 .6 2 8- 1 0 it. 5 U. 4 2 14 - 4
2 4 - 1 0 2 . 6 - 3 . 9 2 8-11 2 . 7 0 . 6 2 14 - 5
2 4 - 1 3 9 . 9 10 .9 2 8 - 1 2 6 . 2 7 . 1 2 14 - 6
2 U- 12 2 . 7 - 2 .o 2 8 - 1 3 2 . it - 3 . 0 3 0 14
2 13 9 . 9 - 5 . 1 2 8 - lit 6 . 3 7 . 3 3 0 12
2  5 10 9 . 0 - 3 - 9 2 9 8 10 .2 11 .0 3 0 10
2 5 3 1 . 8 - 0 . 9 2 9 7 2 . 7 2 . 8 3 0 8
2 5 1 ^ 2 . 2 - 3 . 2 2 9 6 9 - 5 10 .7 3 0 - 4
2  5 13 9 . 8 - 5 . 9 2 9 5 7 . 7 - 1.8 3 - 6
2 5 12 6 . 1 6 . 9 2 9 it 5 . 7 3 0 - 8
2 5 1 1 6 . 6 7 . 0 2 9 3 2 . 7 1. 0 3 0 -
2 5  10 5 . 2 5 .  ’ 2 9 2 l 6 .it - 16.3 3 0 - 12
2 5 9 5 . 7 - 6 . 3 2 9 1 2 . 7 - 2 . 1 3 0 - 14
2 5 8 2 . 7 3 . o 2 9 'i 16 .9 - 1 7 . 4 3 M- 16
2 5 7 11 .5 1 1 .9 2 9 -1 6 . 0 7 . 4 3 9
2  5 6 11 .0 -1  1. 0 2 9 - 2 2 . 7 3 8
2 5 5 6 . 9 - 7 . 3 2 9 - 3 2 . 7 - 4 . 0 3 1 7
2  5 4 1 1 .8 - 1 1 . 5 2 Q -U 2 . 7 — 1 .7 3 1 6
2 5 3 11 .5 - 11.1 2 9 - 5 2 . 7 - 2 . 0 3 1 5
2 5 2 18.1 18 .5 2 9 - 6 2 . 7 - 0 . 7 3 1 4

2 5 1 1 2 .2 10 .9 2 9 - 7 2 . 7 2 . 2 3 3
2 5 0 1 3 .3 13 .0 2 q - 8 10 .0 - 10 .6 3 2
2 5 - 1 8 . 3 8.1 ? 9 - 9 2 . 7 - 3 « 9 3 1
2 5 - 2 3 - 7 U. 1 2 9- 1 0 2 . 6 - 0 . 7 3 0
2 5 - 3 2 . 0 1 .3 2 9-11 5 . 9 6 . 7 3 -1
2 5 - i i 10 .6 - 11 .2 2 9 - 1 2 2 . 3 2 . 4 3 - 2
2 5 - 5 13 .3 - l i t .  1 2 q -1 8 2 . 2 - 0 . 2 3 - 3
2 5 - 6 2 . 2 - 3 . 1 2 9- 1 4 6 . it 7 . 0 3 . 4
2 5 - 7 2 - 3 - 3 . 1 2 10 7 i t .7 5 - 0 3 - 5
2 5 - 8 7 . 9 7 . 0 2 10 6 i t .9 5 . 2 3 - 6
2 5 - 9 2 .D - 1. 0 2 10 5 9 . 5 10 . 1 3 - 7
2 5 - 10 . 9 - 2 8 . 3 2 10 i‘ 2 . 7 -1  .0 3 - 8
2 5 - n 9 - 9 11 .2 2 10 3 2 . 7

" H 3 - 9
2  5 - 1 2 2 . 7 - 0 . 8 2 10 2 2 .1 3 . 8 3 1- 10
2 5 - 1 3 2 . 7 1. 2 2 10 1 9- 5 - 9 . 3 3 11
2 5 - 1U 9 . 9 - 5 . 0 10 0 i t .9 - 5 . 0 3 - 12
2 6  15 9 . 9 it . 6 2 10 -1 5- 2 - 6 . 0 3 1-
2 6 lit 2 . 0 - 1 . 7 10 - 2 2 . 7 2 . 4 3 1- 14
2 6  13 2 . 3 - 2 .it 2 V  - 3 i o . 7 11 .4 3 1- 15
2 6 12 2 . 5 “ 3 *o 2 10 - 4 2 . 7 4 . 2 3 1- 16
2  6 n 2 . 6 2 . 8 2 10 - 5 2 . 7 - 0 . 3 3 2 10
2 6 1 0 2 . 7 . 1 2 10 - 6 r . 7 2 . 0 3 2 9
2 6 9 2 . 7 n . 8 10 -7 2 . 7 - 0 . 9 3 ? 8
2 6 8 9 . 9 5.1 10 - 8 2 . 6 3 2 7
2 6 7 1 9 .9 - 16 .2 2 10 - 9 7 . 5 - 8 . 8 3 ? 6
2 6 6 2 . 6 2 IP -1 0 2 . it - 2 . 4 3 2 5
2 6  5 7 - 3 6 . 6 2 10-11 2 . 3 - 2 . 0 3 2 4

I Pol Po H K L | Po| Po H K L (Pol Po
3 - 9 - 4 . 6 3 2 3 9 . 2 7 . 1 3 6  1 1. 9 - 0 . 39 - 2 9 .1 3 2 2 1. 5 0 . 9 3 6 0 1 2 .7 11 .32. 1 0 . 4 3 2 1 11 .9 10.1 3 6  -1 1. 9 1 . 32 . 2 - 2 . 0 3 2  0 3 . 9 - 3 . 6 3 6 - 2 6 . 6 - 5 . 96 . 0 6 . 1 3 2 -1 3-1 - 2 . 8 3

1 : 1
3 . 4 2.4t

2 . 5 0 . 5 3 2 - 2 5- 0 4 . 3 3 2 2 . 2 - 2 1 . 8
2 . 5 1 . 7 3 1:?

5.H - 4 . o 3 6 - 5 2 . 0 - 1 . 22 . 6 2 .1 3
1 3 *

- 2 . 2 3 6 - 6 1 3 .6 - 1 4 . 7
5* 5 - 6 . 2 3 ? - 5 13 .0 3 6 - 7 2 . 0 1 . 8

t ' . l
- 3 . 8 3 2 - 6 11 .7 10.1 3 6 - 8 3 . 9 3 . 7
- 4 . 6 3 2 - 7 8 . 2 7. 1 3 6 - 9 2 ;o 1 . 52 . 7 - 3 . 1 3 2  - 8 4 . 4 4 . 6 3 6 - 1 0 7 . 9 7 . 92 . 7 0 . 3 3 2 - 9 6 . 6 7 . 9 3 6 - 1 1 5 . 0 - 5 . 22 .1 2 . 5 3 2 - 1 0 2 . 0 - 1.8 3 6 - 1 2 3 . 8 3 . 39 . 7 11 .4 3 2-11 5 . 7 - 6.1 3 7 10 1. 5 1 .52 . 6 3- 2 3 2- 1 2 2 . 0 - 0.1 3 7 9 6 . 2 6 . 4

5 . 8 5- 5 3 2-1 3 4 . 2 - 4 . 2 3 7  8 5 . 9 - 5 . 0
2 . 5 - 1.6 3 2 - 1 4 1 . 9 0 . 3 3 7 7 1.9 1.34 . 8
2 - 3
2 . 2

- 5 - 2
- 0 . 9
- 2 . 8

3
3
3

2- 1 5  
3 Hi  
3 13

u
1. 8

4 . 6  
5. 4
1.6

3
3
3

7 6 
7 5 
7 4

2 . 0  
10 .5
2 . 0

- 2 . 8
- 11 .5

- 2 . 62 . 0
4 . 2
3 . 3

- 4 . 2
- 4 . 1

3 . 3
3
3

3 12 
3 11 
3 ID

6 . 4
7 . 4  
1. 9 - 1.11

3
3
3

7 3 
7 2 
7 1

4 . 8  
2 . 0
8 . 9

- 4 . 9
- 1 . 7

8 . 72 . 0
2 . 2

2- 5
1. 6

3
3

3 2 3 6
2 . 0
5. 0

- 2 . 3
- 5 . 0 3

3
7 0 
7 -1

9 .1
9 . 1

9 . 0
8 . 87 . 3

1 : 2

7 .1 3
3
3

3 I3 6 
3 5

4.  1 
6 . 6  
5 . 5

3 : 1
- 3 . 9

3
3
3

7 - 2
7 - ?7 - 4

2 . 0
4 . 0
5 . 6

1. 0
3. 3
5*32 . 4 - 3 * 6 3 3 H 13.8 13 .5 3 7 - 5 2 . 0 1. 32 . 5 - 2 . 9 3 3 3 1 .7 - 1.8 3 7 -6 2 . 0 - 1 . 54 . 7 - 5 . 4 3 7 2 2 1 . 9 19.6 3 7 - 7 2 . 0 - 1 .86 . 2 . - 7 . 4 3 3 1 9 . 5 - 7 . 8 3 7 - 8 2 . 0 0 . 84 . 6 5 .1 3 3 0 15 .6 - 12 .lt 3 7 - 9 5 . 8 5 .12 . 4 - 1 .5 3 3 -1 1. 4 1 .5 3 7 - 1 0 2 . 0 2 .  J

4 . 7 5 . 5 3 3 - 2 15 .5 - 1 3 . 0 3 7-11 1 . 9 2.17 . 2 6 . 2 3 3 - 7 5 . 9
- 7 ? : §

3 7 - 1 2 1.8 - 1 . 4
2 . 2 1.1 3 3 - « 11.1 3

3
7-1** 4 . 8 - 4 . 9

2 . 1 0 . 8 3 3 ' I 11 .5 11 .2 8 7 5 -7 6 . 5
1 . 9 - 1. 5 3 3 - 6 3 . 7 3 . 6 3 8 6 9 . 5 - 9 . 8
1 .7 - 2 . 6 3 3 ' I 3 . 4 - 2 . 7 3 8  5 4 . 9 - 4 . 94 . 4 - 4 .  1 3 3 - S 10 .7 10 .3 3

3
8 4 - 5 . 7

2 . 7
1 : 5

3 3 - 9 2 . 0 - 1 . 5 8 3 - 5 . 0
5- 1 3 3 -1 0 5 . 7 - 5 . 1 3 8 2 2 . £ - 2 . 6
1 .6  
5- 3 1 : 2

3
3

3 - n
3 -1 2

2 . 0
5-4

0 . 6
- 5 . 6 3

3
S 1
8  0

2 . 0
7 . 2

- 2 . 9
7 .1

2 . 0 - 0 . 2 3 > 1 3
3 - 1 5

2 . 0 - 1 .8 3 8 -1 8 . 0 7 . 7
2 . 1 0 . 6 3 1. 9 3 8 - 2 6 .1 * . 6
2 .1 2 . 7 3 3 - 1 5 1 .7 2 . 6 3 8  - 3 2 . 0 2 . 4
8 . 2 - 8 . 7 3 > 1 6  

5 13
4 .1 4. 3 3 8 - 4 5 - 5 - 5 . 34 . 7 5 . 0 3 1-3 3 8  - 5 2 . 0 - 2 . 0

7 . 3 - 7 . 1 3 U 12 1. 5 3 8  - 6 * 2 . 0 - 1.8
2 . 1 1.6 3 It 11 6 . 2 5 . 9 3 8 - 7 2 . 0 - 0 . 4
5 .2 5 . 2 3 It 10 1 . 9 2 . 2 3 8 - 3 2 . 0 - 1.1
4 . 5 4 . 2 3 it 9 5.1 - 5 . 2 3 8 - 9 1 .9 - 2.1
5 - 5 4 . 8 3 H fl 2 . 0 2 . 9 3 8 - 1 0 4 . 5 4 . 7
1.6 - 0 . 2 3 it 7 2 . 0 1. 9 3 8- n 6.1 6 . 3
4 . 3 3 - 4 3 it 6 4 . 8 4 .4 3 9 8 8 . 5 9 . 3

U
3 . 9 3 i* 5 7 .1 6 . 8 3 9 7 5 . 8 - 5 . 8
1. 6 3 it it 12 .9 - 1 2 . 5 3 9 6 6 . 0 6 . 2

5 - 7 - 5 . 8 3 n 3 14 ,6 l 4 . 6 3 9 5 1. 8 - 2 . 9
1 . 7 - 1.1 3 It 2 6 . 7 6 . 0 3 9 4 3 - 9 - 3 . 8
1. 6 - 1.3 3 It 1 4 .0 3 . 2 3 9 3 1 . 9 - 1.6
5 .1 - 4 . 0 3 It 0 1.6 - 0 . 8 3 9 2 5 . 6 - 6 . 3
i . 5 - 1. 2 3 It -1 14.7 - 1 4 . 3 3 9 1 7 . 6 8 . 3
1.4 - 2 . 0 It - 2 1 .2 6.1 3 9 0 2 . 0 - 2 . 4
3 . 6 4 . 1 3 H - 3 2 8 .6 - 2 5 .8 3 9 -1 4 . 0

V z4 . 0 3 U - It 14 .7 14 .2 3 9 - 2 4 . 7
8 . 0
2 . 0

^ .7

- 3 * 4
3
3

it - 5  
it - 6 ? : 3

- 4 . 9
2 . 2 3

3 i n
2 . 0
2 . 0

1 . 8
- 1 .2

7 . 5 7 . 6 3 it - 7 11 .0 10 .3 3 9 - 5 7 . 5 - 8 . 5
9 . 0 1 0 .3 it - 8 4 .4 4 . 7 3 9 -6 7 . 9 - 9 . 3
3 - 4 3 It - 9 2 . 0 2 . 6 3 9 - 7 1 .9 1. 2

1 0 .2 3 it—it) 2 . 0 - 2 . 4 3 9 - 8 5.1 - 5 . 6
13 .2 - 12 .5 3 !»-1 1 2 . 0 1. 4 3 9 - 9 4 . 8 4 . 3
2 . 0 2. 4 3 lt- 12 4 . 0 - 3 . 7 3 0 8 3*1 3 . 7
5 . 4 5 - 4 3 l t -13 5 . 2 - 4 . 3 3 0 7 1 .3 1. 8

11 .2 12 .2 3 5 11 5-1 4 . 7 3 0 6 1. 5 1. 6
2 . 0 - 3 . 7 3 5 10 1 .8 - 0 . 4 3 0 5 1. 6 - 2 . 5
2 . 0 - 0 . 8 3 5 2 7 . 7 6 . 6 3 0 4 i . 7 0 . 4
7 .  ’ 7 . 5 3 5 8 7 . 0 - 8 . 2 0  3 6 . 0 - 6 . 4
1 . 9 2 . 3 3 5 I 7 . 2 - 7 . 9 3 0 2 1. 8 - 0 . 9

13-7 13.1 3 5 6 2 . 0 - 2.1 3 0 1 4 . 4 - 3. 4
7 - 3 5 . 4 3

I  *
2 . 0 1.1 

2 . 3
3 0 0 1. 9 1. 5

1 5 2 . 7 3 2 . 0 3 0 -1 5 - 9 5 . 6
1 4 0 . 7 3 5 3 5 . 3 5 . 0 3 0 - 2 1. 9 1.8

11 .6 - 1 0 .7 3 5 2 3 . 7 3 . 6 3 0 - 3 6 . 3 6 . 9
2 . 6 2 . 8 3 5 1 10 .7 9 . 0 3 0 -4 1 . 9 2.1
8 . 0 - 10 . a 3 5 0 6.1 5 . 2 3 0 - 5 1. 8 - 1 . 3
7 .1 - 9 . 4 3 5 -1 7. 1 6 .o 3 0 - 6 1 . 8 0 . 9
6 . 4 8 . 5 3 5 - 2 14. l - 1 2 . 5 3 0 - 7 9 . 8 - 9 . 7
4 . 5 - 1 . 5 3 17 .9 - 17.0 3 1 2 5 - t - 4 . 8

15 .9 14 .5 3 1. 8 - 0 . 7 3 1 1 5 . 9 - 5 . 2
10 .5 10 .6 3 5  - 5 2 1 .5 - 1 9 . 7 3 1 0 1. 7 1. 8

1 .6 1 1 3 5 - 6 5- 2 4 . 1 3 1 -1 6 . 1 - 5 . 4
9 . 6 8 . 6 3 5 - 7 2 . 0 - 0 . 6 3 1 - 2 6 . 0 6 .1  '
3 - 6 - 3 w 3 5 - 8 7 . 4 7 . 2 3 1 - 3 1 .7

L i2 . 0 - 2 . 5 3 5 - 9 5-4 5 . 5 3 1 -4
? : 28 . 5 - 9 . 4 3 5- 10 2 . 0 1 . 2 3 1 - 5 1.4

2 . 0 - 2 . 6 3 5-11 4 . 4 4 . 9 3 1 - 6 1 .6 - 1 . 3
3 - 6 3 . 7 3 6 12 4.  1 4 . 4 3 1 - 7 5 . 3 - 5.4
9 .1 - 9 - 7 3 6 11 1. 5 o .5 3 1 - e 1.4 - 2 . 0
1 . 8 1 .2 3 6 10 5 *§

6 . 0 3 1 - 9 3. 4 - 4 . 8
5 - 7 - 6 . 2 3 6 9 1.8 1 .6 3 1-10 3 '? - 1.6
4 . 7 - 4 . 5 3 6 8 1. 9 — i . i 3 3 . 6 - 3 . 8
9 . 0 - 10 .0 3 6 7 2 . 0 - 2 . 0 3 2 -1 1.4 2 .:>
P. 5 - 10.6 3 6 6 6 . 2 - 5 . 9 3 2 - 2 1.4 1.2

i 6 . 4 - 1 7 . Q 3 6 5 5 - 5
4 .4

- 5 . 7 3 2 - 3 1. ‘t 1. 6
2 . 0 - 1. 8 3 6 it - 3 . 9 3 2 - 4 3 - 3 2 . 9
1 . 9 - 2 . 1 3 6 3 9 . 3 3 2 - 5 3 . 5 4 . 2

10.1 8 . 7 3 6 2 11.3



TABLE 1 .4

FRACTIONAL COORDINATES AND E .S . D .s .

ATOM x / a y /b z /c

Cl - 0 .1 7 6 3 + 4 0.0756  + 1 0.0990  + 1

0

OJ0CVJ•
0 + 14 0 .2103  + 3 0.2213  + 3

C(1) 0 .1 1 0 5 + 13 0.2752  + 4 0.0778  + 3

C(2) 1 c • c G\ 00 ■"•3 + 13 0 .1 859  + 4 G.o4o8 + 4

C(3) - 0 .1 8 7 2 + 15 0 .184 8  + 5 -0 .0 4 6 5  + 4

C(4) - 0 .1 2 2 6 + 16 0.2678  + 6 - 0.0967  +  4

C(5) C • c O
n

U
) c + 16 0 .3568  + 5 - 0.0620  ±  4

C(6) 0.1721 + 14 0.3601 + 5 0.0243 +  4

C(7) 0.2491 + 13 0.2830  ± 4 0.1690  +  3

C(8) 0.3961 + 14 0 .384 9  + 5 0.2008  +  4

C(9) 0 .5 3 3 6 + 18 0 .4666  + 5 0.2275 + 4

TABLE 1 .5

FRACTIONAL
OBTAINED

CO-ORDINATES OF THE HYDROGEN ATOMS 
FROM THE LAST DIFFERENCE SYNTHESIS

x / a y /b z /c

H(C3) . -0 .333 0 .116 -0 .0 7 4

H(C4) -0 .215 0.265 -0 .1 6 4

H(C5) . 0 .121 0 .423 -0 .1 0 3

H(c6) 0 .310 0.431 0.051

H(C9) . . 0 .656 0 . 539 0.251



TABLE 1 .6

QRTHOGONALISED COORDINATES AND E .S .D .S . (  In  A ) r e f e r r e d  

TO THE AXES PARALLEL TO a * ,b  and c

ATOM X Y z

C l - 0 .692 + 2 0.934 + 1 1.673 ± 2

0 0 .943 + 5 2.598 + 4 3.372 + 4

C(1) 0.434 + 5 3.399 + 5 1.171 ± 5

C(2) - 0.270 + 5 2.297 + 5 0.687  + 6

C(3) - 0.735 + 6 2.283 + 6 - 0.630  + 6

C(4) -0.481 + 6 3.308 + 7 -1.464 + 6

C(5) 0.247 + 6 4.408 + 6 -1.020 + 6

C (6) 0.675 + 6 4.448 + 6 0.285 ± 6

c(7) 0 .9 7 8 + 5 3.496 + 5 ' 2.537 ± 5

C (8) 1.554 + 5 4.755 + 6 2.956 + 6

C(9) 2 .0 9 4 + 7 5.763 + 7 3.301 + 7



TABLE 1 .7

ANISOTROPIC TEMPERATURE FACTORS AND E .S .D .S .
o2

( i n  A )

ATOM U11 U22 U33 2U23 2U31 2U12

Cl 0.0563 
11

0.0529
8

0.0798
12

0.0063
14

0.0083
15

- 0.0216
12

0 0.1133
38

0.0570
24

0.0472
26

0.0132
40

-0.0014
49

-0.0165
48

C(1) 0.0350
30

0.0470
26

0.0442
30

-0.0139
44

0.0083
41

0.0196
40

C(2) 0.0311 
31

0.0472
26

0.0605
36

0.0014
48

0.0122
45

0.0189
4o

C(3) o.o46o
36

0.0689
36

0.0581
38

-0.0333
59

-0.0048
51

0.0265
53

C(4) 0.0546
39

0.0906
45

0.0409
34

- 0.0082
6l

- 0.0038
51

0.0269
62

C(5) 0.0615
4o

0.0680
36

o.o46o
34

0.0128
56

0.0164
53

0.0181
56

C(6) 0.0492
36

0.0563
30

0.0484
33

0.0132
51

0.0205
49

0.0045
47

C(7) 0.0442
33

0.0552
29

0.0363
29

- 0.0065
45

0.0091
42

0.0153
44

C(8) 0.0435
34

0.0590
31

0.0466
33

- 0.0075
50

0.0014
47

0.0158
47

C(9) 0.0786
48

0.0654
38

0.0651
44

- 0.0432
65

- 0.0060
67

-0.0369
66



TABLE 1 .8

PRINCIPAL VALUES AND DIRECTION COSINES OF VIBRATION 
TENSORS REFERRED TO THE ORTHOGONAL AXES PARALLEL TO

a *

ATOM
o2

U A

Cl 0.0837 -0
0.0436 -0
0.0634 0

0 0.1195 -0
0.0438 0
0.0580 0

C ( l) 0.0575 -0
0.0287 -0
0.0405 -0

C(2 ) 0.0267 -0
0.0608 0
0.0516 0

C(3) 0.0901 -0
0.0399 0
o.o46o 0

C (4) 0.0966 -0
0.0376 0
0.0545 -0

C(5) 0.0749 0
0.0442 0
0.0563 0

C(6 ) 0.0606 0
0.0436 -0
0.0487 0

C(7) 0.0601 -0
0.0357 0
0.0403 -0

0 (8 ) 0.0651 -0
0.0387 0
0.0470 -0

0(9) 0.0353 0
0.0917 -0
0.0861 -0

, b and c

D1 D2 D3

.2327 0.2283 0.9454

.6439 -0.7647 0.0262

.7289 - 0.6026 0.3249

.9522 0.1587 0.2611

.1735 -0.4225 0.8896

.2515 0.8923 0.3748

.3571 - 0.7658 0.5348

.8062 0.5419 0.2376

.4717 -0.3463 -0.8109

.9068 0.4187 0.0501

.0468 -0.0183 0.9987

.4191 0.9080 - 0.0030

. 3 4 3 4  -0.7343 0.5856

.9231 -0.3787 0.0664

.1730 0.5633 0.8079

.5276 -0.0356 0.8487

.7798 0.3760 0.5005

.5506 0.8245 0.1306

.1889 -0.2754 0.9426

.8131 -0.4944 -0.3074

.2901 0.8341 O ' i } ^ 1

. W l i  -0.3750 0.8681

.4443 - 0.8729  0.2016

.0374 0.2068 0.9777

.8951 0.4419 -0.0592

. a a i b  - o . ^ o o

.2356 0.5000  0.8334



TABLE 1 .9
o

INTERATOMIC DISTANCES ( < 4 A )

I n t r a m o le c u l a r  d i s t a n c e s

Atom A Atom B A-B Atom A Atom B A-B

C(1) 0 2 .3 9 8 0(3) Cl 2.669

C(1) C(5) 2 .4 1 9 0(3) 0 (6 ) 2.741

C(1) C(3) 2 .4 1 9 0(3) 0(7) 3 .799

C(1) C (8 ) 2 .5 0 6 0(4) 0 (6 ) 2 .387

C(1) C l 2 .7 5 6 0(5) 0(7) 3.744

C(1) 0 (4 ) 2 .7 9 0 0 (6 ) 0(7) 2.463

C(1) C(9) 3 .5 8 9 0 (6 ) 0 (8 ) 2.828

C(2) C ( 6 ) 2 .3 8 4 0 ( 6 ) 0(9) 3.583

C(2) C(4) 2 .3 8 6 0 (6 ) 0 3 .609

C(2) C(7) 2 .5 3 3 0(7) 0(9) 2.641

C(2) C(5) 2 .7 6 3 0(7) Cl 3 .178

C(2) 0 2 .9 6 2 0 (8 ) □ 2.280

C(2) C(8 ) 3 .8 10 0(9) 0 3 .367

0 (3 ) 0 (5 ) 2 .3 7 3 0 Cl 2.886

I n t e r m o le c u l a r d i s t a n c e s

Atom A Atom B E .P .* C e ll** A-B

0 ( 1) C(2) 1 1 0 0 3 .567

0 ( 0 C l 1 1 0 0 3.731

0 ( 1) C(3) 1 1 0 0 3.809

P . T . 0 .



TABLE 1 .9  C ont.

Atom A Atom B E .P .* C ell** A-B

C(2) C l 1 1 0 0 3.780

C (3) C l 3 0 0 0 3.670

C(4) c(3 ) 1 1 0 0 3.819

C(5) C (4) 1 1 0 0 3.532

C(5) c (3 ) 1 1 0 0 3.634

C(5) 0 ( 6 ) 3 0 1 0 3.691

C(6) c(3 ) 1 1 0 0 3.640

c(6) C(2) 1 1 0 0 3.679

C (6) c(6 ) 3 0 1 0 3.754

C(6) C (4) 1 1 0 0 3.793

C (6) c ( l ) l 1 0 0 3.841

c(7) C l 1 1 0 0 3.706

c(7) C(2) 1 1 0 0 3.810

C (8) c(7 ) 1 1 0 0 3.714

C(9) □ 4 1 1 1 3.212

C(9) C l 4 0 1 1 3.543

C(9) C(8) 1 1 0 0 3.651

C(9) C l 4 1 1 1 3.720

C(9) C(7) 1 1 0 0 3.852

Q c(4 ) 2 0 0 0 3.421

P . T . 0 •



TABLE 1 .9  C o n t,

Atom A Atom B E .P . *  C e l l* *  A-B

0 C(4) 2 1 0  0 3-559

0 C l 1 1 0 0 3.635

0 C(5) 2 0 0 0 3-704

* I n t e g e r s  u n d e r  t h i s  column r e f e r  to  th e  e q u iv a l e n t  

p o s i t i o n s

1) x. , y  , z ;

2) x  , 1 /2  -  y  , 1 /2  + z ;

3) - x  , - y  , - z ;

4) - x  , - 1 / 2  + y  , - 1 / 2  -  z .

** F o r  a n y  d i s t a n c e  t h e  t r i p l e  s e t  o f  i n t e g e r s  g iv e n  

u n d e r  t h i s  column i n d i c a t e  t h e  u n i t - c e l l  t r a n s l a t i o n  

t h a t  m ust be added  to  th e  a p p r o p r i a t e  e q u iv a le n t  

p o s i t i o n  to  d e r i v e  th e  c o -o r d in a te s  o f  th e  atom under 

th e  colum n Atom B from th o s e  g iv e n  in  T ab le  1 .4  .



TABLE 1 . 1 0

D e v i a t io n s  ( A ) o f  th e  atom s from th e  mean

a )  a l l  a tom s

b) benzene  r i n g  atom s C ( l)  t o  C(6)

c) C(1) , C(7) > C(8) , C(9) and 0

(a) (b )

C l .....................    - 0.106  - 0.030

0   0.161 0.160

c ( 1) .................................  0.013  - 0.005

C(2) .................................  -0.015 0*012

C ( 3 )  .................................  -0 .044 - 0.008

c(4 ) .................................  - 0.005  -0.004

c ( 5 ) .................................  0.057  0.012

C(6) .................   0.046 - 0.008

c ( 7 ) .................................  0.062  0.033

c ( 8 )  .................................  - 0.066  -0 .143

c ( 9) .................................  - 0.103  - 0.220

pianos th ro u g h

(c)

0.001

0.001

0 .0 1 0

- 0.025

0 .014
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2 .1 .8  D is c u s s io n

In  o -c h lo ro b e n z o la c e ty le n e  the C l. . .O  and C l.  . .C (7 )

o
in tr a m o le c u la r  s ep a ra tio n s  a re  2 .8 8 6  + 0 .0 0 5  and 3 .178  + 0 .0 0 6  A

re s p e c t iv e ly , w h ich  a r e  s h o rte r  than the sums of the n o rm a l
o

van d e r  W a a ls 1 r a d ii  (3 .2 0  and 3 ,8 0  A  re s p e c tiv e ly ). The

c o rres p o n d in g  d is tan ces  in  o i-ch lorobenzo ic  ac id  (F erg u so n  and
o

S im , 1961) a re  2 .8 9 2  and 3 ,217  A  re s p e c iv e ly . The m o lecu le  

is  th e re fo re  expected  to be sub ject to som e s tra in .

T h e  b e s t p lane  th rough  a l l  the atom s in  the m o lecu le , 

c a lc u la te d  by  the m eth o d  of S cho m aker et a l . ,  has the equation

0 . 8694 X 1 -  0 .4 0 6 2 Y  -  0 .2 8 1 3 Z 1 + 1 .3455  = 0 (11)

o
w h e re  X 1, Y  and Z ‘ (in  A ) a re  r e fe r r e d  to the orthogonal axes

p a r a l le l  to a * ,  b and c . The ro o t m ean  square ( r . m .  s . )
o

d is tan ce  o f the  a to m s  f r o m  th is  m ean  plane is  0 .0 8  A ,  The  

a p p r o p r ia t e ^  te s t (See S ec . I ,  1 .8 .5 )  shows the s ig n ifican t 

n o n -p la n a r ity  o f the m o le c u le . The d isp lacem ents  o f d iffe re n t  

ato m s f r o m  th is  m ean  p lane can be seen in  T ab le  1.10 (a );  the 

d e v ia tio n s  o f C 1 ,C (9 ) and O a p p ear to be s ig n ific a n t.



- 59 -
I

T h e  equation  of the m ean  p lane through the carbon  

ato m s o f the  b en zen e  r in g  is

0 .8 5 4 2 X ' -  0 .4 3 7 1 Y  -  0 .2 8 1 7 Z ' + 1,4401 = 0 (12)

o
The r . m .  s . d is ta n c e  (0 . 009 A ) o f the atom s C (l) to C (6) and the

in s ig n if ic a n t d e v ia tio n s  of the in d iv id u a l a ro m a tic  a tom s[ T a b le  1.10(b)]

2
in d ic a te  the  p la n a r i ty  o f the benzene r in g . The a p p ro p r ia te /,  

tes ts  a ls o  su p p o rt th is  v ie w .

F r o m  the T a b le  1.10 (b) and F ig .  1 .6  i t  is  evident that 

C (2 ) -  C l and C ( l)  -  C (7 ) bonds a re  bent in  opposite d irec tio n s  out 

of the a ro m a t ic  p la n e  b y  about 1 .4  in  each case . Th is  bending, 

although s m a ll,  m ig h t be s ig n if ic a n t in  re lie v in g  overcrow ding  in  

the re g io n s  o f C l . . ,C (7 )  and C I . . . O .

T h e  m e a n  p lan e  o f b e s t f i t  th rough C ( l ) ,  C (7 ), C (8 ) ,

C (9 ) and O a to m s , has the equation

0 .8 8 8 1 X 1 -  0 .3 2 6 1 Y  -  0 .3 2 4 0 Z * + 1.1033 = 0 (13)

o
The r . m .  s . d is ta n c e  o f these  a tom s fro m  the m ean plane is  0.013 A .
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D e v ia tio n s  of the atom s fro m  th is m ean plane a re  given  

in  T a b le  1 .1 0 (c )  . T h e  d ih e d ra l angle betw een this plane and 

the a ro m a t ic  p lan e  (12) is  7 .1 ° .  The corresponding angle in  

jD -c h lo ro b e n zo ic  a c id  (F e rg u s o n  and S im , 1961) is  1 3 .7 ° .  This  

d e c re a s e  m ig h t be due to the in te rm o le c u la r  hydrogen bonding 

f ro m  the a c e ty le n ic  carbon , C (9 ) ,  and the carbony l oxygen of the  

n e ig h b o u rin g  m o le c u le . The ro ta tio n  of the ethynyl carbony l 

group about the  C ( l)  -  C (7 ) bond has s ig n ific a n tly  re lie v e d  the 

s tra in  o f in t r a m o le c u la r  o v e rc ro w d in g . F u r th e r  r e l ie f  is  

a ffo rd e d  b y  s ig n if ic a n t in p lan e  splaying out o f the C (l) -  C (7) and 

C (2 ) -  C l  bonds a w a y  f r o m  one an o th er (See F ig ,  1. 6 ) .  The  

s tra in  o f o v e rc ro w d in g  in  the m o le c u le  is , th e re fo re , re lie v e d  

m a in ly  in  th re e  d if fe re n t  w ay s .

( i)  T h e  e th y n y l-c a rb o n y l group is  ro ta ted  about C (l) -  

C (7) bond th ro u g h  7 ,1 °  to in c re a s e  the d istance fro m  C l to O .

( i i )  T h e  c h lo r in e  and the exocyclic  carb o n ,C (7), a re  

d is p la c ed  out o f the a ro m a t ic  p lane in  opposite d irec tio n s  so as to 

in c re a s e  the  in t r a m o le c u la r  d is tan ces  fro m  the C l a tom  to the o ther  

a ffe c ted  a to m s .
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( i i i )  D is to r t io n  o f the v a len cy  angles C (l) -  C (2) -C l  

and C ( l)  -  C (7 ) -  O has in c re a s e d  the in tra m o le c u la r  separations  

b etw een  C l to  C (7 ) and C l to oxygen.

T h e  c a rb o n -c h lo r in e  bond length of 1 .734  -  0. 006 A  is
o .

s im i la r  to 1 .7 3 7  A  obta ined  in  o -ch lo ro b en zo ic  acid  (Ferguson  and
o

S im , 1961) and 1 .7 3 9  A  in  2 -c h lo r o - l ,  8-phthaloylnaphthalene

(See C h a p te r  IV )  .

T h e  a v e ra g e  of the C -C  bond'lengths in  the benzene ring  

+ °
is  1 .3 8 3  -  0 . 009 A  . S ince the m o le c u la r  lib ra tio n s  w ere  not 

ap p lie d  to the a to m ic  c o -o rd in a te s , i t  is  quite probable  that fo r  some 

of the a to m s  o f the  benzene r in g , the tru e  a to m ic  centres  a re  not 

a t the a p p a re n t c e n tre s  o f e le c tro n  density , w ith  a consequent 

d e c re a s e  in  the  o b s erv e d  bond len g th s . Thus in  one bond, C (3) -  

C (4 ), w h ich  a p p e a rs  s u rp r is in g ly  s h o rt (1 ,3 4 6 ^ ) ,  the th e rm a l p a ra ­

m e te rs  in d ic a te  a h igh  d e g ree  of a n is o tro p y .

+ °
T h e  e x o c y c lic  C (l)  -  C (7 ) bond length (1 .474  -  0. 009 A )

o
is  q u ite  in  a g re e m e n t w ith  1 .4 7 9  A  es tim a te d  by D e w ar and Schm eising

2
(1959) fo r  s in g le  bond d is tan ce  betw een  carbon atom s in  the sp -  

state o f h y b r id is a t io n . In  butad iene, (M a ra is , Sheppard and
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S tro ic h e ff, 1962) the len g th  of the id e n tic a l bond is 1 .476  + 0. 01 A .

+ °
The c a rb o n -o x y g e n  double bond (1 .227  -  0. 007 A )is  n e a r to the

+ °
accepted  v a lu e  o f 1. 23 -  0. 01 A  ( in t . T ab les , V o l.  111,1962). The

+ °
bond le n g th ,C (7 ) -  C (8 ) , is  1 .4 4 7  -  0 .0 0 9  A  and is  about the expected

2
va lu e  fo r  a s in g le  bond betw een  sp and sp -  h yb rid ised  carbon

+ °
a to m s . T h e  t r ip le  bond, C (8 ) -  C (9 ), (1.195 -  0. 09 A ) does not

+ °d if fe r  s ig n if ic a n t ly  f r o m  the a g ree d  va lu e  of 1 ,206  -  0 .0 0 5  A  

(T a b le s  o f In te r a to m ic  D is ta n c e s  1958, 1 9 6 5 ). The atom s C (7 ), 

C (8) and C (9 ) a r e  no t c o lin e a r . The angle C (7) -  C (8) -  C (9) 

is  1 7 6 .6 ° .  E le c tro n  fa c to rs  and the in te rm o le c u la r  packing  

fo rc e  in v o lv e d  in  the e th yn y l hydrogen  bonding m ig h t be responsib le  

fo r  th is  b e n d in g .

+ °
T h e  s h o rte s t in te rm o le c u la r  contact (3 .212  -  0. 007 A )  

occurs  w ith  the e th y n y l hydrogen  bond. The locations of the 

hydrogen  a to m s  w e re  no t d e te rm in e d  a c c u ra te ly . I f  the ethynyl

°  ^  / Q\
carbon  h y d ro g e n  d is tan ce  (1. 06 A ) and angle C “ C -H  (180 ) a re

assum ed (T a b le s  o f In te ra to m ic  D is ta n ce s  1958, 1965) then the
o

in te rm o le c u la r  H . . .O  s e p a ra tio n  becom es only 2 .2  A , m uch less  

than the c o rre s p o n d in g  van  d e r  W aa ls  contact d istance of 2 .4
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°to 2 .6  A .  D e ta ils  o f the d is tan ces  and angles associated  w ith  

the a to m s  in v o lv e d  in  the in te rm o le c u la r  ethynyl hydrogen bonding  

can be seen in  F ig .  1 .7 .  F u r th e r  d iscussion of the = C H . . . O  

bonding is  c a r r ie d  out in  C h a p te r 5 of th is  section . A l l  o ther 

in te r m o le c u la r  co n tacts  (T a b le  1 .9 ) co rresp o n d  to n o rm a l 

van d e r  W a a ls  in te ra c tio n s .



C H A P T E R  2

B R O M O B E N Z O Y L A C E T Y L E N E
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2 . 2  INTRODUCTION

o -B ro m o b e n z o y la c e ty le n e  is  not isom orphous w ith  

o -c h lo ro b e n z o y la c e ty le n e . U n lik e  the la t te r ,  i t  c ry s ta llis e s  in  

the o r th o rh o m b ic  s y s te m .

In  the  in f r a - r e d  ab so rp tio n  spectrum  ofo -brom oben zoyl- 

a ce ty len e , a m a x im u m  co rresp o n d in g  to the ethynyl hydrogen  

s tre tc h in g  fre q u e n c y  o ccu rs  in  cyclohexane solution a t 3304 c m , \  

and a t 3222 c m .  ̂ in  the so lid  s ta te . T h is  has been a ttrib u ted  

to in te r m o le c u la r  h yd ro g en  bonding betw een the ethynyl = CH groups 

and the c a rb o n y l oxygen a tom s (T y r r e l l ,  1 9 6 3 ). In  v ie w  of the 

p re s e n c e  o f the  r e la t iv e ly  a c id ic  e thynyl hydrogen and the basic  

c arb o n y l oxygen, such in te rm o le c u la r  hydrogen bonding is  also  

u s u s a lly  e x p e c te d .

A  p r e l im in a r y  a n a ly s is  o f the s tru c tu re , w ith  lim ite d  

data, has a lr e a d y  been  done b y  F e rg u so n  and T y r r e l l  (1965 ). The  

ob ject o f the  p re s e n t w o rk  was to co m p le te  the re fin em e n t using m o re  

th re e  d im e n s io n a l d a ta .
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2 .2 .1  C r y s ta l  data

o -B ro m o b e n z o y la c e ty le n e , C H  O B r, M  = 2 0 8 .9 ,
9 5

o
m .p .  = 46 C, o rth o  rh o m b ic , a = 3 .9 4  + 0 .0 2 , b = 7 .3 0  + 0 .0 3 ,

°  °  3
c = 2 7 .4 3  + 0 . 05 A , U = 789 A  , D m  = 1 ,7 4  gm . /  cc, (by f lo ta tio n ),

Z = 4 , D c  = 1 .7 6  g m . / c c . , F (0 0 0 ) = 408, space group P2^2^2^

/  4
(lO^* In t .  T a b le s , V o l .  I ,  1965)', absorption  co e ffic ien t fo r

°  -1 x - r a y s  o f w ave  le n g th  1 .5 4 2  A , p = 5 4 .4  c m . .

2 .2 .2  In te n s ity  d a ta

O ut o f the 721 o b served  p lanes, used fo r  re fin em en t, 160 

w ere  3 kX s p e c tra , e s tim a te d  v is u a lly  fro m  eq u i-in c lin a tio n  

W e is s e n b e rg  photography 561 p lanes w ere  of the 0k^-2k^  

re c ip ro c a l n e ts , c o lle c te d  and e s tim a te d  v is u a lly  by Ferguso n  in  the 

sam e w a y . T h e  in te n s ity  data  w e re  c o rre c te d  fo r  ap p ro p ria te  

D o re n tz> p o la r is a t io n  and ro ta tio n  fa c to rs  (See Sec. I ,  1 .3 .3 ) ;  but 

the a b s o rp tio n  c o rre c tio n s  w e re  ig n o re d .

T h e  r a t io  o f the sq u are  o f the a to m ic  num ber of the heavy  

atom  to the  su m  o f the sq u ares  o f the a to m ic  num bers of the re s t of
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the a to m s p e r  a s y m m e tr ic  u n it is

f 2

7 = -  2 = 3,12 ( 1)
R

T h is  shows the d o m in atin g  in fluence  of the heavy atom  

(See S ec . I ,  1. 6 . 3) .

2 .2 .3  L e a s t  s q u ares  re f in e m e n t o f the s tru c tu re

S ta rtin g  w ith  F e rg u s o n ’ s a to m ic  p a ra m e te rs , the s tru c tu re  

was re f in e d  in  ten  c y c le s  o f fu l l  m a tr ix  le a s t squares . The

p ro g re s s  o f the  re f in e m e n t o f the s tru c tu re  can be seen in  Tab le  2 .1 , 

T h e  in i t i a l  jo b  in  the re fin e m e n t of the s tru c tu re  was to 

place  the tw o sets o f da ta  on the sam e absolute s ca le . The f i r s t

cyc le  o f fu l l  m a t r ix  le a s t  squares  re fin e m e n t w ith  iso tro p ic  te m p e r­

a tu re  fa c to r  w as done to get su itab le  in d iv id u a l la y e r  scale fa c to rs .

In  th is  c y c le , the s ca le  fa c to r  fo r  each o f the la y e rs  was in i t ia l ly  

chosen to be u n ity  and u n it w e ig h t was app lied  to a ll  the da ta . A t  

the end o f th is  c y c le , the  la y e r  sca le  fa c to rs  fo r  Oki to 2 k £  spectra  

w ere  found to be n e a r  to one, w h ile  th a t o f the 3k planes was a lm o st
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h a lv e d . In  the  n e x t c yc le  no ap p rec ia b le  change of the in d iv id u a l 

la y e r  sca les  w as n o tic e d . The data w ere  then resca led  using the  

re fin e d  s ca le  fa c to rs  and the fu l l  m a tr ix  le a s t squares re fin em e n t 

of the  p o s it io n a l and is o tro p ic  th e rm a l p a ra m e te rs  and la y e r  scale  

fa c to rs  w as c o n tin u e d . H e n c e fo rth  the w eighting schem e used  

was of the typ e  suggested  by  C ru icksh an k  et a l.  (1961), i . e .

= 1/ ( p 1 + |F |+ p 2|Ff + P3|E]3)^  (2)

up to the fo u r th  c y c le  o f re fin e m e n t, the values of the constants  

used w e re

p = 2 |F |  . = 8 ,  p = 2/lF l = 0.0133 and p = 0.
^  1 m m . 2 / r |  m a x . 3

A t e v e ry  s tage o f m a jo r  change in  the m ode of the re fin em en t, the 

va lu es  o f th ese  constants  w e re  ad justed  so as to be sure that the 

m ean 51 w A  fo r  a l l  groups of p lanes batched in  the o rd e r of 

in c re a s in g  s tru c tu re  a m p litu d es  ( j F j )  and s in S /^ w a s  roughly  

constant.

A t  the end o f th re e  cyc les  o f is o tro p ic  le a s t squares  

re fin e m e n t, th e  re s id u a l, R , was 0.115 and no ap p rec iab le  change
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in  the a to m ic  p a ra m e te rs  was n o tic e d . A  th re e  d im en sional 

d iffe re n c e  syn th es is  was then com puted. In  the resu ltan t 

e le c tro n  d e n s ity  d is tr ib u tio n , peaks w e re  noticed in  the probable  

hydrogen  p o s itio n s , the a n is o tro p ic  v ib ra tio n a l c h a ra c te ris tic s  of 

the a to m s w e re  a ls o  re v e a le d . The absence of any o th er' 

s ig n ific a n t p eaks , showed the  c o rre c tn e s s  of the s tru c tu re .

B e fo re  s w itch in g  o v e r to the re fin e m e n t of an iso tro p ic  

th e rm a l p a ra m e te rs ,  a l l  the s tru c tu re  am plitudes w ere  resca led  

again  w ith  the re f in e d  in d iv id u a l la y e r  scale fa c to rs . Thence­

fo rth  a s in g le  o v e r a l l  sca le  fa c to r  was re fin e d .

D ue to the d o m in a tin g  in flu en ce  o f the heavy atom  (B r ) ,  

the h yd ro g en  lo c a tio n s  re v e a le d  in  the d iffe re n ce  m ap, could not 

be expected  to be a c c u ra te  and hence on the assum ption of standard  

bond len g ths  an d -an g les , these w e re  ca lcu la ted  and w ere  in troduced  

in to  the subsequent cyc les  of le a s t squares re fin e m e n t but not 

re fin e d .

A f t e r  one c y c le  o f fu l l  m a tr ix  an iso tro p ic  le a s t squares

2
re fin e m e n t, i t  w as found th a t the ave ra g e  I  w A  was high fo r  strong
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p lan es , w h ic h  w e re  su b jec t to e x tin c tio n . T h e re fo re , the value

of w as changed  to  0 . 0003 and the  re fin e m e n t was continued.

In  the  n in th  c y c le , th e  w e ig h tin g  schem e (2) was s lig h tly  adjusted

again  (p^ = 6, p^ = 0 . 0133 and p^ = 0. 0 0 0 4 ). In  the next cycle,

the p a r a m e te r  s h ifts  w e re  le s s  than one th ird  of the corresponding

e s tim a te d  s ta n d a rd  d e v ia tio n s  in d ica tin g  th a t the re fin em en t had

co n ve rg e d . In  th e  w eig h tin g  an a ly s is , a l l  the batches of data

2
w e re  seen to p o ssess  s im i la r  ave ra g e  Z  v/A w hich is  evident fro m  

T a b le  2 .2 .  A  th re e  d im e n s io n a l d iffe re n c e  synthesis was then

com puted u s in g  th e  phases c a lc u la te d  fro m  the positions of the  

n o n -h yd ro g e n  a to m s  o n ly . In  th is  m ap, the hydrogen locations  

w e re  c le a r ly  re v e a le d . T h e  a p p ro p ria te  sections of th is  syn­

th es is  a r e  shown in  F ig .  2 ,1 . ,  superim posed  on the f in a l th re e  

d im e n s io n a l e le c tro n  d e n s ity  d is tr ib u tio n . No o ther s ig n ifican t 

fe a tu re s  w e re  n o tic e d  in  th is  m a p . The R  fa c to r a t th is  stage  

is  0 .6 7 3 .  T h e  f in a l  v a lu e s  o f the m easu red  and calcu la ted

s tru c tu re  a m p litu d e s  a r e  shown in  T a b le  2 .3 .

In  th e  s tru c tu re  fa c to r  ca lcu la tio n s , the a tom ic  scattering  

cu rves  u sed , w e re  th o se  o f In t .  T a b le s , V o l .  I l l  (1962 ).
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2 . 2 . 4  F in a l  a to m ic  p a ra m e te rs , m o le c u la r  dim ensions etc .

T h e  f in a l  th re e  d im en s io n a l e lec tro n  density  d is trib u tio n  

of the h e a v ie r  a to m s  and the hydrogen positions fro m  the la s t  

d iffe re n c e  syn th es is  a re  shown in  F ig  2 .1  as superim posed con­

to u r sec tio n s  d ra w n  p a r a l le l  to (1 0 0 ). The a rran g e m e n t of the 

m o le c u le s , v ie w e d  along the sh o rt a ax is , is  presented  in  F ig .  2 . 2 .  

Bond len g th s  and ang les  a re  in  F ig .  2 .3  w hich also contains the 

n u m b erin g  sch em e used  fo r  id e n tify in g  the atom s of a m o lecu le .

The d is tan ces  and ang les  in v o lv e d  in  the in te rm o le c u la r  ethynyl 

hydrogen  bond a r e  p re s e n te d  in  F ig .  2 , 4 .

T h e  p r o g r e s s  o f the re fin e m e n t, the fin a l weighting  

a n a ly s is  and the  s tru c tu re  fa c to r  ag reem en ts  a re  shown in  Tables  

2 .1 , 2 .2  and 2 .3  re s p e c t iv e ly . The fra c tio n a l co -o rd in a tes  and 

e s tim a te d  s ta n d ard  d e v ia tio n s  o f the non-hydrogen  atom s a re  in  

T a b le  2 .4  and the  c o rres p o n d in g  o rthogo nal c o -o rd in a tes  w ith

re fe re n c e  to th e  c ry s ta llo g ra p h ic  axes and estim ated  standard  

o
d ev ia tio n  (in  A )  a re  in  T a b le  2 , 5 ,  T a b le  2 .6  contains the 

c a lc u la ted  f r a c t io n a l  c o -o rd in a te s  o f the hydrogen a to m s.
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A n is o tro p ic  th e r m a l v ib ra tio n s  and es tim ated  standard deviations

a re  in  T a b le  2 . 7 .  T hese  a r e  the values  of U . . which a re  defined
ij

by the eqn. 16 (Sec.  I )  • Some short in tra m o le c u la r  and in te r ­

m o le c u la r  d is tan ce s  a re  p re se n te d  in  T ab le  2 .8  and the d isp lace ­

m ents  o f a to m s  f r o m  v a r io u s  m ean planes a re  shown in  Tab le  2 . 9 .

T h e  a v e ra g e  e s tim a te d  standard  deviations of the bond

o o
lengths a re , c a rb o n -c a rb o n  ( 0 . 0 2  A ) ,  carbon-oxygen  ( 0 . 02  A)  and

o
c a rb o n -b ro m in e  (0 . 013 A ) «. The  averag e  estim ated  standard  

d e v ia tio n  o f th e  v a le n c y  ang les  is  1 .4 ° .
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FIG .  2*1

The composite final electron d e n s ity  synthesis (solid contours) f ° r  

the non-hydrogen atom s, viewed down a -a x is  and the hydrogen peaks

(broken contours) obtained from  the difference s y n t h e s i s  c o m p u t e d  at

the end of the refinement* C o n to u r  le v e ls  a re  at 0 .1  e / A  around the

hydrogen atom s starting a t the 0*3-electron  level. For other atoms
O n O ̂

contour levels a re  a t  l e / A  except around B r  (4 e/A ) starting at one

electron level*
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F IG .  2 .2

T h e  m o le c u la r  packing  v iew ed  down a -a x is .



F I G .  2 . 3

The » ■ ^  aii“;;;r
h h. —,—. c— > -  -* c t : r — ...
the no n -h yd ro g en  a to m s  (th e  h yd ro g en  atom s a

th e  c a rb o n  a to m s  to  w h ich  they  a r e  bonded.



C  7

F IG .  2 .4

The d is tan ces and an g les  a s s o c ia te d  w ith  the atom s invo lved  in  the

in te r m o le c u la r  = C - H . . .O  bonding.



TABLE 2 .1

PROGRESS OF THE REFINEMENT

C ycle R f a c t o r ' i v i i R=Iwa / 2 w

a  i 0 .2 9 0 29764 0.078

2 0 .1 4 0 ' 275 0.037

b 3 0 .1 3 5 258 0.032  •

4 0 .1 1 4 201 0.022

c 5 0 .1 1 5 189 0.022

d 6 0 .0 7 8 80 0.011

7 0 .0 7 5 75 0.010

8 0 .0 7 3 72 0.009

e 9 0 .0 7 3 71 0.009

10 0 .0 7 3 71 0.009

a) R e f in e m e n t  o f  i n d i v i d u a l  l a y e r  s c a l e s  , 
t h e r m a l  and  p o s i t i o n a l  p a ra m e te r s  u s in g  u n i  w g 
f o r  a l l  d a t a  .

b) S c a le d  IFo| and th e  r e f i n e m e n t  i s  con t in u ed  u s in g  a 
s p e c i f i c  w e i g h t i n g  scheme .

c) D i f f e r e n c e  s y n t h e s i s , s c a l e d  |Fo|,h y d r o g e n  l o c a t i o n s  
i n t r o d u c e d ; r e f i n e m e n t  o f  o v e r a l l  s c a l e  f a c t o r ,  
p o s i t i o n a l  and a n i s o t r o p i c  th e rm a l  p a ra m e te r s .

d) A d ju s tm e n t  o f  w e i g h t i n g  scheme.

e) F u r t h e r  a d j u s t m e n t  o f  w e ig h t in g  scheme.



TABLE 2 . 2

WEIGHTING ANALYSIS

|f | Obs.

S in  0 / x .

0 . 0 - 0 .4 0 . 2- 0 .4 0 . 4 - 0 .6 0 . 6- 0 .8 T o ta l s

0 - 6  

6 - 1 3  

1 3 - 2 5  

25 -  51 

51 - 102 

102 -  up

0 . 3 5 8 /2

o . o o o / o

0 . 0 0 7 / 3

0 . 0 8 9 /1 6

0 . 07 8 /1 5

o . o 4 i / 3

0 . 0 0 0 /0

0 . 101/21

0 . 08 3 /7 9

0 .1 2 6 / 8 4  

0 . 086 /32  

0 . 00 0 /0

0 . 100/18

0 . 091/149 

0 . 103/200

0.094/41

0 . 000/0

0 . 000/0

0 . 078/20

0.095 /33

0 . 200/5

0 . 000/0

0 . 000/0

0 . 000/0

0.102 /40

0.093/203

0.098/287

0.112/141

0 .084/47

0 .041 /3

T o ta ls 0 . 0 8 9 / 3 9 0 . 102/216 0 .0 9 8 /4 0 8 0 .099 /58 0 . 098/721

Figures  on t h e  two s i d e s  o f  t h e  s t r o k e s  i n d i c a t e

, 2 .
1 Average XwA i n  t h e  g ro u p  ) / (  T o t a l  p lan e s  i n  the  ba tch  ) .
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TABLE 2 . 4

FRACTIONAL COORDINATES AND E .S .D .S .

Atom x / a y / b z /  c

Br 0 .0 5 2 7 + 5 0.3529 + 2 0.0551 +

0 0 .1 8 1 4 + 39 0.3212 + 16 0.1618 +

C(1) 0 .0 1 2 6 + 31 0.6135 + 16 0.1354 +

C(2) - 0 . 0 6 4 7 + 39 0 .5769 + 18 c • c CD CJI +

C(3) - 0 . 2 2 3 0 + 37 0.7041 + 21 0.0568 +

C(4) -0 .2 9 0 4 + 44 0.8769 + 22

CO3̂*C'-O
•

O +

C(5) -0 .22 3 1 + 51 0 .9209 + 21 0.1218 +

C(6) -0 .0 4 4 5 + 44 0 .7895 + 21 0.1520 +

C(7) 0 .1 7 3 6 + 44 0.4767 + 23 0.1687 +

C(8) 0 .3 0 0 0  + 49 0 .5580 + 24 0.2147  +

C(9) 0 .4 2 0 6 + 50 0 .6097 + 21 0.2509 +

1

4

4

4

4

5

6

4

5

4

5



TABLE 2 . 5

ORTHOGONALISED COORDINATES AND E .S .D .S .  (a) 
REFERRED TO THE CRYSTALLOGRAPHIC AXES

ATOM X Y Z

Br 0 .2 0 7 + 2 2 .576 + 2 1.512 1

0 0 .7 1 5 + 15 2.344 + 12 4 .4 3 7 + 12

C(1) o .o 4 9 + 12 4 .4 7 9 + 12 3.714 + 10

C(2) - 0 . 2 5 5 + 15 4 .2 1 2 + 13 2.345 + 12

C(3) - 0 .8 7 9 + 15 5 .1 4 0 + 15 1.557 + 12

C(4) - 1 .1 4 4 + 17 6.401 + 16 2.052 + 15

C(5) - 0 .8 7 9 + 20 6.722 + 16 3.341 + 15

C(6) - 0 .1 7 5 + 17 5 .7 6 3 + 15 4 .1 6 8 + 12

C(7) 0 .6 8 4 + 17 3 .480 + 17 4 .6 2 9 + 15

C(8) 1 .182 + 20 4 .0 7 3 + 18 5.890 + 12

C(9) 1 .6 5 7 + 20 4.451 + 15 6.882 + 15

TABLE 2 .6

ASSUMED FRACTIONAL CO-ORDINATES OF THE HYDROGEN 
ATOMS AND ISOTROPIC TEMPERATURE FACTORS

ATOM x / a y/t> z /c Uiso

H(3) - 0 . 2 9 6 0 .6 69 0.020 0 .04

H(4) - 0 . 3 9 9 0 .9 7 9 0 .050 0 .05

H (5) - 0 .3 0 9 1.050 0 .137 0 .05

H(6) o . o 4 l 0 .828 0.188 0 .04

H( 9) 0 .5 3 0 0 .6 5 7 0.284 0 .05



TABLE 2 . 7

ANISOTROPIC TEMPERATURE FACTORS AND E .S .D .S .
o2

( i n  A )

ATOM U1 1 U22 U33 2U23 2U31 2U12

Br o .o 4 8 3  
1 1

0 .0 6 0 3
10

0 .0 4 3 7
7

-0 .0 2 2 3  - 0 .0066 
13 12

0 .0 0 6 9
14

0 0 . 1192
95

0 .0464
86

0 .0 5 1 3
61

- 0 .0 0 2 4  - 0.0855 
97 159

0 .0048
156

C(1) 0 .0 0 8 7
71

0 .0 3 9 8
68

0 .0 3 4 7
50

0.0066  - 0.0073 
86 86

- 0 .0067
92

C(2) 0 .0250
81

0 .0 4 1 6  
70

0 .0 3 90
58

- 0 .0088  - 0.0015
96 113

- 0 .0 1 5 3
118

C(3) 0 .0 2 9 3
87

0.0605
90

0 .0 27 7
54

0.0138  0.0150 
119 115

- 0.0058
117

C(4) 0 .0 3 9 9
99

0 .05 5 5  
101

0 .04 8 3
67

0 .0354  - 0 . 0 1 14 
143 126

0.0131
146

C(5) 0 .0 62 7
116

0 .0394
88

0 .0505
75

- 0 .0030  - 0.0087  
126 156

0.0185
143

C(6) 0.0321
96

0 .0 59 6
86

0 .02 9 4
53

0.0101  - 0.0025 
101 118

0 .0033
137

C(7) 0 .0364  
111

0 .0505
98

0 .0474
76

0.0163  - 0 .0358 
131 136

-0 .0 3 5 3
131

C (8) 0 .0 5 9 3
118

0 .0 6 4 3
104

0 .0235
56

0 .0 1 53  - 0.0245 
119 123

- 0.0180
168

C(9) 0 .0 5 3 0
124

0 .0 63 6
101

0 .0 4 7 9
72

-0 .0 0 1 3  - 0 .0 1 4 2  
143 169

- 0.0196
191



TABLE 2 .8  

SOME SHORT INTERATOMIC DISTANCES

I n t r a m o l e c u l a r d i s t a n c e s ( < 3 .4 a )

Atom A Atom B
o

A -  B (A) Atom A Atom
0

B A -  B (A)

Br C(3) 2 .7 8 4 C(2) C(4) 2 .3 82

Br C(1) 2 .9 1 4 C(2) 0 ( 6 ) 2 .395

Br 0 2 .9 7 8 C(2) 0 (7 ) • 2 .575

Br c (7 ) 3 . 28o 0 ( 2 ) 0 (5 ) 2 .7 72

0 C(8 ) 2 .3 0 6 C(3) . 0 (5 ) 2 .384

0 C(1) 2 .3 5 0 C(3) 0 ( 6 ) 2 .775

0 0 (2 ) 2 .9 6 7 0 (4 ) 0 ( 6 ) 2 .414

0 0 (9 ) 3 .3 6 2 C(6 ) 0 (7 ) 2 .4 8 2

C(1) C(3) 2 .4 3 9 C(6 ) 0 (8 ) 2 .768

c ( l ) C(5) 2 .4 5 7 C(7) 0(9) 2 .6 4 0

C(1) C(8 ) 2 .4 8 6 0 ( 1) 0 (4 ) 2 .8 08

I n t e r m o l e c u l a r d i s t a n c e s (< 3 .8 a )

Atom A Atom B E .P .* C e l l* * A
0

-  B(A)

Br C(4) 1 0 - 1  0 3 .7 6 7

0 C(9) 2 1 -1 0 3 .2 5 3

0 C(5) ' 1 0 - 1  0 3 .5 0 4

0 C(9) 2 0 - 1  0 3 .7 0 8  

P . T . 0 .



TABLE 2 . 8  C o n t .

o
Atom A Atom B E .P .* C e l l ** A -  B (A)

C(1) c(7) 1 -1 0 0 3 .57 2

C(1) c(8) 1 -1 0 0 3 .575

C(1) C(4) 1 1 0 0 3 .7 4 2

C(1) C(3) 1 1 0 0 3 .76 3

C(1) C(5) 1 1 0 0 3 .7 7 4

C(2) ■ c(3) 1 1 0 0 3 .5 3 3

C(2) C(4) 1 1 0 0 3 .7 6 7

C(4) C(6) 1 -1 0 0 3 .7 0 3

C(5) C(6) 1 -1 0 0 3 .475

C(6) ' C(8) 1 -1 0 0 3 .534

C(6) C(9) 1 -1 0 0 3 .6 7 8

c(7) C(8) 1 -1 0 0 3 .714

C(8) C(9) 2 1 -1 0 3 .5 7 9

C(8) C(9) 1 -1 0 0 3 .6 2 3

C(9) C(9) 2 1 0 0 3 .704

* I n t e g e r s  r e f e r  t o  t h e  f o l l o w i n g  e q u i v a l e n t  p o s i t i o n s
1) x > y * 2 i .
2) - x ,  1 /2  +y , 1 /2  -  z .

** F o r  any  d i s t a n c e  th e  t r i p l e  s e t  o f  i n t e g e r s  g iv e n  
u n d e r  t h i s  column i n d i c a t e  t h e  u n i t - c e l l  t r a n s l a t i o n  
t h a t  must  be added  t o  t h e  a p p r o p r i a t e  e q u i v a l e n t  
p o s i t i o n  t o  d e r i v e  th e  c o - o r d i n a t e s  o f  th e  atom u n d e r  
t h e  column Atom B from t h o s e  g iv e n  i n  T ab le  2 .4  .



TABLE 2 . 9

o
D isp la cem en ts  ( in  A ) o f  atoms from  th e  mean 

planes th ro u g h

(a )  a l l  atoms ;
(b) a ro m a tic  carbon atom s, C(1) to  C(6) ;

(c ) c(1)  , c(7)  , c (8)  and 0  .

Atom (a) (b) ( 0 )

B r 0 .2 6 2 0 .1 5 4 0 .8 7 3

0 - 0 .3 60 -0 .3 4 4 - 0 .0 08

C(1) -0 .071 -0 .0 3 5 - 0 .005

C(2) 0 .0 5 0 0 .0 1 7 0 .3 0 0

C(3) 0.041 - 0 .0 0 7 0 .2 1 6

C(4) 0 .0 0 9 0 .01 4 - 0 . 0 7 9

C(5) - 0 .1 0 3 - 0.031 - 0 . 3 7 7

0.(6) - 0 .0 4 5 0 .0 4 2 - 0 .2 4 3

0 (7 ) - 0 .1 1 6 - 0 .0 6 2 0 .0 2 4

C(8) 0 .0 7 0 0 .1 98 - 0 .0 2 0

o (9 ) 0 .2 6 4 0 .4 4 8 0 .0 08
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2 . 2 . 5  D i s c u s s io n

In  o -b ro m o b e n z o y la c e ty le n e , the in tra m o le c u la r  d is tan ces
o

o f B r . . . O  (2 .9 7 8  + 0 . 012) a n d B r . . . C ( 7 )  (3 .2 7 9  + 0. 013 A ) a re

both c o n s id e ra b ly  s h o rte r  than the a p p ro p ria te  sums of the n o rm a l

o
van d e r  W aals ' r a d ii  (3 .3 5  and 3 .9 5  A  re s p e c tiv e ly ) . The

co rres p o n d in g  d is tan ces  in  o -b ro m o b e n zo ic  a c id  a re , 3 .0 0  and 

o
3 .2 7 5  A  re s p e c t iv e ly . T h is  shows th a t l ik e  _o-brom obenzoic acid , 

the m o le c u le s  of jo -b ro m o b e n zo y la c e ty le n e  a re  u nder s tra in  f ro m  

in t r a m o le c u la r  o v e rc ro w d in g .

Th e  equation  of the m ean  p lane through  a l l  the n o n -h yd ro g en  

ato m s o f the  m o le c u le , c a lc u la te d  by the m ethod  o f S ch o m aker et a l.  

(1959) is

0 .8 9 0 9 X  + 0 .2 9 7 0 Y  -  0 .3 4 3 8 Z  -  0 .1678  = 0 (3)

o
w h e re  X , Y  and Z (in  A ) a re  the o rth o g o n al c o -o rd in a te s  r e fe r r e d  

to the  c ry s ta llo g ra p h ic  a x e s . The  ro o t m ean  square  d is tan ce

2
of the a to m s f r o m  th is  p lane  is  0 .16 K . The  co rresp o n d in g  X  

te s t (See S ec. I, 1 .8 .5 )  shows th a t the m o le c u le  is  s ig n if ic a n tly  

n o n -p la n a r . T h e  d is tan ces  o f the  a tom s fro m  the m ean  p lane

a re  shown in  T a b le  2.9(a). B r  and C (9 ) a re  d isp laced  in  the sam e
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d ire c t io n  to the sam e ex ten t w h e re a s  the d is p la c e m e n t o f the  

c a rb o n y l oxygen in  the opposite  d ire c tio n  is  p ro m in e n t.

T h e  m e an  p lan e  th ro u g h  the a tom s o f the  benzen e  r in g  has  

the  equation

0 .8 9 7 5 X  + 0 .3 2 2 9 Y  - 0 .3 0 0 3 Z  -  0 .4100  = 0 (4 )

T h e  ro o t m ean  sq u are  d is tan ce  o f the a to m s, C ( l)  to

°  2 
C (6 ) ,  f r o m  th is  p lan e  is  0 .0 2 7  A .  T h e  a p p ro p r ia te  X .  te s t

shows th a t, w ith in  e x p e r im e n ta l e r r o r ,  the benzene r in g  is  p la n a r .

T h e  d is p la c e m e n ts  o f a to m s  f r o m  the p lane a re  in  T a b le  2 . 9(b) •

B r  and the e x o c y c lic  carb o n , C (7 ), a re  d is p la c ed  out o f th is  p lan e
o

in  opposite  d ire c tio n s  b y  0 ,154  and -0 .0 6 2  A  re s p e c t iv e ly . T h is  

c o rres p o n d s  to the a n g u la r d is p la c e m e n t o f v a le n c y  bonds C (2 ) -  B r  

and C ( l)  -  C (7 ) out o f the p lan e  b y  4 .6  and - 2 , 4 °  re s p e c tiv e ly .

T h is  d is p la c e m e n t m u s t h e lp  to r e lie v e  the s tra in  o f in tra m o le c u la r  

o v e rc ro w d in g .

The  equation  o f the  b e s t p lane  th ro u g h  the oxygen and C (l) , 

C (7 ) ,  C (8 ), C (9 ) a to m s  is

0 .8 8 6 6 X  + 0 .1 2 7 0 Y  -  0 .4 4 4 7 Z  + 1 .0 3 4 2  = 0 (5 )
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D is p la c e m e n ts  o f v a r io u s  atom s fro m  th is  p lane

[T a b le  1 .9 (c )] and the a p p ro p r ia te  te s t show th a t a l l  these

fiv e  atom s a re  c o p la n a r . The d ih e d ra l angle  betw een  th is  p lane

o
and the m ean  p lane  th ro u g h  the a to m s of the benzene rin g  is  1 3 .6

o
c o m p are d  w ith  7 .1  in  the case of _o -ch lo ro b en zo y lace ty len e

(d e s c rib e d  in  the la s t  c h a p te r) . T h is  shows th a t the exten t o f

ro ta tio n  o f the e th yn y l c a rb o n y l p lane around, the exo c y c lic  C (l)  -  C (7)

bond has in c re a s e d  w ith  the in c re a s e  in  s ize  o f the halogen su b stitu en t.

H ad  th e re  been no such ro ta tio n , the in tra m o le c u la r  sep ara tio n s  of

B r . . . C (7 ) and B r . . . O w ould  have been u n accep tab ly  s h o rt.

F u r th e r  r e l ie f  o f s tra in  o f the in tra m o le c u la r  o v erc ro w d in g  is

s ecu red  th ro u g h  the in-plane sp lay ing  out o f C (2 ) -  B r ,  C (l)  -  C (7)

and C (7 ) -  O bonds causing the d is to r tio n  of v a le n c y  angles C (l)  -  C (2 ) -

B r ,  C (2 ) -  C (l)  -  C (7 ) and C (l)  -  C (7 ) -  O .

In  the m o le c u le  o f _o -b ro m o b en zo y lacety len e, the c a rb o n -
o

b ro m in e  bond len g th  is  1. 893 + 0. 013 A . The co rresp o n d in g  va lu e

in  o -b ro m o b e n z o ic  a c id  (F e rg u s o n  and S im , 1962 a )  is  1 .8 8 5  + 
o

0. 014 A .  T h ese  v a lu e s  a p p ea r to be s lig h tly  h ig h e r than the

o
s ta n d ard  C -  B r  d is tan ce  o f 1. 85 + 0. 01 A  quoted in  In t .  T a b le s , V o l.
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I I I  (1 9 62 ), but s im i la r  v a lu e s  have been found in  re la te d  com pounds.

In  the s tru c tu re  o f 4 -b ro m o -3 -n it ro b e n z o ic  ac id , G e m m e l (1966)
o

ob ta in ed  a C - B r  d is tan ce  o f 1.91 A .  C a m m e rm a n  et a l .  (1965)

o
got an a v e ra g e  c a rb o n -b ro m in e  bond len g th  of 1 .9 2  A  in  2 - o - ( p -

b ro m o b en zen esu lp h o n y l) -1, 4 :3 , 6 -d ia n h y d r o -D -g lu c ito l -5 -n i t r a te .

T h e  a v e ra g e  c a rb o n -c a rb o n  bond len g th  in  the benzene  

o
rin g , 1 .3 9 4  A , is  in  a g re e m e n t w ith  the m e an  s tan d ard  v a lu e  o f 1 .3 9 5  +

o
0 .0 0 3  A  ( in t .  T a b le s , V o l .  I l l ,  1 9 6 2 ). The exo cyc lic  C (l)  -  C (7 )

o o
bond le n g th ,! .  495 A^is s im i la r  to 1 .487  A  in  _o-brom obenzoic ac id

(F e rg u s o n  and S im , 1962 a) • In  b en zo ic  ac id  (S im , R o b ertso n  and
o

G oodw in, 1955) the co rres p o n d in g  bond len g th  is  1 .4 8  A .
o

The  carb o n -o xyg en  double bond 1.152 + 0. 02 A  is  not
o

s ig n if ic a n tly  d if fe re n t  f r o m  1. 20 + 0. 02 A  in  jo -b ro m o b en zo ic  a c id .

The  bond lin k in g  the c a rb o n y l carb o n  to the e thynyl carbon  [C (7 ) -
o o

C (8 ) ], 1. 481 + 0 . 02 A ,is  s im i la r  to th a t o f 1. 45 + 0. 02 A  in  v in y l

a c e ty le n e  (T a b le s  o f In te ra to m ic  D is ta n c e s ) . The c a rb o n -c a rb o n
o o

t r ip le  bond, C (8 ) -  C (9 ) ,  1.163 A ,is  n e a r  to 1.18 A  found fo r  a

s im il.a rb o n d  in  p ro p a rg y l 2 -b ro m o -3 -n it ro b e n z o a te  (C a la b re s e ,

M c P h a il  and S im , 1967) . The  c o rresp o n d in g  va lu e  in  o -c h lo ro -
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o
b e n zo y la c e ty le n e  (d e s c rib e d  e a r l ie r )  is  1.195 A .  The a tom s

C (7 ) ,  C (8 ) and C (9 ) a re  not c o - l in e a r ;  the bond angle  C (7 ) -  C (8 ) -

C (9 ) is  1 7 4 °. In  o -c h lo ro b e n z o y ia c e ty le n e , a s im i la r  bending

(1 7 6 .6 ° )  is  a lso  n o tic e d .

The  s h o rte s t in te rm o le c u la r  d is tan ce  is  betw een  the

eth yn y l carb o n  a to m , C (9 ) ,  and the c a rb o n y l oxygen a to m  (3 .2 5  + 
o

0. 02 A ) . Due to the d o m in a tin g  in flu e n ce  of the h eavy  a to m ,

d e te rm in a tio n  o f a c c u ra te  c o -o rd in a te s  fo r  hydrogen  a to m  (by x - r a y

d if fra c t io n  m eth o d ) is  not p o s s ib le . T h e re fo re , assum ing  the

o
eth yn y l carb o n  h yd ro g en  d is tan ce  o f 1. 06 A  (T a b le s  of In te ra to m ic

Q
D is ta n c e s ) and C —C —H  ang le  180 , the - H .  . . O  s e p a ra tio n  was

o
c a lc u la te d  to be 2 .2 2  A  w hich  is  le s s  than the sum  of the c o rre s p o n d -

o
ing n o rm a l van  d e r  W aals1 r a d ii  (2 .6  A ), (P a u lin g , I9 6 0 ) and hence  

the p re d ic tio n  o f in te rm o le c u la r  e th yn y l h yd ro g en  bonds in  the  

s tru c tu re  o f o -b ro m o b e n z o y la c e ty le n e , based  on i .  r .  stud ies ( T y r r e l l ,  

1963) was c o n firm e d . D is ta n c e s  and angles ass o c ia te d  w ith  atom s  

in v o lv e d  in  the  h yd ro g en  bond a re  shown in  F ig .  2 .4 .

No o th e r in te rm o le c u la r  s e p a ra tio n  is  le s s  than the n o rm a l  

van d e rW a a ls  co n tact d is tan ce  (T a b le  2 . 8 ) .
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2 . 3  I N T R O D U C T I O N

The s tru c tu re  o f _o -fluorobenzo ic  a c id  was so lved  and  

re f in e d  b y  K ra u s s e  and D unken (1966) . W h ile  p re p a r in g  a p a p e r  

on the c o r re la t io n  o f x - r a y  c r y s ta l  s tru c tu re  a n a ly s is  and in f r a - r e d  

a b s o rp tio n  s p e c tra  fo r  _o -h a lo g en o -a ro y l com pounds (E g lin to n , 

F e rg u s o n , Is la m  and G lasb y , 1 96 7 ), the t i l t  o f a ro m a tic  p lane w ith  

c a rb o n y l g roup  p lan e  in  £ - f lu o ro b e n z o ic  a c id  (2 1 ° ) , was found to be  

in c o n s is te n t w ith  those o f o_-ch lorobenzoic  ac id , 1 3 .7 °  (F e rg u s o n  

and S im , 1961) and o -b ro m o b e n z o ic  ac id , 1 8 .3 ° ,  (F e rg u s o n  and S im , 

1962 a) • On fu r th e r  s c ru tin y  i t  was found th a t K ra u s s e  and  

D u n ken 1 s c o -o rd in a te s  fo r  the a to m s do not r e fe r  to  the sam e m o le c u le  

but an a p p ro p r ia te  tra n s fo rm a tio n , and re c a lc u la t io n  of the m ean  

p lanes by  the m eth o d  o f S ch o m aker et a l .  (1959)» the  d ih e d ra l angle  

betw een  these  tw o m ean  p lanes  was found to be 6 .7  (F e rg u s o n  and  

Is la m , 1966 b ) .

In  v ie w  o f the fa c t th a t K ra u s s e  and D unken had on ly  365  

independent data  a t th e ir  d is p o sa l fo r  the a n a ly s is  o f the s tru c tu re  and  

in ad eq u ate  fa c i l i t ie s  fo r  re fin e m e n t, th e ir  e s tim a te d  s tan d ard
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d e v ia tio n s  a re  o p t im is t ic .

T h ese  fa c to rs  p ro m p te d  a new  data  c o lle c tio n  and

re fin e m e n t o f s tru c tu re s .
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2 . 3 . 1  C rysta l  data

_o -F lu o ro b en zo ic  a c id  c ry s ta llis e d  f r o m  a m ix tu re  o f 

acetone  and p e tro le u m  in to  b e a u tifu l tra n s p a re n t la th  shaped c ry s ta ls  

elo n g ated  a long the  b a x is .

W h ile  an a tte m p t was being m ade to set a c ry s ta l on the  

l in e a r  d if f ra c to m e te r ,  i t  b ecam e  obvious th a t th e re  was an e r r o r  in  

K ra u s s e  and D u n ken 1 s c e l l  d im en s io n s , e s p e c ia lly  in  a, £  and |3.

In  o rd e r  to m e a s u re  these  c e ll  constants a c c u ra te ly , a long exposure  

e q u a to r ia l W e is s e n b e rg  photo graph  was taken  w ith  the c ry s ta l ro ta tin g  

about the n e ed le  a x is  b . The  c ry s ta l  was then re p la c e d  b y  a fin e  

A1 w ir e  and u n d e r id e n t ic a l cond itions i t  was exposed to the x - r a y  

b e a m  fo r  a p e r io d  of 36 h o u rs  in  o rd e r  to re c o rd  a l l  the h igh  o rd e r  

A1 p o w d er lin e s  on the sam e f i lm .  The  re s u ltin g  photograph  was then  

e xa m in ed  and 12 h ig h  o rd e r  d if fra c t io n  spots (0 .7 5 5  < s in  0 < 0 .9 3 5 ) ,  

on o r n e a r  e ith e r  s ide o f the h igh  o rd e r  A1 p o w d er lin e s  w e re  in d e x e d . 

The d is tan ces  o f th ese  spots f r o m  the n e a re s t A1 lin e s  w e re  m e a s u re d  

and f r o m  a know ledge  o f the s tan d ard  s ing  va lu es  o f the A1 lin e s , 

c o rres p o n d in g  v a lu e s  fo r  a l l  these  tw e lv e  p lanes w e re  c a lc u la te d  and  

hence the c e ll  constants  (a, £ , and p) w e re  com puted .
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c>-F lu o ro b en zo ic  ac id , C ^H ^O ^F , m .p .  = 1 2 6 °C . 3

o
M  = 140, a = 6 . 553 + 0. 002, b = 3 . 813 + 0. 005, c = 2 4 .7 5 4  + 0. 007 A ,

P = 100 .71  + 0 . 0 3 ° , = 1. 51 g m . /  c c . , (by f lo ta t io n ) , Z = 4,

° 3
. D  = 1 .5 3  g m . / c c . ,  F (0 0 0 )  = 288, U = 608 A  , m o n o c lin ic  c ry s ta ls ,  

c
5

space g roup  ^ 2 h *  (in t* T a b le s  V o l .  I ,  1965)]*,

o - 1
a b s o rp tio n  c o e ff ic ie n t fo r  Cu K a  (X = 1 .5 4 2  A ) ,  p = 12 c m ,

l

2 .3 . 2  In te n s ity  data

In te n s ity  data  w e re  c o lle c te d  on e q u i-in c lin a tio n

W e is s e n b e rg  photo graphs  o f the Okf to 3 k f  re c ip ro c a l la t t ic e  ne ts ,

us ing  the m u lt ip le  f i lm  techn ique  (R o b ertso n , 1943) . The  c ry s ta l

was ro ta te d  about the n eed le  ax is  b and was exposed to N i - f i l t e r e d
o

Cu K a  ra d ia t io n  (X = 1 ,5 4 2  A ) . Due to the in h e re n t su b lim in g  

n a tu re  o f the c ry s ta l,  a fre s h  one was used  fo r  each la y e r  and the  

exp o su re  t im e  fo r  each la y e r  was l im ite d  to 3 d ays .

The o r ig in a l id e a  o f c o lle c tin g  the data on the l in e a r  

d if f ra c to m e te r  had to be abandoned because the c ry s ta l w ould  have  

d is a p p e a re d  in  a m a tte r  o f a fe w  days w h ile  data w e re  being  c o lle c te d  

f r o m  i t .
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The v is u a l e s tim a tio n  o f 821 independent re fle c tio n s  was 

c a r r ie d  out b y  c o m p arin g  th e m  w ith  a s tan d ard  c a lib ra te d  step w edge. 

A n  a d d itio n a l 165 u n o b served  re fle c tio n s , each ass igned  a v a lu e  o f 

h a lf  the  m in im u m  in te n s ity  lo c a lly  o b serv a b le , w e re  used in  a l l  

stages o f c a lc u la t io n s . The  986 independent in te n s it ie s  w e re  then  

c o rre c te d  fo r  the a p p ro p r ia te  L o re n tz , p o la r is a tio n  and ro ta tio n  

fa c to rs  (See S ec . I ,  1 . 3 . 3 ) .  The  a b so rp tio n  c o rre c tio n s  w e re  

ig n o re d .

2 .3 . 3  S tru c tu re  re f in e m e n t b y  the le a s t squares  m ethods

S ince the in te n s ity  data  w e re  c o lle c te d  w ith  fo u r d if fe re n t  

c ry s ta ls , the  f i r s t  jo b  in  the s tru c tu re  re fin e m e n t was to sca le  each  

of the fo u r  la y e rs  o f data  on to an a p p ro p r ia te  abso lu te  s c a le .

H en ce , s tru c tu re  fa c to rs  w e re  c a lc u la te d  w ith  a l l  the 986 p lanes o f 

hO^ to h3f- s p e c tra , us ing  K ra u s s e  and D u n ken 1 s (1966) a to m ic  p a ra ­

m e te rs , and an in i t ia l  a d ju s tm e n t o f the sca le  was m ade so th a t

K  £ F
o

F
c

, fo r  each o f the la y e r s .  A  th re e  d im en s io n a l 

e le c tro n  d e n s ity  d is tr ib u tio n  was then com puted and the im p ro v e d  

a to m ic  lo ca tio n s  w e re  p icked  up using the F o u r ie r  S earch  p ro g ra m
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(M c G re g o r , 1966). F u r th e r  re f in e m e n t was by  the le a s t squares  

m eth o d s . A lto g e th e r  th ir te e n  cyc les  o f le a s t squares  re fin e m e n t  

w e re  com puted  us ing  fu l l  m a t r ix  m e th o d s . The  p ro g re s s  o f the  

re f in e m e n t is  shown in  T a b le  3 .1 .

In  the f i r s t  c yc le  o f le a s t  squares re fin e m e n t a d ju s tm e n t 

of the in d iv id u a l la y e r  sca le  fa c to rs , is o tro p ic  te m p e ra tu re  fa c to rs  

and p o s itio n a l p a ra m e te rs  was done im p a r t in g  u n it w e ig h t to a l l  the  

d a ta . T h e  in te n s ity  data  w e re  then sca led  w ith  these re fin e d  

s ca le  fa c to rs  and the  re f in e m e n t was continued . The  w eighting  

schem e used , was th a t o f C ru ic k s h a n k  et a l . ( l 9 6 l ) .

\ / w  = i / ( p 1 + | f | + p 2|Fp + p 3 I f P ) 2 (1 )

up to the e ig h th  c y c le  o f re fin e m e n t, the va lu es  o f the constants p^,

p_ and p„ w e re  chosen to be 2 \F I . , 2 / | F l  and 0 i .  e . ,  0. 5,
3  1 'm in .  / •  ‘ m a x .

0 .0 2 2 4  and 0 .0  re s p e c t iv e ly . A t  the end o f the fo u rth  c yc le  o f 

re f in e m e n t no a p p re c ia b le  change in  the a to m ic  p a ra m e te rs  was  

n o tic e d . A  th re e  d im e n s io n a l d iffe re n c e  synthesis  was then  

com puted  using  ( F  -  F  ) as F o u r ie r  c o e ffic ie n ts . In  the
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re s u lta n t m ap , no s ig n if ic a n t fe a tu re s  w e re  re v e a le d , except fo r  

the h yd ro g en  peaks  and the a n is o tro p ic  v ib ra t io n a l c h a ra c te r is t ic s  

of the a to m s . In s te a d  o f c a lc u la tin g  the hydrogen  p o s itio n s  f ro m  

th is  m ap , these  w e re  com puted  f r o m  a c o n s id e ra tio n  o f the s tandard  

va lu es  of the  bond len gths and the g e o m e try  in v o lv e d  and w e re  

in tro d u c e d  in  a l l  subsequent cyc les  o f re fin e m e n t but not re f in e d .

T h e  is o tro p ic  te m p e ra tu re  fa c to rs , ass igned  to the hydrogen  a tom s, 

w e re  those o f the  carb o n  a to m s to w h ich  these w e re  bonded. The  

in te n s ity  data  w e re  then  sca led  ag a in  w ith  the re fin e d  in d iv id u a l la y e r  

sca le  fa c to rs  and th e r e a f te r  o n ly  an o v e ra ll  sca le  fa c to r , a n is o tro p ic  

th e r m a l v ib ra tio n s  and the p o s itio n a l p a ra m e te rs  w e re  a d ju s ted .

In  the  seventh  c yc le , the a g re e m e n t o f the o b served  and  

c a lc u la te d  s tru c tu re  a m p litu d e s  o f the in d iv id u a l p lanes w e re  checked  

and i t  w as found th a t a fe w  h igh  o rd e r  re fle c tio n s  w e re  showing bad  

a g re e m e n t. On thoroug h  e x a m in a tio n  o f the W e issen b erg  photo­

g rap h s , the m is in d e x in g  o f a l l  these th re e  p lanes was re c t if ie d .

One fu r th e r  c yc le  o f le a s t  squares  re fin e m e n t was c a r r ie d  ou t.

In  a c o r r e c t  cho ice  o f w eigh ting  schem e a constant 

2a v e ra g e  o f £  w A  fo r  groups o f re fle c tio n s  w ith  in c re a s in g  v a lu e s  o f
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s tru c tu re  a m p litu d e s  ( j F^ ) and s i n § / \  should be o b ta in ed .

F r o m  such a s c ru t in y  the v a lu e s  o f the constants p̂ ,, p^ and p^ of 

the w e ig h tin g  schem e ( l)  w e re  ad ju sted  to 1 .5 , 0 .0122 and 0 .0 0 0 8  

r e s p e c t iv e ly . A t  the end o f the n e x t c yc le , the w eighting  a n a ly s is  

was ag a in  checked  and i t  was found th a t the data w e re  sin 0 dependent 

and the  w e ig h tin g  schem e ( l ) ,  so fa r  being used, would not be adequate  

to ta c k le  such a p ro b le m  and hence a new  w eighting  schem e  

(M acd o n a ld , 1966) was used  in  the subsequent c y c le s . F in a lly  the  

constants  o f the w e ig h tin g  schem e

js/ w  = r { 1  -  e x p C -p ^ s in S ./X )2)} /  + P2  |F o |+ p 3  [F o| 2 + P 4  | F o| 3} F

(2)

a d ju s ted  w e re  p. = 4 ,  p = 0 .3 ,  p = 0 .0 0 1  and p = 0 . 0 .
1 2  3 4

A t  the end o f a fu r th e r  two cyc les  o f le a s t squares r e f in e ­

m e n t, the  p a ra m e te r  sh ifts  w e re  l ess  than one th ird  o f the c o rre s p o n d ­

ing e s tim a te d  s ta n d ard  d e v ia tio n s  in d ic a tin g  the convergence o f the  

re f in e m e n t. T h e  re s id u a l, R , was 0 .1 0 6 . The s tru c tu re  

fa c to rs ,F J  w e re  c a lc u la te d  fo r  the n o n -h yd ro g en  atom s and the th re e
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d im e n s io n a l e le c tro n  d e n s ity  d is tr ib u tio n  was then com puted w ith
t

(F  -  F  ) as F o u r ie r  c o e ffic ie n ts . In  the re s u ltin g  d iffe re n c e  m ap, 

h yd ro g en  peaks w e re  c le a r ly  re v e a le d  and no o th e r s ig n ific a n t  

fe a tu re s  w e re  n o tic e d  and hence the convergence  o f the s tru c tu re  

re f in e m e n t was a ss u m e d . The re le v a n t sections o f the d iffe rn e c e  

m ap  co n ta in in g  the h yd ro g en  peaks a re  shown in  F ig .  3 .1 , w ith  the  

f in a l  th re e  d im e n s io n a l e le c tro n  d e n s ity  d is tr ib u tio n . The a g re e ­

m e n t o f the o b s erv e d  and c a lc u la te d  s tru c tu re  fa c to rs  can he seen in  

T a b le  3 . 2 .

In  the s tru c tu re  fa c to r  c a lc u la tio n s , the a to m ic  s c a tte rin g  

c u rv e s  used, w e re  those o f In t .  T a b le s , V o l .  I l l  (1 9 6 2 ).

2 . 3 . 4  F in a l  a to m ic  p a ra m e te rs , m o le c u la r  d im en sions  e tc .

T h e  a r ra n g e m e n t o f the m o le c u le s , v iew ed  down the sh o rt 

b a x is , can be seen in  F ig .  3 .2  and the cen tro -s ym m e tric  d im e r  f o r ­

m a tio n s  (th rough in te r m o le c u la r  h ydrogen  b o n d s ja re  shown in  F ig .  3 . 3 .  

The bond len g th s , bond ang les  and the n u m b e rin g  schem e a re  g iven  in  

F ig .  3 . 4 .
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The f in a l f r a c t io n a l c o -o rd in a te s  and co rresp o n d in g  

e s tim a te d  s ta n d ard  d e v ia tio n s  o f the n o n -h yd ro g en  atom s a re  shown 

in  T a b le  3 .3  and the f ra c t io n a l c o -o rd in a te s  o f the hydrogen atom s, 

c a lc u la te d  f r o m  the la s t  d iffe re n c e  syn thes is , a re  in  T a b le  3 . 4 .

T he  c o -o rd in a te s  o f the h e a v ie r  a tom s r e f e r r e d  to the o rth o g o n al 

axes p a r a l le l  to a * ,  b and c a re  g iven  in  T a b le  3 . 5 ,  w h ile  T a b le  3 .6  

conta ins  the a n is o tro p ic  te m p e ra tu re  fa c to rs  and th e ir  e s tim a te d  

s ta n d ard  d e v ia tio n s . The p r in c ip a l va lu es  and d ire c tio n  cosines  

o f a n is o tro p ic  v ib ra t io n  te n s o rs  w ith  re fe re n c e  to the o rth o g o n al axes  

p a r a l le l  to a * ,  b and c a r e  p re s e n te d  in  T a b le  3 . 7 .  Som e in t r a ­

m o le c u la r  and in te rm o le c u la r  s h o rt d is tan ces  a re  in  T a b le  3 .8  and  

the d is p la c e m e n ts  o f a to m s f r o m  v a rio u s  m ean p lanes a re  shown in  

T a b le  3 . 9 .

T h e  f in a l  e s tim a te d  s tan d ard  d ev ia tio n s  o f the a ve ra g e

v a le n c y  bonds b e tw een  c a rb o n -c a rb o n , carb o n -o xyg en  and c a rb o n -

o
f lu o r in e  a re  0 . 006, 0 . 005 and 0. 004 A  r e s p e c t iv e ly . ' The a v e ra g e

e s tim a te d  s ta n d ard  d e v ia tio n  o f the v a le n c y  angles is  0 .4  •



D I A G R A M S  A N D  T A B L E S
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F ig .  3 .1

The s u p e rim p o s e d  s e c tio n s  o f the  f in a l  th re e  d im e n s io n a l e le c tro n  d e n s ity  
synthesis th ro u g h  the  a to m ic  c e n tre s  o f the n o n -h d ro g e n  a tom s (s o lid  con ­
tours) p a r a l le l  to  (010). A ls o  shown a re  the h yd ro g e n  peaks (b ro ken  
contours) o b ta in e d  f r o m  the  th re e  d im e n s io n a l d iffe re n c e  syn th e s is  c o m ­
puted a t the  c o n c lu s io n  o f the re f in e m e n t.  C o n to u r in te rv a ls  a re  a t 0.1 
e lectron p e r  c u b ic  A n g s tro m  a ro u n d  the h y d ro g e n  a tom s s ta r t in g  a t the 0 .4  
electron le v e l.  F o r  o th e r a tom s  co n to u r in te r v a ls  a re  a t one e le c tro n  p e l 

cu b ic  A n g s tro m  s ta r t in g  a t one e le c tro n  le v e l.
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3/4C  I

JXX

F IG .  3 .2

T h e  m o le c u la r  a r ra n g e m e n t v ie w e d  down the s h o rt b -a x is



2 A

F IG .  3 .3

The h yd ro g en  con to u rs  f r o m  the f in a l  th re e  d im en s io n a l d iffe re n c e
°3synthesis  (c o n to u r in te rv a ls  a re  a t O . le /A  s ta rtin g  a t the 0 .4  

e le c tro n  le v e l)  and the independent d im e r  fo rm a tio n  through the in t e r ­

m o le c u la r  O - H . . .O  bonds.



The m o lec u la r d ia g ra m  showing the b o n d -len g th s  (in  A ) the 
W d-angles (in  d e g re e s ) and the n u m b e rin g  schem e used fo r  
beatifying the n o n -h yd ro g e n  a to m s . T h e  hyd ro g en  a tom s f  j
âve the sam e n u m b e rin g  s y s te m  as th a t o f the h e a v ie r  a tom s  

to which they a re  bonded . T h e  C -H  b o n d -len g th s  a re  based  
011 the hydrogen p o s itio n s  ob ta ined  f ro m  the la s t  d iffe re n c e  
t h e s is .

1
.0



TABLE 3.1

PROGRESS OP THE REFINEMENT

Cyc l e R f a c t o r 2
W A R - s w i y

r 0 .2 3 4 7 6 9 .9 0 .1 6 8

0 .2 1 4 57 7 .3 @.104

3 0 .1 8 8 3 7 3 .7 0 .0 7 6

0 .1 8 8 3 4 2 .8 0 .0 74

0 .1 8 0 303 .4 ©.064

6 0 .1 6 3 23 2 .0 0 .0 5 7

7 e 0.161 2 2 8 .3 0 .0 5 7

00 ©.119 117.8 0.031

9 0 .1 0 9 9 6 .8 0 .0 2 6

lofr 0 .1 0 7 5 7 .2 0 .0 2 0

1 / 0 .1 0 6 113 .3 0.021

12 0 .1 0 6 110.0 0.021

13 0 .1 0 6 109.0 0 .0 2 0

a ) R e f in e m e n t o f  i n d i v i d u a l l a y e r  s c a l e f a c t o r s ,
i s o t r o p i c  th e r m a l  v i b r a t i o n s  and p o s i t i o n a l  
p a ra m e te r s  u s i n g  u n i t  w t .  f o r  a l l  d a t a  •

*£) S c a le d  i n t e n s i t y  d a t a  and r e f in e m e n t  c o n t in u e d  
u s i n g  a  s p e c i f i c  w e ig h t in g  scheme •

-e) D i f f e r e n c e  s y n t h e s i s  computed and  H atom s i n t r o d u c e d .

d)  S c a le d  i n t e n s i t y  d a t a  and r e f in e m e n t  o f  an o v e r  a l l  
s c a l e  f a c t o r  , p o s i t i o n a l  p a ra m e te r s  and a n i s o t r o p i c  
th e rm a l  v i b r a t i o n s  s t a r t e d  .

£) In d e x in g  e r r o r  c o r r e c t e d  •

/  ) V a lu es  o f  th e  c o n s t a n t s  o f  w e ig h t in g  scheme a d j u s t e d  •

t )  New w e ig h t in g  scheme used  •

^ ) W e ig h tin g  scheme f u r t h e r  a d j u s t e d  •
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TABLE 3*3 

FRACTIONAL COORDINATES AND E .S .D .S .

Atom x / a y /b z /e

F 0 .0 4 7 5 ± 4 0 .1 0 4 9  ± 12 0 .1718  + 1

0 ( 1) 0 .0 3 3 9 + 5 - 0 .0263  + 10 0 .0678  + 1

0 ( 2 ) -0 .2 1 9 5 + 6 0 .2188  + 12 0 .0 1 0 7  ± 1

C(1) - 0 .2 3 5 8 + 6 0.2481 + 10 0 .1026  .+ 2

C(2) - 0 .1 4 5 3 + 6 0 .2 25 2  + 13 0.1571 ± 2

C(3) -o .2 4 6 o + 8 0 .3 26 6  + 14 0 . 1 9 7 8 + 2

C(4) - 0 .4 4 4 8 + 8 0 .4 5 2 3  ± 13 0 .1 8 3 9 -+ 2

C(5) -0 .53 91 + 7 0 .4 7 6 9  + 13 0 .1 30 2  + 2

C (6 ) -0 .4 3 5 5 + 6 0 .3 7 6 0  + 12 0 .0902  + 2

c(7) - 0 .1 2 9 7 + 6 0 .1 3 6 3  + 1 1 0 .0585  + 2

TABLE 3 .4

FRACTIONAL CO-ORDINATES OF THE HYDROGEN ATOMS 
OBTAINED FROM THE LAST DIFFERENCE SYNTHESIS

Atom x / a y /b . z / c

H(3) - 0 . 194 0 .3 6 9 0 .2 3 0

H(4) - 0 .5 1 4 0 .5 3 7 0 .2 1 3

H(5) - 0 .6 6 2 0.61  1 0 .1 2 5

H(6) - 0 .4 8 3 0 .3 8 6 0 .0 5 5

H(02) - 0 .1 5 4 0 .4 1 4 - 0 .0 1 2



TABLE 3>5

ORTHOGONALISED COORDINATES REFERRED TO THE
o

AXES PARALLEL TO a * , b , c  AND E . S . D . S . ( i n  A)

Atom X Y z

F 0 .3 0 6 + 3

00-3-•
0 + 4 4 .1 9 6  ± 3

0 (1 ) 0 .2 1 8 + 3 - 0 .1 0 0 + 4 1.638  + 3

0 (2 ) - 1.413 + 4 0 .8 34 + 5 0 .5 3 2  + 3

C(1) - 1 .5 1 8 + 4 0 .9 4 6 + 4 2 .8 2 7  + 4

C(2) - 0 .9 3 6 + 4

00inCO•0 + 5 4 .0 6 6  + 4

C(3)

-3*00in•1 + 5

in-=*■CVJ• + 5 5 .1 9 6  + 4

C(4) 1 fO • 00 e + 5 1.724 + 5 5 .0 93  ± 5

C(5) - 3.471 + 5 1.818 + 5 3 .8 80  + 5

C ( 6 ) - 2 .8 0 4 + 4 1.434 + 5 2 .7 6 2  + 4

C ( 7 ) - 0 .8 3 5 + 4 0 .5 2 0 + 4 1.606  + 4



TABLE 3 .6

ANISOTROPIC TEMPERATURE FACTORS AND E . S . D . S .
o2

( i n  A )

ATOM U11 U22 U33 2U23 2U31 2U12

F 0 .0636
14

0.1171
29

0 .0 5 3 5
13

0 .0 2 0 7
32

o .oo4 3
22

0 .0 2 1 9
34

0 ( 1 ) 0 .0 6 5 3
17

0 .0 65 2
23

0 .0 5 7 6
15

0.0086
30

0 .0202
25

0 .0 5 1 9
33

0 ( 2 ) 0 .0 7 6 9
20

0.0945
31

0 .0500
15

0 .0078
34

0.0181
27

0 .0610
42

C (1) 0 .0 5 5 7
19

0 .0 2 1 8
21

0 .0500
17

0 .0068
30

0 .0165
29

-0 .0 1 0 5
32

C (2 ) 0 .0 5 7 0
20

0 .0 4 2 6
26

0 .0 4 8 8
18

0.0094
34

0 .011 4
30

-0 .0 0 1 7
37

C(3) 0 .0 80 8
28

0 .0 494
30

0 .0 5 3 2
20

- 0 .0077
39

0 .0 2 4 9
38

-0 .0 2 3 9
48

C (4) 0 .0 85 9
30

0 .0 314
27

0 . 0736 
26

-0 .0 1 1 3
40

0 .0666
46

-0 .0 0 9 3
44

C (5) 0 .0 6 4 2
23

0 .0 3 5 0
27

0 .0 7 7 2
26

-0 .0 0 1 4
4l

0 .044 0
40

0 .009 4
40

G (6 ) 0 .0 5 5 9
20

o . o34o
25

0.0621
21

0.0171
36

0 .0 177
32

0 .0124
37

C(7) 0 .0 5 6 8
19

0 .0280
23

0 .0 4 6 9
17

- 0.0006
30

0 .0086
28

0 .0 1 1 2
34



TABLE 3 .7

PRINCIPAL VALUES AND DIRECTION COSINES OF 
. VIBRATION TENSORS REFERRED TO THE AXES

PARALLEL TO a * ,  b and c

ATOM
o2 

U A D1 D2 D3

F 0 .1 1 9 9
0 .0 4 7 3
0 .0 7 0 3

0.1721
0 .5 9 6 9
0 .7 8 3 6

0.9795,
- 0 .1882
- 0.0718

0 .1 0 4 6
0.7800

- 0 .6170

0(1) 0 .0 9 1 3
0 .0 3 9 2
0.0581

-0 .7 0 7 5
0 .7 0 6 7

-o .o o i6

-0 .7 0 4 5
-0 .7 0 5 2

0.0800

0 .055 4
0 .0 5 7 7
0 .9 9 6 8

0(2) 0 .1 17 8
0 .0 4 8 8
0 .0 5 5 9

- 0.6025
0 .4526

-0 .6 5 7 4

-0 .7951
-0 .2 6 8 5

0 .5 4 3 8

0 .0696
0 .850 4
0 .5216

C(1) 0 .0 204
0 .0 57 7
0 .0500

- 0 .1 3 7 9
-o.9o4o
-o.4o47

-0 .9 8 1 2
0.1805

- 0 .0687

0.1351
0 .3 8 7 6

- 0 . 9 1 19

C(2) 0 .0603
0.0401
0 .0 4 9 7

-0 .8 3 7 0
0 .0 9 3 0
0 .5 3 9 3

0 .1 846
-0 .8 7 9 7

0 .4 3 8 2

0.5151
0 .4 663
0 .7 1 9 2

C(3) 0.0850
0 .0 4 4 7
0 .0 5 3 8

-0 .9 4 7 0
0 .3 1 9 9
0 .0309

0 .3154
0.9068
0 .2 7 9 7

0 .0614
0 .2 7 4 6

-0 .9 5 9 6

C(4) 0 .0 9 7 0
0 .0306
0 .0 56 2

0 .8 544
o.o48o

-0 .5 1 7 4

- 0.0985
0 .9 9 2 6

-0 .0 7 0 5

0 .5102
0 .1 112
0 .8 5 2 8

G(5) 0 .0 3 4 0
0 .0 8 0 3
0 .0587

- 0 .1 81 6
0 .5 4 1 3
0 .821 0

0 .9 796
0 .026 4
0 .199 3

0 .0862
0 .8404

-0 .5351

0( 6 ) 0 .0 305
0 .0 6 4 8
0 .0 5 7 5

0 .2 445
- 0.0061
- 0 .9696

-0 .9 4 1 8
0 .2366

-0 .2 3 9 0

0 .2309
0 .9 7 1 6
0.0521

0( 7) 0 .0269
0 .0 6 1 3
0 .0 4 5 5

- 0 .1 82 7
- 0 .8688

0 .4 6 0 3

0.9831
- 0 .1653

0 .0782

0.0081 
0 .4 6 6 8  
0 .8 8 4 3



TABLE 3 .8
i

o
INTERATOMIC DISTANCES( < 3 .5  A )

I n t r a m o l e c u l a r  d i s t a n c e s

Atom A Atom B A-B Atom A Atom B A-B

F C(3) 2.299 C(1) C(3) 2.388

F C ( l ) 2.345 C ( l ) C (4) 2.748

F 0(1) 2.6o8 C(2) C(6) • 2.350

F C(7) 2.832 C(2) C(4) 2.350

0(1) 0(2) 2.182. C(2) C(7) 2.485

0(1) C(1) 2.351 C(2) C(5) 2.718

0(1) C (2) 2.854 C(3) C(5) ' 2.371

0(2) C(6) 2.696 C(3) C (6) 2.729

0(2) C( l ) 2.301 C(4) C(6) 2.350

C( l ) C(5) 2.384 C (6) C(7) 2.459

In te r m o le c u la r d is ta n c e s

Atom A Atom B E • P . * C e l l * * A - B

F C(5) 1 1 0 0 3.384

F C(3) 3 0 0 1 3.416

0(1) 0(2) 2 0 0 0 2.583

0(1) 0(1) 2 0 0 0 3.311

P . T . 0



TABLE 3 08  c o n t .

Atom A Atom B E . P . * C e l l * * A -  B

0 ( 1) . c ( 7 ) 2 0 0 0 3.329

0 (1 ) c (7 ) 1 0 -1 0 3.363

0 (1 ) 0 (1 ) 1 0 -1 0 3.477

0 (1 ) 0 ( 2 ) 1 0 -1 0 3.489

0 (1 ) 0(5) 1 1 -1 0 3.493

0(2 ) 0(7) 2 0 0 0 . 3 .385

0 (2 ) 0 (6 ) 2 -1 1 0 3 .4 1 0

0 (2 ) 0 (2 ) 2 0 0 0 3.451

*  In te g e r s under t h is column r e f e r  to th e fo l lo w in g

e q u iv a le n t p o s it io n s

1) x , y , z j -

2) - x ,  - y , - z  I

3 ) - x ,  -  1 /2  + y , - 1/2  -  2 .

* *  F o r any d i s t a n c e th e  t r i p l e s e t  o f in te g e rs  g iv e n

u n d e r  t h i s  column i n d i c a t e  th e  u n i t - c e l l  t r a n s l a t i o n  

t h a t  m ust be added  to  th e  a p p r o p r i a t e  e q u i v a l e n t  

p o s i t i o n  to  d e r i v e  th e  c o - o r d i n a te s  o f  th e  atom u n d e r  

th e  column Atom B from  th o s e  g iv e n  in  T ab le  3*3 •



TABLE 3 * 9

o
D is p la c e m e n ts  ( i n  A ) o f  atom s from  th e  mean p la n e s  

th ro u g h

(a)  a l l  a tom s ;

(b) a ro m a t ic  c a rb o n  a tom s C( l )  to  C(6) ;

(c )  C ( l )  ,  C(7) , 0 ( 1 )  and  0 (2 )  .

Atom (a) (b) ( e )

F 0 . 0 7 6 0 .0 0 2 0 .4 2 7

0 ( 1 ) “ 0 .1 7 7 - 0 .2 20 0 .0 00

0 ( 2 ) 0 .1 5 6 0 .1 8 1 0 .0 0 0

C (D 0 .0 0 2 0 .0 0 2 0 .0 0 0

C(2) 0 .0 3 0 - 0 .0 0 3 0 . 1 9 6

c(3) 0 .0 2 9 0 .0 03 0 . 1 8 0

C(4) - 0 .0 1 5 0 .0 00 - 0 .0 5 3

C(5) - 0 .0 5 0 - 0 . 0 0 1 - 0 .2 5 7

C ( 6) - 0 .0 4 0 0 .0 0 1 - 0 .230

C(7) - 0 . 0 1 1 - 0 .0 1 9 0 .0 0 1



-  87 -

2 . 3 . 5  D is c u ss io n

In  _o -fluorobenzo ic  a c id  F . . .O  and F .  • ,  C (7 ) in t r a -
o

m o le c u la r  d is tan ce s  a re  2 .6 0 8  and 2 .8 3 2  A  re s p e c tiv e ly ^  w h ile

the sum sof the  c o rres p o n d in g  n o rm a l van  d e r W a a ls 1 r a d ii  a re  2 .7 5  

o
and 3 .3 5  A  r e s p e c t iv e ly . T h is  shows th a t the halogen su b stitu en t . 

m ig h t have  caused som e s tra in  in  the s tru c tu re .

T h e  equation  of the m ean  p lane through  the a tom s o f the  

m o le c u le  c a lc u la te d  by  the m ethod  of S ch o m aker et a l .  (1959) is

0 .3 8 5 8 X 1 + 0.-9178Y- -  0 . 0 9 3 8 Z 1 -  0.0151 = 0 (3)

o
w h e re  X f, Y  and Z 1 (in  A )  a re  the o rth o g o n al c o -o rd in a te s  w ith  

re fe re n c e  to the o rth o g o n a l axes p a r a l le l  to a*1', b and c . The  ro o t

m ean  sq u are  ( r . m .  s . )  d is tan ce  o f the atom s fro m  the m ean  p lane  is

°  2 
0 .0 8 2  A .  T h e  a p p ro p r ia te  X  te s t (See S ec . I ,  1 .8 .5 )  shows th a t

the a tom s of the m o le c u le  a re  s ig n if ic a n tly  n o n -p la n a r . T h e  d is ­

p la c e m e n ts  o f the a to m s f ro m  the m ean  p lane a re  p re se n te d  in  T a b le  

3 .9  ( a ) .  F r o m  th is , i t  is  ev id en t th a t oxygen atom s 0 (1 ) and 0 (2 )

a re  d is p la c e d  s ig n if ic a n tly  to w ard s  the opposite  sides of the m ean  p lane
o

(-0 .1 7 7  and 0 .156  A  r e s p e c t iv e ly ) .
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The b e s t p lane  th ro u g h  the atom s of the benzene rin g  

has the  equation

0 .3 5 8 1 X 1 + 0 .9 2 7 5 Y  -  0 .1 Q 6 9Z 1 - 0 .  0297 = 0 (4)

T h e  r . m .  s . d is tan ce  of these a tom s f ro m  th is  m ean  p lane

°  - v  2
is  0. 0019 A .  The a p p ro p r ia te  X  te s t in d ic a te s  th a t the benzene

rin g  m a y  be c o n s id e re d  p la n a r .  D is ta n ce s  o f the a tom s f r o m  th is

m ean  p lan e  a re  g iven  in  T a b le  3 .9 ( b ) ,  w h ich  shows th a t to obta in

m o re  s e p a ra tio n  b e tw een  th em , the f lu o r in e  and the e xo c y c lic  c a rb o n ,

C (7 ), a re  d is p la c ed  in  opposite  d ire c tio n  fro m  th is  m ean  p la n e .

o
T h e  ex ten t o f the d e v ia tio n  o f the f lu o r in e  a to m  (0 . 002 A ) is  n e g lig ib le

o
in  c o m p a ris o n  w ith  th a t o f C (7 ) ,  ( - 0 .0 1 9 A ) .  The co rresp o n d in g

d is p la c e m e n ts  o f ha logen  and e xo c y c lic  carb o n  atom s in £ - c h lo r o -

b e n zo ic  a c id  and o -b ro m o b e n zo ic  a c id  (F e rg u s o n  and S im , 1961, 1962a)

o
a re  0 . 036, - 0 .  058 and 0 .0 6 4 , - 0 .0 5 7  A  re s p e c tiv e ly .

The  equation  o f the m e an  p lan e  th rough  the a ro m a tic  

c a rb o n ,C ( l)s and the c a rb o x y l group  a tom s C (7 ) ,  O (l)  and 0 (2 )  is

0 .5 0 6 5 X 1 + 0 .8 6 2 0 Y  -  0 . 0187Z1 + 0 . 0062 = 0 (5)
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o
T he r . m .  s . d is tan ce  of these a tom s fro m  the m ean  p lane is  0 . 0006 A .  

D is p la c e m e n ts  o f v a r io u s  a to m s f r o m  this' m ean  p lane can be seen in  

T a b le  3 .9  (c ) • The  d ih e d ra l angle  betw een  th is  p lane and the  

a ro m a tic  p lan e  (4 ) is  1 0 .6 °  and is  no t f a r  f ro m  the v a lu e  o f 8 °  obta ined  

by K ra u s s e  (p e rs o n a l c o m m u n ica tio n s ) f r o m  g ra p h ic a l w o rk (in  I960). 

T h is  ro ta t io n  o f the c a rb o x y l g roup  about the C (a ro m ) -  C (e x o c y c lic )  

bond has c o n s id e ra b ly  re lie v e d  the s tra in  o f o v e rc ro w d in g  b y  in c re a s in g  

the in tra m o le c u la r  d is tan ce  b e tw ee n  the F  and O (l)  a to m s . The  

c o m p a ra b le  tw is ts  in  o -c h lo ro b e n z o ic  a c id  and o -b ro m o b e n zo ic  a c id  

(F e rg u s o n  and S im , 1961, 1962 a ) a re  1 3 .7  and 1 8 .3 °  re s p e c tiv e ly .

T h is  shows th a t the ex ten t o f ro ta tio n  be tw een  the c a rb o x y l group p lane  

and the a ro m a t ic  p lan e , in  £ -h a lo g e n o -b e n zo ic  acids  is  in c re a s e d  w ith  

the in c re a s in g  s iz e  o f the ha logen  a to m . The o th er u su a l w ay  o f 

re lie v in g  the s tra in  o f in tra m o le c u la r  o v erc ro w d in g , in  such c irc u m ­

stances, the d is to r t io n  o f the v a le n c y  angles

F  -  C (2 ) -  C ( l ) , C (2 ) -  C (l)  -  C (7 ) and C (l)  -  C (7 ) -  0 (1 ) ,

is  no t p ro m in e n t in  _o -flu o ro b en zo ic  a c id  (F ig ,  3 , 4 ) ,
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o
The a ro m a t ic  c a rb o n -f lu o r in e  bond le n g th ,1 .3 3 0  A , i s

o
s im i la r  to the  a v e ra g e  s tan d ard  v a lu e  o f 1 .3 0  + 0. 01 A  ( in t .  T a b les ,

V o l .  I l l ,  1 9 6 2 ). T h e  carb o n  oxygen bond lengths o f 1 .2 2 3  and 1 .2 6 0  

o o
A  a re  no t f a r  f r o m  those o f 1 .2 4  and 1 .2 9  A  in  benzo ic  a c id  (S im ,

R o b e rts o n  and G oodw in, 1955) and m a y  be co m p ared  w ith  those o f 

o
1 .2 2 0  and 1 .2 9 4  A  in  2 -c h lo ro ~ 5 -n it ro b e n z o ic  ac id  (F e rg u s o n  and

o
S im , 1962 b) • The e xo c y c lic  C (l)  -  C (7 ) bond len g th  o f 1 .4 6 3  A  is  

o
s im i la r  to 1 .4 7 4  A  in  o -c h lo ro b e n z o y la c e ty le n e  (C h ap te r I ) .

A n  e x a m in a tio n  o f the a n is o tro p ic  te m p e ra tu re  fa c to rs

shows th a tth e  m o le c u le s  o f c»-fluorobenzoic  a c id  a re  u n d er l ib ra t io n ,

but due to the d im e r  fo rm a tio n  (F ig .  3 .2 ) ,  the m o v em e n t is  complex

as a r e s u lt  o f w h ich  the a p p lic a tio n  o f l ib ra t io n  c o rre c tio n s  is  v e r y

d if f ic u lt ;  the sh o rten in g  o f the m ean  v a lu e  o f the C -  C bonds in  the

o
benzene r in g  (1 .3 7  A )  m a y  be a ttr ib u te d  to th is  e ffe c t.

The  s h o rte s t in te rm o le c u la r  con tact occurs  betw een  the

oxygen a to m  o f the  c a rb o x y l g roup  o f one m o le c u le , th rough  the

hydrogen  bond to the h y d ro x y l g roup  o f an o th er m o le c u le . The

o
O H . . . O  d is tan ce  o f 2 .5 8 3  A  m a y  be c o m p are d  w ith  those o f o -c h lo ro -
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o o
b en zo ic  a c id  (2 .6 3  A ) ,  c>-brom obenzoic a c id  (2 .6 4  A ) and benzo ic

a c id  (2 . 64 A ) .

A l l  o th e r  in te rm o le c u la r  s ep ara tio n s  (T a b le  3 .8 )  a re

lo n g e r than  the sum s o f the c o rresp o n d in g  u su a l van  d e r  W a a ls 1

r a d i i .



C H A P T E R  4

2 - C H L O R O - l ,  8 - P H T H A L O Y L N A P H T H A L E N E
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2 . 4  I N T R O D U C T I O N

E g lin to n  and h is  c o lla b o ra to rs  have been c a r ry in g  out a 

study o f the  in f r a - r e d  a b so rp tio n  s p ec tra  o f som e o -h a lo g e n o -a ro y l-  

com pounds. (B ra n d , E g lin to n  and M o rm a n , I96 0 ; B ra n d ,

E g lin to n  and T y r r e l l ,  1965; E g lin to n , G lasb y  and L a w r ie  (1966) and  

E g lin to n , F e rg u s o n , Is la m  and G lasb y , 1 9 6 7 ). D u rin g  the in v e s t­

ig a tio n s  o f som e p h th a lo y ln ap h th a len es  (I, I I  and I I I )  th ey  found th a t 

w h ile  the

( I)  X  = H

( I I )  X  = O H

( I I I )  X  = C l

u n s u b s titu te d  com pound ( I)  has a s in g le  c a rb o n y l fre q u e n c y  in  

cyc lo h exan e  so lu tion , the 2 -h y d ro x y  com pound ( I I )  has one u n p e rt­

u rb e d  band a t about the sam e fre q u e n c y  and one 42 c m . to lo w e r  

fre q u e n c y  ( - O H . . .O = C  C , in t r a )  and the 2 -c h lo ro  com pound ( i l l )  

has one u n p e rtu rb e d  band and a second band, but th is  t im e  the  

la t te r  is  32 c m .  ̂ to h ig h e r fre q u e n c y . T h e  co rresp o n d in g
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v a lu es  fo r  c h lo ro fo rm  so lu tion  and so lid  s tate  show the sam e  

e ffe c ts . F r o m  fu r th e r  studies o f the i . r ,  sp ec tra , i t  was 

assu m ed  th a t som e u n u su a l s te r ic  e ffe c t m u s t o p era te  in  the  

s tru c tu re  o f 2 -h a lo g e n o - l, 8 -p h th a lo y ln a p h th a le n e . To  p ro v id e  

d e ta ile d  in fo rm a tio n  on its  m o le c u la r  co n fo rm a tio n , the x - r a y  

c r y s ta l  s tru c tu re  a n a ly s is  o f 2 -c h lo r o - l ,  8 -p h th a lo y ln ap h th a len e - 

w as c a r r ie d  o u t.
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2 . 4 . 1  C rysta l data

2 -C h lo r o - l ,  8 -p h th a lo y ln ap h th a len e , C H  O C l,
JL O 7  Ld

M  = 2 9 2 .5 ,  m .p .  = 1 4 5 °C .,  m o n o c lin ic ,a  = 3 . 97 + 0. 02, b =  2 9 .8 3 +

°  o °  3
0 .0 4 , c = 11.12 + 0 .0 3  A , p = 101.6 + 0 .2  , U = 1291 A  , Z  = 4,

D m  = l;5 0  g m /c c .  (by f lo ta t io n ) ,  Dc = 1 .5 0 4  g m /c c . ,  F (0 0 0 ) = 600;

°  -1l in e a r  a b s o rp tio n  c o e ffic ie n t fo r  x - r a y s  ( X  = 1 .542  A ) ,  p = 2 6 .6  c m . ;

5
space g roup  P2^/c N o . 14, In t .  T a b les  V o l.  I ,  1 9 6 5 ).

C ry s ta l l is a t io n  f r o m  a p e tro l and acetone m ix tu re  a ffo rd e d  

la th  shaped c ry s ta ls , e longated  along the a -a x is .  F r o m  the  

in te n s ity  p a tte rn  in  the a -a x is  o s c illa t io n  and Okf, W e issen b erg  

photo graphs i t  was ev id en t th a t the c ry s ta l belonged to the m ono­

c lin ic  s y s te m . T h e  c e ll  constants w ere  m e as u re d  fro m  o s c i l l ­

a t io n , e q u a to r ia l W e iss e n b e rg  and p re c e s s io n  photographs.

T h e  Okf, to 3kf, W e iss e n b e rg  photographs and the p r e ­

cess io n  p h o to g rap h  o f the (hO^) re c ip ro c a l la t t ic e  n e t w e re  exam ined  

th o ro u g h ly  and i t  was found th a t re fle c tio n s  w e re  absent in  hOf- 

s p e c tra  i f  Jb was odd and OkO w h ile  k  was odd. T h e re  was no 

re s t r ic t io n  on g e n e ra l hkj& re f le c t io n s . T h e re fo re , the space  

group  is  P 2 ^ /c .  (^2h* T a b le s  V o l I ,  1 9 6 5 ).
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2 . 4 . 2  Intensity  data

F o r  the  c o lle c tio n  o f the in te n s ity  data, a s m a ll la th ,

w h ich  extin g u ish ed  d is t in c t ly  u n d er the p o la r is in g  m ic ro s c o p e ,

was ch osen . T h e  re c ip ro c a l la t t ic e  nets Okf, to 3kA w e re  then

s u rve y ed  b y  e q u i- in c lin a tio n  W e iss e n b e rg  m ethods using Cu

o
K a  ra d ia t io n  ( \ =  1 .5 4 2  A ) . F o r  each set o f the photographs, a 

s ix  f i lm -p a c k  was used (R o b ertso n , 1943) . The in te n s it ie s  o f 

1217 in d ep en d en t re fle c tio n s  w e re  m e a s u re d  b y  v is u a l co m p ariso n  

w ith  a c a lib ra te d  in te n s ity  w edge. O u t o f these, 289 w e re  

nu n o b s e rv e d ” but w e re  in c lu d ed  in  a l l  c a lc u la tio n s  and each was  

ass ig n ed  h a lf  the  v a lu e  o f the m in im u m  in te n s ity  lo c a lly  o b s e rv ­

a b le . B y  c o m p a rin g  the t im e  o f exposure  fo r  each set o f 

W e is s e n b e rg  photo graph  , a l l  the 4 la y e rs  o f in te n s ity  data w e re  

b ro u g h t, a p p ro x im a te ly , on to the sam e s c a le . The in te n s ity  

d ata  w e re  then c o rre c te d  fo r  a p p ro p r ia te  L o re n tz , p o la r is a tio n  and 

ro ta t io n  fa c to rs  (See S ec, I ,  1 . 3 . 3 ) .  C o n s id erin g  the s m a ll s ize  

o f the c ry s ta l,  the ab so rp tio n  c o rre c tio n s  w e re  ig n o re d .

T h e  ra t io  o f the square  o f the a to m ic  n u m b er o f the heavy  

a to m  to the sum  o f the  squares  fo r  the lig h t a tom s p e r a s y m m e tr ic

u n it is  ?
f

n r  = ------------- P ---------  = 0 .3 7  (1 )
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T h is  in d ic a te s  th a t the h eavy  a to m  m ethod of phase  

d e te rm in a tio n  fo r  th is  s tru c tu re  m a y  not be v e r y  p ro m is in g  

(S ec. I ,  1 . 6 . 3 ) .

2 .4 . 3  S tru c tu re  d e te rm in a tio n  and re fin e m e n t in  (100) p ro je c tio n

o
D ue to the sh o rt a -a x is  (3 .9 7  A ) ,  i t  was expected th a t 

the s tru c tu re  w ould  be c le a r ly  re v e a le d  in  the (100) p ro je c tio n .  

W h ile  the th re e  d im e n s io n a l data c o lle c tio n  was in  p ro g re s s , an  

a tte m p t was m ad e  to so lve the s tru c tu re  in  th is  p ro je c tio n .

The  P a tte rs o n  synthesis  fo r  the (100) p ro je c tio n  was 

com puted  w ith  195 Oki, d a ta . In  the re s u ltin g  m ap, the peaks  

c o rres p o n d in g  to C l - C l  v e c to rs  w e re  not im m e d ia te ly  obvious.

T o  a c h ie v e  b e tte r  re s o lu tio n , the in te n s ity  data w ere , sharpened  

w ith  re s p e c t to p o in t c h lo rin e  a tom s (L ip so n  and C ochran, 1 9 6 6 ). 

In  th e  p ro je c tio n  o f the  sharpened  P a tte rs o n  function  (F ig .  4 .1 ) ,  

the p eak  'A ' w as in i t ia l ly  assum ed  to be the C l - C l  g e n e ra l v e c to r  

p eak  a t (2y , 2 z ) • Tw o copies o f the m ap of the unsharpened  

P a tte rs o n  p ro je c tio n  w e re  p re p a re d  on tra c in g  p ap er in  d if fe re n t  

c o lo u rs . T h e  h eavy  a to m  g e n e ra l v e c to r  peak (A) o f one m ap



- 97 -

was then s u p erim p o sed  on the o r ig in  of the o th e r and a m in im u m  

fu n c tio n  m ap  was p re p a re d  by  d raw in g -th e  m in im u m  contour o f the  

c o in c id e n t peaks (B u e rg e r , 1951); i t  d id not re v e a l any c h e m ic a lly  

s en s ib le  s tru c tu re .  T h is  in d ic a te d  th a t peak 'A 1 m ig h t not be 

the genuine lo c a tio n  o f the C l - C l  v e c to r  p eak . On fu r th e r  in v e s t­

ig a tio n , p e ak  ’B ‘ was chosen as the d e s ire d  peak s itu ated  a t 2y = 0 .5 .  

The m in im u m  fu n c tio n  m ap, based  on th is  peak, re v e a le d  the w hole  

s tru c tu re  (F ig .  4 . 2 ) ;  because the h eavy  a to m  is  a t y  = 0 .2 5 , the  

m ap  possessed  a d d itio n a l m i r r o r  s y m m e try  w hich m ade its  in t e r ­

p re ta tio n  a w k w a rd . H o w e v e r, the a p p ro x im a te  y  and z c o -o rd in ­

a tes  fo r  a l l  the non-hydrogen  a tom s, except C (4 ) and C ( l6 ) ,  w e re  

o b ta ined  f r o m  th is  m ap  (fo r  n u m b erin g  schem e see F ig .  4 . 6 ) .  

S tru c tu re  fa c to rs  based  on the 19 atom s w e re  then com puted; the  

re s id u a l, R , a t th is  stage, was 0 .4 6 .  In  the re s u ltin g  e le c tro n  

d e n s ity  d is tr ib u tio n , a l l  the a to m s, except O (l) and C (17), w e re  

w e ll re s o lv e d . The a p p ro x im a te  p o s itio n a l p a ra m e te rs  fo r  these  

two u n re s o lv e d  a tom s w e re  chosen by  in sp ec tio n  and im p ro v e d  

c o -o rd in a te s  fo r  the re m a in in g  a tom s w e re  c a lc u la ted  using B ooth ’ s 

m eth o d  (B ooth, 1948 a ) . In  the n ext cyc le  o f s tru c tu re  fa c to r
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c a lc u la tio n , the R  fa c to r  dropped  to 0 .2 6 .  In  a l l  the above

s tru c tu re  fa c to r  c a lc u la tio n s  one is o tro p ic  te m p e ra tu re  fa c to r  

°  2
(U is o  = 0 . 044 A  ) w as ass igned  to the  non-hydrogen a tom s and 

the in te n s ity  da ta  w e re  sca led  so th a t K  2 |F q 

th e  d a ta .

The  s tru c tu re  was then re fin e d  by  the " M in im u m  R es id u a l"  

m eth o d  (B h u iy a  and S tan ley , 1963 ', M u ir ,  1 9 6 6 ). In  each c yc le  

o f the  re fin e m e n t, ad ju s tm en ts  to the y and z c o -o rd in a te s  and  

is o tro p ic  th e r m a l p a ra m e te rs  o f the no n -h yd ro g en  atom s w e re  m ade  

and an o v e r a l l  s ca le  fa c to r  was a lso  re fin e d . A fte r  6 cyc les  of 

the re f in e m e n t, the  re s id u a l, R, was 0 .1 4 .

T h re e  cyc les  o f fu l l  m a t r ix  le a s t squares re fin e m e n t led  

to no a p p re c ia b le  change in  the p o s itio n a l p a ra m e te rs , but a s lig h t 

a d ju s tm e n t o f the  is o tro p ic  th e rm a l p a ra m e te rs  and th e  sca le  

fa c to r  w as o b s e rv e d .

2 . 4 . 4  S tru c tu re  so lu tio n  in  th re e  d im en sions

W hen the th re e  d im e n s io n a l data  w e re  a v a ila b le , the  

H a r k e r  s ec tio n  a t  v  = 0 .5 vw as c a lc u la ted ; i t  conta ined one d o m in ­

a tin g  p e ak  (F ig .  4 . 3 ) , .  w h ich  le d  to the sam e z c o -o rd in a te  fo r  the

= V F4-* I . fo r
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C l a to m  as had been d e te rm in e d  fro m  the p ro je c tio n  w o rk  and 

a ls o  gave the x  c o -o rd in a te  fo r  the C l a to m .

B ecau se  its  y  c o -o rd in a te  is  so n e a r  to 0 .2 5 , the C l 

a to m  m a ke s  l i t t le  o r  no c o n trib u tio n  to the hki- p lane^ w ith  JL = 2n + 1. 

A c c o rd in g ly  fo r  the f i r s t  th re e  d im e n s io n a l e le c tro n  d en s ity  c a l­

cu la tio n , a l l  the  195 0k^ p lan es , c o r re c t ly  phased fro m  the  p ro ­

je c tio n  w o rk , w e re  used along w ith  those lk f, to 3kj& data, w ith  & 

even ,phased  by  the h eavy  a to m  c o n tr ib u tio n . H ad C l phasing  

a lo ne  been e m p lo y e d ,c o m p le te  m i r r o r  s y m m e try  would have p r e ­

v a ile d  in  the re s u lt in g  e le c tro n  d en s ity  d is tr ib u tio n . The s tra te g y  

o u tlin e d  above, had the e ffe c t o f m o du la ting  the colum ns of e le c tro n  

d e n s ity  f r o m  the  c o r r e c t ly  phased Okf- data w ith  the se lected  

c h lo r in e -p h a s e d  u p p e r la y e r  d a ta .

In  the  th re e  d im e n s io n a l e le c tro n  d en sity  d is tr ib u tio n  14 

(out o f the  21) n o n -h yd ro g e n  atom s w e re  c le a r ly  re ve a le d ; the  

re m a in d e r  w e re  not s u ff ic ie n t ly  re s o lv e d  in  the x -d ire c t io n . The  

x  c o -o rd in a te s  fo r  these a tom s w e re  c a lc u la ted  and s tru c tu re  

fa c to rs  w e re  com puted  w ith  a l l  (1217) p lanes fo r  the 14 atom s using  

these  x  c o -o rd in a te s  and (y, z ) c o -o rd in a te s  d e riv e d  fro m  the p ro ­

je c tio n  w o rk . T h e  re s id u a l, R , was 0 .4 0 6 . In  the fo llo w in g
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e le c tro n  d e n s ity  d is tr ib u tio n , peaks co rresp o n d in g  to a l l  the 21 

h e a v ie r  a tom s w e re  c le a r ly  re s o lv e d . S tru c tu re  fa c to rs  w e re  

then  c a lc u la te d  us ing  a l l  21 a tom s w ith  x  c o -o rd in a te s  f ro m  th is  

m a p  and re f in e d  y  and z c o -o rd in a te s  f ro m  the (100) p ro je c tio n .

T h e  R  fa c to r  w as 0 .2 2 9 .  A f te r  one fu r th e r  cyc le  o f F o u r ie r  

synthes is  and s tru c tu re  fa c to r  c a lc u la tio n  the re s id u a l, R, 

b e ca m e  0 .2 1 .

To  m in im is e  the s e r ie s  te rm in a t io n  e r r o r ,  two th re e

d im e n s io n a l e le c tro n  d e n s ity  d is tr ib u tio n s  w e re  then com puted—

one w ith  the F  as F o u r ie r  c o e ffic ie n ts  and the o th e r w ith  F  and 
o c

hence the c o -o rd in a te s , c o rre c te d  fo r  the s e rie s  te rm in a t io n  e r ro rs  

(B ooth , 1 946b ) w e re  com puted (See Sec. I ,  1 .7 .1 .1 ) .  S tru c tu re  

fa c to rs  w e re  then com puted fo r  a l l  1217 planes using the c o -o rd in ­

a tes  c o rre c te d  fo r  s e r ie s  te rm in a t io n  e r r o r s ,  and the re fin e d  is o ­

t ro p ic  th e r m a l p a ra m e te rs  d e r iv e d  fro m  the p ro je c tio n  w o rk . The

F
c

fo r  eachin te n s ity  d a ta  w e re  then sca led  so th a t F ^  = £

la y e r .  No la t e r  a lte ra tio n s  of these la y e r  scales w e re  found  

n e c e s s a ry ; on ly  an o v e ra l l  sca le  fa c to r  was subsequently  re fin e d .

T h e  co u rse  o f the s tru c tu re  so lu tion  is  shown in  T a b le  4 .1 .
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2 .4 . 5  S tru c tu re  re f in e m e n t in  th re e  d im ensions by le a s t squares  

m ethods

A lto g e th e r  13 cyc les  o f le a s t squares re fin e m e n t w ere  

c a r r ie d  out, a t the end o f w h ich  the re fin e m e n t was co n verg ed .

In  a l l  stages o f the re fin e m e n t, a b lo ck  d iagonal a p p ro x im a tio n  to 

the n o rm a l equations was u sed . The p ro g re s s  of the re fin e m e n t  

can be seen in  T a b le  4 .2 .  The f in a l R  fa c to r  is  0 . 097.

In  the f i r s t  th re e  cyc les  of the re fin e m e n t an o v e ra ll  

s ca le  fa c to r , is o tro p ic  th e rm a l and p o s itio n a l p a ra m e te rs  fo r  the  

n o n -h y d ro g e n  a to m s w e re  a d ju s ted . The w eighting  schem e  

em p lo yed , w as th a t o f C ru ic k s h a n k  et a l .  (1961),

J Z  = l / f e j + l F l + p ^ ) *  (2)

In i t ia l ly  the co n stan t p̂ , and p^ w e re  chosen as 2 | f ) and

2 / IF ]  (C ru ic k s h a n k , 1 964 ), i . e .  8 and 0 . 025 re p e c tiv e ly  and
m a x .

u n t i l  the  f in a l  stage o f re fin e m e n t, no fu r th e r  ad ju s tm en t o f the

v a lu e s  o f these  constants was m a d e .

S ince, the  a v a ila b le  le a s t squares  p ro g ra m  could not

a d ju s t in d iv id u a l la y e r  sca le  fa c to rs , these w e re  o c ca s io n a lly

checked  b y  c o m p a rin g  ]£JF | w ith  2 j F  I fo r  each la y e r .
o c
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A f t e r  the th ird  c yc le  of re fin e m e n t, a d iffe re n c e  

synthes is  was co m p u ted . In  th is  m ap th e re  w e re  in d ica tio n s  o f  

a n is o tro p ic  v ib ra tio n s  and peaks corresp o n d in g  to the hydrogen  

ato m s  w e re  re v e a le d , no o th e r s ig n ific a n t fe a tu re s  w e re  n o tic e d . 

The re f in e m e n t was then continued fo r  the ad ju s tm en t o f an o v e r ­

a l l  sca le  fa c to r , a n is o tro p ic  th e rm a l and p o s itio n a l p a ra m e te rs  fo r  

the 21 n o n -h y d ro g e n  a to m s . A t  the end of the s ix th  cyc le  o f the  

le a s t  sq u ares  re fin e m e n t, the re s id u a l, R, was 0 .1 4 6 . P eaks  o f 

the 9 h y d ro g e n  a tom s w e re  c le a r ly  re v e a le d  in  the d iffe re n c e  

s y n th e s is . B ecau se  o f the u n c e rta in ty  in  locations of the m a x im a , 

the p o s itio n s  o f the hyd ro g en  atom s w e re  ca lcu la ted  assum ing  

n o rm a l d is tan ce s  and ang les  ( in t . T a b les , V o l.  I l l ,  1962) • In  

the subsequent c yc les  o f le a s t squares, the co n trib u tio n s  o f the  

h yd ro g en  a to m s w e re  in c lu d ed  using these ca lcu la ted  p o s itio n a l 

p a ra m e te rs  and is o tro p ic  te m p e ra tu re  fa c to rs  equal to those of 

a d ja c e n t c arb o n  a to m s . N e ith e r  the p o s itio n a l n o r the th e rm a l  

p a ra m e te rs  o f the h yd ro g en  atom s w e re  re fin e d .

O n a thoroug h  exa m in a tio n  of the a g re e m e n t b e tw een jF ^ j 

a n d jF J , tw o h ig h  o rd e r  re fle c tio n s  w e re  found to be m is in d e x e d .
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H a lf  a dozen of the v e r y  lo w  o rd e r  strong re f le c tio n s  w e re  seen  

to e x h ib it  v e r y  bad a g re e m e n t. Th ese  w e re  in d ep en d en tly  r e -  

e s tim a te d  and an a p p ro x im a te  spot shape c o rre c tio n s  w e re  m ade  

and the le a s t  sq u ares  re fin e m e n t was continued.

A f t e r  fu r th e r  th re e  cyc les  o f re fin e m e n t, the w eighting

2
a n a ly s is  was checked  to en su re  th a t a ve ra g e  £ w A  fo r  a l l  batches  

o f the  data  g rouped  in  the o rd e r  o f in c re a s in g  |F  | and s in Q /^  

v a lu e s  w e re  s im i la r .  To  ach ieve  b e tte r  ag ree m e n t, the va lu es  

of the constants  (p̂ , and p^) w e re  f in a l ly  ad justed  to 15 and 0 .0 2 3  

re s p e c t iv e ly .

A f t e r  the th ir te e n th  c yc le  o f re fin e m e n t, the p a ra m e te r  

sh ifts  w e re  q u ite  n e g lig ib le  and in  any case less  than one th ird  o f 

the c o rres p o n d in g  e s tim a te d  s tan d ard  d evia tio n s  in d ica tin g  the 

co n verg en ce  o f the re f in e m e n t. S tru c tu re  fa c to rs  w e re  then  

c a lc u la te d  in c lu d in g  on ly  the c o n trib u tio n s  o f the n o n -h yd ro g en  

a to m s . In  the re s u ltin g  d iffe re n c e  synthesis , peaks co rresp o n d in g  

to the  h yd ro g en  a to m s w e re  c le a r ly  re v e a le d . The re le v a n t sections 

p a r a l le l  to  (100) p ro je c tio n  a re  shown in  F ig .  4 .4 ,  along w ith  the  

th re e  d im e n s io n a l e le c tro n  d en s ity  d is tr ib u tio n s  fo r  a l l  the 21 

a to m s . T h e re  w e re  no o th e r s ig n if ic a n t fe a tu re s  in  the d iffe re n c e



- 104 -

m ap c o n firm in g  th a t the re fin e m e n t was c o m p le ted .

In  the  s tru c tu re  fa c to r  c a lc u la tio n s , the a to m ic  s c a tte r ­

ing  c u rv e s  used  w e re  o f In t .  T a b le s , V o l .  I l l  (1 9 6 2 ).

2 . 4 . 6  F in a l  a to m ic  p a ra m e te rs , m o le c u la r  d im ensions e tc .

A  v ie w  of the b u ck led  m o le c u le  is  shown in  a sp ec ia l 

p ro je c tio n  in  F ig  4 .5 .  Bond lengths, va len cy  angles and the  

n u m b e rin g  schem e used fo r  id e n tify in g  the atom s of a m o lec u le  

can be seen in  F ig .  4 .6 .  The m o le c u la r  packing v iew ed  down  

the a -a x is  is  p re s e n te d  in  F ig .  4 . 7 .

T h e  a g re e m e n t o f the ca lc u la ted  and observed  s tru c tu re  

fa c to rs  is  shown in  T a b le  4 .3 .  The fra c t io n a l c o -o rd in a te s  o f 

the n o n -h y d ro g e n  atom s w ith  th e ir  e s tim a te d  standard  devia tions  

a re  g iven  in  T a b le  4 .4  and the co rresp o n d in g  orthogonal co ­

o rd in a te s , r e fe r r e d  to the axes p a r a l le l  to a * , b and c, along  

w ith  the  e s tim a te d  s tan d ard  d evia tio n s  a re  in  T a b le  4 . 5 .  In  

T a b le  4 . 6 ,  th e re  a re  the c a lc u la te d  f ra c t io n a l c o -o rd in a te s  fo r  

the h yd ro g en  a tom s and th e ir  (assum ed) is o tro p ic  te m p e ra tu re  

fa c to rs , U is o . T h e  a n is o tro p ic  th e rm a l p a ra m e te rs  o f the 21
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h e a v ie r  a to m s and th e ir  e s tim a te d  s tandard  d evia tio n s  can be

seen in  T a b le  4 . 7 in  te rm s  of va lues of U . . (See Sec. I ,  1 . 3 . 2 ) .
i j

P r in c ip a l  va lu es  and the d ire c tio n  cosines of the v ib ra tio n

te n s o rs , w ith  re fe re n c e  to the o rthogo nal axes p a r a l le l  to a * , b

and c, a re  p re s e n te d  in  T a b le  4 .8  and devia tions  o f atom s f ro m

v a r io u s  m e an  p lan es  a re  in  T a b le  4 . 9 .  Some short in tra m o le c

u la r  and in te rm o le c u la r  contacts a re  g iven  in  T ab le  4 .1 0 .

T h e  a v e ra g e  e s tim a te d  s tan d ard  devia tions o f c a rb o n -

carb o n , c a rb o n -o x y g e n  and c a rb o n -c h lo r in e  va len cy  bonds a re
o

0. 010, 0 . 008 and 0 . 007 A  re s p e c tiv e ly . The m ean  e s tim a te d  

s ta n d ard  d e v ia tio n  o f the v a le n c y  angles is  0 . 6 ° .
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FIG . 4 .1

T h e  P a tte rs o n  synthesis  in  the (100) p ro je c tio n .

a re  a t a r b it r a r y  in te rv a ls .

C ontours
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T h e  m in im u m  fu n c tio n  in  p ro je c tio n  on (100) obtained f r o m  super 

im p o s it io n  o f the  C l - C l  v e c to rs  in  (100) P a tte rs o n  p ro je c t io n  and

its  in te rp re ta t io n .
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FIG. 4.3

T h e  H a r k e r  s e c tio n  a t v  s  v ,  C o n to u rs  a re  a t a r b i t r a r y  in te rv a l



F IG .  4 .4

The th ird  e le c tro n  d e n s ity  d is tr ib u tio n  (s o lid  co n to u rs ) shown by m eans

of su p erim p o sed  co n to u r sections p a r a l le l  to (1 0 0 ). A ls o  shown a re  the

hydrogen peaks (b ro k e n  c o n to u rs ) found in  the d iffe re n c e  synthesis  c o m -°3
puted a t the  co n c lu s io n  o f the re f in e m e n t. C ontour le v e ls  a re  a t 0 ,1  e /A

around the  h yd ro g en  a to m s s ta r tin g  a t 0 . 6  e le c tro n  le v e l .  F o r  o th e r atom s
°3  °3

contour le v e ls  a re  a t 1 e /A  except around C l(2  e /A  ) s ta r t in g  a t the  one e lec

tro n  le v e l.
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F IG .  4 .5

A  s p e c ia l v ie w  o f the b u ckled  m o lec u le



.3*>b IC  5 1

^9

0 2

s - 4
1.3 7 6

F IG . 4 .6

o
T h e  m o le c u la r  d ia g ra m  showing the b o n d -len g th s  (in  A ) , the v a le n c y  

ang les  (in  d e g re e s ) and the n u m b e rin g  schem e used fo r  the n o n -h y d ro -  

gen a to m s o f a m o le c u le . T h e  h ydrogen  atom s have the sam e n u m b e r­

ing  s y s te m  as the  carb o n  atom s to w h ich  th ey  a re  bonded.
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F IG . 4 .7

The m o le c u la r  pack ing  v ie w e d  down 

the  s h o r t  a -a x is .



TABLE 4.1 

COURSE OF THE STRUCTURE ANALYSIS

The a n a l y s i s  I n

OPERATION 

P a t t e r s o n  s y n t h e s i s .  

Minimum f u n c t i o n  map.

S t r u c t u r e  f a c t o r  c a l c u l a ­
t i o n  and e l e c t r o n  d e n s i t y  
s y n t h e s i s .

S t r u c t u r e  f a c t o r  c a l c u l a t i o n .

6 C y c le s  o f  r e f i n e m e n t  by 
minimum r e s i d u a l  m ethod .

The a n a l y s i s

H arker  s e c t i o n  a t  v = 0 . 5  •

S t r u c t u r e  f a c t o r  c a l c u l a t i o n  
and e l e c r o n  d e n s i t y  syn ­
t h e s i s  w i t h  s e l e c t e d  p l a n e s .

S t r u c t u r e  f a c t o r  c a l c u l a t i o n  
and e l e c t r o n  d e n s i t y  sy n ­
t h e s i s  w i t h  f u l l  d a t a .

-Do-

( 1 0 0 ) p r o j e c t i o n

ATOMS INCLUDED R FACTOR

Cl

A l l  non-hydrogen  atoms 
e x c e p t  C(14) and C (1 6 ) .

A l l  th e  21 non- 0.46
hydrogen  a tom s.

0.26

Improved l o c a t i o n s  o f  0 .14  
a l l  t h e  21 a tom s.

l t h r e e  d im ens ions  

Cl

C 1 , 0 ( 1 ) , 0 ( 2 ) , C ( 1 )  t o  0 .6 2
C(10) and C (17) •

A l l  th e  21 non-hydrogen  0.41 
a to m s .

Improved l o c a t i o n s  o f  0 .2 3
a l l  t h e  21 a tom s.

S t r u c t u r e  f a c t o r  c a l c u l a t i o n . 0.21



TABLE 4 . 2

PROGRESS OF THE REFINEMENT

Cycle  No

1 ft

2

3

4 ^

5

6

7 ^

8

9

1 0 ^

11

12 e

13

R f a c t o r

0 .1 9 7

0 .1 8 7

0.182 

0.181

0 .1 5 4

0 .1 4 6

0 .1 4 6

0.101

0 .0 9 9

0 .0 9 9

0 .0 9 7

0 .0 9 7

0.097

2
£WA

982

596

521

511

380

330

252

93

90

91 

8o 

64 

64

'  2  ̂R *» S wa /sWpol

0 .1 02

0.068

0 .0 6 5

0 .0 6 4

0 .0 4 8

0 .0 4 4

0 .0 4 2

0 .0 1 7

0.016

0 .0 1 7

0.016

0 .0 1 5

0 .0 1 4

R e f in e m e n t  o f  o v e r a l l  s c a l e  f a c t o r ,  I s o t r o p i c  t h e r m a l  
and p o s i t i o n a l  p a r a m e t e r s  .

■£) R e f in e m e n t  c o n t i n u e d  w i t h  a n i s o t r o p i c  t h e r m a l  v i b r a t i o n s  •

-c) R e - e s t i m a t i o n  o f  a  few p l a n e s  and i n c l u s i o n  o f  H atoms •

A d ju s tm en t  o f  t h e  w e i g h t i n g  scheme .

e ) F u r t h e r  a d j u s t m e n t  o f  th e  w e i g h t i n g  scheme .



TABLE 4-3

OBSERVED AND CALCULATED STRUCTURE FACTORS

H It L I Fo | FVs H It L | Ft>|

1M
6 .6
6 .8
5 . 2
?•*16 .917.6
6 .8

11 .2  
,  9

3:?
- 2 .0
16.6

- 1 6 .0
- 7 . 3

1.2
15.»*
12 .7

7 6 . 8  - 8o.
36 .0
33.1

38.1
30 .2  

2. 5  3 . 0
18 .6  1 9 .6  
36 '. 2 - 3 5 .8

3 . 7  3 . 3
15 .7  15 .3
17 .7  - 1 7 .9

20 .0  
66. 2 
39.6  

7. 2

6.1
76.1
10.1 
51.6  
35.3  
10 .9

3i:S

6 .0  
- 7 ?.6 

10.5  
53.3  

-39 .1  
10 .2  
6 . 7

0 5 1 20 .3  32.
" - 36 .35 .3

30 .2
3 9 . ,‘

ft?
V
6 .6

0 6 1 61 .6
0 6 ? 11.5
0  6 3 1 9 .8
0 6 6  10 .9
0 6 5  20. 9
0  7 1 23.1
0 7 2  63.1
0 7 3  16.6
0 7 «  7 .6
0 7 5 12.10 7 6 36.6
0 7 7 18 .9
0 7 6 25. 1
0 7 9 26.3

65 .5  
1 2. O
20 .0

2.9
26 .7

2 :?
5. 0

0 9 6  17.6
0 9 7 
0 1 0  0 
0 10 1 
0 1 0  2 
0 1 0 3
0 1 0  6
0 • J 5 
0 10 6 
0 10 7 
0 11 1 
0 11 2
0 1 1  3
0 1 1  5
0 1 1  5
0 1 1  6 
0 1 1  7
0 1 1  6 
0 1 ? 0
0 1 2  1

3. 9
7 0 .7
3 6 .0
^ • 9is!?
I5.*>

3 .7

’rl:2
50 .6
1 3 .9
t « . 9

51:?

i 6 .n
in .u
11 .9

1:1
-37 .1

- 16 .O 
-6 6 .8  
- 6 0 .7  

1 2.1

!7:3
- 21.3
- 23 .0  

6 ?. 9
- 16 .5

- 7 . 7
13 .9
36 .3

- 17 .3

- & 7  
- 13 .6  
-31 .1  
- 6 6 . 9 
-1 1 .9  

3" . 9

5 . 2
- 3 2 .2

33 .7
53 .5

-17! ̂
- 66 ! 3 

33.?
7 . 6  

- 29 .5  
- * 7 . 5  
-1 6 .3

10! 2
- 3 .7

- * 7 . 3
- 13 .7

1 3 .9
- 1 .5

8 .6  
3. 6

-56.’ 3

0  n  
0  16 
0  16 
0  16 
0  16 
0  16 
0  16 
0  16 
0 16 
o 15
0  15
0 15 
0 15 
0 15
0 15 
0 15 
0 15 
o 16 
0 16 
0 16 
0 16 
0 16 
0  16 
0 16 
0 16 
0 16 
0 17 
0 17 
0 17 
0 17

0 18 
0 10 
o 19 
0 19

O ?1 
0 pi 
0 ?1 
0 21 0 21 
0 22 
O 22 
0 22

0 22 
0 23
0  23
0  23 
0  23
0 2j} 

0  26

0  25 
0 25 
0 25

S3
0 26 
o 26 
0  26 
0 26 
0 27 
0 27
0 27 
0 27

3 .5

1:1
12.1

- 1 7 . 2
- 1«.1

3:1
1 . 2
5 . 7

1 2 .0

19. 2 
9.6  

3 9 .9  
39.2

U
,2:1
6 .2

11.7
21 .7

5-9

V
V

- ' 2:1
35.9

-3 9 .5

3:1
- 2 .0

12 .7
- 19 .0

- 5.3
- 3 . 7
10 .3

20 .6  
26. 2 

3.7  
3. 9

13 .2
15.6
10 .9
37.1 
22.0

6. 7
11 .2
10 .6 
2* .  5

6 . 6
12 .9

?n
u

11 .7

7 .2
6.6
6. 6

15 .0  
15.8  
11.5
21.1

63 .6  
25.3
31 .7

10. 0
3 . 5

-u
7 .9

- 73 .5
- 5 . 7
13 .0
10 .9

- 13 .6

- i i I S
-P . 6

'U
;]:l
-<3.7
- 9 . 7

11.1

"&9
33 .7

3 .6  
13.7  
p i . 0

V . j
- 21.6

16.6
- 6 1 .6

66 .6
25.6

60 .6  
25.3
27 .0
21 .6  
6 .1

17.0  
7. 7

50 .7
25.6

Fo

- 66 , 2 
- 26 .2
31 .7
20 .7

- r f c S
- 7 . 7

J :

H K L | Fo I

I  3 
13

6 6 .5  - 6 6 .0  
116.2  - 116.2  
6 1 .2  39 .6

- 1 0 .7  
- 15i 1 

2. 2

6^.7
76 .3
10.3
37.1

6 .5
7 .6

7 2

V3
7 -9

6 6 .0
26.6
10 .7

-37 .1
5 .7

- - . 3
3 -7  13.1 - 16-

6 -3 51 .7  51

-6 .0
0 .0  

16. 9

- 2 :2  
- 60.1

31.5
19 .7

15 .7

?-2
13.7

3 . 0
19.1
11 .9
16 .7
17 .5

\u l
10.6
31.7
10 .7  
16.3

16.3
25 .0  
10.6 
10 .9

,2 :?
18.1

%k i

56.5  
9. 7  

50.1

9 .6
13 .0

3 . 0

- 5 . 8
23.6

- 10.3

- 1 0 .0

-VI
- 27 .6  

P. 6
- 27 .7
-16 ,5

3 . 8  
- 71 .5

10.3 
16 .2  

- 10.3 
-15 .3  

11.9
9 .9  

-29 .1  
- 10.1 
- 1 3 .8

16.1 
29.?
13 .2  

-1 7 .7
- 6 . 7
17 .0  
15.8
19 .5

.l:i
8.9

- 7 . 0
33 .5
19.1 

- 56 .5
- 8 . 3
53.1

J:!

6 .6  
6 .-> 

- 10.6 
1C. 1

- 26.1

12 
13  
i 3
n

VI

3
-5
-6,

I
3

1’
0

-1

\2

3 -1
3 -7

' 3

18 .2  1 6 .8  
35 .3  33 .6
12 .6 -13 .3
17 .0
36.6  
19.2
3.1

21 .97t?20.6
25.1

’I:!

- 7 .0

- 19 .7
- 20.6

11.9
- 5 . 3

76 !0  - 25!3
5 2 .0  65,1
20.6
16.2
10 .7  
10.1
16 .5
13.7
16 .2

1 ^ 6
17.7

V:?
7.1
p.o

1 5 .2
7 0 .7
16 .5

30 .6  
27.3

7 . 0
15.1
31 .9

‘I:?
3.0

10.1
7.1 

30 .0
13.9

- 17! 7 
- 1 2 .7

- 16.5
16 .7
36.2

6 .9

- 10.1 
15 .0

- 30 .6

- 20! 6 

"3:1

IV
- 6 0 .9

1.7
- 1 . 9

9.1

- '1:1

11.1 - 10; 5
15.6 - 16 .5
61 .7  -38 .3

37 .7
21.3
3 .9
7 .5
7. 7

75! 3 
"3.5 
11.5

19 .8

\ : l
7.9

- 7 . 9

11:1 
-6 .3

1 .0

16 -1 
16 -2  
16 -3

17 5 
17 6 
17 3

18 -2  
18 -3  
18 -6

19 -3  
19 -6 
19 -5

21 -1 
21 -2  
21 -3
21 -6

(Po| PC H K L I Fo| Pc

2 >u - 3 . 2 1 23 -2 21 .6 19.3
0 .8 - 3 . 6 23 -3 3 .5 - 0 .8

27-5 - 20 .0 1 23 7. 3 8 . 7
2 . 7 1.2 26 5 10.7 9. 1
8 . 5 7 . 2 1 26 6 3. 6 - 0 .6

27.5 - 2 7 .5 1 26 3 18.0 - 1 7 .2
12.2 - 13 .0 26 2 7 . 9 8 .5
8 .5 8 .8 26 1 15.5 16.2
7 . 9 8 . 5 26 3.5 - 6 .9
8 .2 8.5 26 7. 2 - 7 . 9

26 .3 - 22 .2 26 -2 7 .5 - 9 . 0
29-5 25-2 I 26 -3 12.2 12.2

3.« - 2 . 9 26 -6 9. 5 - 9 .0
10.6 - 17 .6 1 -5 7 . 2 7 . 6
21 .6 - 2 0 . 1 1 25 6 16. 9 - 13 .2
23 .2 20 .9 25 3 3 .6 . 6 .9

9.6 9 .3 1 25 2 3.6 - 1 . 3
13.6 -1 3 .9 1 25 1 3.6 - 6 .0
5-6 - 7 . 2 1 25 22.9 26. 1
6 .0 25 -1 19.1 2o.5

16.6 -  is ! 3 1 25 -2 15.u -17 .  1
3.0 6 .9 1 26 3 15. 1 13.6
3-2 - 2 .6 26 2 3.6 0 .8

12.3 - 16.5 26 1 3.6 2 .6
9. 6 - 11.0 26 12.3 16.0

10.6 10.0 26 -1 9 .1 9.0
12.2 - 12.8 1 26 -2 3.6 2 . 3
19. 6 18.5 1 26 -3 9 . 6 t o . 8
8.7 - 7 . 9 1 26 3.6 - 5 .9

12.5 - 11.6 1 26 -5 13.9 - »3 .2
5 .6 7 . 6 1 27 3 12.2 - 10.5
2. 9 - 3 .6 1 27 2 10.0

17.7 10.6 27 3.6 3.6
16.0 16.7 1 27 3.6 2 .6
16. B - 16. 6 1 27 3.6 6 .7
3 .0 - 6.6 1 27 -2 3.6 3 .3
8 .6 9-6 1 27 11.1 11.0
9-3 8 .0 20 3 15.5 - 13.1

15.6 25 3.5 2 .7
3-5 -3 .  3 28 15.0 12.9

15. c 12. S 20 3.6 - 5 .0
11.6 9 . * 28 7 .7 - 0 .6
lu .6 - 9 . 9 6 . 3 - 7 . 3
22 . 5 - 22.0 1 29 3.5

6 .8 - 7 . 2 1 29 7. 2 7 .8
2 .9 2 .3 7 . 6 7 .5
6 .3 6.0 -6 3.6
7-6 0 .2 2 11.1 9.o
3.2 3 .2 2 -2 33.7 36.5
3-3 - 2 . 1 2 u 76 .6 - 7 3 .9
7 . 9 8 . 6 2 0 6. 3  ' 6 . 3
3.6 5-0 2 u 6 11.2 - 11 .3

21 .8 - 20 . 6 2 0 10.9 11.6
13.3 13. 1 2 -9 6 .9 - 7 . 2
3.6 - 5 .6 2 -e 2u.O 17.8
3-5 2 1 -7 8 . 1
7. 8 7 ,2 ? 13.5 - l i . l
9-2 -9 - 5 2 1 -5 2. 3 1 5
e. 1 -P.  6 2 10.3 10.9

12.5 12.6 2 -3 1.5 - 2 . 1
3.1 6 .0 2 8. 3 10.6

10.6 - 21 .7 2 1 12.6 ic . 6
3 . 1 6.8 2 1 7. 3 - 0 .6

2U.0 26 . 6 2 1 1 29-2 26 .7
7 . 3 - 0 .0 ? 1 2 57.0 53 .2

11.5 - 12.0 2 1 3 12.6 11.7
20 .5 - 18 .3 2 1 6 5.2 5.0
11.3 - 11.5 2 1 5 0.3 - 7 . 3
15:7 13.7 2 1 7.6 6 . 3
16.6 16.0 2 7 3-6 . 6.6
13-2 -13 .  * 2 8 9.6 lu.  1
10.0 - 10.0 -9 12.3 ‘ - 10.7
15.6 15.6 2 12.6
10.9 - 19 .5 2 2 -7 10. 1 - 8 .6
18.6 20.8 2 2 -6 6 .6 - 6 .2
13.2 16.0 2.9 3.o
17. 3 15.0 2 2 -3 26 . 6 - 26 . 1
16,8 16. u 2 2 -1 2U. 3 - 2 - . 7
to. 1 8.2 2 5 . 1 7. 3
3.6 - 3 . 6 2 2 16.7 - 16.2

21 .0 -19 .7 2 3 25 . t 22 .0
0 .0 7. 6 2 6 2.7 - 3 . 9

21 .8 22 . 1 2 5 6.6 - 6 .2
3.3 - « .3 2 6 7.1 7 . 3

18.6 -18 .8 2 2 7 3-6 1.»J
18.5 19.7 2 8 .9 - 9 .  ?
3.5 - 6 . 1 2 3 -9 6 .5 5-2
9-3 - 9 .7 3 3. 2 - 2 . 7
7 .7 -7 .  / 3 -7 - 7 .9

11.7 - 10.5 2 3 -6 ?5. 3 PP. 5
- 3 o

3 ! * 3 68.'.
•3.6 9 .0 55-5 - 56 . 1

u . 3 z 3 53-7 -50 .7
17.6 - 17! 5 U . 9
11.3 - l o .P 2 63. 1
16.7 11.2 5.3
0.7 0 .9 1. 1> -8 . 7
3-5 3 3 1 1 . 1. . A

15.6 15.6 ? 3 6 1 . 6 1 j . 1
12. 6 -13 .2 ? 3 5 7.5 - 6 . 9
36 .9 -36 .7 2 6 •-9 10.6 11.0



TABLE 4*3 Pont,



TABLE 4 . 4

FRACTIONAL COORDINATES AND E . S . D . S .

Atom x / a y / b z / c

Cl - 0 .3 3 6 7 + 5 0.2575 + 1 0.1991 +

0 1) 0 .1 5 5 8 + 12 0.1934 + 2 0 .3219 +

0 2) 0 .0 9 9 3 + 14 0.0316 + 2 0 .2449 +

C 1) - 0 . 2 7 4 3 + 15 0 .1 6 77 + 2 0.1581 +

C 2) - 0 .4 0 3 6 + 16 0 .2090 + 2 0 .1108 +

C 3) - 0 .5 9 7 2 + 16 0 .2154 + 3 - 0.0060 +

C 4) -0 .6 5 5 5 + 17 0 .1785 + 3 - 0 .0 8 2 3 +

C 5) - 0 . 5 7 1 2 + 18 0.1000 + 3 -0.1301 +

C 6) -0 .4 3 9 0 + 19 0 .0 5 7 6 + 3 -0.0991 +

C 7) - 0 . 2 6 6 2 + 19 0 .0507 + 2 0.0190 +

C 8) - 0 .2 1 4 2 + 15 0 .0 8 3 7 + 2 0.1106 +

C 9) -0 .3391 + 14 0 .1 2 8 9 + 2 0.0794 +

C 10) -0 .5241 + 15 0.1351 + 2 - 0 .0 4 1 9 +

C i n - 0 . 1 4 5 9 + 15 0 .0856 + 2 0.3491 +

C 12) - 0 .2 0 1 8 + 18 0 .05 5 6 + 3 0 .4416 +

c 13) - 0 . 2 6 2 3 + 20 0.0725 + 3 0 .5503 +

c 14) - 0 .2 5 7 6 + 18 0 .1 1 7 8 + 3 0.5740 +

c 15) - 0 .1 89 6 + 16 0 .1 4 6 9 Hr 3 0 .4849 +

c 16) - 0 . 1 4 1 9 + 16 0.1304 + 2 0.3717 +

c 17) - 0 .0 6 4 4 + 14 0.1651 + 2 0 .2853 +

c 18) -0 .0 64 1 + 15 0 .0666 4* 2 0.2362 +

2

5

5

6

7

7

7

7

7

8

6

6

6

6

7

8

7

7

6

6

7



TABLE 4 . 5
o

□RTHOGQNALISED COORDINATES AND E . S . D . S . ( i n  A) 
REFERRED TO THE AXES PARALLEL TO a * ,  b and c .

ATOM X Y z

Cl - 1 .310 + 2 7 .6 80 + 2 2 .48 2 +

0 1) 0 .6 0 6 + 5 5 .7 6 8 + 5 3.455 +

0 2) 0 .3 8 6 + 5 0 .9 4 4 + 5 2 .644 +

c 1) - 1.068 + 6 5 .00 4 + 6 1.977 +

c 2) - 1 .571 + 6 6 .2 3 3 + 7 1.554 +

c 3) - 2 .3 2 4 + 6 6 .425 + 7 0 .4 1 0 +

c 4) - 2.551 + 7 5 .3 2 5 + 8 - 0 .3 9 2 +

c 3) - 2 .2 2 3 + 7 2 .9 8 2 ± 8 -0 .991 +

c 6) - 1 .709 + 7 1.717 + 8 - 0 .7 5 2 +

c 7) - 1.036 + 7 1.513 + 7 0 .4 2 3 +

c 8) - 0 .8 3 4 + 6 2 .4 9 6 + 6 1.401 +

c 9) - l .320 + 5 3 .8 4 5 + 6 1.154 +

c 10) - 2 .0 4 0 + 6 4 .0 2 9 + 7 - 0 .0 4 7 +

c 11) - 0 . 5 6 8 + 6 2 .5 5 3 + 6 3 .998 +

c 12) - 0 . 7 8 5 + 7 1 .657 + 8 5 .0 7 2 +

c 13) -1 .0 21 + 8 2 .1 62 + 8 6 .328 +

c 14) - 1 . 0 0 2 + 7 3 .5 1 3 + 9 6 .5 89 +

c 15) - 0 . 7 3 8 + 6 4.381 + 8 5 .5 4 3 +

c 16) - 0 . 5 5 2 + 6 3 .89 0 + 6 4 .2 4 6 +

c 17) - 0 . 2 5 0 + 6 4 .9 2 5 + 6 3.224 +

c 18) - 0 .2 5 0 + 6 1.986 + 6 2.678 +

2

6

6

7

7

8

8

8

8

9

7

7

7

7

8

9

8

8

7

7

8



TABLE 4 . 6

ASSUMED FRACTIONAL CO-ORDINATES OF THE HYDROGEN 

ATOMS AND ISOTROPIC TEMPERATURE FACTORS

Atom x /a y /b z /c U iso

H(3) - 0.650 0.248 - 0.056 0.06

H(4) - 0.830 0.184 -0 .177 0.06

H(5) - 0.766 0.112 - 0.218 0.07

H(6 ) -0 .53 5 0.029 - 0.182 0.07

H(7) -0 .175 0.024 0.037 0.06

H (12) -0 .20 3 0.023 0.422 0.06

H(13) -0 .325 0.045 0.628 0.07

H ( l4 ) -0 .3 0 8 0.135 0.658 0.07

H ( l5 ) - 0.150 0.182 0.499 0.06



TABLE 4 . 7

ANISOTROPIC TEMPERATURE FACTORS AND E . S . D . S .
o2

( i n  A )

ATOM U11 U22 U33 2U23 2U31 2U12

CX 0.0727
13

0.0455
10

0.0939
18

0.0061
21

0.0340
22

0.0012
16

0(1) 0.0523
29

0.0610
30

0.0872
41

-0.0225
56

-0.0074
50

-0.0242
43

0(2) 0.0806
36

0.0536
30

0.0969
46

-0.0083
58

- 0.0166
60

0.0376
49

C(1) 0.0383
36

o.o4o8
35

0.0586
49

0.0004
66

0.0143
59

-0.0044
49

C(2) 0.0423
39

0.0573
41

0.0642
53

0.0195
75

0.0269
65

0.0073
57

0(3) 0.0388
40

0.0797
51

0.0779
60

0.0442
89

0.0101
71

0.0029
65

C(4) 0.0481
42

0.0818
51

0.0628
55

o.o4o8
86

0.0018
68

0.0174
69

C(5) 0.0526
45

0.0982
59

0.0581
56

0.0013
91

0.0240
72

-0.0210
77

c(6 ) 0.0567
47

0.0930
57

0.0645
58

- 0.0356
94

0.0160
75

- 0.0261
76

0(7) 0.0613
46

0.0629
45

0.0752
59

- 0.0060
85

0.0352
76

- 0.0098
67

0(8) 0.0345
33

0.0533
38

0.0574
48

0.0109
69

0.0134
57

-0.0044
52

P . T . 0 .



TABLE 4 . 7  c o n t .

ATOM U11 U22 U33 2U23 2U31 2U12

C(9) 0 .0 28 3
33

0 .0 5 97
39

0.0421
44

0.0290
66

0 .0018
53

- 0 .0 0 4 9
51

C(10) 0 .0 3 3 6
38

0 .07 2 7
46

0 .0574
53

-0 .0 1 5 2
77

0.0304
64

-0 .0 1 0 2
59

C(11) 0 .0 3 4 0
35

0 .0 5 5 6
39

0 .0 5 0 9
47

- 0.0076
69

- 0 .0 0 5 9
56

- 0 .0093
53

C( 12) 0 .05 4 5
46

0 .0 8 4 7
55

0 .0588
57

0.0228
88

-0 .0 1 2 9
72

0.0081
74

C(13) 0 .0 6 4 3
51

0 .0 8 40
57

0.0830
69

0.0666
99

-0 .0 1 5 8
85

-0 .0 0 5 9
79

C(14) 0 .0 4 2 6
43

0 .1134
65

0.0625
58

0.0008
96

-0 .0 11 5
70

-0 .0 0 5 7
77

C(15) 0 .0 3 5 7
39

0 .08 9 3
53

0 .0667
57

0 .0402
88

-0 .0 0 3 8
65

0.0053
66

C ( l6 ) 0 .0 4 3 8
37

0 .0514
38

0 .0464
48

0.0072
68

O.OO87
58

0.0024
54

C(17) 0 .0280
34

0.0540
39

0 .0 7 00
52

-0.0181
71

0 .0166
58

0 .0092
51

C ( l8 ) 0 .0 32 6
36

0 .0 4 7 2
38

0.0914
61

- 0 .0066
78

-0 .0 3 1 5
66

0 .0018
54



TABLE 4 . 8

PRINCIPAL VALUES OF THE VIBRATION TENSORS AND 
THEIR DIRECTION COSINES REFERRED TO THE 

ORTHOGONAL AXES PARALLEL TO a * , b  and c

o2
ATOM U A D1 D2 D3

C l 0.0453
0.0943
0.0724

0.0164 
' 0.1141 
-0.9933

-0.9980
0.0622

-0.0094

. 0.0607
0.9915
0.1149

0(1) 0.0386 
0.0998
0.0695

0.7878
-0.2556

0.5603

0.5427
-0.1420
-0.8278

0.2912
0.9563
0.0268

0(2) 0.1266
0.0436
0.0719

-0.5355
0.4960
0.6836

- 0.2281
-0.8642
0.4484

0.8132
0.0842
0.5759

C ( l) 0.0597
0.0370
0.0420

-0.0298
0.8648

-0.5012

0.0381
0.5020
0.8640

0.9988
0.0067

-0.0479

C(2) 0.0712
o .o 4 io
0.0505

0.2111
- 0.9774

0.0053

0.5786
0.1206

- 0.8066

0.7878
0.1734 
0.5911

C(3) 0.1025
0.0383
0.0584

- 0.0156
0.9884
0.1510

0.6983
-0.0973

0.7091

0.7156
0.1165

- 0.6887

C(4) 0.0950
0.0384
0.0637

0.0490
0.7862
0.6160

0.8320
-0.3733

0.4104

0.5526
0.4924

-0.6724

C(5) 0.1006
0.0498
0.0581

- 0.2115
-0.9430

0.2571

0.9757
-0.2190
- 0.0006

0.0568
0.2507
0.9664

C(6) 0.1026
o.o48o
0.0654

0.2295
0.7826

-0.5786

-O .9029
0.3932
0.1737

0.3634
0.4826
0.7969

P . T . 0 .



TABLE 4 . 8  c o n t .

ATOM

C(7)

C(8)

C(9)

C ( 1 0 )

C(11)

C (12)

C(13)

C(14)

C(15)

C( 16 )

C (17)

c ( i8 )

o2
U A D1 D2 D3

0 .0766
0 .0 56 6
0 .0 6 4 5

0 .3954
- 0 .8 0 3 9

0 .4442

- 0 .2 7 2 3
-0 .5 6 4 5
-0 .7 7 9 2

0 .8772
0.1871

-0 .4421

0 .0 3 4 2
0.0625
0 .0 4 95

-0 .9 9 2 4
-0 .0 5 0 6
-0 .1 1 1 7

-0 .1 2 1 0
0.5551
0 .8229

0.0204
0.8302

-0 .5571

0 .0 69 8
0 .0268
0.0361

-0 .1 1 2 4  
0.9411 
0 .31 8 9

0 .8383
- 0.0825

0 .5389

0.5334
0 .3279

-0 .7 7 9 7

0 .0324
0 .07 6 4
0 .0 5 4 5

- 0 .9 4 3 6  
0 .1 8 6 6  
0 .2 7 3 6

-0 .0 6 5 4
-0 .9 1 4 8

0 .3986

0 .3246
0 .3582
0 .8754

0 .0 2 9 0
0 .0 5 9 9
0 .0 5 64

0 .9105
- 0 .2968

0 .2878

0.1991
- 0 .2 9 5 4
-0 .9 3 4 4

0.3624
0.9081

-0 .2 0 9 9

0 .0 3 9 6
0 .0 9 0 3
0 .0 7 5 6

0 .7715
- 0 .1 4 9 5
- 0 .6 1 8 5

- 0 .2 1 2 8
0.8554

- 0 .4 7 2 2

0 .5996
0 .4959
0.6281

0 .1 2 8 3
0 .0445
0 . 0 6 8 l

- 0 .2 7 6 4
0 .5 9 5 7
0.7541

0 .6033
-0 .5 0 3 3

0 .6187

0.7481
0.6260

-0 .2 2 0 3

0.0361 
o . l 136 
0 .0 7 5 7

0 .9154
- 0 .0 4 7 9
- 0 .3 9 9 7

0 .0286
0.9981

- 0 .0 5 4 2

0 .4016
0 .0382
0.9150

0 .1025
0 .0324
0 .0 61 9

-0 .0 4 3 9
0 .9435
0 .3285

0.8311 
- o . l 4 8 o  

0 .5360

0.5544
0.2966

- 0 .7 7 7 6

o .o 4 o 3
0 .0 5 3 9
0 .0494

0 .7938
- 0.1902
-0 .5 7 7 7

-0 .2 5 5 3
0 .7579

- 0.6003

0 .5520
0.6240
0.5531

0 .0 7 5 5
0 .0 26 7
0 .0504

0 .0107
-0 .9 7 2 9
-0 .2 3 0 9

-0 .4 2 6 4  
0 .2044 

-0 .8811

0.9045
0.1079

- 0 .4 1 2 7

0.1101 
0 .0 25 9  
0 .0 47 0

- 0 .2 8 1 9
0 .9592

- 0.0228

-0 .0581
0.0066
0.9983

0 .9577
0.2827
0.0539



TABLE 4 . 9

D i s p l a c e m e n t s  ( i n  A ) o f  a toms from mean p l a n e s  th ro u g h

a) a l l  a toms

b) a toms o f  n a p h t h a l e n e  r i n g  system

c) a toms o f  n a p h th a l e n e  r i n g  a d j a c e n t  to  Cl atom

d) atoms o f n a p h t h a l e n e  r i n g remote from Cl atom

e) a toms o f p h t h a l o y l  r i n g

f ) atoms C(1 ) , C(8 ) , C(11) and C ( 16)

Atom (a) (b) (c ) (d) (e ) ( f )

C l 0.150 0.160 0.034 0.396 1.258 - 0.073

0(1) i .6o i o .9 l l - - -0.893 1.494

0(2) 1.058 0.056 - - -O .76 I 0.909

C(1) 0.215 0.023 -0.001 - 0.983 - 0.030

C(2) -0 .054 0.065 0.014 - 1.613 -0.346

C(3) -0 .518 0.010 -0 .012 - 2.571 -

C (4) - 0.680 -o .o 4 i - 0.003 - 2.887 -

C(5) -0 .477 0.012 - ■0.005 2.561 -

C(6) - 0.161 0.060 - 0.008 1.951 -

c ( 7 ) 0.217 0.028 - 0.003 1.067 -0.134

C (8) 0.304 - 0.052 - ■0.017 0.738 0.030

P . T . 0



TABLE 4 . 9  C o n t .

Atom (a) (b) (c) (d) (e)

C(9) 0 .0 2 7 - 0 .0 52 - 0 .0 1 4 0 .020 1 .325

C (1 0 ) - 0 .3 9 4 - 0 . 0 5 3 0 .0 1 6 - 0 .0 0 9 2.260

C ( n ) 0 .0 0 8 - 1.050 - - 0 .0 07

0 ( 12) - 0 . 5 2 9 - 1 . 9 4 3 - - - 0 .0 1 7

0 (1 3 ) - 0 . 9 7 6 - 2 .6 3 2 - - 0 .010

C ( l4 ) - 0 .8 7 4 - 2 . 4 4 6 - - 0 .0 0 9

C(15) - 0 . 3 0 0 - 1 . 5 3 2 - - - 0 .019

C (16) 0 .1 0 9 - 0 . 8 6 4 - - 0.011

0 (1 7 ) 0.731 0 .1 0 7 0 .0 4 7 0 .274 - 0.050

0(18) 0 .5 4 3 - 0 . 2 7 4 - 0 . 2 2 0 - 0 .2 2 0 - 0.093

( f )

0.810

0 .0 5 7

■0.507

0 .2 5 3

0.058

0 .5 9 7

0.381



TABLE 4 . 1 0
o

SOME SHORT INTERATOMIC DISTANCES ( i n  A )

o
I n t r a m o l e c u l a r  d i s tances (< 3 « 5 A )

Atom A Atom B A-B Atom A Atom B A-B

Cl C(3) 2 .6 26 0(3 ) 0(9) 2 .867

Cl C(1) 2 .7 3 4 0(4) 0(5) -2.441

Cl 0 ( 1) 2 .8 7 7 0(4 ) 0(9) 2 .4 6 9

Cl c ( i7 ) 3 .0 4 4 0 (5 ) 0 (7 ) 2 .360

C(1) 0 ( 1) 2.361 0(5) 0(9) 2 .4 8 3

C(1) C ( 10) 2 .4 4 8 0(5) 0 (8 ) 2 .809

C(1) c ( 3 ) 2.461 0(6) c( io ) 2 .4 4 0

C(1) C ( l6 ) 2 .5 80 0 (6 ) 0(8) 2.451

C (1) C(8) 2 .584 ' 0 (6) 0(9) 2 .8 8 3

C(1) C(4) 2 .8 1 3 0(7 ) c(  18) 2 .4 3 4

C(1) C(18) 3 .2 0 4 0(7) 0 (9 ) 2.461

C(1) C(11) 3 .2 16 0(7) 0 (2 ) 2 .698

C(2) 0 (4 ) 2 .3 60 0 (7 ) 0(10) 2 .7 5 0

C(2) 0 (9 ) 2 .4 3 4 0(8) 0(2) 2 .3 3 3

C(2) C(17) 2 .4 9 9 0(8) 0(10) 2 .4 3 0

C(2) C( 10) 2 .7 6 4 0(8 ) 0(11) 2.611

C(2) 0 ( 1 ) 2 .9 7 8 0(8) 0(17) 3 .0 9 3

0(3) c ( i o ) 2 .4 5 6 0(9) 0(17) 2 .568

P . T . 0 .



TABLE 4 . 1 0  c o n t .

Atom A Atom B A-B Atom A Atom B A-B

C(9) C(18) • 2 .6 3 2 0(12) 0 (2 ) 2 .7 8 9

C(9) C (16) 3 .1 8 7 0(13) 0(15) 2.371

C(9) C(11) 3 .2 1 3 0(13) c(  16) 2 .7 4 6

C(11) C(15) 2 .4 0 0 0(14) C (16 ) 2 .4 1 5

C(11) C (13) 2 .4 0 6 0(15) 0(17) 2 .4 3 2

C(11) 0 (1 ) 3 .465 0(15) 0 (1 ) 2 .8 4 5

C( 12) C ( 16) 2 .3 9 2 0 ( 16) 0 (1 ) 2 .344

C(12) C ( l4 ) 2 .4 0 7 C ( l6 ) 0(18) 2 .4 8 6

C (12) C(18) 2 .4 7 5 C ( 16) 0(2) 3 .4 8 3

C (12) C(15) 2 .7 6 5 0(17) 0(18) 2 .9 8 9

o
In term o lecu la r  d is t a n c e s (< 3 .78a)

Atom A Atom B E .P .* C e l l** A-B

Cl 0 (1 ) 1 -1 0 0 3 .2 7 0

Cl c (4) 2 0 0 0 3 .3 2 2

Cl c (3) 2 0 0 0 3.721

0(1) 0 (1 ) 1 -1 0 0 3 .2 6 9

0(1) c( i7 ) 1 -1 0 0 3 .694

0(2) 0 ( 1) 1 -1 0 0 3 .2 32

0(2) C(3) 1 1 0 0 3 .69 6

0(3) 0 (1 ) 2 -1 0 -1 3 .3 5 9  

P . T . 0 .



TABLE 4 . 1 0  c o n t .

Atom A Atom B E .P .* C e l l* * A-B

C(6) 0 (2 ) 3 0 0 0 3 .3 2 3

0 (6 ) 0 ( 7 ) 3 -1 0 0 3 .6 0 8

0( 7) c ( 7 ) 3 -1 0 0 3.531

C (8) 0 (2 ) 1 -1 0 0 3 .7 03

c ( n ) 0 (2 ) -1 0 0 3 .3 96

C(11) C(18) 1 -1 0 0 3 .6 56

C(12) 0 (2 ) -1 0 0 3 .250

C(12) C(13) 1 0 0 3 .720

C( 12) C(18) -1 0 0 3.731

C ( l4 ) C(15) 1 -1 0 0 3 .7 3 8

C(15) 0 (1 ) 1 -1 0 0 3 .175

C( 16) 0(1) 1 -1 0 0 3 .3 1 6

C (16) C(17) 1 -1 0 0 3 .7 4 3

C(17) 0 (1 ) 1 -1 0 0 3 .31 4

C( 18) 0 (2 ) 1 -1 0 0 3 .5 0 3

* I n t e g e r s  
e q u i v a l e n t

1
2
3

u n d e r  t h i s  
p o s i t i o n s  
} x , y , 

x  , 1 /2  
) -  X , -

column r e f e r

z #
-  y , 1 /2  + z
y * -  z ;

t o  t h e  

•

f o l l o w i n g

** For any d is ta n c e  the t r i p le  s e t  o f  In teg e rs  g iv en  
under t h i s  column in d ic a te  the u n i t - c e l l  t r a n s la t io n  
th a t must be added to  the ap p rop ria te  e q u iv a le n t  
p o s i t io n  to  d e r iv e  the c o -o r d in a tes  o f  the atom under 
the column Atom B from th o se  g iv en  in  Table 4.4 .
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2 . 4 . 7  D i s c u s s i o n

T h e  m o le c u le  o f 2 -c h lo r o - l ,  8 -p h th a lo y ln ap h th a len e  is  

not p la n a r  bu t is  fo ld ed  about a lin e  through the two c a rb o n y l 

c arb o n  a to m s , C (l7 )  and C(18) • T h is  is  not unexpected in  v ie w  

o f the v a le n c y  angles subtended by the atom s fo rm in g  the  

7 -m e m b e re d  r in g . The p resen ce  of the bu lky  C l a to m  has 

caused  fu r th e r  d e fo rm a tio n  and consequently  a s im p le  fo lded  

m o d e l does not ad eq u ate ly  d e s c rib e  the m o le c u le . T w is t  

acc o m p a n ied  b y  fo ld in g  has caused the n o n -s y m m e tr ic a l d is to rtio n  

of th e  m o le c u le , a v ie w  of w h ich  can be seen in  F ig .  4 .5 .

T h e  equation  o f the m ean  p lane through a l l  the atom s o f 

the m o le c u le , c a lc u la te d  in  the m ethod of Schom aker et a l .  (1959), 

is

0 .9 7 0 8  X ' + 0 .1045  Y  - 0 .2160  Z* + 1.1558 = 0 (3 ).

w h e re  X 1, Y  and 2* (in  R )  a re  the o rthogo nal c o -o rd in a te s  w ith

re fe re n c e  to axes p a r a l le l  to a * , b and c . Root m ean  square
o

d is p la c e m e n t o f the a tom s fro m  the m ean  p lane is  0 .616 A . The  

a p p ro p r ia te  te s t (See S ec. I ,  1 .8 .5 )  shows the s ig n ific a n t  

n o n -p la n a r ity  o f the  m o le c u le  w hich  is  fu r th e r  evident f ro m  an
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e x a m in a tio n  of the d ev ia tio n s  of the in d iv id u a l atom s fro m  th e  

m e an  p lan e  [T a b le  4 . 9 (a) ] .

The b es t p lane through the a tom s, C (l)  to C(10), o f the  

n ap h th a len e  r in g  sys te m  has the equation

0 .8515  X 1 + 0 .2 1 84  Y  -  0 .4 7 6 7  z ‘ + 0 .7814  = 0 (4)

R oot m e an  sq u are  d is tan ce  of the atom s fro m  th is  m ean  p lane is

°  2 
0. 044 A ; the co rresp o n d in g  "X te s t shows th at the naphthalene

rin g  s y s te m  is  not p la n a r . D is p lac e m e n ts  of the v a rio u s  a tom s

out o f th is  m e a n  p lan e  can be seen in  T a b le  4 .9  (b)

-0.041 A0 .012  A

0.010
-0 .0 5 5  A.060 A

.065 A0 .0 2 8  A

0 .160  A0.025CO.052 A
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and the d e v ia tio n s  of the naphthalene atom s a re  shown in  the  

d ia g ra m  w h ich  c le a r ly  indicates the buckling  c h a ra c te r  o f the  

n ap h th a len e  s y s te m .

T h e  equation  o f the m ean  p lane through the atom s of 

the s ix -m e m b e re d  r in g  o f the naphthalene system , ad jacen t to the  

h a lo g en  a to m , is

0 .8 4 4 4  X* +  0 .1847 Y  -  0 .5 0 2 9  z '  + 0 .9 7 0 6  = 0 (5)

w h ile  th a t o f the r in g  re m o te  f ro m  the C l a to m  is

0 .8 5 6 2  x '  + 0 .2 5 2 4  Y  -  0 .4 5 0 8  Z  + 0 .6 9 9 2  = 0 (6)

The  ro o t m e an  square  d is tan ce  of the re s p e c tiv e  atom s out o f the

o
two p lan es  a r e  0. 011 and 0. 012 A  re s p e c tiv e ly . The a p p ro p ria te  

2
X -  te s ts  show th a t both these rin g s  of the naphthalene sys tem  a re  

to a good a p p ro x im a tio n , p la n a r . D ev ia tio n s  of va rio u s  atom s  

of the nap h th a len e  sys tem  out of these two planes can be seen in  

T a b le s  4 .9  (c ) and 4 .9  (d) re s p e c tiv e ly . The d ih e d ra l angle  

b e tw een  th ese  tw o m ean  p lanes is  4 . T h is  n o n -p la n a r ity  of the 

nap h th a len e  r in g  sys te m  is , no doubt, due to the d is tu rb an ce  

caused in  the m o le c u le  by  the halogen and p h th a lo y l substitu tions
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T h e  b e s t f i t  of the p lane through the atom s of the  

p h th a lo y l r in g  has the equation

-0 .9 8 2 2  x ‘ + 0. 0480 Y  -  0.1819 Z* + 0 .0 5 3 9  = 0 (7)

T h e  ro o t m ean  square  d ev ia tio n  of the atom s of the r in g  f ro m  th is

°  2 p lan e  is  0 .013  A .  The a p p ro p ria te  X  te s t in d ica tes  th a t the

p h th a lo y l r in g  m a y  be co n s id ered  p la n a r . D is tan ces  of som e of

the a to m s o f the m o le c u le  f ro m  th is  m ean plane a re  g iven  in

T a b le  4 . 9 (e ) . The  in te r-p lan ar angle betw een the m ean  planes

th ro u g h  the  naphtha lene  rin g  sys tem  (4) and the phtha loy l r in g  (7.)

is  4 2 ° .  T h is  m a y  be co m p ared  w ith  the s im ila r  d ih e d ra l angle

(4 2 ° )  in  the case of phenoxthionine (Hosoya, 1966 ).

T h e  in c o rp o ra tio n  of the p a rts  of naphthalene and p h th a lo y l

g roup  in  a s e v e n -m e m b e re d  rin g  sys tem  has im posed s tra in  in  the

m o le c u le  w h ich  is  re lie v e d  m a in ly  by bond angle d e fo rm atio n ; but

s lig h t bond len g th  extensions a re  a lso  noticed  in  the a ffec ted  p e r i -

p o s itio n  o f the  naphthalene r in g  s ys te m . Thus va len cy  bonds

o o
C (l)  -  C (9 ) and C (8 ) -  C (9 ) have lengths 1 .443  A  and 1 ;456  A  

re s p e c t iv e ly  w h ile  in  n o rm a l naphthalene system  these a re  both  

equal to  1 .421  A  (C ru ic k s h a n k  and Sparks, I9 6 0 ) .
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In  absence of the halogen atom , one w ould have expected  

a s y m m e tr ic a l  d e fo rm a tio n  of the s ev e n -m e m b e re d  r in g  and 

hence of the m o le c u le . The  carbon  atom s C (l) and C (8 ) of the  

nap h th a len e  g roup  and C ( l l )  and C (l6 ) o f the ph th a lo y l sys tem  

should be c o p lan a r and the d ev ia tio n s  o f the atom s C (l7 ) and O (l)  

f r o m  th is  p lane  should be equal to those o f C (l8 ) and 0 (2 )  

re s p e c t iv e ly . In  fa c t, the ro o t m ean  square d is tan ce  o f the fo u r  

ato m s C ( l ) ,  C (8 ) ,  C ( l l)  and C (l6 ) f ro m  the m ean  p lane through  

th em , hav in g  equation

0 .9 8 5 7  X* + 0. 0993 Y  -  0 .1364  z '  +  0 .7 9 4 5  = 0 (8)

°  2 
is  0 .0 4 6  A  and the co rresp o n d in g  X  te s t shows the s ig n ific a n t

n o n -p la n a r ity  o f these 4 a to m s . The d isp lacem en ts  o f C (l7 ) and
o

0 (1 ) f r o m  th is  p lane a re  0 .5 9 7  and 1 .4 9 4  A  w h ile  the co rresp o n d in g
o

d e v ia tio n s  of C (l8 ) and 0 (2 )  a re  0 .381  and 0. 909 A  re s p e c tiv e ly  

[T a b le  4 . 9 (f)], T h is  shows th a t the b u lky  halogen a to m  has 

caused the  d is p la c em e n ts  o f ad jacen t atom s C(17) and O (l)  m o re  

than  the  re m o te  a to m s ,C (18 ) and 0 (2 ) ,  im posing  a n o n -s y m m e tr ic a l  

d is to r t io n  o f the  m o le c u le .



-  I l l  -

C a rb o n y l carbon  and oxygen atom s, C(17), 0 (1 ) and

o
C (1 8 ), 0 (2 )  a re  d isp laced  by 0 .107, 0. 911 and - 0 .  274, 0. 056 A

[T a b le  9 .4  (b) ] re s p e c tiv e ly  f ro m  the naphthalene p lane (4 ) ;

the c o rres p o n d in g  d evia tio n s  from the m ean plane through the

o
p h th a lo y l r in g  ( 7 ) a re  -0 .0 5 0 ,  -0 .8 9 3  and - 0 .  093, -0 .7 6 1  A

[T a b le  4 .9  ( e ) ]  re s p e c tiv e ly . The e ffe c t of these in c re a s e d

d is p la c e m e n ts  of the carb o n y l group, ad jacen t to the halogen atom ,

is  to  in c re a s e  the in tra m o le c u la r  sep ara tio n  of C l. , .C ( 1 7 )  and
o

C l.  . . O ( l)  to 3 . 044 and 2 . 877 A  (F ig .  4 . 6) w hich  a re  s t i l l  less

o
than  the  n o rm a l van d e r W aals d is tances of 3 .8  and 3 .2  A  

re s p e c t iv e ly .

B ecau se  of the s tra in  im posed  by the s e v e n -m e m b e re d

rin g  and the ha logen  atom , the bonded d istances of the naphthalene

s ys te m  a r e  not co m p ara b le  w ith  those discussed by C ru icksh an k

and S parks  ( i9 6 0 ) . The  m ean  len gth  of the bonds C (l) -  C (9 )

o 0  .

and C (8 ) -  C (9 ) is  1 .4 5 0  A  (1.421 A  in  naphthalene) and the
o o

a v e ra g e  len g th  o f C (l)  -  C (2 ) and C (7) - C (8) is  1 .397  A  (1 .3 6 4 A  

in  n ap h th a len e ) • L ik e w is e , the v a le n c y  angle C (8) -  C (9) -  C (l)  

is  in c re a s e d  f r o m  121.75 (in  naphthalene) to 126 .2  • The  o th e r
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ang le  d is p la c e m e n ts  f ro m  the va lues  found fo r  naphthalene can

lik e w is e  be exp la in ed  in  te rm s  of the in tra m o le c u la r  o v e rc ro w d in g ,

2 2
The a v e ra g e  len g th  o f the fo u r Csp - Csp bonds in  the

o
s e v e n -m e m b e re d  r in g  is  1 .4 8 6 5  A  and is  c o m p ara b le  w ith  those

o
o f £ -b ro m o b e n z o ic  acid , 1 .487  A  (F e rg u s o n  and S im , 1962 a ) and

o
b e n zo ic  a c id , 1 .4 8  A  (S im , R o b ertso n  and Goodwin, 1 9 5 5 ).

o
F u r th e r m o r e , i t  is  s im ila r  to th a t o f p h th a lic  ac id  1 .495  A

(N o w a k i and Jagg i, 1957, re c a lc u la te d  by F e rg u so n  and Guy, 1966) •

D ue to the  in tra m o le c u la r  d is to rtio n  co m p le te  a g re e m e n t o f the

in d iv id u a l C -C  bond lengths o f the p h th a lo y l r in g  w ith  those o f the

p h th a lic  a c id  is  not p o s s ib le . H o w e ve r, the ave ra g e  o f the
o

C -C  bond lengths (1 .385  A ) in  both the cases a re  the s am e .

The  halogen a to m  does not cause any extension  o f the

a d ja c e n t c a rb o n y l bond; the C = 0  d is tan ces  in  the m o le c u le  a re
o

a lm o s t id e n t ic a l w ith  a m ean  va lu e  o f 1 .223  A .  T h is  a lso  a g ree s
o

w e ll w ith  th a t o f £ -c h lo ro b e n z o y l ace ty len e , 1 .227  A  (see c h ap te r 1)
o

and is  s im i la r  to the accepted  v a lu e  of 1 .23  + 0 . 0L A  ( in t .  T a b les
o

V o l .  m ,  1962) . The  a ro m a tic  C -  C l d is ta n c e ,!. 739 A , is  in
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a g re e m e n t w ith  the va lu es  found in  £ -c h lo ro b e n z o y l ace ty len e

°  °  .(1 .7 3 4  A ) ,  £ -c h lo ro b e n z o ic  ac id  (1 .737  A ) and in  4 -4  -d ic h lo ro -
o

d ip h e n y l sulphone (1 .73 6  A ) [S im e and A b ra h a m , I9 6 0 ] ,

The  in te rm o le c u la r  d is tan ces  C (1 5 ). .  .0 ( 1 ) ,  3 .18 , and  
o

C (2 ) . . . 0 ( 1 ) ,  3 .2 3  A  ap p ear to be s lig h tly  s h o rte r  than the n o rm a l

o
van  d e r  W aals contact d is tan ce  o f 3 .3  A ,  but no hydrogen  bond  

is  p o s s ib le  h e re . No o th e r in te rm o le c u la r  sep ara tio n  is  s h o rte r  

than  th e  n o rm a l van d e r  ‘Vfe.als d is tan ce  (T a b le  4 .1 0 ) .



' C H A P T E R  5 •

G E N E R A L  D I S C U S S I O N
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2 .5  INTRODUCTION

T h is  d iscu ss io n  co vers  £ -c h lo ro b e n z o y la c e ty le n e  ( I ) ,  

^ -b ro m o b e n z o y la c e ty le n e  ( I I ) ,  £ -f lu o ro b e n z o ic  a c id  ( i l l ) ,  

o -c h lo ro b e n z o ic  a c id  ( IV ) ,  £ -b ro m o b e n z o ic  a c id  (V ) ,  2 -c h lo ro -  

5 -n itro b e n z o ic  a c id  (V I)  and 2 -c h lo r o - l ,  8 -p h th a lo y ln ap h th a len e  

( V I I ) .  O f these seven com pounds, the s tru c tu re s  o f ( IV ) ,  (V )  

and (V I)  had a lre a d y  been re p o rte d  (F e rg u s o n  and S im , 1961, 

1962 a and 1962 b ) ,  the o th e rs  have been d e s c rib e d  in  th is  th e s is .

X =  C l, R  = -C = C H  

X  = B r ,  R  = -C = C H  

X  = F , R  = -O H  

X =  C l ,  R  = -O H  

X  = B r ,  R  = -O H

0

( I )

LQ1 rojL ( I I )

( I I I )

O5̂  E
( IV )

(B)
(V )

(A)
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2 . 5 . 1  C onform ation

In  a l l  s ix  o -h a lo g e n o -a ro y l compounds (I -  V I ) ,  the

c o n fo rm a tio n  adopted is  (A ) ,  w ith  th e  double bonded c a rb o n y l

(o r  c a rb o x y l)  oxygen a d jac e n t to the halogen a to m , A  p o s s ib le

reason fo r this conformer being preferred to that of the type (B)

in  the  c ry s ta l  is  th a t the / C = 0  grouping is  les s  b u lk y  than the

^  C -  R  group ing , because,

A
a ) the ang le  C -C = 0  is  in v a r ia b ly  g re a te r  than the angle

A
C - C -R ,

b) the C = 0  bond len g th  is  s h o rte r  than C -R , w hich lead s

to an in c re a s e d  van  d e r W aals sep a ra tio n  o f the c a rb o n y l 

(o r  c a rb o x y l) oxygen fro m  the halogen a to m  o v e r any  

o th e r g roup ing  fo r  any g iven  angle  of ro ta tio n  o f 

C(arom .) -  C (e x o c y c lic ) bond.

In  the case o f 2 -c h lo r o - l ,  8 -p h th a lo y ln ap h th a len e , th e re  is  

no p o s s ib il ity  o f the c o n fo rm a tio n a l is o m e r is m  o f the type (A ) o r

(B).
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2 . 5 . 2  In term o lecu la r  ethynyl hydrogen bond

T h e  s h ift o f the e thynyl hydrogen s tre tch in g  fre q u e n c y  

o f b e n zo y l a c e ty le n e  (P h .C O .C :C H )  f ro m  3302 c m .  ̂ in  d ilu te  

c arb o n  te tra c h lo r id e  so lu tion  to 3225 c m . ^  in  the so lid  s ta te  has  

been  a ttr ib u te d  to in te rm o le c u la r  hydrogen  bonding betw een  e th yn yl 

groups and the carb o n y l oxygen atom s (T y r r e l l ,  1963) . B o th  the  

o -h a lo g e n o b en zo y la ce ty len es  ( I  and I I )  show a s im ila r  s p e c tra l 

s h ift suggesting the p re se n c e  of e th yn yl hydrogen  bonds in  the  

s tru c tu re s . The x - r a y  c ry s ta l s tru c tu re  a n a lys is  has c o n firm e d  

th is  p re d ic tio n  showing th a t both the compounds (I and I I )  a re  

in te r m o le c u la r ly  hydrogen  bonded in  the so lid  s ta te .

The lengths and angles in v o lv e d  in  the in te rm o le c u la r  

= C H . . .O  bonds in  the o -h a lo g en o b en zo y lace ty len es  (I and I I )  a re  

g iven  in  T a b le  5 .1 . T h is  a lso  contains the c o m p ara b le  fig u re s  

fo r  the s im i la r  hydrogen  bond in  p ro p a rg y l 2 -b r o m o -3 -n i t r o -

b en zo ate  (C a la b re s e , M c P h a il and S im , 1 9 6 7 ). I t  shows th a t in

A  o o
a l l  the cases -C = C  . .  . 0  (163 -168 ) ,  and hence p re s u m a b ly

A  o
= C -H .  . . O .  angles a re  less  than 180 i . e .  the in te rm o le c u la r

e th yn y l h y d r o g e n  bonds in  these compounds m a y  be co n s id e red  non­

l in e a r .



TABLE 5.1

DISTANCES AND ANGLES ASSOCIATED WITH 
INTERMOLECULAR C -H .. .0  BONDS

Compound Subs­
t i t u ­
ent

X

a

0
(A)

b*

0
(A)

p

(o)

■---------------------------------

Q

( o )

R

(0 )

o-X benzoylacety- 
lene

Cl 3.21 2 .2 167.8 162 145.3

Br 3 .25 2 .2 168.3 163 111.0

Propargyl 2-bromo- 
3-n itro b en zo a te Br 3 .39 2 .4 163.1 156 148.7

* Based on c a lc u la te d  po s itio ns  o f hydrogen atoms •
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The two _o-halogenobenzoylacety lenes (I and I I )  a re  not

iso m o rp h o u s  (a lthough the co rresp o n d in g  benzo ic  ac ids  a re )  .

T h e  d iffe re n c e  in  packing  a r is e s  f ro m  d iffe re n c e  in  s ize  o f the

h a logen  su b stitu en ts , w h ich  have caused the d iffe re n t a rra n g e m e n t

o f in te rm o le c u la r  = C -H . • .O  bonds. In  o -c h lo ro b e n z o y la c e ty l-

ene ( I ) , the oxygen lone p a ir  o f e lec tro n s  ad jacen t to the c h lo r in e

a to m , is  used  in  h ydrogen  bonding, lead in g  to in f in ite  chains o f

the m o le c u le s  (F ig .  1 .5 )  but in  o -b ro m o b e n zo y la c e ty le n e  ( I I ) ,  i t

is  the oxygen lone p a ir  o f e le c tro n s  re m o te  f ro m  the B r  a to m

w h ich  is  u t i l is e d  fo r  the purpose, causing the c lose packed z ig  zag

chains o f the m o lec u le s  (F ig .  2 . 2 ) .  P ro b a b ly  th is  is  the reaso n
A

fo r  w h ich  a lthough =C  . .  . 0  = 0  angles o f o -c h lo ro b e n zo y la c e ty le n e

(1 4 5 .3 ° )  and p ro p a rg y l 2 -b ro m o -3 -n itro b e n z o a te  (1 4 8 .7 ° )  a re

s im i la r ,  the co rresp o n d in g  angle  o f o -b ro m o b e n zo y la c e ty le n e

(111.0°) is  s ig n if ic a n tly  d if fe re n t .  In  a l l  th re e  cases, the  
A  Q

C =  C . . .O  ang les  (1 6 7 .8 , 1 68 .3  and 163.1 ) a re  g re a te r  than the

Aco rresp o n d in g eC . • • 0 = C  angles (1 4 5 .3 , 111.0 and 148 .7  ) .
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A
The —C . . .O  sep ara tio n s  (3 . 21 and 3 .2 5 )  and C =  C . • .O  

(1 6 7 .8  and 1 6 8 .3  ) in  the two jD -ha logenobenzo ylacety lenes ( I  and 

I I )  a re  s im i la r  w h ile  the hydrogen  bond in  p ro p a rg y l 2 -b r o m o -3 -  

n itro b e n z o a te  (having the co rresp o n d in g  values of 3 .3 9  A  and 1 6 3 .1 °  

re s p e c tiv e ly )  ap p ears  to be c o m p a ra tiv e ly  w eak . T h is  is  a lso  

supported  by  the in f r a - r e d  in v es tig a tio n s  w hich  show th a t the  

d is p la c e m e n t o f the e thynyl C -H  s tre tch in g  fre q u e n cy  on going  

f r o m  d ilu te  so lu tion  to the so lid  sta te  is  a p p re c ia b ly  g re a te r  fo r  

b e n zo y la c e ty le n e  [77 c m .  ̂ ( T y r r e l l ,  1 9 6 3 )] than fo r  the p ro p a rg y l  

e s te r  [47 c m .  ̂ (C a la b re s e , M c P h a il  and S im , 1 9 6 7 )]. P re s u m ­

ab ly , the p ro to n  donor a b ili ty  o f the a c e ty lin ic  C H  group in  the  

b e n zo y la c e ty le n e  is  in c re a s e d , re la t iv e  to th a t in  the p ro p a rg y l  

e s te r , by  con jugation  w ith  the carb o n y l group, causing a s tro n g e r  

e th yn y l h yd ro g en  bond in  the fo r m e r  com pounds.

2 .5 . 3  In te r m o le c u la r  O H . . .O  bond.

In  a l l  f o u r  £ -h a lo g en o b e n zo ic  acids  ( i l l  - V I ) ,  c e n tro -  

s y m m e tr ic  d im e rs  a re  fo rm e d  due to the hydrogen bonds betw een



TABLE 5 . 2

INTERMOLECULAR 0 - H . . . 0  BONDS IN  SOME 
o-HALOGENOBENZOIC ACIDS .

S u b s t i t u e n t
o

O H ...0 (A ) Angle 1 (o) Angle 2 (o )

H 2 .6 4 121 120

F 2 .5 8 3 115 .7 121 .4

C l 2 .6 3 0 112.5 122.9

Br 2 .6 4 0 112.5 126 .9

2 - C l - 5 - n i t r o 2 .6 1 3 113 .7 121.5

H i
i

•i
i

H
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p a ir  o f m o le c u le s  (See F ig .  3 . 2 ) .  The angles and d is tan ces  

in v o lv e d  in  the in te rm o le c u la r  O H . . .O  bonds in  these com pounds  

a re  shown in  T a b le  5 .2 ,  w hich  a lso  contains the c o m p ara b le  

f ig u re s  fo r  b en zo ic  a c id  (S im , R o b ertso n  and Goodw in, 1 9 5 5 ).  

Changing the halogen substituents  ap p ears  to m ake  no s ig n ific a n t 

d iffe re n c e  to the O H . . .O  d is tan ce s .

2 . 5 . 4  In tra m o le c u la r  o verc ro w d in g

F r o m  T a b le  5 .3 ,  i t  is  eviden t th a t in  a l l  7 compounds  

( I -  V I I ) ,  the d is tan ces  of the halogen atom s fro m  the exo c y c lic  

carb o n  and a d jac e n t oxygen atom s a re  alv /ays les s  than the sum s  

of the c o rres p o n d in g  n o rm a l van d e r W a a ls 1 r a d i i .  T h is  shows 

th a t a l l  the m o le c u le s  m ig h t be u nder som e s tra in .

The  s ig n if ic a n t n o n -p la n a r ity  o f a l l  these compounds is  

due to the s tra in  o f m o le c u la r  o v erc ro w d in g  caused by the b u lk y  

h alogen  s u b s titu e n ts . In  a l l  the cases, the s tra in  w hich  w ould  

have  been  im p o sed  on a p la n a r id e a l m o lec u le , is  re lie v e d  in  the  

fo llo w in g  w ays •

a ) T h e  C a rb o x y l o r  C a rb o n y l group, as the case m a y  be,



TABLE 5>3

INTRAMOLECULAR SEPARATIONS AND CORRESPONDING VAN DER 
WAALS CONTACT DISTANCES ( shown in  p a r e n th e s e s  ) IN 

SOME o-HALOGENO-AROYL COMPOUNDS

Compound S u b s t i t u e n t
X

X . . .C
o

( A ) X . . . 0
0

( A )

o-X b e n zo ic
F 2 . 8 3 2 (3 .3 5 ) 2 .6 08 (2 .7 5 )

a c i d Cl 3 .2 1 7 (3 . 80 )

O
J

<J\
C

O

O
J (3 .2 0 )

Br 3 .275 (3 .9 5 ) 3.004 (3 .3 5 )

£-X b e n z o y l  
a c e t y l e n e

Cl 3-178 (3 . 8 0 ) 2 .886 (3 .2 0 )

Br 3-279 (3 .9 5 ) 2 .9 78 (3 .3 5 )

2 - C l - 5 - n i t r o  
b e n z o ic  a c i d

Cl 3-173 ( 3 . 8 0 ) 2 .8 96 (3 .2 0 )

2 -C 1 - 1 ,8 - p h -
(3 . 80 ) (3 .2 0 )t h a l o y l n a p h -

t h a l e n e
Cl 3 .0 4 4 2 .877
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is  ro ta te d  about the exo c y c lic  C , x —  C , v bond out
(a r o m .)  (e x o c y c .)

o f the p lan e  o f benzene r in g  so as to in c re a s e  the sep a ra tio n  

b e tw een  the ha logen  and the a d jac e n t oxygen a to m s ,

b ) T h e  halogen  and the e xo cyc lic  carbon  atom s a re  d is ­

p la ce d  in  opposite  d ire c tio n  out o f the p lane o f the benzene r in g ,

c) T h e  e xo c y c lic  C —  C and C — - H a lo g ena ro m . exocyc. a ro m ,'

bonds a re  d is p la c ed  s id ew ays, d is to rtin g  the n o rm a l v a le n c y  

a n g les , to obta in  g re a te r  s e p a ra tio n  betw een  halogen and e xo c y c lic  

c arb o n  a to m s .

T a b le  5 .4  shows that, in  a p a r t ic u la r  s e r ie s , the exten t 

o f ro ta tio n  o f c a rb o x y l (o r  carb o n y l) group  p lane about the exo ­

c y c lic  C -C  bond is  in c re a s e d  w ith  in c re a s in g  s ize  o f the halogen  

s u b s titu e n t. In  o -h a lo g en o b en zo ic  acids ( i l l  -  V ) ,  the ro ta tio n  

o f th is  p lane  is  g re a te r  than the co rresp o n d in g  halogen sub­

s titu te d  b e n z o y la c e ty le n e . P re s u m a b ly , due to the independent d i-  

m e r  fo rm a tio n  th rough  the in te rm o le c u la r  O H . . .O  bond 

(See F ig .  3 .2 ) ,  th is  ro ta tio n  is  e a s ily  ach ieved  in  the fo r m e r  s e r ie s ,  

w h e re a s  in  the la t te r  group, c o m p a ra tiv e ly  r ig id  in te rm o le c u la r  

chain  fo rm a tio n  (F ig .  1 .5  and 2 .2 )  th ro u g h = C H .. .O  l in k  has 

r e s t r ic te d  the tw is t .
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F r o m  T a b le s  5 .3  and 5 .4  i t  is  ev ident th a t a lthough the  

ro ta tio n  o f the  e xo c y c lic  group p lane w ith  re s p e c t to the  m ean  

p lan e  th ro u g h  the benzene r in g  is  d iffe re n t, the in tra m o le c u la r  

s e p a ra tio n s  of the halogen  atom s fro m  the exo cyc lic  carb o n  and  

a d ja c e n t oxygen a tom s o f an o -h a lo g en o b en zo ic  a c id  and c o r r e ­

sponding, b e n zo y la c e ty le n e  a re  s im i la r .  I t  ap p ears  th a t in  the  

la t te r  s e r ie s , the s tra in  w hich  would have been im p o sed  by  in t e r ­

m o le c u la r  h ydrogen  bond fo rm a tio n , re s tr ic t in g  the ro ta tio n  of 

the e x o c y c lic  group  is  re lie v e d  by  accom m odating  in -p la n e  and  

out o f p lan e  d is p la c e m e n t o f the a ffe c ted  a to m s .

In  2 -c h lo ro -5 -n it ro b e n z o ic  ac id  ( V I ) ,  a lthough the  

s itu a tio n  is  ra th e r  d iffe re n t, a l l  the th re e  m ethods (a, b and c) 

o f re lie v in g  the s tra in  o f in tra m o le c u la r  o v erc ro w d in g  a re  

p re s e n t. In  2 -c h lo r o - l ,  8 -p h th a lo y ln ap h th a len e  ( V I I ) , the  

s itu a tio n  is  e n t ire ly  d if fe re n t . H e re  the exo cyc lic  carb o n  is  

p a r t  o f the  s e v e n -m e m b e re d  r in g . To  accom m odate  the s tra in

o f in t r a m o le c u la r  o v erc ro w d in g , the c a rb o n y l o x y g e n ,O (l), is
o

pushed out o f the naphthalene p lane by  0.911 A  w h ereas  the oxygen
o

a to m , 0 ( 2 ) ,  re m o te  f ro m  the C l a to m  is  d ev ia ted  b y  o n ly  0 . 056 A
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[T a b le  4 . 9  (h ) j and the m o le c u le  is  buckled  (F ig .  4 .5 ) .

t

2 .5 . 5  C onc lus ion

I t  m a y , th e re fo re , be concluded th a t in  a l l  the c>-halo- 

g e n o -a ro y l com pounds ( I  -  V I ) ,  the co n fo rm a tio n  adopted is ,

(A ) ,  w ith  the double bonded oxygen ad jacen t to the o rth o ­

su b stitu ted  ha logen  a to m  • In  the sam e s e r ie s , the in tra m o le c ­

u la r  h yd ro g en  bonds a re  s im i la r .  In  a l l  the cases ( I  -  V I I )  the  

s tra in  o f in tra m o le c u la r  o v erc ro w d in g  is  re lie v e d  by tw is tin g  the  

p lan e  conta in ing  the exo cyc lic  group, d isp lac in g  the a ffe c ted  

ato m s to w a rd s  the opposite  sides o f the p lane o f the benzene r in g  

and d is to rtin g  the a ffe c ted  v a le n c y  a n g le s . In  a p a r t ic u la r  group  

la r g e r  the  s ize  o f the ha logen  substituen t the  g re a te r  is  the  

ro ta tio n  o f the  c a rb o x y l (o r  c a rb o n y l) g roup  p la n e .



S E C T I O N  I I I

C R Y S T A L  S T R U C T U R E  O F  p -B R O M O P H E N A C Y L  

D E R IV A T IV E  O F  P A L M A R IN
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INTRODUCTION

B a rto n  and E la d  (1956) assigrfed co n stitu tio n  ( I)  fo r  

c o lu m b in , the  m a in  b it te r  p r in c ip le  of Colom bo ro o t. The  

th re e  o th e r m a in  n a tu ra l p roducts  o f the sam e ro o t have the

c o m p o s itio n  ^ 2 0 ^ 2 2 ^ 7  anC  ̂ a re  const^ u t^ona^ y  3 -e p o x y -  

c o lu m b in s ; these  a re  J a te o r in  ( I I ) ,  C hasm anth in  ( i l l )  and 

P a lm a  r in  ( IV ) .

12

( I I )  2, 3 -O x id o - I

( I I I )  2, 3 -O x id o -1 2 is o - I

( IV )  2, 3 -O x id o -8 is o t 1 2 is o -I

(i)

T h e  .s tru c tu ra l re la tio n s  o f these fo u r compounds have a lready- 

been e s tab lis h ed  b y  B a rto n  et a l .  (1962) and B a la s u b ra m a n ia n  

et a l .  (1 9 6 2 ). In  the d iscu ss io n  o f the s te re o c h e m is try  o f



these  C olom bo ro o t b it te r  p r in c ip le s , O ve rto n  et a l .  (1966) 

suggested the {3-epoxide c o n fig u ra tio n  in  (V ) and hence in  

p a lm a r in .

In  o rd e r  to e s ta b lis h  the extent o f th e ir  pos tu la ted  c o n fo rm a tio n a l 

d is to r t io n  and to c o n firm  the (3-epoxide c o n fig u ra tio n  in  p a lm a r in ,  

an x - r a y  c ry s ta l s tru c tu re  a n a ly s is  o f the p -b ro m o p h e n a c y l 

d e r iv a t iv e  (V I)  was c a r r ie d  out. A  p re lim in a ry , co m m u n ica tio n  

in  th is  connection , has a lre a d y  been p u b lished  (Is la m , F e rg u so n , 

O v e rto n  and M e lv i l le ,  1 9 6 7 ).
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3 .1 .1  C rysta l data

A  p -b ro m o p h e n a c y l d e r iv a t iv e  of p a lm a r in  was c r y s ta l-

is e d  f r o m  a m ix tu re  o f c h lo ro fo rm  and to lu e n e . T h e  o s c illa t io n

and e q u a to r ia l W e iss e n b e rg  photographs of the c ry s ta l  showed th a t

i t  w as o r th o rh o m b ic . To  m e a s u re  the c e ll d im en s io n s  a c c u ra te ly ,

a z e ro  la y e r  W e iss e n b e rg  photograph  was taken  using Cu K a
o

ra d ia tio n  (X = 1 .5 4 2  A ) . The  c ry s ta l was then re p la c e d  b y  a th in  

A l w ir e  and a s im i la r  exposure  was g iven  to re c o rd  h igh  o rd e r  A l  

p o w d er lin e s  on the sam e f i lm .  24 spots, on o r n e a r  e ith e r  side  

of the  h igh  o rd e r  A l  pow der lin e s  w e re  in d e xe d . F r o m  a know ledge  

,o f the s tan d ard  sin Q va lu es  fo r  the lin e s  ( in t .  T a b le s , V o l .  I l l ,  1 96 2 ), 

the c o rres p o n d in g  va lu es  fo r  these p lanes  w e re  c a lc u la te d  and hence  

the u n it c e l l  constants w e re  com puted .

p -B ro m o p h e n a c y l d e r iv a t iv e  o f p a lm a r in  y

C H  O B r ,  M  = 490.9, m .p .  = 2 5 3 ° C . ,  o rth o rh o m b ic , a = 10*755  
23 23 7

o  0 3
+ 0 .0 0 9 , b = 8 .9 4 8  + 0 .0 0 7 , c = 21 .790 + 0 . 013 A , U = 2097 A ,

D m  = 1.-54 g m . /c c  (by f lo ta t io n ) ,  Z  = 4, D c = 1 .5 5 4  g m . /c c ,

F (0 0 0 )  = 1008; l in e a r  a b so rp tio n  c o e ffic ie n t fo r  Cu K a  ra d ia tio n  

(X = 1 .5 4 2  A ) ,  h- = 3 3 .3  c m . \  space g roup  P 2 ^ 2 ^ 2 ^  (D ^, N o . 19*

In t .  T a b le s , V o l .  I ,  1965) .
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3 .1 .2  Space group

On the W e iss e n b e rg  photographs of the c ry s ta l, ro ta te d  

aro u n d  the a -a x is ,  the absence of 00 1  re f le c tio n  when I  is  odd 

and OkO re f le c t io n  when k  is  odd was n o tic e d . T h e re  w e re  no 

o th e r s y s te m a tic  ab sen ces . The  space group is , th e re fo re ,  

e ith e r  P2^2^2^ o r P22^2^. D ue to the la c k  of c ry s ta llin e  m a te r ia l  

and the  u n a v a ila b il ity  (th rough  b reakd o w n ) of a p re c e s s io n  c a m e ra , 

p h o to g rap h y  o f the OkO re fle c tio n s  was not p o s s ib le . The  p re s e n c e  

of a 2^ s c re w  ax is  a long a was c o n c lu s iv e ly  shown fro m  an e x a m ­

in a tio n  o f the th re e  d im e n s io n a l P a tte rs o n  functions and hence the  

space group  is  P2^2^2^.

3 .1 .3  In te n s ity  data

A  s m a ll p iece  o f the c ry s ta l, cut f r o m  a la r g e r  one, was

ro ta te d  aro u n d  a and e q u i- in c lin a tio n  W e iss e n b e rg  photographs w e re

taken  us ing  the m u lt ip le  f i lm  techn ique (R o b ertso n , 1943); thus the

r e c ip r o c a l la t t ic e  nets 0k-& — 9k^ w e re  su rveyed  w ith  Cu K a

o
ra d ia t io n  (X = 1 .5 4 2  A ) . V is u a l e s tim a tio n  by  co m p aris o n  w ith  a 

c a lib ra te d  step wedge led  to 1907 independent re f le c t io n s . The
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in d iv id u a l la y e rs  o f the in te n s ity  data  w e re  put a p p ro x im a te ly  on 

the sam e sca le  b y  m akin g  use of the known exposure  t im e s . T h e  

in te n s ity  data  w e re  then c o rre c te d  fo r  the a p p ro p r ia te  L o re n tz ,  

p o la r is a tio n  and ro ta tio n  fa c to rs  (See I ,  1. 3, 3) and the a b so rp tio n  

c o rre c tio n s  w e re  ig n o re d .

The fo llo w in g  a n a ly s is  shows the w ide ran g e  of the  

in te n s ity  data  c o lle c te d  fo r  the s tru c tu re  a n a ly s is .

|Fj|obs

Sin 0 /  \

0 . 0 -  0 .2 0 .2  -  0 .4 0 . 4 -  0 .6 0 . 6 -  0 .8 T o ta l

0 - 1 5 3 79 565 164 811

1 5 -3 1 11 193 437 18 659

3 1 -6 1 27 219 100 - 346

6 1 -1 2 3 32 54 ■ - - 86

123 -  200 4 1 - - 5

T o ta l 77 546 1102 182 1907

T he ra t io  of the square  o f the a to m ic  n u m b e r o f the h eavy  

a to m  to th e  sum  o f the squares o f the a to m ic  n u m b e rs  o f the l ig h t  

a to m s  p e r  c ry s ta l  a s y m m e tr ic  u n it, .

v =  i H 2/ Z £ R 2 = 0 .9 4  (1)
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is  n e a r  to the id e a l v a lu e  o f one, as suggested by L ip s o n  and  

C o ch ran  (1966) and is  assum ed  to be fa v o u ra b le  fo r  the h eavy  a to m  

m eth o d  o f s tru c tu re  s o lu tio n .

D u rin g  s tru c tu re  fa c to r  c a lc u la tio n s , the d if fe re n t  la y e rs

F
o equal to 2o f in te n s ity  data  w e re  sca led  so as to m ake  K  2,

S ubsequently  the v a r io u s  la y e r -s c a le - fa c to rs  w e re  re fin e d  b y  le a s t  

sq u ares  m eth o d s .

3 .1 .4  S tru c tu re  d e te rm in a tio n

F
c

Sections o f the th re e  d im e n s io n a l P a tte rs o n  fu n ctio n s  a t u  

and 0 * 5 ,  v  = 0 .5  and w  = 0. 5 w e re  com puted and d o m in a tin g  f i r - B r  

v e c to r  peaks w e re  obta ined  in  the th re e  sections, u = v  = w = 0 . 5  

(F ig .  1 .1 ) .  In  the section  a t u = 0, no s ig n if ic a n t peak was  

n o tic e d . The  p o s itio n s  of the B r - B r  v e c to r  peaks in  the th re e  

H a r k e r  sections w e re  then c a lc u la te d  by B o o th 's  m ethod  (Booth, 

1 9 4 8 a ) and f ro m  these the f ra c t io n a l c o -o rd in a te s  fo r  the h eavy  

a to m  was found to be (0 . 223, 0 . 25 and 0. 0 9 3 ) .

To avo id  the se le c tio n  o f the p lanes  having no c o n tr ib u tio n  

f r o m  the B r  a to m  (a t y  = 0 .2 5 )  and to ach ieve  a b e tte r  re s u lt  f r o m  

the h e av y  a to m  m ethod, 3 cyc les  o f F o u r ie r  synthesis  w e re
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com puted  w ith  the  F o u r ie r  c o -e ff ic ie n ts  m u lt ip lie d  by  a w eigh t, 

p ro p o r t io n a l to  the p ro b a b ility  th a t the phase be ing  a p p lie d  to each  

c o -e f f ic ie n t  is  c o r re c t  (W oolfson , 1956; S im , I9 6 0 ) .  D ue to the  

la rg e  n u m b e r o f h ig h  o rd e r  re fle c tio n s  and the good q u a lity  o f the  

in te n s ity  data , in  the f i r s t  th re e  d im e n s io n a l e le c tro n  d e n s ity  

d is tr ib u tio n  a l l  the 31 n o n -h yd ro g en  a to m ic  peaks and th e ir  pseudo  

im a g e s  w e re  re v e a le d ; out o f these  19 a to m ic  lo ca tio n s  [B r ,  O ( l)  to  

0 ( 4 ) ,  0 ( 6 ) ,  0 ( 7 ) ,  C (l)  to C (5 ) ,  C (1 2 ), C ( l6 ) ,  C (17 ), C (2 0 ) t o C ( 2 3 ) ]  

w e re  w e ll  id e n t if ia b le . (F o r  n u m b e rin g  schem e see F ig .  1 .2 ) ,

T h e  p eak  lo c a tio n s  of these  a tom s w e re  then com puted using  

" F o u r ie r  s e a rc h  p ro g ra m "  (M c G re g o r ,  1 9 6 6 ). In  the n ex t 

e le c tro n  d e n s ity  d is tr ib u tio n  the p o s itio n s  o f a l l  the h e a v ie r  a tom s  

w e re  obta ined  w ith  the exception  o f 0 ( 5 ) ,  C(13) and C (1 5 ) . One  

fu r th e r  c yc le  o f e le c tro n  d e n s ity  syn thes is  re v e a le d  the lo c a tio n s  

o f a l l  the 31 n o n -h yd ro g en  a to m s .

In  the fo u rth  cyc le  o f s tru c tu re  fa c to r  and e le c tro n  

d e n s ity  syn th es is , im p ro v e d  lo c a tio n s  fo r  these  a to m s w e re  

o b ta in ed . T h e  re s id u a l, R , a t th is  stage w as 0 .2 1 . T h e  c o u rse  

o f the  s tru c tu re  so lu tion  is  shown in  T a b le  1 .1 .
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In  the d iffe re n c e  F o u r ie r  synthesis  no s ig n if ic a n t

fe a tu re s  w e re  n o ticed  in d ic a tin g  the c o rre c tn e s s  of the s tru c tu re .

Tw o  th re e  d im e n s io n a l e le c tro n  d e n s ity  d is tr ib u tio n s , w e re  com puted

using  F  as F o u r ie r  c o e ffic ie n t in  one case and F  in  the o th e r and  
o c

the p eak  p o s itio n s  fo r  a l l  the 31 atom s w e re  c a lc u la te d  f r o m  both  

m a p s . B a c k s h ift  c o rre c tio n s  (Booth, 1946b) w e re  then ap p lie d  

to  m in im is e  s e r ie s  te rm in a t io n  e r r o r s  (See Sec. I ,  1 .7 .1 .1 ) .

The s tru c tu re  a m p litu d es  w e re  then p laced  on an

a p p ro x im a te  ab so lu te  sca le  by  ensuring  th a t K  £  F ^  = £ F
c

fo r

each la y e r .

In  the s tru c tu re  fa c to r  c a lc u la tio n s , the a to m ic  s c a tte r ­

ing c u rv e s  used, w e re  those o f In t .  T a b le s , V o l.  I l l  (1962 ), and  

sam e v a lu e  o f (U iso  = 0. 044) was a llo tte d  fo r  a l l  n o n -h yd ro g en  

a to m s .

3 .1 .5  S tru c tu re  re fin e m e n t by the le a s t squares  m ethods

A lto g e th e r  12 cyc les  of le a s t sq u ares  re f in e m e n t w e re  

done using  a b lo c k  d iag o n al a p p ro x im a tio n  to ad ju s t the a to m ic  , 

p a ra m e te rs  o f p -b ro m o p h e n a c y l d e r iv a t iv e  o f p a lm a r in , a t  the end 

of w h ich  the p a ra m e te r  sh ifts  w e re  v e r y  s m a ll and m u ch  le s s  than
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one th ir d  o f the co rresp o n d in g  e s tim a te d  s tan d ard  d ev ia tio n s  

in d ic a tin g  the co n verg en ce  o f the re f in e m e n t.

In  the f i r s t  c yc le  o f le a s t  squares re fin e m e n t a d ju s t­

m en ts  w e re  m ad e  fo r  the in d iv id u a l la y e r  sca le  fa c to rs , p o s itio n a l 

and is o tro p ic  th e rm a l p a ra m e te rs  o f the n o n -h yd ro g en  a to m s using  

u n it w e ig h t fo r  a l l  d a ta . In  the subsequent cyc les , the w e ig h tin g  

schem e used, was th a t o f C ru ic k s h a n k  et a l.(1 9 6 l) i . e .

= l / ( P l + | F | + p 2 |Fp + p 3 |F p )^  (2)

s ta r tin g  w ith  p. = 2 F  . = 1 .5 ,  p„ = 2,^1 o m m . 2 / F
o

= 0 .0 3 6
m a x .

and p^ = 0. (C ru ic k s h a n k , 196 4 ), en su rin g  the a v e ra g e  s im i la r  

2
^  w A in  a l l  batches o f data , grouped  in  the o rd e r  o f in c re a s in g

F
o

and s in 0 /X , the f in a l va lu es  of these  constants w e re  ad ju sted  

to 3, 0 .12  and 0 .0015 re s p e c tiv e ly .

A f te r  the f i r s t  cyc le  o f re fin e m e n t, the in te n s ity  data  

w e re  sca led  w ith  the re fin e d  in d iv id u a l la y e r  sca le  fa c to rs  and the  

re f in e m e n t was continued . A t  the end o f the f if th  cyc le  no 

a p p re c ia b le  change in  the a to m ic  p a ra m e te rs  was n o tic e d . The  

re s id u a l, R , was 0 .1 2 4 . A  th re e  d im e n s io n a l d iffe re n c e
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syn th es is  was then com puted w hich  re v e a le d  a n is o tro p ic  v ib ra t io n a l  

c h a ra c te r is t ic s  o f the n o n -h yd ro g en  a to m s . . A p a r t  f r o m  the 6 

h yd ro g en  a tom s of the two m e th y l groups, the peaks o f a l l  the  

h yd ro g en  a to m s w e re  a lso  n o ticed  and th e re  w e re  no o th e r s ig n if i­

can t fe a tu re s .

The in te n s ity  data  w e re  then p laced  on a com m on  

ab so lu te  s ca le  using the va lu es  o f the sca le  fa c to rs  f ro m  c y c le  5 . 

T h e r e a f te r  the re fin e m e n t of an o v e ra l l  sca le  fa c to r , p o s itio n a l and  

a n is o tro p ic  th e rm a l p a ra m e te rs  was continued . A f te r  the e ighth  

c y c le  the lo c a tio n s  of 17 n o n -m e th y l h ydrogen  a tom s w e re  deduced  

f r o m  g e o m e tr ic a l c o n s id e ra tio n s  and w e re  in tro d u ced , but not 

re fin e d , in  subsequent c y c le s . The is o tro p ic  th e rm a l v ib ra tio n s  

a llo tte d  to the h yd ro g en  atom s w e re  those o f the carb o n  a to m s to 

w h ich  th ese  a re  bonded.

A t  the end o f the tw e lfth  c yc le  o f re fin e m e n t, the  sh ifts  

o f the a to m ic  p a ra m e te rs  w e re  qu ite  n e g lig ib le  in  c o m p aris o n  w ith  

the  a p p ro p r ia te  e s tim a te d  s tan d ard  d e v ia tio n s . T h is  showed the  

co n verg en ce  o f the s tru c tu re  re f in e m e n t. S tru c tu re  fa c to rs  w e re  

then  c a lc u la te d  w ith  the re fin e d  n o n -h yd ro g en  a to m ic  p a ra m e te rs
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and the th re e  d im e n s io n a l d iffe re n c e  synthesis  was com puted .

In  the re s u lta n t m ap  peaks co rres p o n d in g  to the 17 n o n -m e th y l  

h yd ro g en  a tom s w e re  re v e a le d  in  the expected  p o s itions  and d iffu s e  

p o s itiv e  reg io n s  w e re  n o ticed  n e a r  to the two m e th y l carb o n  atom s; 

the exac t lo c a tio n s  of the c o rresp o n d in g  h ydrogen  a tom s w e re  not 

id e n t if ia b le . No o th e r s ig n if ic a n t fe a tu re s  w e re  n o ticed  and hence  

the re f in e m e n t was concluded . The f in a l va lu e  of the re s id u a l,

R , is  0 .0 7 8 .

In  a l l  the s tru c tu re  fa c to r  c a lc u la tio n s , the a to m ic  

s c a tte r in g  c u rves  used  fo r  d if fe re n t  atom s w e re  those o f In f#  T a b les  

V o l.  I l l ,  (1 9 6 2 ).

3 .1 .6  F in a l  a to m ic  p a ra m e te rs , m o le c u la r  d im en sio n s  e tc #

The  co m p o site  f in a l e le c tro n  d e n s ity  synthesis  v iew ed  

down the a -a x is  and the n u m b erin g  schem e of the atom s a re  shown 

in  F ig .  1 .2  and the c o rresp o n d in g  a rra n g e m e n t of the m o lec u le s  

in  the c e ll  can be seen in  F ig .  1 .3 . The  bond lengths and angles  

a re  in  F ig s .  1 .4 a  and 1 .4b  re s p e c tiv e ly . T h e  d e fo rm a tio n  o f the  

m o le c u le  is  shown th ro u g h  a s p e c ia l p ro je c tio n  in  F ig .  1 .5 .
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T he f in a l a g re e m e n t o f the s tru c tu re  a m p litu d es  is  shown  

in  T a b le  1 .3 .  The  f ra c t io n a l c o -o rd in a te s  w ith  e s tim a te d  s tan d ard  

d e v ia tio n s  o f the n o n -h yd ro g en  atom s a re  in  T a b le  1 .4 , the c o r re s p ­

onding o rth o g o n a l c o -o rd in a te s  and e s tim a te d  s tan d ard  d ev ia tio n s  

o
(in  A )  a re  g iven  in  T a b le  1 .5 .  The c a lc u la te d  f ra c t io n a l co ­

o rd in a te s  o f the n o n -m e th y l hydrogen  atom s a re  p re s e n te d  in  T a b le  

1 .6 .  The  a n is o tro p ic  te m p e ra tu re  fa c to rs  a re  re p re s e n te d  in  te rm s  

o f the  v a lu e s  of (See Sec J ,  1 .3 .2 )  in  T a b le  1 .7 , and in  T a b le  1 .8  

th e re  a re  the p r in c ip a l va lu es  of the v ib ra tio n  te n s o rs , and th e ir  

d ire c t io n  cosines r e fe r r e d  to the c ry s ta l a x e s . The in tra m o le c u la r  

and in te r m o le c u la r  sh o rt d is tan ces  a re  shown in  T a b le  1 .9 .  

D is p la c e m e n ts  o f a tom s f ro m  v a rio u s  m ean  p lanes can be seen in  

T a b le  1 .10 .

The  f in a l e s tim a te d  s tan d ard  d ev ia tio n s  of the a v e ra g e

c a rb o n -c a rb o n , c a rb o n -o xy g e n  and c a rb o n -b ro m in e  bond lengths
o

a r e  0.011, 0 .010  and 0. 007 A  re s p e c tiv e ly . T h e  a v e ra g e  e s tim a te d

' o
s ta n d ard  d e v ia tio n  of the  v a le n c y  angles is  0 .7  .
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F IG .  1.1

T h e  H a r k e r  sections a t u = 0 .5 ,  v  = 0 . 5  and w  = 0 . 5 .  C o n to u rs

a re  a t a r b i t r a r y  in te r v a ls .
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F IG .  1 .2

The  co m p o site  f in a l e le c tro n  d en s ity  synthesis  v ie w e d  down the a -a x is

and the n u m b e rin g  schem e used fo r  id e n tify in g  the n o n -h yd ro g e n  a to m s

(the n u m b e rin g  o f a hydrogen  a to m  is  s ta rted , w ith  the f ig u re  fo r  the
°3

carb o n  a to m  to w hich  i t  is  bonded) • C ontours  a re  a t 1 e /A  in te rv a ls
°3

except around  B r  (4 e /A  ) s ta rtin g  a t the one e le c tro n  le v e l .



F IG .  1 .3

The m o le c u la r  packing  v iew ed  down the a -a x is .  The re g io n s  above
o

5 . 7 6  A  a r e  shown in  so lid  l in e s .
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F IG .  1 .4 a

o
The m o le c u la r  d ia g ra m  showing the lengths (in  A ) of the v a le n c y  b onds.



F I G .  1 .4 b

T h e  m o le c u la r  d ia g ra m  showing the v a le n c y  ang les

(in  d eg r ee s )  .
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F IG .  1 .5

T h e  s p e c ia l v ie w  of a m o le c u le  showing the d e fo rm a tio n s .



TABLE 1.1

COURSE OF THE STRUCTURE ANALYSIS

OPERATION

Three Harker sections  

a t  u=v=w=0.5

S tru c tu re  fa c to r  

c a lc u la tio n s  and e le c ­

tro n  den s ity  synthesis

-Do-

-D o -

-Do-

ATOMS INCLUDED 

Br

B r, 0 (1 ) to  0 ( 4 ) ,0 ( 6 ) ,  

0 ( 7 ) , C(1) to  C (5 ) ,C (1 2 ),  

C (1 6 ),C (17 ) and C(20) to  

C(23)

B r, 0 (1 ) to 0 ( 4 ) ,  0 ( 6 ) ,  

0 (7 ) ,C (1 )  to C (1 2 ),C (1 4 ), 

C(16) to  C(23)

A l l  non-hydrogen atoms

Improved lo ca tio n s  o f 

a l l  the 31 atoms

\  FACTOR 

0 . 5 1

0 . 3 6

0 .3 0

0 . 2 5

S tru c tu re  fa c to r  

c a lc u la tio n s

0 .2 1



TABLE 1 .2  

PROGRESS OF THE REFINEMENT

Cycle R fa c to r 2
X w a

' 2  ̂
R -X w a  / z w  |Fo|

i a 0.226 102918.0 0 .057

2^ 0.151 1234.5 0.058

3 0.127 700.9 0.028

4 0.124 656.7 0.027

5 e 0.124 649.8 0.027

6 0.092 317.7 0.016

7 0.085 254.6 0 .013

8 ^ 0.082 204.5 0.011

9 0.077 166.7 0.011

10® 0.077 156.3 0.011

11 0.078 111.1 0.011

12 O.078 108.1 0.011

<*) Adjustment o f in d iv id u a l la y e r  scales , p o s it io n a l
and is o tro p ic  therm al parameters using u n it  weight 
fo r  a l l  data •

*6 ) Data scaled and refinem ent continued using a 
s p e c if ic  w eighting scheme .

c )  D iffe re n c e  synthesis ; iFol scaled; refinem ent o f an 
o v e ra ll  scale fa c o r, p o s it io n a l and an iso tro p ic  
therm al parameters .

°t) 17 Hydrogen atoms introduced and w eighting ad justed •

e) W eighting scheme fu r th e r  ad justed .



TABLE 1.5

OBSERVED AND CALCULATED STRUCTURE AMPLITUDES

H K L I P° l l F c | H K L ( F o | |Fc |

U 0 6 117.1 137.1 0 5 15 32 .3 32 .5
0 0 6 3 6 . b 35 .6 0 5 16 2 8 .9 2 7 .7
0 0 10 7 b . 5 7 8 .2 0 5 ] l 21 .7 2 2 .2
0 0 12 lb .0 i b . 7 0 5 18 9. 5 10 .2
0 0 1b 31 .7 2 9 .3 0 5 19 1 6 .0 17 .6
0 0 16 3 2 .5 33 .1 0 5 20 1 3 .6 l b . 5
0 0 16 25 .5 2 1 .9 0 5 21 l b . 8 15.1
0 0 20 2 3 . 9 2 1 .8 0 5 22 6 .8 6 .b
0 0 22 i b .6 12 .6 0 6 0 3 8 .5 35 .5
0 0 2b 9 . 3 7 . 9 0 6 2 9 - 9 9.1
0 0 26 12 .9 12 .  b 0 6 3 38 .3 3 8 . b
0 2 lo b .  6 121 .8 0 6 b 31 .3 3» .2
0 3 31 .b 33 .b 0 6 1 1 .6 10 .6
0 b 6 . 5 9 . 0 0 6 6 2 6 .7 32.1
0 5 6 3 .6 100 .0 0 6 7 13.9 15-2
0 6 7 1 .0 7 9 .9 0 6 8 7.1 6 . 3
0 7 37 .2 3 6 .0 0 6 9 1 0 .2 8 .6
0 9 5 b . 9 6 1 .5 0 6 10 2 6 .0 2 6 .8
0 10 b9.b 50 .7 0 6 12 20 .3 2 2 .6
0 l 6b . 3 7 1 .7 0 6 13 15.7 15 .3
0 12 10.3 9 . 2 0 6 ib 7 . 6 6 .0
0 13 lo .b 1 0 .0 0 6 16 12.5 13 .9
0 lb 9 . 7 3 .9 0 6 tb .b lb .b
0 15 37 .7 3 6 . b 0 6 16 b.o 2 .2
0 17 2 1 .9 21 .0 0 6 19 5.b 5 .6
0 18 21 .3 1 8 .8 0 6 20 10 .0 10.1
0 19 2 2 .6 18 .3 0 6 21 7 .9 8 .2
0 20 7 . 6 7*b 0 6 22 6 .b 6 .0
0 2 ) i o . 3 16.1 0 6 23 5. 3 5 .2
0 22 11.1 10.3 0 7 1 6 6 .5 6 3 .9
0 27 12.1 1 0 .2 0 7 2 52 .3 b6 . 9
0 2 0 23.1 2 0 .2 0 7 3 lb .b 12 .9
0 2 28 .5 2 0 .8 0 7 b 2 5 .5 2 5 .0
u 2 2 39.1 3 6 .8 0 7 5 bl  .3 b 3 . 9
0 2 3 b 1.1 b 6. 5 0 7 6 26 .6 2 6 . b
0 2 6b . 2 7 8 .5 0 7 7 9 . 6 8 .b
0 2 5 22 .3 2b . 9 0 7 6 2 6 .3 2 5 .7
0 2 6 93 .9 11b . 6 0 7 9 27 .5 31.1
0 2 6 16.3 13 .3 0 7 10 17 .b 16 .9
0 2 9 3b.b 36 . b 0 7 11 11.5 1 1 .2
0 2 10 3 6 .9 b2 . } 0 7 lb 17 .9 15 .3
0 2 i 3 . 2 b .o 0 7 15 1 6 .8 2 0 . b
0 2 12 50 .5 5b.b 0 7 16 3 . 8 7 .b
0 2 13 l b . 8 l b . 2 0 7 17 l b . 6 15.1
0 2 lb 9 . 2 7 . 8 7 18 6.1 5 .7
0 2 15 1 9 .6 19.7 0 7 20 5.1 b .5
0 2 16 5 0 .0 b9 .5 0 7 21 17.3 16 .3
0 2 ' I 19 .3 19 .b 0 8 0 bb.o b2 . 1
0 2 Id 2 2 .0 2 0 .6 0 8 2 1 .8 18 .2
0 2 19 19 .0 15.1 0 6 2 7- 5 6 .0
0 2 20 2 0 . b 1 6 .2 0 a 21 .b 19 .6
0 2 21 18 .6 1 5 .6 0 3 b 30 .5 29 .7
0 2 22 25.1 2b . 9 0 5 15.1 Ib .b
0 3 6 3 .0 9 2 .6 0 8 6 12.3 12 .5
0 2 6 1 .0 6b . 5 0 7 15.7 Ib .b
0 3 3 13 .b i l .  8 0 11 .b 11 .b
u 3 b 122 .6 l b 2 .b 0 8 9 9. 6 9-b
0 3 5 1 9 .6 lb .b 0 10 2 5 .6 2b.  9
a 3 6 I3 .b 10 .7 0 13 1 6 .2 J3.1
a 3 7 5 2 .3 59 .8 0 8 lb 1 0 .0 7 . 5
0 3 8 b9 .6 50.1 0 8 15 5 . 8 7 . 6
0 3 9 2b.a 19 .8 0 8 16 12 .2 12 . b
u 3 I 6 6 .6 6 7 .2 0 8 19 12.9 11 .b
0 3 13 11.9 9 . 7 0 9 1 1 .2 11.5
a 3 lb 30 .5 26 .5 0 9 2 3.b 6 . 9
0 3 15 2 2 .3 2 5 . b 0 9 3 15.1 lb .6
0 3 16 19.3 13 .8 0 9 1 1 .0 10 .5
0 3 17 bb .2 b 2 . 9 0 9 2b .  5 2 2 . b
0 3 13 10.7 1 0 .3 0 9 7 11 .b 10 .6
0 3 r b .b 3 .2 0 9 6 17.3 16 .0
0 3 20 18 .6 16 . b 0 9 9 17.7 16 .2
0 3 21 22.1 2 0 . b 0 9 10 17.6 17 .2
a 3 25 6 .6 6 .J 9 1 17.7 13 .2
0 0 7b . 3 65 .1 0 9 lb 20 .9 2 0 .2
0 » .9 9 . 0 0 9 15 11.1 1 .9
0 b 2 2 0 .0 21 .b 0 10 0 16 .6 16.3
0 3 15 .2 1 3 .3 . 0 10 9 . 7 3 . 7
0 b 55.1 59 .9 0 10 2 7 .3 7 . 2
0 b 5 2 7 . b 23 .5 0 10 3 13 .0 12 .2
0 u 6 2b .  3 2 8 .5 0 10 6 .2 6 . 5
0 u 1 .6 10 .6 0 1U 5 9-3 6 .0
0 b 8 1 0 .0 10.1 0 10 6 3 «b 2 .b
0 9 2 9 . b 2b . 6 0 10 7 11.5 1 2 .6
0 b 10 6 6 .0 7 2 .6 0 10 9 17.1 ) 6 .o
0 11 2 1 .3 19 .b 0 10 10 5 . 0 5«b
0 b 12 35 .9 b!  .9 0 11 2 17.7 15 .0
0 b 13 9 . 0 7 . 9 0 11 6 12 . b 1 0 .7
0 b lb 12 . b 11 .2 1 0 39 .3 b i .1
a b 15 17 .0 1b . 6 1 0 6b . 5 7 3 .9
0 b 16 b 6. 3 bd.b I 0 5 75 .5 80 .1
0 b 17 12.3 13 .0 .1 0 6 3b. 3 30 .5
0 b 18 2 0 .0 19 .9 1 0 8 5 6 .2 6b .0
0 b 20 2 2 .5 18.5 1 0 9 33 .3 3 2 .6
0 22 17 .6 l b . 6 J 0 10 66 .b 7 5 .3
0 5 1 b o . 5 b7 .o 1 0 6 .b 7 .b
0 b 2 6 3 .0 6 5 .0 1 0 12 37 .7 bi  .2

5 3 37 .2 35 .9 1 0 13 9 .7 9 . 5
0 5 b 1 .2 JO.3 1 0 1b b5 . i bS.6
0 5 b 5. 3 51 .3 1 0 16 26 .9 26 .7
0 5 6 21 .b 18.1 1 0 19 3 .2
0 3 7 3o. 2 33 .3 1 0 20 16 . b 15 .2

5 8 2 2 .0 2b .  1 1 0 21 5. 6 5 . 6
0 5 9 2 3 .6 30 .9 1 0 22 11 .2 U) .5
0 5 11 37 .0 36 .5 1 0 2b 19.7 15 .9
0 5 12 9 .3 9 .0 1 0 26 6. 3 3 .3
0 b lb 12 .9 13 .0 1 1 2 21 .b 20 .9

K L |F o | | Fc | H K L ! Fo j | F c  |

3 115 .3 136.1 5 15 20 .5 2 0 .2
3 0 .8 83 .5 5 16 lb .2 lb .0
b 3. 5 b 3 . 7 5 ] l 7.1 6 .2

6 30.1 30.1 5 18 b.o b .5
7 7 9 .7 65 .2 19 1 0 .2 10 .2
3 15 .2 13.3 5 23 i b . i 1 2 .6
9 6 1 .6 70 .5 5 2b 5 . 9 5 .9

10 3 7 .2 3 5 .6 6 0 7 . 0 6 .5
1 30 .5 3 0 . b 6 b7.S b b .3
12 12 .8 10.3 6 2 55 .0 56 .9
13 67 -5 73 .2 6 2 0 .2 19.8
lb 12 . b 10.1 6 b o . 9 50 .7
15 32 .0 3 2 .2 5 5 16.7 18 .7
16 18.9 16 .0 6 6 18.2 1 3 .b
17 33 .0 3 0 .8 6 7 19 .6 20.1
18 16.1 l b . 1 6 36.1 b2 . i
19 37 .7 3 5 .2 6 9 21 .b 23 .3
20 lb .2 1 1 .2 6 1 29.1 3 2 .0
21 l b . 6 1 1 .5 6 12 27.5 20 .3
23 2 0 .6 17.2 6 13 lb .2 1 5 .b
2b 7 . 6 7 . 7 6 lb 2 5 .3 27 .3
25 l o .3 13 .0 6 15 2 3 .6 2 ^. 1

2 0 31 .b 26 .3 6 16 6 . 9 7 . 2
2 51 .7 b 5 . 3 6 17 13.5 I b .o
2 2 6 5 .0 7 2 .6 6 18 16.3 17 .8
2 3 59.1 59 .6 6 19 5 .0 5 .2
2 6b .b 69 .7 6 20 13 .6 12.9
2 15.3 12 . b 6 21 12.3 11 .7
2 6 7 1 .5 75 .8 6 22 7 .5 7 . 2
2 7 5 6 .0 6 0 .5 7 0 bi .6 35.1
2 8 79.1 56 .0 7 20 .3 1 6 .6
2 9 3b . 6 3 7 . b 7 2 21 .8 18.1
2 10 13 .6 i b . 7 7 37 .1 39.1
2 12 3 6 .8 bi  .3 7 b 29.1 30 .7
2 13 3 1 .5 29 .5 7 5 19 .9 19 .5
2 ib b i  .5 bi  .b 7 3b. 1 3 1 .6
2 15 2 0 .7 21 .b 7 2 7 .7 26 .9
2 16 17.7 1 6 .3 7 5. 6 b .3
2 17 21 .0 19 .2 7 2 6 . l 31 .1
2 18 2 0 .7 1 6 .0 7 10 16 .b 18 .5
2 20 2 9 .2 26.1 7 1 12.3 13 .7
2 21 6 .0 7 . 9 7 12 13.2 18 . b
2 22 12 .9 1 1 .6 7 13 17.1 13. l
2 23 9 . 7 9 . 2 7 lb 7 . 9 7 . 2
2 2b 22 .5 19 .7 7 15 16 .3 16 .0

0 3 9 .0 3 2 .0 7 16 12 .8 13.3
3 53 .1 53 .2 7 17 5 . 0 5-b
3 2 b6 .o b 6.1 7 13 9 . 9 S . 9
3 102.3 11 b . 2 7 19 9 . 6 3 . 6
3 bo.b b5.2 7 20 10.5 9 . 6
3 6 3 .0 62 .5 7 21 6.1 5 . 3
3 3b.  I 32 .6 8 0 l b . 8 12 .0
3 7 So . 2 9 b . 5 6 12.3 3 . 2
3 a 7 . 5 5 . 3 3 2 18 . b • 13 .6
3 9 5 1 .7 5 b . 5 6 .2 7.1
3 10 l b . 6 i b . i 6 2 6 .8 2 5 .8
3 1 20 .9 2 1 .7 3 0 .2 26 .5
3 12 9.1 9-b 7 21 .6 19.5
3 13 b b .3 b o . 6 8 3 23 -7 2 2 .0
3 lb 21 .7 2 0 .0 9 12.1 11 .5
3 15 10 .9 8 . 9 3 10 13.3 l b . 5
3 16 5 .6 5.b 6 1 2 2 . b 2 2 .0

17 23 .6 2 2 .2 12 12 .0 11.9
3 16 2b.  6 2 6 .6 6 13 9 . 3 1 0 .0
3 19 19.2 10 .2 8 10 .7 17.3
j 21 11.1 9. 3 6 17 8 . 7 e .2
3 22 11 .2 10.5 16 S»b 5 . 8
3 23 16 .5 16 .9 9 0 3 0 .6 29 .5
3 25 10 .2 9 .0 9 18 .2 16.5
b 0 lb .0 9 . 6 9 2 13.7 i c .8
b b3.6 bb .6 9 3 10 .9 1 6 .2
b 2 76 .3 0 0 .3 9 13 .6 1 3 .6
b 2 6 . b 22 .7 9 5 11 .0 1 0 .0
b 62 .3 91 . 1 9 6 16 .3 12.9
b 3 0 .0 30 .3 9 7 9 .3 9.1
b 6 2b.  1 2 2 .6 9 8 6 .b 5 .3
b 7 b7 .o bo.b 9 9 13 .6 1 3 .b
b 8 56 .7 71 .1 9 10 13 .6 12 .0
b 9 25 .2 2b . 2 9 13 lb .0 12 . b
b 10 10.3 1 1 .0 9 lb 5 - 7 6 .0
b 33 .2 3 2 .0 9 15 b .5 b .8
b 12 32.J 31 .9 9 16 6.1 7 . 5
b 13 12 .0 10.7 10 2 3 .5 2 2 .6
b ib 35.1 35 .5 10 2 13.6 1 2 .6
b 15 l b . 7 15.3 10 3 7 . 6 5 .7

16 20 .7 19 .7 10 b 12.9 ' 13 .2
16 20.1 21 .0 10 16 . b 1 6 .0

b 19 lb .6 13.3 10 6 11.5 10 .5
b 20 15.7 lb .6 10 7 9 . 3 9 . 3
b 21 i b . 5 13.6 10 6 18 . b 18 . b
b 2b 1 0 .6 1 1 .b 10 1 l b . 3 12 . b
5 0 33.1 27 .6 10 12 8 .1 6 .0
5 38 .6 35 .2 1 0 15 .6 13 .9

2 15.3 12 .3 1 3 . 5 3 .6
5 3 5 2 .0 55 .0 1 6 .b 0 . l
5 2 7 .2 2b . 6 1 16 .9 I 6 .9
5 21.1 16.7 1 10 .2 9 .0
5 6 b3.5 b5»7 1 6 16.9 16.1
5 7 5 2 .3 59 .3 1 7 10.1 17.3
5 6 2 2 .2 2b.  9 2 0 59 .0 69*5
5 9 37 .7 b3 .S 3 0 b 9. 2 55 .7
5 10 23 -8 2 5 .0 3 0 12 .2
5 1 2b ,b 2b .8 5 0 6 110 . b 125-3

12 22 .5 2 3 .6 I  0 7 b2 .  J bo . 6
13 3 5 .9 37 .9 2 0 8 bb .8 bo . 5

5 lb 5 . 7 6 .5 I  0 9 25-1 21 .1

H K L |Fo | 1 Fc f K K L 1 *> | | F c |

2 0 10 bB.o 5 3 . b 2 b 21 7 . 5 6 .6
2 0 1 l b . 5 12 .5 2 b 22 6 .1 6 . 3
2 0 12 b3 .o b5 .o 2 b 25 6 . 7 5 . 9
2 0 13 3 2 .2 2 8 .2 2 5 0 1 7 .2 1 4 .2
2 0 lb 35 .7 3b . 1 2 5 6 1 .8 59 .6
2 0 15 1 5 .2 l b . 6 2 5 2 ib .b 12 .3
2 0 16 57 .5 5 5 .0 2 5 3 17 .5 16 .3
2 0 ’ 7 2b . 6 2 3 .6 2 5 3 6 .6 6 0 .2
2 0 18 1 0 .0 a . 3 2 5 5 52 .3 58 .7
2 0 19 6 .2 8 .0 2 5 6 2 5 . J 25 .5
2 0 20 2 6 .0 2b . 0 2 5 7 2b . 9 29.1
2 0 22 1 6 . b l b . 9 2 5 3 2 0 . ) 2U.2
2 0 2b 7.1 6 .0 2 5 9 2 8 .5 30 .7
2 0 26 6 .8 5 .7 2 5 10 30 .3 3 0 .6
2 2 65 .1 65 .5 2 5 1 b 5. 5 5 0 .2
2 9 0 .0 9 7 .6 2 5 12 12 .0 9 . 3
2 6 7 .0 9b . 0 2 5 13 12 .2 l 2 .b
2 5 7b .b 6 6 .3 2 5 ib 25 .5 2 5 . b
2 6 b6 . i 5 0 . b 2 5 15 39 .3 bb.7
2 7 b3 .7 b 6 . 7 2 5 17 17.5 17 .6
2 8 l b . 7 15 .0 2 5 13 8 .1
2 9 33 .6 3b . 6 2 5 19 3 . 7
2 10 3 0 .0 2 8 .9 2 5 20 9 . 0 10 . b
2 1 5 8 . b 6 2 .8 2 5 21 13.3 l b . 2
2 12 29 .5 2 9 .8 2 5 22 6 .3 6 .6
2 13 19 .b 1 9 .b 2 5 23 9 .6
2 lb 15 .5 l b . 2 2 5 2b 5 . 9 o .o
2 15 2b .b 28.1 2 6 0 3 b .2 3 0 .0
2 16 1 3 .b 1 1 .5 2 6 23 .5 2 0 .2
2 17 30 .3 3 0 .6 2 6 2 36.1 32 .9
2 18 Ib .b 16 .7 2 6 3b . 1 33 .5
2 19 1 1 .8 9 .5 2 6 2 9 .9 2 5 .3
2 21 2b .  3 21 .5 2 6 27 .8 30.1
2 22 17.7 17 .6 2 6 7 11 .0 10.5
2 23 7. 5 6 .6 2 6 8 11 .3 l b . 7
2 25 8 . 3 7 . 3 2 6 9 i b . 5 13 .0
2 26 7 . 7 5.b 2 6 10 2 8 .5 3 1 .7
2 27 1 0 .6 10.1 2 6 1 10.1 9 . 3
2 0 106.7 109.3 2 6 12 17.1 19*. 9
2 33 .7 27 .7 2 13 21 .3 20 .5
2 2 25 .5 2 2 .2 2 6 15 13 .0 13.7
2 3 6 0 .0 57 .6 2 6 16 19 .0 21 .3
2 2 5 . b 29 .1 2 6 19 1 0 .6 11.9
2 27 .2 2 3 .6 2 6 20 16 . b 18 .5
2 6 71 .9 8 2 .3 2 6 21 5. 9 6 .8
2 7 bi  .3 b2 .b 2 7 0 3 0 . b 2 5 .2
2 a b b .3 b 6. 7 2 7 bb.o 3 9 .9
2 9 l b . 1 13.3 2 7 2 3 0 .6 2 9 .8
2 10 70 .3 7 7 .6 7 12 .7 10 .8
2 2 1 31 -b 32 .5 2 2 5 .6 2b . 7
2 12 b2 .5 b 3 . 5 2 7 15.8 Ib .b
2 13 9 . 9 10 .7 2 7 6 6 .2 7 . 9
2 lb 21 .7 21 .6 2 7 7 2 5 .0 2 3 .b
2 15 22 .9 23 .0 2 7 2 5 .6 25.1
2 16 b3 .5 b6 .b 2 7 9 1 1 .0 1 .b
2 16 11 .7 10 .7 2 7 lo 11 .8 12 .2
2 19 1 6 .2 17.9 2 7 l 15 .0 15 .9
2 20 21 .1 2 1 .3 2 7 13 8 .1 3 .1
2 21 6 .1 8.1 2 7 lb 9 .7 10 .5
2 22 19.5 17 .0 2 7 15 10 .2 9 .7
2 26 9. 6 6 . 5 2 7 17 17.5 17 .3
2 3 0 b 3. 3 35-9 7 21 17.1 15 .7

J 63 .5 57 .0 2 21 .3 19 .6
2 3 2 b 7. 9 5 1 .2 2 3 9 . b 35 .7
2 11 .2 10 .8 2 6 2 25 .7 23 .1
2 3 1 5 .8 9-3 2 8 3 b2 . 1 b .3
2 3 6b . 3 6 7 .9 2 2 6 . b 2b . 5
2 3 6 26 .7 27 .2 2 2 2 .0 2 2 .0
2 3 7 33 .3 3 2 .8 2 6 16.1 15 .3
2 3 36 .7 39 .2 2 8 7 20 .3 20 .9
2 3 9 3 0 .0 30 .9 2 3 3 9 . 2 7 . 7
2 3 10 11 .2 11 .b 2 a 9 1 2 .2 1 .5
2 3 1 3 0 .6 36.  J 2 10 22 .7 23 .2
2 3 12 29 .7 2 9 . b 2 8 12 11.5 12.1
2 3 13 16.  b 18.1 2 3 13 13.3 l b . 7
2 3 lb 19 .9 19 .6 2 8 ib «3 .7 l b . 7
2 3 15 22 .7 19 .7 2 8 15 12.5 1 2 .2
2 3 16 36 .5 35 .3 2 6 16 l b . 6 15.b
2 3 17 b3 .0 bo . 9 2 3 19 l b . 3 13 .7
2 3 18 2 1 .3 2 0 .6 2 9 2 0 .  G 19 .6
2 3 19 6 . 3 9 - 3 2 9 2 lb .b ib .0
2 3 20 7.1 6 . 7 2 9 17.7 1 5 .6
2 3 21 1 6 .5 17.5 2 9 b 7 . 9 7 . 6
2 3 22 7 . 5 6 .7 2 9 5 2 5 .6 2 6 .0
2 3 23 9-2 10.1 2 9 6 12 .2 11 .b
2 11b . 7 110.3 2 9 7 6 . 5 6 .2
2 Ib .o 15 .6 2 9 3 15 .8 1 6 .6
2 2 2 6 .6 25 .7 2 9 9 13.8 17 .7
2 3 b . 3 37 .7 2 9 10 7 . 3 3.1
2 7 1 .6 7 7 . b 2 9 11 17.5 17 .3
2 i 6 .6 5. 5 2 9 12 9.1 9.»
2 6 5 0 .2 5b.  6 2 9 ib 12 .5 1 2 .6
2 7 2 2 .7 2b 5 2 9 15 15.5 l b . 2
2 3 2b .6 27 .2 2 10 0 2 2 .7 22 .5
2 9 20 .3 21 .0 2 10 6 .8 7 . 2
2 10 36 .7 36 6 2 10 2 10 .7 1 0 .0
2 1 15 .0 15.0 2 10 19 .0 16.7
2 1? 2 1 .6 21 .5 2 10 b 6 .6 ?■*
2 13 l b . 5 13 .b 10 5 9 . 7 6 . 5
2 ib 26 .5 2 9 . 0 , 2 10 6 10 .0 10 .8
2 1 20 .3 2 9 .2 2 10 7 10 .2 11.3
2 1 i t 19 .5 16 .9 2 10 9 12 .2 13.1
2 17 13.6 13.1 2 10 10 12 .3 1 1 .8
2 15 9. 3 11 .0 2 11 0 9. 5 9 . 3
2 19 9-1 10 . b 2 11 2 15.5 16.1
2 20 15.6 l b . 8 2 11 3 6 . 3 5 . 8



TABLE 1 .3  Cont.

H It L  | F o (  |H c |  H K L \ Fo | | Fc | H K L | Fo | H K L  | Fo | | Fc |  H K L  | Fo | | Poj H K L  | F o |  |F c |

5 9 11 7 . 0 6 . 7
5 9 12 7 .4 6 . 7
5 10 0 9 . 3 9 . 4
5 10 2 9 . 8 9*7
5 10 4 11 .6 11.3
5 10 5 7 . 9 I - 2
3 10 6 1 6 .9 16 .Q
5 10 7 • 7 . 8 8 .2
5 10 8 11 .0 11.7
5 10 9 I *2 7 . 2
6 0 3 38.4 35 .4
6 0 4 4 9 .6 42 .4
6 0 5 6 5 .8 53 .2
6 0 6 21 .4 18 .6
6 0 7 25.4 26 .1
6 0 8 18 .3 17 .4
6 0 9 2 3 .6 2 5 .0
6 0 10 37 .7 37 .2
6 0 11 49 .5 46 .0
6 0 12 1 0 .8 8 .1
6 0 13 6 .5 6 .0
6 0 14 22 .3 19 .0
6 0 15 16.4 13 .9
6 0 16 25 .5 24 .7
6 0 JZ 27 .2 23 .3
6 0 18 11.4 10 .9
6 0 20 10 .0 9 . 0
6 0 21 12.4 11 .7
6 0 22 18.7 17.4
6 0 23 12 .2 11.4
6 0 7 8 .0 64.1
6 1 21 .5 20 .3
6 2 23 .7 13 .9
6 3 16.2 16.1
6 4 71 .3 61 .7
6 5 24 .7 2 7 .2
6 6 4 0 .6 44 .0
6 T 2 6 .9 28 .7
6 8 15 .8 14.8
6 1 9 18 .2 16 .6
6 10 2 6 .8 27 .7
6 11 26 .7 23 .4
6 12 36.1 33 .0
6 13 . 7 . 6 6 .6
6 14 9. 5 9 .9
6 15 18.7 19 .3
6 16 30 .3 29 .4
6 17 12 .2 10 .0
6 18 13.9 15.1
6 19 14.6 15 .7
6 20 13.5 13 .7
6 21 9. 4 3 .7
6 22 11.7 9 . 6
6 2 0 44.4 37 .5
6 2 1 7 0 .9 6 0 .  0
6 2 2 20 .9 22 .9
6 2 1 8 .6 17.3
6 2 4 23 .3 22 .7
6 2 6 0 .2 61 .2
6 2 6 25 .5 24 .2
6 2 7 23 .7 2 5 .6
6 2 8 2 3 .0 2 1 .6
6 2 10 32 .3 31 .3
6 2 1 28 .3 23 .5
6 2 12 22.4 2 0 .8
6 2 13 13.9 15 .2
6 2 14 17.3 17 .4
6 2 15 2 3 .6 24 .3
6 2 16 14.0 13 .9
6 2 17 16.1 16.3
6 2 19 5.4 5 . 5
6 2 20 9. 0 7 . 3
6 2 21 10 .6 10.1
6 2 22 6 . 9 7.1

3 0 24.8 2 5 .9
6 3 7 . 7 6 .6
6 3 2 21 .6 19.2
6 3 3 6 .6 37 .0
6 3 24.4 27 .1
6 3 20 .9 22 .9
6 3 6 37.1 36 .9
6 3 13.1 12 .3
6 3 8 9 . 0 8 .2
6 3 9 13.7 13 .6
6 3 10 26 .3 27 .3
6 3 15.1 16 .3
6 3 12 2 9 .0 28 .9
6 3 13 10.5 10.3
6 3 14 9 . 0 9 .5
6 3 15 2 1 .6 2 1 .3
6 3 16 18.5 17 .2
6 3 18 6. 7 7 .9
6 3 20 13.5 13 .5
6 3 21 7 . 9 6 . 7
6 3 22 3. 7  * 9 . 5
6 3 23 6 .0 6 . 9
6 4 53 .0 46 .6
6 4 1 30.6 32 .9
6 4 2 24.o 23 .5
6 4 3 17 .0 16.5

4 33.1 34 .0
6 4 5 34 .3 39 .2
6 4 6 30 .3 33 .5
6 4 7 2 2 .2 26 .5
6 4 8 26 .6 30 .3
6 4 9 7 .6 6 .7

4 10 
4 11 
4 12
u 13
4 14
4 15

4 19 
4 20 
4 21 
4 22

5 10 
5 11 
5 12 
5 14

5 *2 5 16
5 16
6 u

6 10 
6 11 
6 12 6 13
6 14 
6 15 
6 16 
6 17

7 io  
7 11 
7 t2  
7 13 
7 15 
7 16 
7 17 6 o 6 1

7 .7
2 4 .7
11 .3  
2 0 .2  
12 .2
17.1
12 .2
10.4 
6 .0
5 .6

10 .5
7 .9

50 .4
3 7 .9
' I ' *2 6 .7
2 2 .6
17 .3  
1 0 .6  
1 6 .2
7 .9  

19 -9  
10 .6
2 4 .0  
16 .2
9 .7

10 .3
16.4 
6 .3

17 .2
14 .2  

6 6 2 23 .4
6 6 3 2 4 .5
6 6 4 17 .3
6 6 5 3 » .o
6 6 6 14 .5

2 0 .2
2 0 .7
14 .5
16 .6
12 .5
7 .7

11 .6  
17 .6
6 .9

13.4
10 .7
13.4
9.1

15 .7  
2 0 .2
2 4 .9
13-9
16.4
10.4 
15 .6  
lo .  i
7 .5
5.1

12 .9
13.7 
10 .2  
10 .6
16.4
17 .7

6 6 2 15.4
6 8 3 19.1
6 8 4 14 .7
6 5 5 15 .0
6 8 6 13 .9
6 c 7 9 .6
6 8 6 8 .7
6 8 9 14 .7
6 8 10 14.5
6 5 M U  .0
6 6 12 13 .5

5 .6  
n . 9
11.0
2 1 .3  
19 .6
18 .7
15 .3

8 13 
8 14 
8  15

6 9 3
6 9 96 9 11 
6 '  9 »2 6 10 2 
6 10 3
6 10 4
6 1 0 5  
6 1 j  6 
7 0 6
I » I

10 .3
5 .0
5 .2
6 .9
9 .6

2 3 .3  
37 .5

7 .1
2 6 .5  
1 1 . 1
2 2 .7
13 .3
13 .2
1 3 .9  
12.1 
6 .6
5 .4

11 .9
3 .3

4 2 . J
3 3 .7
16 .6
2 8 .9
19 .6
18 .6
10.4
2 2 .9

8 .2  
2 2 .7  
10.1 
2 6 .0
17 .8  
10.0 
1 1 .2
13.4
7 .3

16 .5
11 .6  
2 2 . J
2 3 .9  
15 .4 
31 .6
16 .2  
20 .0  
2 2 .0
14 .6
2 0 .7
14 .2  
9 .7

14 .8
18 .3
7 .6

13.1
9 .7

11 .3
3 .9

16 .2
2 0 .2
2 4 .0
14 .9  
19 .2  
11 .2
17 .3
10.0
3 .5
5 .9

15.4
14 .2
9 .4

10 .3  
16 .8
19 .6  
16 .0
18.4
14 .6

9 .2
12 .3
12 .5
10.7

18.5
17.1
17 .3  
13 .9
10 .0
12.5
9 .8

16.0 
5.1

16.6
12.5
10.4
10.6

0 18 
0 19 
0 20 
0 23 

3

7 .4
2 1 .3

7 .9  
7 .7

2 3 .4  
3 2 .0

9 .0
9 .2  

2 1 .7  
2 9 .0

7 .4
8 .3  
6 .2

3 0 .0
9 .3
9 .5

14 .6  
6 .2
9 .3
9 .9  

17 .0  
32.1
2 2 .7
2 4 .0
45 .1

9.1
22.1
19.6 
45 .1 
2 7 .9  
4 6 .3

7 .5
10 .0
35.1

9 .6
13.7 
8 .5

16 .8
6.1
5 .9

. .  4 .3
7 3 1  2 0 .6
7 3 2 2 4 .9
7 3 3 13 .3
7 3 4 2 5 .5
7 3 5 25.1
7 3 6 2 9 .7
7 3 7 21 .6
7 3 8 46 .4
7 3 9 3 2 .3

2 10 2 11 
2 13 
2 15 
2 17 
2 18 
2 19 
2 22 
2 23

3 10 
3 11 
3 12 
3 13 
3 14 
3 15 
3 16 
3 17 
3 13 
3 19 
3 20 
3 21

4 9 
4 10 
4 11 
4 12 
4 13 
4 14 
4 15 
4 16 
4 17 
4 18

19

7 0 9 4 9 .5
7  o i l  11 .6
7 0 12 10 .0

5 17 
5 16 
5 19 
5 20

2 4 .0  
2 6 .6

9 .6
4 .7  

10 .2
19.4
6 .5

10.4
7 .6  
5 .0
5 .7

2 6 .0
13 .9  
33 .3
11.5
19 .0  
18 .2  
2 7 .2
3 0 .9  

7 .5
14 .8
14 .0
2 9 .8

15 .9
2 5 .9  
36 .0  
16 .5

26 .4  
I0 .6
20 .4
19.5
10.6
11 .6 
i r . 3

3 !?

18.5
19.4

7 .7  
25 .1
33 .4  

9.1
9 .3

20.4  
2 7 .6

6. 7  
7 . 6
5 .3  

2 5 .3

8 .4  
7 .9  
9 .6

15 .0
3 3 .6
2 7 .2
2 9 .2
5 4 .0

3 .8
2 2 .9
17.4

2 6 .9  
4 7 .2

6 .5
9 .8

3 1 .9  
7 .4

9*2
17.1
6 .9
6 .3  
3 .2

>9.4
25 .4
2 0 .5
2 5 .9
2 5 .2
3 2 .2
2 0 .5
4 5 .7
3 1 .6

30 .*6
2 6 .3
2 2 .8
25 .4  

9 .0  
5 -0

11 .9
19.1 
6 .8

2:?
4 .9  
5 .8

2 1 .8  
13 .7
33.1
11 .2 
19-V 
lo .?

%:l
8 .4  

14 .0
14 .9  
2 9 .3
14 .5

13.5 
16 .2  
16 .2
20 .5

7 13 
7 14 
7 15

2 10 
2 1 1 
2 12 
2 13
2 14
2 15 
2 17 
2 21

18 .7
16 .3
13 .4
15 .2
9 .8

10 .5
4 .4  
6. 6
7 .4
8 .4

2 3 .6
2 5 .2

8 .9
2 8 .9
15 .9
12 .3
15 .6
2 4 .3

4 .4
7 .5  

10.2
8 .4  
8 .8

12.1
8 .4  

14 .8
11 .9
17 .6
12 .9
8 .0
6 . 6

19 .6
9 .5
9.1

9 .5  
9 .0
6 .9

17 .0
7 .5
9 .3  

‘ 16 .5
14.4 
10 .6  
20.8
3 1 .7
12 .7  
3 0 .2
30 .4
7 .9

14 .9  
3 0 .6

6 .3  
2 ) .1

5 -5
10 .3
12.4
15 .0
10 .7
2 8 .9

7 .0
3 7 .5

9.1
12 .9

3!:!
7 .3

2 9 .2
5.1
6 .3

10 .3  
2 0 .0

9 .5
9 .6  
9.'o
5 .2

2 5 .9
2 2 .9
10.4
3 5 .9

17.3 
2c .7

6 .3

4 a .c  
2 3 .5  
3 4 .9

16 .3
17 .5
13 .7
14 .8  
10.0
10 .9  
5 .2  
7 .0

0.0
26 .9
17 .6
11.0
16.1
24 .3

4 . 7  
7 . 2

10 .8
9. 5

10.4 
1 1 .2
5 . 1

14.6
10 .3
16 .6  
11 .2
7-3
6 . 7

16 .5
9 . 6
9 . 6
6 . 7
7 . 7
8 . 4
7 . 9
5 . 9

14 .6
6 . 5
9 .7

14 .9
12.1 
9;5

2 2 .2
2 9 .0
11 .6  
3 0 .6
29 .3

7 . 3
14 .5
27 .3

6 . 5
14 .5
6 . 7  

11.1
13.5

' 1:1
36 .3

7 . 5
38 .5
8 .0  • 

11 .2  
10.2
37.5

7 .1
27 .3

4 . 3
6 . 7  

10.1
20 .3

9 .4  
9-5

10.4
5 .0

34.6

13. 3
9 .9

14 .0
14.1

3 13 
3 14

3 j2 3 16
3 20
4 1

4 10 
4 1 1 
4 12 
4 13 
4 14 
4 15

5 9 
5 11 
5 12 
5 »3 
5 16 
5 18

6 10 6 11 
6 »3 6 14 
6 15 
6 166 17

7 8 
7 9 
7 10 
7  11
7 12 
7 13 
7 14
7 15
8 0 
8 1

6 .3
1 0 .3

5 .0

4 .7
10.0
6 .0

1 5 .0

1 14 
1 15 1 16 1 18 
1 20

17 .8
5.1
6 .1

1 5 .0
9 .2

1 5 .9

1 6 .5  
3 .5  
5 .4

1 2 .5  
10 .4
1 5 .2

2 1 .7 23 .5 9 2 1 2 2 .2 2 6 .2
30.4 2 8 .2 9 2 2 19 .0 2 1 .9
10 .7 9 . 4 9 2 3 30.1 34 .5
28 .5 2 8 .7 9 2 4 13.1 1 1 .4
10 .5 10 .6 9 2 5 12 .3 12.1
12 .8 13 .0 9 2 6 5 . 6 5.1
13 .0 2 0 .7 9 2 7 39 .2 4 0 .6
16 .7 16 .0 9 2 6 12 .0 6 .2
12.7 11.1 9 2 9 38 .5 37 .0
26 .7 29 .9 2 10 3. 7 3 .2

8 . 9 9 .4 9 2 11 16 .2 15.7
7 . 2 6 .6 9 2 12 7 . 5 7 . 3

10 .5 10 .9 9 2 13 19.3 1 6 .0
10.7 10 .9 9 2 14 6 .4 4 . 9
3 7 .2 • 34.1 2 15 8 .0 7.1
2 6 .0 20.4 q 16 6 . 9 6 . 9
2 2 .2 2 2 .2 9 2 17 6 .6 7 . 0
14.1 14 .0 9 2 19 6 .0 5. 3
17.1 16 .7 9 2 19 13.9 15 .2
7 . 3 7.1 9 3 0 7 . 0 6 . 9
9 . 0 8 .6 9 3 i 5 . * 4 .3

17.5 19 .2 3 2 24 .5 2 6 .5
10 .7 12 .0 9 3 3 12 .6 13 .3
14.0 13 .7 9 3 4 2 5 .0 2 5 .9
9 . 6 10 .4 9 5 10 .7 11.1

15.7 16.4 9 3 7 17.1 <6 .1
d.o 8 .0 8 2 3 .6 2 3 .8

15.5 12 .5 9 11 .7 11 .3
9 . 0 3 . 2 10 9.1 9 . 3
6 .2 8 .0 3 1 > 14 .5 13 .5 ,

16 .3 20.1 3 12 12.3 13 .8
2 3 .0 2 2 .2 9 3 13 7 . 3 7.1
K  .9 11 .8 9 3 14 17.1 17 .9
1 0 .8 9. 5 9 3 }V 1 0 .5 11 .0
10.1 10.5 9 3 8 . 3 6 .6
13.5 14 .6 9 4 0 12.7 12 .9
10 .3 9 . 9 4 1 18.3 16 .8
16 .6 16 .7 9 4 2 12 .8 10 .6
6.1 6 . 3 9 4 3 2 2 .0 2 0 .3

13.1 12.5 9 4 8 .1 6 . 3
12 .7 13 .7 9 4 5 12 .6 13.7
9.1 9 .6 9 4 6 8 .2 6 .8
9-5 10.4 9 4 7 17 .4 17.4

15 .3 14 .a 9 0 7 .5 6 . 7
11 .6 11 .3 9 9 13 .5 12 .6
9. 3 9 .2 10 9.1 9 . 3

1 2 .0 11 .4 9 4 7 . 4 6 .2
6 . 9 6 .S 9 4 12 8 .1 6 .0

14.9 13 .0 9 4 13 16.3 21 .7
1 2 .6 11.3 9 4 15 9 . 6 1 0 .6
11.9 10 .4 9 4 16 7 . 9 0 . 4
5 . 6 4 . 8 S 4 17 8 .1 6 .6

10 .8 12 .0 9 5 1 2 4 .7 24 .0
15 .6 15.4 9 5 2 21 .7 1 7 .6
8.1 7. 6 9 5 3 10 .6 6 .6

10.7 9. 2 9 5 4 16 .3 15 .6
13 .4 12 .9 9 5 5 24 .6 24 .5
1 1 .0 10.5 9 5 6 12.9 1 2 .0
6.1 9 5 8 23.1 29 .4
3.1 6.6 9 5 9 12 .6 12.3

11 .9 1 2 .0 9 5 10 l u .1 11.9
19 .3 17 .9 9 5 11 11 .0 1 1 .6
11 .9 9.1 9 5 12 12.1 13.4
15 .6 15.7 9 5 14 9.1 9 . 7
11 .6 11.4 9 15 10,1 1 0 ,0
14.2 13.4 9 6 0 17.3 14 ,9
5 . 6 7 . 5 9 6 1 15 .6 13.8
7 . 8 6 .6 9 6 3 21 .4 20 .1

11.1 11.3 9 6 4 12 .6 11.7
9 .2 S 5 12 . C 11 .3
3 . 9 7* 7 9 6 6 14.7 13 .5

12 .5 1 2 .6 9 6 7 15.3 14 .7
i f . 3 9 . 6 9 6 8 4 . 9 4 .1
7 . 5 7 . 9 9 6 9 12 .6 14.0
6 .5 7 . 2 9 6 10 5 .6 5 . 6

46 .0 49 .4 9 6 11 6 .2 7 . 5
6.1 9 6 12 5.1 3 . 8

30 .9 27 .4 6 13 10.1 10.4
17 .8 15 .7 6 . 9 7 .0
5 . 2 9 i ‘. , 3 10 .0
7.4 7 2 17.4 10 .6

2 3 .6 24 .0 3 3-3 2 .0
21 .7 21 .0 4 12.7 ) ».3
13 .7 5 10 .2 6 .9
13.1 13.4 7 13 .6 11.5
b .5 6 .6 9 7 7 11.9 9 .2

32 .5 3 0 .? 7 6 12.5 11 .9
6 .6 6 .2 7 9 10.5 6 . 9

19.6 24 .9 9 10 3. 7
14 .2 >5.6 9 7 11 9. 3
17 .6 1 9 o 0 7 12 11 . ‘i 12 .7
17 .2 17 .9 9 0 0 6 .2 7.1
9 .6 9 . 5 6 > 9 .3 7 .5

l c.. l 14 .5 6 2 7.1 6 .5
26 .2 26 - 6 9 3 13.0

4 .4 4 9 . 6 9 . 5
7 . 2 6 .8 9 5 4 . 3 4 . 7
9 . 7 6 7. 0 7.4

>6. 2
>0 .6

14.4
3 .2

9 3 7 6 .0



TABLE 1 .4

FRACTIONAL COORDINATES AND E .S .D .S .

Atom x /a y /b z /c

Br 0.2221 + 1 - 0.7349 + 1 0.0933 +

0 (1 ) 0.9873 + 7 0.6098 + 7 0.0627 ±

0 (2 ) 1.0641 + 6 0.4831 + 8 0.2013 +

0 (3 ) 0.6211 + 8 0.5419 + 8 -0 .0 3 5 3  ±

0 (4 ) 0.7172 + 7 0.6575 + 6 0.0390 +

0 (5 ) 0.7291 + 8 0.0195 + 6 0.1110 +

0 (6 ) 0.5385 + 7 0.1120 + 6 0.1219 +

0 (7 ) 0.5222 + 9 - 0.1117 + 8 0.2003 +

C ( l) 0.7774 + 8 0.6680 + 7 0.0998  +

C(2) 0.9032 + 10 0.7186 + 9 0.0894 +

C(3) 1.0047 + 9 0.6618 + 9 0.1264 +

C(4) 0.9788 + 8 0.5468 + 9 0.1745 +

C(5) 0.8466 + 8 0.5280 + 8 0.1949  ±

C(6) 0.8229 + 10 0.3921 + 10 0.2357 ±

C(7) 0.8071 + 10 0.2459 + 9 0.2020 +

C(8) 0.7003 + 7 0.2650 + 7 0.1539 ±

0

3

4

3

3

4

3

3

3

4

4

4

3

4

4

3

P . T . 0 .



TABLE 1 .4  cont

Atom x/a. y / b z / c

C(9) 0 .7 4 1 9  + 6 0 .3 8 0 3  + 6 0 .1 0 4 4  +

C(10) 0 .7531 ± 6 0 .5 3 0 7  ± 6 0 .1 4 0 3  +

C(11) 0 .6 3 3 3  + 7 0 .4 0 9 3  + 7 0 .0 5 9 7  ±

C(12) 0 .6 5 5 4  + 8 0 .5 3 8 0  + 8 0 .0 1 8 0  +

C(13) 0.8221  + 10 0 .6 6 9 5  + 11 0 .2 3 4 0  +

C (14) 0 .8 5 1 3  + 8 0 .3 2 7 9  ± 8 0 .0 67 2  +

C(15) 0 .6 6 1 0  + 9 0 .1 19 0  + 7 0 .1 2 7 9  ±

C(16 ) 0 .49 04  + 11 - 0 .0 26 5  + 8 0.0991 +

C( 17) 0 .479 4  + 8 - 0 .1 3 9 9  + 8 0.1501  +

C(18) 0 .4 1 9 0  + 6 -0 .284 1  + 7 0 .1 3 4 7  +

c (  19) 0 .4 1 5 0  + 8 -0 .3 9 6 3  + 8 0 .1 8 0 0  +

C(20) 0 .3 5 7 0  + 7 -0 .5 2 8 9  + 8 0 .1 67 0  +

C (2 1 ) 0.3021  + 7 -0 .5 5 3 3  ± 7 , 0 .1 10 3  ±

C(22) 0 .3 0 4 4  + 8 -0 .4 4 5 3  ± 8 0 .0 6 4 7  +

C(23) 0 .3 6 3 6  + 8 -0 .3 0 8 0  + 8 0 .0 7 8 5  +

3

3

3

3

5

3

4

4

3

3

3

3

3

4

3



TABLE 1 .5

o
ORTHOGONALISED COORDINATES AND E .S .D .S .(A )  

REFERED TO THE CRYSTALLOGRAPHIC AXES

ATOM X Y z

Br 2 .3 8 9 + 1 - 6 . 5 7 6 + 1 2 .0 34  +

0 ( 1 ) 1 0 .618 + 7 5 .4 5 6 + 6 1.366  +

0 ( 2 ) 1 1 .445 + 7 4 . 3 2 2 + 7 4 .3 8 7  +

0 ( 3 ) 6 .6 80 + 9 4 . 8 4 9 + 7 - 0 .7 7 0  +

0 ( 4 ) 7 .7 1 4 ± 8 5 .8 8 3 + 5 0 .8 5 0  +

0 ( 5 ) 7 .8 4 2 + 8 0 .1 7 4 + 6 2 .4 1 9  +

0 ( 6 ) 5 .7 9 2 + 7 1 .0 0 2 + 5 2 .6 5 7  ±

0 ( 7 ) 5 .6 16 + 10 - 0 . 9 9 9 + 7 4 .3 6 5  ±

C ( 1 ) 8.361 + 8 5 .9 7 7 + 6 2 .1 7 5  ±

C ( 2 ) 9 .7 1 4 + 10 6 .4 3 0 + 8 1 .9 4 8  £

C ( 3 ) 10.806 + 10 5 .9 2 2 + 8 2 .7 5 3  +

C ( 4 ) 1 0 .527 + 8 4 . 8 9 3 + 8 3 .8 0 3  £

C ( 5 ) 9 .1 0 5 £ 8 4 .7 2 5 + 7 4 .2 4 6  £

C ( 6 ) 8.851 + 11 3 .5 0 8 + 9 5 .1 3 5  £

C ( 7 ) 8 .6 8 0 + 10 2.201 + 8 4 .401  +

C ( 8 ) 7 .5 3 2 £ 8 2.371 + 6 3 .3 5 3  £

1

6

8

6

6

9

7

7

7

9

9

8

6

8

8

7

P . T . 0 .



TABLE 1 ,5  c o n t.

ATOM X Y ’ Z

C(9) 7 .980  + 7 3.402 + 5 2.275 + 6

C(10) 8 .099  + 7 4 .749  + 6 3-057 ± 7

C(11) 6.811 + 8 3 .662  + 6 1.300 + 7

C(12) 7 .049  + 9 4.814 + 8 0 .392  + 7

C(13) 8 .842  + 11 5 .990  + 10 5-099 + 10

C (l4 ) 9 .156 + 9 2.934 + 7 1.464 + 7

C(15) 7 .109  + 10 1.065 + 7 2.787  + 8

C(16) 5 .274 + 12 -0 .2 3 8  + 7 2 .159  + 9

C(17) 5 .156  + 8 -1 .251  + 7 3-270 + 7

C(18) 4 .507  + 7 -2 .5 4 2  + 7 2.934 + 6

C(19) 4 .463  + 8 -3 .5 4 7  + 7 3.923 + 7

C(20) 3 .840 + 8 -4 .7 3 3  + 7 3.638 + 7

C (21) 3 .249  + 8 -4 .951  + 7 2.403 + 7

C(22) 3.274 + 8 -3 .9 8 4  + 7 1.409 + 8

C(23) 3 .910  + 8 -2 .7 5 6  + 7 1.710 + 7



TABLE 1 .6

ASSUMED FRACTIONAL CO-ORDINATES AND ISOTROPIC TEMPERATURE 

FACTORS OF THE NON-METHYL HYDROGEN ATOMS

Atom

H( 1)

H(2)

H ( 3 )

H(10)

H(8)

H (6 l)

H ( 6 2 )

H ( l l l )

H (112)

H ( 7 1 )

H(72)

H ( l 6 l )

H (162)

H ( 1 9 )

H(20)

H(22)

H ( 2 3 )

x / a

0 . 7 3 3

0.872

1 . 0 7 9

0 . 6 6 4

0.616

0 . 9 0 4

0 . 7 3 7

0.622

0 .5 5 1

0.892

0 . 7 8 3

0 . 3 9 7

0 . 5 4 9

0 . 4 5 8

0 . 3 5 3

0.261

0 . 3 6 5

y / b

0 . 7 5 4

0 . 8 2 9

0.716

0 . 5 4 7

0 . 3 0 5

0.381

0 . 4 1 4

o . 4 i o

0 . 4 3 4

0.216

0.158

- 0.006

- 0.068

- 0 . 3 7 8

- 0.617

- 0 . 4 6 6

-0 .2 1 9

z / c

0.128

0 . 0 7 7

0 . 1 5 3

0.162

0 . 1 7 5

0 . 2 6 5

0.261

0 .0 3 1

0.086

0 . 1 7 9

0 . 2 3 4

0.080

0 . 0 6 3

0.225

0 .201

0.021

0 . 0 4 5

U iso

0 . 0 4

0 . 0 5

0 . 0 5

0 . 0 3

0 . 0 4

0 . 0 5

0 . 0 5

o . o 4

0 . 0 4

0.05

0.05

0.06

0.06

0 . 0 4

o . o 4

0 . 0 4

0 .0 4



TABLE 1 .7
o2

ANISOTROPIC TEMPERATURE FACTORS AND E . S . D . S . ( I n  A )

ATOM U11 U22 U33 2U23 2U31 2U12

Br 0 .0 54 7 0 .0 4 3 2 0 .0 5 8 6 -0 .0 1 6 3 0 .0 076 -0 .02 71
6 3 4 6 7 6

0 (1 ) 0 .052 5 0 .0 5 8 2 0.0601 - 0 .0060 0 .0 23 0 - 0 .0 1 2 9
42 33 30 56 53 60

0 (2 ) 0 .0 4 0 2 0 .0 7 2 0 0 .0 9 3 3 - 0 .0 086 -0 .0 2 9 7 0 .0 0 2 4
41 43 48 76 64 67

0 (3 ) 0 .0 9 9 7 0 .0 5 7 3 0 .0 454 0.0181 -0 .0 3 8 3 -0 .00 32
53 34 29 53 63 72

0 (4 ) 0 .0 723 0 .0 3 3 3 0 .0 6 1 7 0 .0 2 8 9 -0 .0 2 1 0 - 0 .0 1 2 7
46 24 31 45 66 57

0 (5 ) 0.0551 0 .0 3 0 2 0 .1 4 4 3 -0 .0 221 0 .02 74 0 .0 0 1 3
50 25 69 64 92 58

0 (6 ) 0 .0 435 0 .0 3 0 7 0 .0 9 0 0 -0 .0 0 9 8 -0 .0151 -0 .0 0 7 0
42 23 4o 52 65 47

0 ( 7 ) 0 .0 86 9 0.0671 0 .0 58 6 - 0 .0 0 7 6 - 0 .0 5 0 9 -0 .0 6 7 7
62 38 31 60 69 84

C(1) 0 .0 4 2 0 0 .0 2 8 6 0 .0 4 8 8 0 .00 44 0 .0 0 5 5 -0 .0 0 5 5
48 26 35 47 69 55

C(2) 0 .0565 0 .0 3 7 6 0 .0 6 8 3 -0 .0 0 3 3 0 .026 6 - 0 .0 2 4 8
63 34 47 73 82 70

C(3) 0 .0 4 4 0 0 .0 4 5 3 0 .0 66 6 -0 .014 1 0 .0 1 7 0 - 0 .0 268
55 38 48 69 74 72

C(4) 0 .0 275 0 .05 08 0 .0 5 2 2 -0 .0 2 7 6 -0 .0 0 0 3 0 .0 0 3 6
45 39 39 66 59 62

C(5) 0 .0 4 0 9 o .o 4 io 0 .0 3 7 6 -0 .0 1 9 4 O.OO89 0 .007 6
46 34 31 50 55 65

C(6) 0 .0 612 0 .0 5 7 2 0 .0 4 9 0 0 .0 1 6 3 -0 .0 0 9 5 - 0 .0 29 8
61 45 41 72 73 79

C(7) 0 .0 558 0 .0 4 8 0 0 .0 5 6 3 0 .0 2 3 0 -0 .0 1 4 5 0 .0 0 5 8
52 40 40 68 66

P . T .

75

0 .



TABLE 1 .7  c o n t.

ATOM U11 U22 U33 2U23 2U31 2U12

C(8 ) 0 .0 2 6 8
4o

0 .0 2 9 5
26

0 .0 5 5 3
34

0 .0 054
51

-0 .0 0 1 9
52

- 0 .0 0 8 2
51

C(9) 0 .0 2 4 5
39

0 .0 2 1 5
22

0.0381
27

-0 .0 0 0 4
39

-0 .0 0 4 5
44

0 .0 0 2 2
40

C(10) 0 .0 3 0 8
40

0 .0 2 4 2
23

0 .0 4 6 7
31

-0 .0 0 3 5
44

0 .0 0 5 5
47

0 . 0 0 0 0

45

C(11) 0 .0 2 4 0
43

t'— 
CO 

CVJ 
C\J0

0

0

0 .0 4 7 7
32

0 .0 0 2 7
49

0 .0 0 1 9
51

0 .0 0 1 6
47

C(12) 0 .0 37 0
46

0 .049 2
36

0 .0 3 7 0
31

0 .0 1 3 6
53

- 0 .0085
58

- 0 .002 5
68

C(13) 0 .0 7 0 7
64

0 .060 6
47

0 .065 0
56

-0 .0561
86

0 .0 3 6 0
89

-0 .0 0 2 2
88

C(14) 0 .036 4
47

0 .03 25
31

0 .0 564
38

-0 .0 0 8 4
56

o . o i 4 l
65

0 .0 1 2 0
61

C(15) 0 .0 5 6 9
55

0 .0 2 3 2
27

0 .0 685
44

0 .0 1 7 7
55

0 .0 04 9
78

- 0 .0 1 4 5
61

C(16) 0 .0 8 0 9
78

0 .0 2 8 7
32

0 .0 636
46

0 .0 1 2 6
64

-0 .0 3 4 7
95

-0 .0 1 9 1
77

C(17) 0 .0 4 1 3
47

0 .0 448
35

0 .0 4 5 2
36

-0 .0 0 4 5
57

- 0.0061
58

- 0 .0 1 4 3
62

C ( 18) 0 .0234
38

0 .0 3 6 6
29

0 .0 4 2 4
30

0 .0 068
50

- 0.0121
47

- 0 .0 0 6 7
50

C(19) 0 .0394
46

0 .0 43 0
35

0 .0 4 1 2
33

-0 .0 0 1 9
56

- 0 .0 0 9 9
54

-0 .0 1 3 5
58

C(20) 0 .0 3 8 7
46

0 .0 4 7 6
34

0 .0 3 7 2
30

0 .01 15
53

0 .0 11 6
56

0 .0 0 1 6
62

C(21) 0 .0 2 9 7
44

0 .0 3 4 9
29

0 .0 4 6 3
32

-0 .0 1 4 7
47

-0 .0 0 6 4
50

- 0.0281
52

C(22) 0 .048 8
50

0 .045 5
35

0 .0 414
33

- 0 .0 003
56

- 0 .0 29 2
59

- 0 .0 095
65

C(23) 0 .0 3 8 6
46

0 .0 4 0 7
35

0 .0 4 2 7
34

0 .0 1 2 2
52

-0 .0 2 1 0
56

-0 .0 0 1 1
62



TABLE 1 .8

PRINCIPAL VALUES AND DIRECTION COSINES OF VIBRATION 
TENSORS REFERRED TO THE CRYSTALLOGRAPHIC AXES

ATOM
o2 

U A D1 D2 D3

Br 0 .0 3 3 3
0 .0 6 9 4
0 .0 5 3 8

0.4991
0 .6 2 0 4
0 .6 0 5 0

0 .8 4 3 9
- 0 .5065
- 0 .1 7 6 8

0 .1 9 6 8
0 .5 9 8 8

-0 .7 7 6 3

0 (1 ) 0 .071 4
0 .0 4 3 3
0.0561

0.5711
- 0 .8 1 9 3
- 0 .0 5 0 7

-0 .4 3 6 2
- 0 .2 5 0 6
-0 .8 6 4 2

0 .6 9 5 4
0 .5 1 5 7

- 0 .5 00 5

0 (2 ) 0 .0 3 6 3
0 .0 9 7 9
0 .0 7 1 2

0 .9 6 7 7
-0 .2 4 8 8

0 .0 4 0 7

-0 .0 0 2 2
- 0 .1 69 6
- 0 .9 85 5

0.2521
0 .9 5 3 6

- 0 .1 6 4 7

0 (3 ) 0 .1 05 8  
0 .0 3 5 5  
0 . 0611

-0 .9 5 1 8  
0 .2 7 2 6  
0 . l4o6

0 .0 2 5 6
- 0.3861

0.9221

0 .3 0 5 6
0 .8 8 1 3
0 .3 60 5

0 (4 ) 0 .0272
0 .082 4
0 .0 5 7 7

- 0 .0 4 3 2
-0 .7 6 9 9
- 0 .6 36 7

- 0 .9263
0 .2 69 7

- 0 .2 63 2

0 .3 7 4 4
0 .578 4

- 0 .7 2 4 7

0 (5 ) 0 .147 4
0 .0 29 0
0 .0 5 3 3

0 .1 4 5 6
-0 .0 7 9 5
- 0.9861

- 0.0921
0 .991 4

- 0 .0 9 3 5

O.9850
0 .1 0 4 4
0 .1 3 7 0

0 (6 ) 0 .091 5
0.0291
0 .0 4 3 6

-0 .1 4 9 9
0.2891

-0 .9 4 5 5

- 0 .0 70 8
0 .9 5 0 7
0 .3 0 1 9

0 .9 8 6 2  
0 .1 12 3  

-0 .12 21

0 (7 ) 0 .1 1 8 2  
0 .0 2 8 8  
0 .0 65 6

- 0 .8 0 2 9  
0 .5 8 5 2  
0 .1 1 3 3

0 .5 0 8 9
0 .5 7 3 9
0 .6 4 1 6

0 .3 1 0 5
0 .5 7 2 8

- 0 .7 5 8 6

C(1) 0 .0 2 7 7
0 .0 4 9 8
o .o 4 i 9

- 0 .2 11 2  
0 .3 1 2 3  

- 0 .9262

- 0 .9 68 9
0 .0 5 7 8
0 .2 4 0 4

0 .1 2 8 6
0 .9 4 8 2
0 .290 4

C(2) 0 .0 7 8 7
0 .0 3 0 9
0 .0 5 2 9

0 .5 8 5 9
-0 .4 8 7 2

0 .6 4 7 6

- 0 .2 083
- 0 .8 628
- 0 .4 6 0 7

0 .7 8 3 2  
0 .1 3 5 0  

-O .6069

P . T . 0 .



TABLE 1 .8  cont*

o2
ATOM U A D1 D2 D3

c(3) 0.0741
0 .0 3 1 2
0 .0 5 0 6

0 .4 0 6 8
- 0 .7 3 5 0

0 .5 4 2 4

- 0 .3 9 1 0
- 0 .6 76 8
- 0 .6 2 3 8

0 .8 2 5 6
0 .0 4 1 7

- 0 .5 6 2 7

C(4) 0 .0 6 5 4  
0 .0 2 7 3  
0 .0 3 7 8  .

- 0 .0 3 5 6
- 0 .9 9 2 7
- 0 .1 1 4 9

- 0 .6 89 6
0 .1 0 7 6

-0 .71 61

0 .7 2 3 3
0 .0 5 3 7

- O.6885

C(5) 0 .0 2 7 0
0.0491
0 .0 4 3 4

- 0 .3 8 7 8
- 0 .0 0 7 3

0 .9 2 1 7

0 .593 5
-0 .7 6 7 1

0 .2 4 3 6

0 .7 0 5 3
0 .6 4 1 5
0 .3 0 1 8

C(6) 0.0771
0.0421
0 .0 4 8 2

- 0 .6 9 7 9
- 0 .4 2 0 2

0 .5 7 9 9

0 .6 4 7 6
- 0 .7 1 6 0

0 .2 6 0 6

0 .3 0 5 7
0 .557 4
0 .7 7 1 9

C(7) 0 .0 3 7 5
0 .066 4
0 .0 56 2

0 .3 4 7 3
-0 .4 2 6 5
-0 .83 51

-0 .7 3 4 4
0.4301

-0 .52 51

0.5831
0 .7 9 5 7

- 0 .1 6 3 9

C(8) 0 .0 5 5 6
0 .0 2 3 8
0.0321

- 0 .0 4 8 3
- 0 .8 0 4 9

0 .5 9 1 4

0.1101 
-0 .5 9 2 8  
-0 .7 9 7 8

0 .9 9 2 7
0 .0265
0 .1 1 7 3

C(9) 0 .0 3 8 5
0.0211
0 .024 5

-0 .1 6 0 7
0.3291
0 .9 3 0 5

- 0 .0 22 0
- 0 .9 4 3 7

o .3 3 o o

0 .9 8 6 8
0 .0 3 2 5
0 .1 5 8 9

C(10) 0 .0 4 7 3
0.0241
0 .030 4

o . l 6 4 o
-0 .0 3 3 0
- 0 .9 85 9

- 0 .0745
0 .9 9 6 2

- 0 .0458

0 .9 8 3 6
0 .0 8 1 0
0 .1 6 0 9

C ( l l ) 0 .0 4 7 8
0 .0 2 3 8
0 .0 2 8 4

0.0421
- 0 .9 860
-0 .1 6 1 4

0 .0 7 1 0  
0 . 164o 

-0 .9 8 3 9

0 .9 9 6 6
0 .0 3 0 0
0 .0 7 6 9

C(12) 0 .0 5 2 8
0 .0 3 1 7
0 .0 3 8 8

- 0 .1 860
0 .5 623
0 .8 058

0.8831
- 0 .2 63 8

0 .3 8 7 9

0 .4 3 0 7
0 .7 8 3 8

- 0 .4 4 7 5

C(13) 0.0311
0 .0 98 5
0 .0 6 6 7

- 0 .2 9 8 7
0 .4 7 4 8
0 .8 2 7 9

0 .6 51 5
-0 .5 3 2 4

0 .5 4 0 4

0 .6 9 7 3
0 .7 0 0 8

- 0 .1 5 0 3

P . T .



TABLE 1 , 8 c o n t.

ATOM
o2 

U A D1 D2 D3

C ( l4 ) 0 .0 588
0 .0 26 2
0 .0 4 0 3

0 .2 7 6 7
-0 .61 31
-0 .7 4 0 0

-0 .0 8 9 5
0 .7 5 0 2

-0 .65 51

0 .9 5 6 8
0 .2 4 7 5
0 .1 5 2 7

C(15) 0 .0 2 0 0
0 .0 70 3
0 .058 4

-0 .2 0 1 2
0.0871

- 0 .9 7 5 7

-0 .9 6 1 8
0.1711
0 .2 1 3 6

O .I 856
0 .9 8 1 4
0 .0 4 9 3

C(16) 0 .0 9 3 7
0 .0 26 7
0 .0 52 9

- 0 .8 36 7
-0 .1 4 0 9

0 .5 2 9 2

0 .1734
- 0 .9 8 4 8

0 .0 1 2 0

0 .519 4
0 .1 01 8
0 .848 4

C ( 17) 0 .0 3 4 4
0 .050 4
0 .0 4 6 5

o .744 o
- 0 .6 22 5
-0 .2 4 2 7

0 .5 80 9
0 .7 8 2 2

- 0 .2 2 5 3

0.3301
0 .0 2 6 6
0 .9 4 3 6

C(18) 0 .0 21 3
0.0461
0 .0 3 5 0

0 .9 5 6 2
-0 .2 9 1 3

0 .0 29 8

0 .1 5 3 8
0 .4 1 2 9

-0 .8 9 7 7

0 .2 4 9 2
0 .8 6 2 9
0 .4 3 9 6

C(19) 0 .0 3 1 9
0 .0 4 9 0
0 .0 4 2 7

0 .7 4 4 9
- 0 .6 5 1 6
-0 .1431

0 .4 9 3 4
0 .6 82 5

- 0 .5 3 9 3

0.4491 
0 .3311 
0 .8 2 9 9

C(20) 0.0311 
0 .0 5 1 0  
0 .0 4 1 3

-0 .5 7 3 6
0 .2 7 3 2

-0 .7 7 2 2

-0 .2451
0 .8 4 2 3
0.4801

0 .7816
0 .4 6 4 7

-0 .4 1 6 2

C(21) 0 .0 163
0 .0 50 9
0 .0 4 3 7

0 .7 2 9 0
0 .2 7 8 9
0.6251

0 .6 4 2 9
-0 .5 9 2 7
-0 .4 8 5 3

0.2351 
0 .7 5 5 6  

- 0 . 6114

C(22) 0 .0 610
0 .029 4
0 .0 4 5 2

- 0 .7 8 1 2
0 .6 20 6
0 .0 6 6 9

0 .2 3 3 2
0 .1908
0 .9 5 3 5

0 .5 7 9 0
0 .7 605

- 0 .2 9 3 8

C(23) 0 .053 4
0 .0288
0 .0 3 9 7

-0 .5 4 3 3
0 .6 8 9 3
0 .4 7 9 3

0 .3 8 1 5
- 0 .3 05 8

0 .8 72 3

0 .7 4 7 8
0 .6 5 6 8

- 0 .0 9 6 8



TABLE 1 .9
o

SOME SHORT INTERATOMIC DISTANCES ( in  A )

o
In tram olecu lar  d is tances(< 2 .5A)

Atom A Atom B A-B Atom A Atom B A-B

0 ( 1) C(1) 2.453 C (6 ) C(13) 2.482

0 (2 ) C(3) 2.374 c (6 ) C(8 ) 2.492

0 (2 ) C(5) 2.379 C(8 ) C(10) 2.462

0(3) 0(4) 2 .1 82 C(10) c ( n ) ' 2.435

0(3) C(11) 2.389 c( 11) C(14) 2.461

0(4) C(2) 2.346 C(15) C(16) 2.336

0(4) C(11) 2.439 C(17) C( 19) 2.485

0(5) 0 (6 ) 2.224 c ( 17) C(23) 2 .5 00

0(5) 0 (8 ) 2.407 C(18) C(20) 2.396

0 (6 ) C(8 ) 2.321 C(18) C(22) 2.435

0 ( 6 ) C(17) 2.420 C(19) C(21 ) 2.400

0(7) C(16) 2.359 C (19) C(23) 2.414

0(7) C( 18) 2.378 C(20 ) C(22) 2.418

C(4) C(13) 2.393 C(21 ) C(23) 2.395

0
Interm olecular  distances (<3 .8 a )

Atom A Atom B E.P** C e l l * * A-B

Br 0 (3 ) 2 -1 - 1 0 3.211

Br 0 (2 ) 1 -1 - 1 0 3.49'

Br C(12) 2 -1 - 1 0 3.70<

P . T . 0



TABLE 1 .9  c o n t.

Atom A Atom B E .P . * C e l l * * A-B

Br 0 (6) 1 0 -1 0 3.721

0 (1 ) C(22) 1 1 1 0 3.447

0 (1 ) 0 (3 ) 2 0 1 0 3.484

0(1) C(16) 2 0 0 0 3.603

0 (1 ) C(23) 2 0 0 0 3.792

0 (2 ) C(20) 1 1 1 0 3.239

0 (2 ) C(21) 1 1 1 0 3.254

0 (3 ) C(2) 2 -1 1 0 3.387

0 (3 ) C(3) 2 -1 1 0 3.540

0 (3 ) C(23) 2 0 0 0 3.654

0 (4 ) C(23) 2 0 0 0 3.293

0 (4 ) C(22) 2 0 0 0 3.551

0 (4 ) 0(5) 1 0 1 0 3.601

0 (5 ) C(2) 1 0 -1 0 3.313

0 (5 ) C(1) 1 0 -1 0 3.197

0 (7 ) C(20) 3 1 0 0 3.256

0(7) C(19) 3 1 0 0 3.312

C(1) C(17) 1 0 1 0 3.798

C(2) C(23) 2 0 0 0 3.768

C(3) C(22) 1 1 1 0 3.621

C(3) C(21) 1 1 1 0

p .

3 .749  

T . 0 .



TABLE 1 .9  cont*

Atom A Atom B E .P . * C e l l * * A-B

C(7) C(19) 3 1 0  0 3 .7 34

C(10) C(19) 1 0 1 0 3 .7 94

C(11) C(21) 1 0 1 0 3 .7 4 4

C(11) C(22) 1 0 1 0 3 .7 7 0

C(12) C(23) 1 0 1 0 3 .6 7 2

*  In te g e r s under t h is column r e f e r to  th e  fo l lo w in g

equ iva len t  posit ions

1) x , y  , z ;

2) 1 /2 + x , 1/2 -  y  , - z  ;
3) -  x , 1/2 + y  , l / 2  -  z .

* *  F o r any d is ta n c e  th e  t r i p l e  s e t  o f  in te g e r s  g iv e n  

under t h is  column in d ic a te  th e  u n i t - c e l l  t r a n s la t io n  

t h a t  must be added to  th e  a p p ro p r ia te  e q u iv a le n t  

p o s i t io n  to  d e r iv e  the  c o -o rd in a te s  o f  th e  atom under 

th e  column Atom B from  those g iv e n  in  T a b le  1.4 •



TABLE 1,10

o
D e v ia t io n s  ( in  A ) o f  atoms from  th e  mean p lan e s  th ro u g h

a ) C( 1)  t o  C(4)  ;
b) 0 ( 1 )  , C (2 )  and c(3) j
c) 0 (6 )  , 0 (7)  , C(9) and C(10) ;

d) 0(4 )  , 0 (1)  , c (n ) and 0(12) •

e) 0(18) to C(23) •

f ) 0 ( 16) , c(17) ,  C ( l8 ) and 0 (7 ) •

Atom (a) (b) (c) (d) (e) (f)

Br - - - - -0 .0 1 2 -0.071

0 (1 ) 1.234 0.000 - - -

0 (2 ) 0.139 - - - - -

0 (3 ) - - - 0.109 - -

0 (4 ) 0 .8 6 0 - - - 0 .0 2 6 -

0(5) - - - 2.050 2.041

0(6) - - - - -0 .1 0 7 -0.151

0 (7 ) - - - - -0 .105 o.oo4

c ( i ) -0 .0 04 -1 .2 03 - 0.012 - -

0(2) 0 .0 0 7 0 .0 00 - 1.035 - -

C(3) - 0 .0 0 7 0 .0 00 - - - -

C(4) 0 .0 0 3 - 1 .270 2 .0 9 2 - - -

C(5) -0 .37 0 - 0.595 0.432 - -

P • T . 0 •



TABLE 1.10 cont

Atom (a) (b) (c) (d) (e) ( f )

C(6) - - 0.015 - - -

C(7) - - -0 .01 5 - - -

C(8) - • - -0 .794 0.413 - -

C(9) - - 0.015 0.734 - -

C(10) 0.267 - -0 .0 1 5 - 0.003 - -

C(11) - - - -0.011 - -

C(12) - - - 0.025 - -

C( 13) -0 .44 0 - - - - -

C(14) - - - 1 .210 - -

C(15) - - -1 .11 4 - 0.961 0.953

C (16) - - - - 0.079 0.003

C(17) - - - - -0 .0 3 0 -0 .0 1 0

C (18) - - - - 0.005 0.003

C(19) - - - - -0.001 0.085

C(20) - - - - 0.000 -

C(21) - - - - - 0.002 -

C(22) - - - 0.005 -

C(23) - - - - - 0.007 - 0.111
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3 .1 .7  D isc u ss io n

T h e  x - r a y  c ry s ta l s tru c tu re  a n a ly s is  o f the p -b ro m o -  

p h en acy l d e r iv a t iv e  of p a lm a r in  has c o n firm e d  the (3-opoxide c o n fig ­

u ra tio n  (See F ig .  1 .2  and F ig .  1 .5 ) ,  as p re d ic te d  by O ve rto n , W e ir  

and W y lie  (1966); hence the unknown c o n fig u ra tio n  of epoxides in  

the g roup  o f C olom bo ro o t b it te r  p r in c ip le s  having  co m p o sitio n  

C H  O (ja te o rin ,c h a sm a n tK n  and p a lm a r in  ) was d ec id ed .
C,\J Ct L* I

The p re s e n c e  o f the (3-epoxide in  p a lm a r in  has caused  

the in tra m o le c u la r  o verc ro w d in g  w hich  is  acco m m o d ated  in  the  

s tru c tu re  in  an in te re s tin g  w ay  causing the c o n fo rm a tio n a l d is ­

to r t io n s  (F ig .  1 .5 )  w hich, f ro m  a study o f the D re id in g  m o d e l, 

m ig h t a p p e a r u n re a s o n a b le . F r o m  an exa m in a tio n  of the D re id in g  

m o d e l O v e rto n , W e ir  and W y lie  (1966) have fu r th e r  suggested th a t  

due to in te ra c tio n  betw een  the epoxide oxygen 0 (1 ) and the m e th y l  

c arb o n  C (l4 ) a lthough the r in g  nA u (F ig .  1 .4 a ) would be s lig h t ly  

d is to rte d , th e re  w ould be the u s u a l c h a ir  fo rm a tio n  of the c y c lo -  

h exane r in g  “B" and h a lf  c h a ir  fo rm a tio n  o f 6 -la c to n e  r in g  C .

T h e  ex ten t o f d ev ia tio n s  f r o m  these th e o re t ic a l p re d ic tio n s  can be  

e va lu a ted  f r o m  the fo llo w in g  discussion.^ T h e  d is tan ce  be tw een



the epoxide oxygen O (l)  and m e th y l carb o n  C (14 ), 2 .9 2  + 0 . 01 A  ,

is  s h o rte r  than the sum  o f the two c o rresp o n d in g  n o rm a l van  d e r  
o

W a a ls 1 r a d ii  (3 .3  A ) . T h is  in d ic a te s  th a t the m o le c u le  m ig h t be  

u n d e r som e s tra in .  The m ean  p lane th rough  the a to m s C (l)  to  

C (4 ) ,  c a lc u la te d  by  the m ethod  o f S ch o m aker et a l .  (1959), has  the  

equation

0 .1402  X  -  0 .7 3 0 2  Y  -  0 .6 6 8 7  Z  + 4 .6 4 3 5  = 0 (3 )

o
w h e re  X , Y  and Z (in  A )  a re  the o rth o g o n al c o -o rd in a te s  w ith  

re fe re n c e  to the c ry s ta llo g ra p h ic  a x e s . T h e  ro o t m e an  square
o

( r . m .  s . )  d is tan ce  of the  fo u r  a tom s f ro m  the m ean  p lane is  0 .0 0 6  A .

2
T h e  a p p ro p r ia te  X  te s t (See S ec. I ,  1 .8 .5 )  shows th a t these

a to m s  m a y  be c o n s id e red  as c o p la n a r. A to m s  C (5 ) and C(10) o f
o

the  sam e r in g  (A ) a re  d isp laced  th rough  - 0 .3 7  0 and 0 .2 6 7  A  

re s p e c t iv e ly  (T a b le  1.10a) to w ard s  opposite  sides o f the p la n e .

The  d ih e d ra l angle  betw een  the p lane  and the m ean  p lan e  

th ro u g h  the epoxide r in g  [O ( l ) ,  C (2 ) and C (3 ) ]  having  equation

0 .5 8 6 4  X  + 0 .7 4 0 7  Y  -  0 .3 2 7 9  Z -  9 .8 2 0 3  = 0 (4 )
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The equation of the m ean  p lane  through  the fo u r  a tom s  

[C (6 ) ,  C (7 ) ,  C (9 ) and C (1 0 )] o f the cyc lohexane r in g  "B " is

0. 9541 X  + 0 . 0633 Y  -  0 .2 9 2 8  Z  -  7 .1 4 76  = 0 (5)

D is p la c e m e n t o f the a tom s C (5 ) and C (8 ) f ro m  th is  p lan e  a re  0 .5 9 5  
o

and - 0 .7 9 4  A  re s p e c tiv e ly  [T a b le  1,10 (c ) ]  w h ereas  in  an u n d is tu rb e d  

cyc lo h exan e  r in g  these two d ev ia tio n s  a re  expected  to be e q u a l.

T h is  d is to r ito n  is  a lm o s t c e r ta in ly  caused by  the in te ra c tio n  

b etw een  the epoxide oxygen 0 (1 ) and the m e th y l carb o n  C(14) • The  

m e th y l carb o n  C ( l3 ) ,  a ttach ed  to the carb o n  a to m  C (5 ) ,  m ig h t a lso  

be p a r t ia l ly  re s p o n s ib le  fo r  th is  s lig h t d e fo rm a tio n  o f the c y c lo ­

hexane r in g  (B ) .

Cheung, O v e rto n  and S im  (1965) have re p o rte d  tw o types  

o f c o n fo m ra tio n s  fo r  6 -la c to n e ;

( i )  the h a lf-b o a t c o n fo rm a tio n  ( V I I ) ,  in  w hich  carb o n  a to m s  

P  and Q o f the lac to n e  r in g  a re  d is p la c ed  to the sam e side o f the  

p lan e  con ta in ing  the lac to n e  group C - C - O - C

O

v n v n i
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( i i )  the h a lf -c h a ir  c o n fo rm a tio n  ( V I I I ) ,  w h e re  carb o n  a tom s  

P  and Q a re  on opposite  s ides o f the lac to n e  p la n e . T h e  c o n fo rm ­

a tio n  o f the 6 -la c to n e  in  p a lm a r in  (V I)  was suggested b y  O v e rto n , 

W e ir  and W y lie  (1966) as o f the type ( V I I I ) .

T h e  b e s t p lane  th rough  the atom s o f the lac to n e  group  

[ 0 ( 4 ) ,  C ( l ) ,  C ( l l )  and C ( l2 ) ]  has the equation

0 .8 3 7 7  X  -  0 .4184  Y  -  0 .3 5 0 9  Z -  3 .7 2 8 4  = 0 (6)

T h e  r . m .  s . d is tan ce  o f these  a tom s f ro m  the m ean  p lane is  0 ,0 2  

°  _ /  2
A .  The a p p ro p r ia te  a - te s t shows th a t the lac to n e  g roup  m a y  be

o
c o n s id e re d  as p la n a r . D is p la c e m e n ts  o f 0 .7 3 4  and-0 . 003 A  o f the  

carb o n  a tom s C (9 ) and C(10) f ro m  th is  p lan e  [T a b le  1.10 (d ) ]  

in d ic a te  th a t C(10) m a y  be re g a rd e d  as c o p lan a r w ith  the lac to n e  

p lan e  w h e re a s  the d e v ia tio n  o f C (9 ) out o f the p lane is  s ig n if ic a n t.

T h is  c o n firm s  th a t the c o n fo rm a tio n  of 6 -la c to n e  in  p a lm a r in  is  

n e ith e r  o f the type (V I I )  n o r o f ( V I I I ) .

The  equation of the b e s t p lane through  the a to m s [C (18)

to C (2 3 ) ]  o f the benzene r in g  MD U is

0 .8 6 19  X  -  0.3711 Y  - 0 .3 4 5 6  Z -  3 .8 0 8 3  = 0 (7)
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o
T h e  r . m . s .  d e v ia tio n  (0 .0 0 4  A ) o f the a tom s o f the r in g  and  

th e ir  in d iv id u a l d is p la c e m e n ts  [T a b le  1.10 (e ) ] show th a t the

o
benzen e  r in g  is  p la n a r .  The  d e v ia tio n  of the B r  a to m (—0. 012A) 

out o f th is  p lan e  is  not s ig n if ic a n t.

The  m ean  p lane  th rough  the a to m s o f the c a rb o n y l g roup  

[ C ( l6 ) ,  C (17 ), 0 ( 7 ) ]  and a ro m a tic  carb o n  C (l8 ) has the equation

0 .8 8 2 8  X  -  0 .3 8 4 8  Y  -  0 .2 6 9 5  Z -  4 .1 6 22  = 0 (8 )

T h e  angle  o f tw is t  b e tw een  th is  p lane and the m ean  p lane  

th ro u g h  a to m s o f the benzene r in g  is  4 . 6 ° .  T h is  s m a ll ro ta tio n  

is  p ro b a b ly  due to the in te r  m o le c u la r  pack ing  e ffe c t caused b y  the  

s p e c ia l a r ra n g e m e n t o f the m o le c u le s  (see F ig .  1 .3 ) •
o

T h e  c a rb o n -b ro m in e  bond len g th  of 1 .8 7 4  + 0 .0 0 7  A  is
o

s im i la r  to th a t o f 1. 87 0 + 0 . 010 A  in  p ro p a rg y l 2 -b r o m o -3 -n i t r o -

b en zo ate  (C a la b re s e , M c P h a il  and S im , 1967) and is  no t f a r  f r o m
o

the n o rm a l accepted  va lu e  o f 1. 85 + 0 . 01 A  ( in t .  T a b le s , V o l .  I l l ,

1 9 6 2 ) . T h e  in d iv id u a l C -C  bond in  the benzene r in g  (F ig .  1 .4 )  is
o

n o t s ig n if ic a n tly  d if fe re n t  f ro m  the m ean  v a lu e  o f 1 .3 9 4  + 0 . 010 A
o

and is  s im i la r  to the s tan d ard  v a lu e , 1 .3 9 5  + 0 .0 0 3  A  ( in t .  T a b le s , 

V o l .  I l l ,  1962)'. The  a v e ra g e  o f the C -C  s in g le  bonds in  the s lig h t ly
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o
d is to r te d  cyc lohexane  rin g , B , ( l .  549 + 0.011 A ) ,  a g re e s  q u ite

o
w e ll w ith  the accepted  v a lu e  of 1 .5 4 0  A  (T a b le s  o f in te rn a t io n a l

d is tan ce s , 1958, 1965). The  m ean  v a lu e  o f the c a rb o n -c a rb o n
o

bonds a d ja c e n t to the C -O  double bond is  1 .4 9 3  A  and is  w hat is

expected  in  such a c a s e . The a v e ra g e  of the C -O  d is tan ces  in
o o

the epoxide r in g  1 .463  + 0. 011 A  is  n e a r  to 1 .47  + 0. 01 A ,  quoted

in  In t .  T a b le s , V o l .  I l l ,  (1 9 6 2 ). The c a rb o n -c a rb o n  d is tan ce
o

in  the epoxide p a r t  [C (2 ) — C (3 ) ], 1 .4 4 9  + 0 .013 A  is  c o m p ara b le
o

w ith  the c o rresp o n d in g  v a lu e  of 1 .4 6  + 0. 01 A  in  3 (3 -a ce to x y -7a , 11a-

d ib ro m o la n o s ta n e -8 a , 9 a -e p o x id e  (F aw ce tt and T r o t te r ,  1966).

A l l  the  carb o n -o xy g e n  double bonds a re  in d iv id u a lly  s im i la r  to
o

th e ir  m ean  v a lu e  of 1.218 A  (F ig ,  1 .4  a ) . T h is  m a y  be c o m p are d  

o
w ith  th a t o f 1 .2 2 3  A  in  the case of 2 -c h lo r o - l ,  8 -p h th a lo y l nap h th a len e  

(S ec . I I ,  C h ap t. 4 ) .  No o th e r v a le n c y  bonds, shown in  F ig .  1 .4 a ,  

d if fe r  s ig n if ic a n tly  (<  3 a ) f r o m  n o rm a l va lu es  expected  in  s im i la r  

s itu a tio n s .
o

In te rm o le c u la r  s ep ara tio n s  C (l)  . . . 0 ( 5 )  (3 .2 0  A ) ,  
o o

B r .  . . 0 ( 3 )  (3 .2 1  A ) and B r . . .  C(12) (3 .7 1  A ) a p p ear to be s lig h t ly

s h o rte r  than the co rresp o n d in g  sum sof the n o rm a l van  d e r W a a ls 1
o

r a d ii  (3 .3 ,  3 .3  and 3 .9  A  r e s p e c t iv e ly ) .  No o th e r in te rm o le c u la r  

d is tan ce  is  s ig n if ic a n tly  s h o rte r  than the a p p ro p r ia te  van  d e r  W aals  

co n tact (T a b le  1. 3) .
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A P P E N D IX  A

The u n su ccessfu l a tte m p t to  so lve the  s tru c tu re s  o f

th re e  so lva ted  h eavy  a to m  conta in ing  c ry s ta ls  o f p h o rb o l is  an

e xam p le  o f the d if f ic u lt ie s  faced  w ith  the so lva ted  d e r iv a t iv e .

P h o rb o i, a n a tu ra l p ro d u c t having  m o le c u la r  fo rm u la

CL Jrl_ is  is o la te d  f ro m  C ro to n  o il, a v e s ic c a n t substance  
20 28 6

conta in ing  c o -c a rc in o g e n s  w h ich  a re  p h o rb o l e s te r if ie d  fa t ty  a c id s .  

On the b a s is  o f the s p ec tro sco p ic  evidence v a r io u s  s tru c tu re s  had  

been ass igned  to i t .  S e v e ra l aspects  o f a l l  o f these  w e re  u n s a t is ­

fa c to ry . P ro fe s s o r  C ro m b ie  and h is  c o lla b o ra to rs  p re p a re d  h eavy  

a to m  so lva te  d e r iv a tiv e s  o f p h o rb o l fo r  u s . lr3 -D ib ro m o b e n z e n e ,  

b ro m o th io p h en  and iodobenzene fo rm e d  the so lva ted  c ry s ta ls  o f

f t

the compounds P h o rb o l^ S o lv a te ^ . The c ry s ta ls  o f the th re e  so lva ted  

d e r iv a tiv e s  w e re  is o m o rp h o u s . The s y s te m a tic  absences in d ic a te d  

space group C2, C 2 /m  and C m  but s ince  the m a te r ia l  was o p tic a lly  

a c tiv e  the space group could on ly  be C2 w h ich  w ould in e v ita b ly  le a d  

to a pseudo s y m m e try  p ro b le m  in  a h eavy  a to m  phased e le c tro n  

d e n s ity  d is tr ib u tio n . W e had expected  to o v erc o m e  th is  b y  use o f  

m u lt ip le  iso m o rp h o u s  re p la c e m e n t as Cheung and S im  (1964) had  

done fo r  a fla to x in  G^.
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In  c o lla b o ra tio n  w ith  D r  s . G . B irn b a u m  and J .G .  S im e  

th re e  d im e n s io n a l in te n s ity  data  o f d ib ro m o b en zen e  and b ro m o -  

th iophane so lva ted  p h o rb o l w e re  c o lle c te d  on the l in e a r  d i f f r a c t ­

o m e te r . F o r  the iodobenzene so lva ted  d e r iv a t iv e  p h o to g rap h ic  

m ethods w e re  em p lo yed . The re le v a n t c ry s ta l  data  a re  g iven  

b e lo w

C ry s ta l
data

D ib ro m o b e n ze n e
so lvate

B r  om oth i oph en 
so lva te

Iodobenzene  
so lva te

a
o

2 6 .4 2 0  A
o

2 6 .6 2 6  A 2 6 .8 3  A

b 15.121 A 15. 035 A 1 4 .9 0  A

c
o

1 4 .6 5 4  A 1 4 .6 2 4 A 1 4 .8 6 A

P 9 1 .5 ° 91.4° 9 2 .3 °

Space group C2 C2 C2

D m
1. 28 g m /c c . 1 .2 9  g m /c c . 1. 32 g m /c c .

D  (Z  = 4 ) 
c

1. 38 g m /c c . 1. 30 g m /c c .
■

1. 32 g m /c c .

I t  was found to be im p o s s ib le  to in te r p r e t  the H a r k e r  

sectio n  o f each of the s tru c tu re s ; no c le a r ly  d efin ed  m a x im a  fo r  the  

heavy  a to m  v e c to rs  w e re  o b ta in ed . F u r th e r  in v e s tig a tio n  by  

P ro fe s s o r  C ro m b ie  and h is  c o -w o rk e rs  showed th a t the  d e r iv a tiv e s
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w e re  lo s in g  so lven t m o le c u le s  s lo w ly  and the H a r k e r  sections  

indicated th a t w hat w as le f t  was p ro b a b ly  d is o rd e re d  w ith in  the  

p h o rb o l cag e .

T he  s tru c tu re  o f p h o rb o l has re c e n tly  been  d e te rm in e d  

using  a 5 -b ro m o fu ro a te  d e r iv a t iv e  w h ich  had a m o le c u le  o f c h lo ro ­

fo r m  as a s o lv a te . T h ese  c ry s ta ls  w e re  u n stab le  a t ro o m  

te m p e ra tu re  and hence the th re e  d im e n s io n a l x - r a y  data  .w ere  

c o lle c te d  a t -1 6 0 °C , by  P e tte rs e n  et a l ,  (1967) using the coo ling  

d e v ic e  d e s c rib e d  in  A p p en d ix  B .  The s tru c tu re  fo r  p h o rb o l is  

found to be

C£2°H

OH

OH

OH
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and S im , G . A . ,  (1964 ), N a tu re , 4 9 2 5 , 1185.

. ,  F e rg u s o n , G . ,  C ro m b ie , L . ,  G am es , M . L . , 

D . J . ,  (1967 ), su b m itted  to C h e m . C o m m .
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A P P E N D IX  B 

To  c o lle c t the p h o to g rap h ic  data  a t lo w  te m p e ra tu re  a 

coo ling  s ys te m  was deve loped  fo r  the Nonius W e is s e n b e rg  c a m e ra  

using  liq u id  n itro g e n  as the coo ling  source; N onius p ro v id e d  v a r io u s  

th e rm a l ja c k e ts  and th e rm o c o u p les  fo r  lea d in g  co ld  gas to  a c r y s ta l  

on the c a m e ra  and nothing e ls e * T h e  a rra n g e m e n t w h ich  was  

f in a l ly  found to be m o s t s u itab le  fo r  our needs was to b o il  liq u id  

n itro g e n  and pass the co ld  gas o v e r the c r y s ta l .

A  25 l i t r e  D e w a r f la s k  is  used as " b o ile r"  and a 50 w a tt  

h e a te r  (A ) is  im m e rs e d  in  the liq u id  n itro g e n  in  the " b o i le r " .

T h e  p o w e r to  the h e a te r  is  c o n tro lle d  by  a " v a r ia c  c o n tro l u n it" *

The  g e n e ra l o u tlin e  o f the a rra n g e m e n t is  shown in  the d ia g ra m .

To  avo id  the fo rm a tio n  o f ic e  o v e r the c ry s ta l  a s m a ll h e a te r  

c o il (B ) w a rm s  the gas a f te r  i t  has cooled  the c ry s ta l — bu t th is  

was not enough to keep  the f i lm  and cassette  fro m  being  c o v e re d  

w ith  ic e .  E v e n tu a lly  the a rra n g e m e n t found m o s t s u ita b le , w as to  

enclose the w hole c a m e ra  in  a p o ly thene  te n t . In i t ia l ly ,  the  

m o is tu re  o f the enclosed  a tm o s p h e re  in  the te n t is  ab so rb ed  by  

s il ic a  g e l.  A s  the  coo ling  is  s ta r te d  the p o s itiv e  p re s s u re  o f



CAMERA SCREEN

THERMO-COUPLE

COLIMATOR
I  CRYSTALVACUUM ENCLOSED 

JACKET

HEATER COILS BEAM STOP

SELLOTAPE SEALED 
WINDOW

PANEL

LIQ UID NITROGEN

The s e c tio n a l d iagram  show ing th e  a rrangem ent f o r  c o lle c t in g  

th e  p h o to g ra p h ic  d a ta  in  th e  c o ld  n itro g e n  atm osphere ( th e  

d iagram  is  n o t tru e  to  th e  s c a le )*
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the d ry  n itro g e n  a tm o s p h e re  p re v e n ts  m o is t a i r  f r o m  e n te rin g  in to  

the te n t th ro u g h  s m a ll le a k a g e s * E ith e r  N i fo i l  o r  s e llo ta p e  can  

be used to s ea l the s li t  in  be tw een  the two c y lin d r ic a l  s c reen s  o f 

the c a m e ra  a llo w in g  the d if fra c te d  x - r a y s  to pass bu t not the co ld  

g a s .

To  save the c ry s ta l  f ro m  being  knocked o r  c ra c k e d  in  the  

je t  o f cold  n itro g e n  gas, a coating  o f acetone co llo d ia n  o v e r  the  

c ry s ta l  m ounted  on the g o n io m e te r head is  found h e lp fu l.

W ith  th is  a rra n g e m e n t, som e 3000 in te n s ity  data  o f an  

i ro n -th io c a rb o n y l co m p lex  o f cyc lo p en tab u tad ien e  w e re  c o lle c te d .  

D ue to the sh o rtag e  o f t im e , the s tru c tu re  a n a ly s is  has been  

te m p o r a r ily  postponed.


