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Abstract:
Dipole moments of four alkyl titanates were determined in n-heptane solution by the method
Halverstadt and Kumler. It was found that the values obtained for the ethyl, n-propyl, and n-butyl
orthoesters were for the trimers, but those found for tert-butyl titanate were for the monomers.
Variations of the dipole moments of these compounds with temperature change indicate the potential
energy barrier to rotation of the alkoxy groups is of magnitude kT.

The crystal and molecular structures of monomethyltriethyl titanate was determined by x-ray
diffraction techniques. Crystal data obtained are: a = 12.14 Å α = 76°56' density (meas.) = 1.244 g/cc b
= 12.13 β = 77°2' density (calc.) = 1.236 g/cc c = 16.93 γ = 74°15' Z = 8 Space Group Pl In the solid
state the molecules are linked together to form tetramer units. In the tetramers the four titanium atoms
form a planar diamond shape, sharing oxygen atoms so that each titanium atom has a coordination
number of six.

A preliminary investigation of an hydrolysis product of tetraethyl titanate was carried out. The unit cell
of this crystal contains approximately 60 titanium atoms. Due to the complexity of this crystal and also
to the fact that the molecular formula of the compound is uncertain, the structure determination was not
completed. Crystal data obtained for this compound are: a = 27.92 Å density = 1.305 g/cc b = 22.40
space group P21/a c = 23.30 β = 117°15' 
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ABSTRACT

D ip o le  m om ents o f  f o u r  a l k y l  t i t a n a t e s  w e re  d e te r m in e d  i n  
n - h e p ta n e  s o l u t i o n  b y  t h e  m e th o d  H a l v e r s t a d t  a n d  K u m le r . I t  w as 
fo u n d  t h a t  t h e  v a l u e s  o b t a i n e d  f o r  t h e  e t h y l ,  n - p r o p y l ,  a n d  n - b u t y l  
o r t h o e s t e r s  w e re  f o r  t h e  t r i m e r s ,  b u t  t h o s e  fo u n d  f o r  t e r t - b u t y l  
t i t a n a t e  w e re  f o r  t h e  m onom ers. V a r i a t i o n s  o f  t h e  d i p o l e  m om ents 
o f  t h e s e  com pounds w i t h  t e m p e r a t u r e  c h a n g e  i n d i c a t e  t h e  p o t e n t i a l  
e n e rg y  b a r r i e r  t o  r o t a t i o n  o f  t h e  a lk o x y  g ro u p s  i s  o f  m a g n i tu d e  kT .

T h e  c r y s t a l  a n d  m o le c u la r  s t r u c t u r e s  o f  m o n o m e th y l t r ie th y l  
t i t a n a t e  w as d e te r m in e d  b y  x - r a y  d i f f r a c t i o n  t e c h n i q u e s .  C r y s t a l  
d a t a  o b t a i n e d  a r e :

o
a  s  1 2 .1 4  A o; « 76*5 6 ' d e n s i t y  (m e a s .)  » 1 .2 4 4  g / c c
b  = 1 2 .1 3  p = 77* 2 1 d e n s i t y  ( c a l c . )  = I . 236 g / c c
c = 1 6 .9 3  . ,7  * 74*15* x Z = S

S p a c e  .G roup P l

I n  t h e  s o l i d  s t a t e  t h e  m o le c u le s  a r e  l i n k e d  t o g e t h e r  t o  fo rm  t e t r a m e r  
u n i t s .  I n  t h e  t e t r a m e r s  t h e  f o u r  t i t a n i u m  a to m s  fo rm  a  p l a n a r  
d iam o n d  shape>  s h a r in g  o x y g en  a to m s  so  t h a t  e a c h  t i t a n i u m  a to m  h a s  
a  c o o r d i n a t i o n  num ber o f  s i x .

A p r e l i m i n a r y  i n v e s t i g a t i o n  o f  a n  h y d r o l y s i s  p r o d u c t  o f  
t e t r a e t h y l  t i t a n a t e  w as c a r r i e d  o u t .  T h e  u n i t  c e l l  o f  t h i s  c r y s t a l  
c o n t a i n s  a p p r o x im a te ly  60  t i t a n i u m  a t o m s . • Due t o  t h e  c o m p le x i ty  o f  
t h i s  c r y s t a l  a n d  a l s o  t o  t h e  f a c t  t h a t  t h e  m o le c u la r  f o r m u la  o f  t h e  
com pound i s  u n c e r t a i n ,  t h e  s t r u c t u r e  d e t e r m i n a t i o n  w as n o t  c o m p le te d .  
C r y s t a l  d a t a  o b t a i n e d  f o r  t h i s  com pound a r e :

0
a  s  2 7 .92  A d e n s i t y  « 1 .3 0 5  g /c c
b  a 2 2 .4 0  s p a c e  g ro u p  P2]_/a
c = 2 3 .3 0  
p 3 1 1 7 * 1 5 ’



INTRODUCTION

T he c h e m i s t r y  o f  o r g a n ic  com pounds o f  t i t a n i u m  h a s  b e e n  o f  i n t e r e s t  

f o r  a  num ber o f  y e a r s .  I n  m any w ays t h e  o r g a n ic  t i t a n a t e s  e x h i b i t  u n u s u a l  

p r o p e r t i e s ,  som e o f  w h ic h  h a v e  l e a d  t o  i n d u s t r i a l  u s e s  i n  t h e  p a i n t  a n d  t h e  

e l e c t r i c a l  i n d u s t r i e s .  To a  l a r g e  e x t e n t ,  h o w e v e r, u n d e r s t a n d in g  o f  t h e i r  

c h e m is t r y  h a s  b e e n  l i m i t e d  b e c a u s e  t h e  s t r u c t u r e s  w e re  n o t  know n. O n ly  i n  

v e r y  r e c e n t  y e a r s  h a v e  a t t e m p t s  b e e n  m ade t o  d e te r m in e  t h e i r  s t r u c t u r e s  b y  

a n y  o f  t h e  v a r i o u s  m e th o d s  now u s e d .  The r e s e a r c h  r e p o r t e d  i n  t h i s  d i s ­

s e r t a t i o n  i s  a n  a t t e m p t  t o  p r o v i d e  some o f  t h e  f i r s t  a c c u r a t e  s t r u c t u r a l  

i n f o r m a t i o n  a b o u t  t h e s e  co m p o u n d s. B e f o r e  d e s c r i b i n g  t h e  m e th o d s ,a n d  r e s u l t s

a  b r i e f  r e v ie w  o f  t h e  k n o w le d g e  a v a i l a b l e  a t  p r e s e n t  w i l l  b e  g iv e n .

G ilm an  a n d  J o n e s h a v e  su m m arized  e a r ly ,  a t t e m p t s  t o  p r e p a r e  

o r g a n ic  t i t a n i u m  co m p o u n d s. I n  1875 D e r a a r c a y ^ ^  . r e p o r t e d  t h e  f i r s t  p r e ­

p a r a t i o n  o f  ,an a l k y l  t i t a n a t e ,  b u t  l a t e r  i n v e s t i g a t o r s ^ ^ )  w e re  u n a b le  t o  

d u p l i c a t e  h i s  w o rk  a n d  show ed t h a t  h i s  com pounds w e re  p r o b a b ly  a  m ix tu r e  o f

o x y - e t h y l  t i t a n a t e s ,  . P r o b a b ly  t h e  f i r s t  p r e p a r a t i o n  o f  a  p u r e  a l k y l  t i t a n ­

a t e  w as c a r r i e d  o u t  i n  1923  b y  B i s c h o f f  a n d  A d k i n s ^ ) .  T h ey  r e p o r t e d  

o b t a i n i n g  t h e  t e t r a e t h y l ,  t e t r a i s o - p r o p y l ,  a n d  t e t r a m e t h y l  t i t a n a t e s .

S in c e  t h e  e a r l y  1 9 4 0 's  c h e m is t s  h a v e  becom e c o n c e rn e d  w i t h  t h e  s t r u c ­

t u r e s  o f  t h e s e  com pounds a n d  t h e  m ech a n ism s  o f  t h e i r  r e a c t i o n s ,  p a r t i c u l a r l y  

w i th  w a te r .  A l l  o f  t h e  a l k y l  t i t a n a t e s  r e a c t  w i th  w a te r ,  t h e  r a t e  o f  r e ­

a c t i o n  g e n e r a l l y  i n c r e a s i n g  w i th  d e c r e a s in g  m o le c u la r  w e ig h t  o f  t h e  com pound.

Much o f  t h e  w o rk  c a r r i e d  on  i n  t h i s  l a b o r a t o r y  a n d  d e s c r i b e d  i n  t h i s  

d i s s e r t a t i o n  b e g a n  w i th  t h e  i n v e s t i g a t i o n  o f  t e t r a e t h y l  t i t a n a t e ,  a s  t h i s
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i s  p r o b a b ly  t h e  m o s t u n u s u a l  o f  t h i s  g ro u p .  F o r  s e v e r a l  y e a r s  i t  w as

r e p o r t e d  i n  t h e  l i t e r a t u r e  t o  b e  a  l i q u i d  a t  room  t e m p e r a t u r e ;  how ever

(1 5 )  '
i n  19 5 0  C a u g b la n  a n d  C row e show ed t h a t  i t s  n o rm a l s t a t e  i s  s o l i d .

T h e  p u r e  com pound i s  o b t a i n e d  a s  a  l i q u i d  b y  d i s t i l l a t i o n .  I f  " th e
> '

l i q u i d  i s  a l lo w e d  t o  s t a n d  f o r  a  c o n s i d e r a b l e  l e n g t h  o f  t i m e ,  u s u a l l y  

s e v e r a l  m o n th s , s m a l l  c r y s t a l s  fo rm  o n  t h e  s i d e s  o f  t h e  c o n t a i n e r ,

a n d  e v e n t u a l l y  t h e  e n t i r e  l i q u i d  s o l i d i f i e s .
. '  •- * • ’ - ‘

I n  t h i s  l a b o r a t o r y  r e s e a r c h  o n  o r g a n ic  t i t a n a t e s  s t a r t e d  w i th  a

s tu d y  o f  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  t h e s e  com pounds a n d  t h e  m o le c u la r

w e ig h t s  i n  s o l u t i o n .  R e s u l t s  o f  t h e  m o le c u la r  w e ig h t  i n v e s t i g a t i o n s

show ed t h a t  a l l  o f  t h e  o r t h o e s t e r s  s t u d i e d  h a d  a n  a s s o c i a t i o n  num ber

(1 3 )
o f  t h r e e  . . .  T h is  a s s o c i a t i o n  i s  n o t  s u r p r i s i n g  when o n e  c o n s i d e r s  

t h e  f a c t  t h a t  t h e  c o o r d i n a t i o n  num ber o f  t i t a n i u m  i s  s i x ,  w h e re a s  i t s  

p r im a r y  v a l e n c e  num ber i n  t h e  m onom eric  t i t a n a t e  i s  o n ly  f o u r .  To 

s a t i s f y  t h e  c o o r d i n a t i o n  num ber o f  s i x ,  o x y g e n s  fro m  s u r r o u n d in g  

t i t a n a t e  m o le c u le s  m u s t b e  u s e d .  T he s t r u c t u r e s  p r o p o s e d  f o r  t h e  

t r i m e r  a r e  show n i n  F i g u r e  I ;  t h e  l i n e a r  s t r u c t u r e  i n  F i g u r e  l a  i s  t h e  

o n e  t h a t  m o s t g e n e r a l l y  h a s  b e e n  a c c e p t e d .

A s a l r e a d y  m e n t io n e d  m o st o f  t h e  a l k y l  t i t a n a t e s  r e a c t  r e a d i l y  

w i t h  w a te r .  F o r  s m a l l  a m o u n ts  o f  w a te r  t h e  m a jo r  p r o d u c t s  o f  t h e  

r e a c t i o n  a r e  p o ly m e r s ,  t h e  s i z e  o f  t h e  p o ly m e r  d e p e n d in g  o n  t h e  am ount 

o f  w a te r  a d d e d . D. G. B r a d le y  an d  h i s  a s s o c i a t e s  h a v e  m ade a  v e r y  

th o r o u g h  i n v e s t i g a t i o n ,  o f  t h e  h y d r o l y s i s ; o f  T i(O C gE ^)^  a n d ,  b a s e d  on  

t h e  t r i m e r  s t r u c t u r e  p ro p o s e d  b y  C a u g h la n , h a v e  p ro p o s e d  a  s e t  o f  r e ­

a c t i o n s  f o r  t h e  h y d r o l y s i s  a n d  s t r u c t u r e s  f o r  t h e  h y d r o l y s i s  p r o d u c t s

(2 ), (3), (4).
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I n  o r d e r  t o  c o n f i r m  t h e  t r i m e r i e  s t r u c t u r e  o f  t h e  a l k y l  t i t a n a t e s  

i t  w as d e c id e d  t o  d e te r m in e  t h e  s t r u c t u r e  o f  t h e  t e t r a e t h y l  t i t a n a t e  b y  

=' s i n g l e  c r y s t a l . x - r a y  d i f f r a c t i o n  t e c h n i q u e s .  C r y s t a l s  w e re  o b t a i n e d  

f ro m  a n  e t h a n o l  s o l u t i o n ,  a n d  c e l l  d im e n s io n s  w e re  d e te r m in e d  f ro m  x - r a y  

d a t a . I t  w as a p p a r e n t  i n  t h e  e a r l y  s t a g e s  o f  t h i s  i n v e s t i g a t i o n  t h a t :

■the c r y s t a l s  w e re  n o t  o f  t h e  t e t r a e t h y l a t e  b u t  o f  o n e  o f  t h e  h y d r o l y s i s  

p r o d u c t s .  S in c e  go o d  c r y s t a l s  o f  t h e  h y d r o l y s i s  p r o d u c t  w e re  now o n  

hand ', i t  w as d e c id e d  t o  c o n t i n u e  t h e  x - r a y  s t r u c t u r e  d e t e r m i n a t i o n  o f  t h i s  

com pound .

C r y s t a l s  o f  m o n o m e th y l t r ie th y l  t i t a n a t e  w e re  o b t a i n e d  b y  t h e  

m e th o d  d e s c r i b e d  b y  Varm a a n d  M e h r o t r a ^ ^ . S in c e  t h i s  com pound i s  a l s o  

t r i m e r i e . i n  s o l u t i o n ,  d e t e r m i n a t i o n  o f  t h i s  s t r u c t u r e  w o u ld  s e r v e  t o  

v e r i f y  t h a t  p r o p o s e d  f o r  t h e  t r i m e r s .  A c c o r d in g ly ,  a  m a jo r  p o r t i o n  o f  

t h i s  r e s e a r c h  i s  o n  t h e  s t r u c t u r e  o f  T i ( OCH^)(O CgH ^)^.

I n  a d d i t i o n  t o  t h e  x - r a y  e x a m in a t io n  o f  t h e  tw o  c r y s t a l s  m e n t io n e d ,  

t h e  d i e l e c t r i c  p r o p e r t i e s  o f  t e t r a e t h y l  t i t a n a t e ,  t e t r a - n - p r o p y l  t i t a n a t e ,  

t e t r a - t e r t - b u t y l  t i t a n a t e ,  a n d  t e t r a - n - b u t y l  t i t a n a t e  h a v e  b e e n  m e a su re d  

i n  n - h e p ta n e  a t  0 ° ,  2 5 ° ,  a n d  $0°C .
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P ro p o s e d  S t r u c t u r e s  f o r  T r im e r ic  T i ta n iu m  T e t r a e t h y l a t e  

(C a rb o n s  n o t  Shown)

F ig u r e  I



PART I

D i e l e c t r i c  S t u d i e s  o f  A lk y l  T i t a n a t e s

T he d i p o l e  moment o f  a  com pound i s  d e te r m in e d  b y  i t s  m o le c u la r  

s t r u c t u r e .  A s id e  f ro m  t r a n s l a t i o n a l  o r  r o t a t i o n a l  m o tio n  o f  t h e  m o le ­

c u l e  a s  a  w h o le ,  i t s  a to m s  a r e  n o t  i n  f i x e d  l o c a t i o n s ;  t h e y  a r e  i n  c o n s t a n t  

v i b r a t i o n  a b o u t  a n  a v e r a g e  p o i n t ,  a n d  a to m s  o r  g ro u p s  o f  a to m s  may r o t a t e  

a b o u t  some b o n d  i n  t h e  m o le c u le .  G r e a t e r  v i b r a t i o n s  o f  t h e  a to m s  a t  i n ­

c r e a s e d  t e m p e r a t u r e s  g e n e r a l l y  h a v e  l i t t l e  e f f e c t  o n  t h e  d i p o l e  moment 

s i n c e  t h e  a v e r a g e  p o s i t i o n s  o f  t h e  a to m s  a r e  h o t  c h a n g e d . T he d e g r e e  t o  

w h ic h  a n  a to m  o r  g ro u p  o f  a to m s  r o t a t e  a b o u t  a n  a x i s  may b e  a f f e c t e d  b y  

t e m p e r a t u r e , h o w e v e r ,  t h u s  c h a n g in g  t h e  d i p o l e  moment o f  t h e  m o le c u le .  

C o m p a riso n  o f  m e a s u re d  a n d  t h e o r e t i c a l l y  c a l c u l a t e d  d i p o l e  m om ents f o r  

a l k y l  t i t a n a t e s  h a s  i n d i c a t e d  r e s t r i c t i o n  o f  r o t a t i o n  o f  t h e  a lk o x y  g r o u p s .

T h i s  d i e l e c t r i c  s tu d y  o f  t h e  t i t a n a t e s  w as t h e r e f o r e  u n d e r ta k e n  t p  

l e a r n  how t h e  d i p o l e  m om ents a r e  a f f e c t e d  b y  t e m p e r a t u r e .  F rom  t h i s ,  

i n s i g h t  i n t o  t h e  d e g r e e  o f  r e s t r i c t i o n  o f  r o t a t i o n  o f  t h e  g ro u p s  a n d  t o  

t h e  e n e rg y  b a r r i e r  t o  r o t a t i o n  may b e  o b t a i n e d .

T h e o ry  a n d  D i s c u s s i o n  o f  M eth o d s

A d e t a i l e d  r e v ie w  o f  th e . t h e o r y  o f  d i e l e c t r i c  c o n s t a n t s ,  p o l a r i s a ­

t i o n ,  an d  d i p o l e  moment may b e  fo u n d  i n  t h e  r e f e r e n c e s  ( l 4 ) ,  ( 2 0 ) ,  an d  

( 2 9 ) .  H ow ever a  b r i e f  d i s c u s s i o n  o f  t h e  g e n e r a l  t h e o r y  w i l l  b e  g iv e n  h e r e .

M o le c u le s ,  a l t h o u g h  n e u t r a l ,  p o s s e s s  s m a l l  c e n t e r s  o f  n e g a t i v e  a n d  

p o s i t i v e  c h a r g e s .  I n  p o l a r  m o le c u le s  t h e r e  i s  a  f i n i t e  d i s t a n c e  o f  s e p a r ­

a t i o n  b e tw e e n  t h e  c e n t e r s  o f  t h e  n e g a t i v e  a n d  p o s i t i v e  c h a r g e s ,  a n d  t h e
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p o l a r i t y  o f  a  m o le c u le  b eco m es l e s s  a s  t h e s e  c e n t e r s  a p p r o a c h  e a c h  o t h e r .  

W hen p l a c e d  i n  a n  e l e c t r i c  f i e l d  a  p o l a r  m o le c u le  w i l l  t e n d  t o  o r i e n t  i t ­

s e l f  , t h e  c h a r g e s  l i n i n g  u p  i n  t h e  d i r e c t i o n  o f  t h e  f i e l d .  T he f o r c e  

r e q u i r e d  t o  o r i e n t  t h e  m o le c u le  d e p e n d s  o n  t h e  m a g n i tu d e  o f  t h e  c h a r g e s  

a n d  o n  t h e  d i s t a n c e  b e tw e e n  th em . T he d i p o l e  moment i s  a  m e a s u re  o f  t h e s e  

tw o  q u a n t i t i e s ;  i t  i s  t h e  p r o d u c t  o f  e i t h e r  c h a r g e  e  b y  t h e  d i s t a n c e  b e ­

tw e e n  th em : yU = e r .  I t  s e r v e s  a s  a  u s e f u l  q u a n t i t a t i v e  m e a s u re  o f  t h e  

e x t e n t  t o  w h ic h  a  m o le c u le  i s  p o l a r .  T hus d i p o l e ,  o r  d i e l e c t r i c ,  s t u d i e s  

p r o v i d e  some i n f o r m a t i o n  c o n c e r n in g  t h e  s h a p e  o f  a  m o le c u le .

T he d i e l e c t r i c  c o n s t a n t  o f  a  s u b s t a n c e  i s  r e l a t e d  t o  i t s  d e g r e e  o f  

p o l a r i z a t i o n  i n  a n  e l e c t r i c  f i e l d .  P o l a r i z a t i o n  i s  d e te r m in e d  i n  t h i s  

r e s e a r c h  b y  d e t e r m in in g  t h e  e x t e n t  t o  w h ic h  t h e  s u b s t a n c e  i n  t h e  d i s s o lv e d  

s t a t e  i n  a  s o l u t i o n  o f  a  n o n p o la r  s o l v e n t  c o n t r i b u t e s  t o  t h e  d i e l e c t r i c  

c o n s t a n t  o f  t h e  s o l u t i o n .  By e x t r a p o l a t i n g  t h e  m e a s u re m e n ts  o f  d i e l e c t r i c  

c o n s t a n t  t o  i n f i n i t e  d i l u t i o n ,  a  v a lu e  i s  o b t a in e d  w h ic h  c o r r e s p o n d s  t o  a  

s i t u a t i o n  i n  w h ic h  t h e  m o le c u le s  a r e  so  f a r  a p a r t  t h a t  t h e y  do n o t  in d u c e  

c h a r g e s  i n  e a c h  o t h e r .

T he m o la r  p o l a r i z a t i o n  o f  a  s u b s t a n c e  c a n  b e  c a l c u l a t e d  fro m  t h e  

d i e l e c t r i c  c o n s t a n t  €  u s i n g  a  f o r m u la  d e v e lo p e d  b y  C l a u s i u s  a n d  M o s o t t i  

o n  t h e  b a s i s  o f  t h e o r i e s  o f  e l e c t r i c  c h a r g e s  in d u c e d  b y  e l e c t r i c  f i e l d :

P -  6 - 1  M
" £  + 2 d

w h e re  P i s  t h e  m o la r  p o l a r i z a t i o n ,  M t h e  m o le c u la r  w e ig h t ,  an d  d  t h e  d e n s i t y .  

F o r  a  b i n a r y  s o l u t i o n  t h e  e q u a t i o n  c a n  b e  w r i t t e n  a s

P12 = c I p I  + C2P2 = 1^2 " T i  '
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w h e re  P i s  t h e  m o la r  p o l a r i z a t i o n ,  g  t h e  d i e l e c t r i c  c o n s t a n t ,  d t h e  d e n s i t y ,

c t h e  c o n c e n t r a t i o n ,  a n d  M m o le c u la r  w e ig h t .  The s u b s c r i p t s  I ,  2 ,  an d  12

r e f e r  t o  s o l v e n t ,  s o l u t e ,  a n d  s o l u t i o n ,  r e s p .

A ssu m in g  t h e  d i e l e c t r i c  c o n s t a n t  a n d  t h e  s p e c i f i c  v o lum e o f  a

b i n a r y  s o l u t i o n  t o  b e  l i n e a r  f u n c t i o n s  of. c o n c e n t r a t i o n ,  H a l v e r s t a d t  a n d  

(2 5 )
K u m ler ' a r r i v e d  a t  t h e  f o l l o w i n g  e q u a t i o n :

P * ,  =  f j .  ...... (M 2 V 1  +  M 1 B )  +  ^ _ . l _ l _ y 2  '

w h e re  th e  m e a n in g s  o f  t h e  sy m b o ls  a r e  a s  f o l l o w s :

Pae i s  t h e  m o la r  p o l a r i z a t i o n  o f  s o l u t e  a t  i n f i n i t e  d i l u t i o n

C ]_ i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  s o l u t i o n  a t  i n f i n i t e  d i l u t i o n  
( i n t e r c e p t )

Vj_ i s  t h e  s p e c i f i c  v o lu m e o f  s o l u t i o n  a t  i n f i n i t e  d i l u t i o n  
( i n t e r c e p t )

M]_ a n d  Mg a r e  t h e  m o le c u la r  w e ig h t s  o f  s o l v e n t  an d  s o l u t e ,  r e s p .

A i s  t h e  s l o p e  o f  t h e  d i e l e c t r i c  c o n s t a n t - c o n c e n t r a t i o n  c u rv e

B i s  t h e  s lo p e  o f  t h e  s p e c i f i c  v o l u m e - c o n c e n t r a t i o n  c u r v e .

T h e  m eth o d  o f  H a l v e r s t a d t  an d  K u m ler t a k e s  i n t o  a c c o u n t  t h e  f a c t  

t h a t  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t  may b e  c o n s i d e r a b l y  d i f f e r e n t  

f ro m  t h e  m e a s u re d  d i e l e c t r i c  c o n s t a n t  o f  t h e  p u r e  s o l v e n t . T h is  may b e  

d u e  p a r t i a l l y  t o  t h e  a b s o r p t i o n  o f  w a t e r .  T h is  s o l v e n t  p o l a r i z a t i o n  e r r o r  

i s  e s s e n t i a l l y  e l i m i n a t e d  b y  o b t a i n i n g  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  p u r e  

s o l v e n t  f ro m  e x t r a p o l a t i o n  t o  i n f i n i t e  d i l u t i o n .  T h e s e  a u t h o r s  p o i n t  o u t  

t h a t  s o l v e n t s  w i th  a  lo w  d i e l e c t r i c  c o n s t a n t  m u st b e  u s e d .

T he m o la r  p o l a r i z a t i o n  d e te r m in e d  b y  t h i s  m eth o d  i s  t h e  t o t a l  

p o l a r i z a t i o n  a n d  i s  t h e  sum o f  t h e  o r i e n t a t i o n  p o l a r i z a t i o n ,  t h e  a to m ic  

p o l a r i z a t i o n ,  a n d  t h e  e l e c t r o n i c  p o l a r i z a t i o n .  The d i p o l e  moment o f  a
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m o le c u le  c a n  b e  c a l c u l a t e d  fro m  t h e . o r i e n t a t i o n  'p o l a r i z a t i o n .  T hus t h e  

a to m ic  a n d  e l e c t r o n i c  p o l a r i z a t i o n s  m u s t b e  d e te r m in e d  a n d  s u b t r a c t e d  fro m . 

P1Sd . H e n c e , = P00 -  P ^  w kere- F 0* , , ' a n d  P a  a r e  t h e  o r i e n t a ­

t i o n ,  t o t a l ,  e l e c t r o n i c , a n d  a to m ic  p o l a r i z a t i o n s ,  r e s p .  . ■

T he e l e c t r o n i c  p o l a r i z a t i o n  a n d ' m o la r  r e f r a c t i o n  o f  a  com pound 

t h e o r e t i c a l l y  a r e  t h e  sam e f o r  a  h ig h  f r e q u e n c y  o s c i l l a t i n g  e l e c t r i c  f i e l d .  

A c c o rd in g  t o  M a x w e l l 's  r e l a t i o n ,  g  = n^ f o r  a  n o n - p o la r  s u b s t a n c e ,  w h e re  n

p
i s  t h e  r e f r a c t i v e  i n d e x „ T h u s n  i s  r e a l l y  a  m e a su re  o f  t h e  d i e l e c t r i c  

c o n s t a n t  w i t h  t h e  e f f e c t s  o f  t h e  p e rm a n e n t  d i p o l e s  a n d  a to m ic  e f f e c t s  r e ­

m oved . The r e a s o n  f o r  t h i s  i s  t h a t  t h e  f r e q u e n c i e s  o f  o p t i c a l  l i g h t  a r e  

so  g r e a t  t h a t  t h e  d i p o l e s  o f  t h e  m o le c u le s  a r e  u n a b le  t o  o r i e n t  th e m s e lv e s  

f a s t  e n o u g h , a n d  o n ly  t h e  e f f e c t s  d u e  t o  e l e c t r o n i c  p o l a r i z a t i o n  a r e  m a n i­

f e s t .  T h u s b y  d e t e r m in in g  t h e  r e f r a c t i v e  in d e x  o f  .a s u b s t a n c e ,  an d  i t s

d e n s i t y ,  t h e  e l e c t r o n i c  p o l a r i z a t i o n  m ay b e  d e t e r m in e d . T he m o la r  r e f r a c -
2

t i o n  R i s  g iv e n  b y  t h e  r e l a t i o n  R = ^ 3=^—— • M °
nd 4- 2 d

T he a to m ic  p o l a r i z a t i o n  i s  n o t  so  e a s i l y  d e te r m in e d .  T h is  c o n t r i ­

b u t i o n  t o  t h e  t o t a l  p o l a r i z a t i o n  i s  u s u a l l y  q u i t e  s m a l l  a n d  i s  f r e q u e n t l y  

o m i t t e d  fro m  c a l c u l a t i o n s ;  so m e tim e s  i t  i s  a ssu m ed  t o  b e  a b o u t  5$  o f  t h e  

e l e c t r o n i c  p o l a r i z a t i o n .  I n  t h i s  w o rk  o n  t i t a n i u m  a I k o x i d e s  t h e  e f f e c t  

d u e  t o  t h e  a to m ic  p o l a r i z a t i o n  h a s  b e e n  n e g l e c t e d .  T h u s i n  t h i s  c a s e  t h e  

o r i e n t a t i o n  p o l a r i z a t i o n  i s  c a l c u l a t e d  b y  s u b t r a c t i n g  t h e  m o la r  r e f r a c t i o n  

f ro m  Po9. ; = P^s - R - P a  w h e re  i t  i s  a ssu m e d  t h a t  P a 0.

T he d i p o l e  moment o f  a  com pound c a n  b e  c a l c u l a t e d  fro m  t h e  o r i e n t ­

a t i o n  p o l a r i z a t i o n  b y  t h e  e q u a t i o n

j u =  0 .0 1 2 7  x  IO "18 e . s . u .  = / P w T D eb y e .
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A . P r e p a r a t i o n  o f  Com pounds

T he t e t r a e t h y l  a n d  t e t r a - n - p r o p y l  t i t a n a t e s  w e re  p r e p a r e d  b y  t h e

so d iu m  a l k o x i d e  m e th o d .(I)OD T e t r a - t e r t - b u t y l  t i t a n a t e  w as p r e p a r e d  b y

t h e  p y r id in e - a m m o n ia  m eth o d (5)(19)
w h i l e  t h e  n - b u t y l  e s t e r  .w as o b t a in e d

f ro m  E . I .  d u P o n t d e  N em ours an d  C o . , I n c .

B . D i e l e c t r i c  C o n s ta n t  A p p a ra tu s

T he e l e c t r i c  c i r c u i t ,  t h e  p r e c i s i o n  c o n d e n s e r ,  an d  t h e . d i e l e c t r i c

f i e d  s l i g h t l y  b y  p l a c i n g  a  t h e r m o s t a t e d  r e s e r v o i r  on  to p  o f  t h e  c e l l ,  

i n c r e a s i n g  t h e  e f f e c t i v e  v o lu m e o f  t h e  u n i t  f ro m  10 ml t o  a b o u t  25 m l.

An o p e n in g  i n  t h e  t o p  o f  t h e  r e s e r v o i r  p e r m i t t e d  i n s e r t i n g  a  m e ta l  

t h e r m i s t e r  d i r e c t l y  i n t o  t h e  d i e l e c t r i c  c e l l  f o r  a c c u r a t e  t e m p e r a tu r e  

m e a s u re m e n t.  A s e c o n d  o p e n in g  p e r m i t t e d  a d d i t i o n  o f  s o l u t e  t o  t h e  s o l u ­

t i o n  i n  t h e  c e l l .  B o th  o p e n in g s  i n  t h e  r e s e r v o i r  w e re  s e a l e d  w i th  g ro u n d  

g l a s s  s t o p p e r s  so  no e v a p o r a t i o n  o f  s o l v e n t  n o r  a b s o r p t i o n  o f  w a te r  c o u ld  

t a k e  p l a c e  e x c e p t  d u r in g  t h e  b r i e f  p e r i o d s  w hen s o l u t e  w as b e i n g  a d d e d .

C . D e n s i ty  A p p a r a tu s

D e n s i t i e s  o f  t h e  s o l u t i o n s  a t  25® a n d  a t  50°C w e re  o b t a i n e d  b y  

t h e  W e s tp h a l  b a l a n c e  m e th o d . An a n a l y t i c  b a l a n c e  w as m o d i f i e d  f o r  t h i s  

p u r p o s e .  A p lu m m et o f  15 .65  m l c a p a c i t y  w as m ade b y  s e a l i n g  s e v e r a l  

g ram s o f  m e rc u ry  i n t o  a  g l a s s  t u b e .  T he s o l u t i o n s  w e re  p l a c e d  i n  a  

t h e r m o s t a t e d  c o n t a i n e r  (8 0  m l) f o r  t h e  r e a d i n g s .  A d d i t i o n a l  s o l u t e  w as 

e a s i l y  a d d e d  t o  t h i s ,  t h e  m ix tu r e  b e i n g  s t i r r e d  b y  m ov ing  t h e  b o b  up an d  

dow n. A c o r k  s t o p p e r  s e a l e d  t h e  s o l u t i o n  fro m  c o n t a c t  w i t h  a i r  e x c e p t  

f o r  a  s m a l l  h o l e  f o r  t h e  w i r e  l e a d i n g  f ro m  t h e  b a l a n c e  t o  t h e  p lu m m e t.'

c e l l  h a v e  b e e n  d e s c r i b e d  b e f o r e . (1 * 0 (1 5 ) T he d i e l e c t r i c  c e l l  w as m o d i-
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A N a t i o n a l  B u re a u  o f  S ta n d a r d s  th e rm o m e te r  a l s o  w as im m ersed  i n  t h e  

s o l u t i o n .

T h is  m e th o d  o f  d e t e r m in in g  d e n s i t i e s  o f  t h e  s o l u t i o n s  w as very- 

s a t i s f a c t o r y  f o r  m e a su re m e n ts  a t  2'5° a n d  5 0 °C „ H ow ever a t  z e r o  d e g r e e s  

t h i s  a p p a r a t u s  g av e  v e r y  p o o r  r e s u l t s  d u e  t o  r a p i d  a b s o r p t i o n  o f  

m o i s tu r e  fro m  t h e  a i r ,  h y d r o ly z in g  t h e  s o l u t e .  P l a c i n g  t h e  a p p a r a t u s  

i n  a  d r y  b o x  d i d  n o t  h e lp  m a t t e r s . .

F o r  low  t e m p e r a t u r e  d e n s i t y  m e a su re m e n ts  tw o p y c n o m e te rs  

( F i g u r e  2 )  w e re  m ade, o n e  w i t h  a  v o lu m e o f  3 3 -0 2  m l, t h e  o t h e r  w i t h  a  

vo lum e o f  3 0 .7 3  m l a t  0 °C . T he b u lb  o f  t h e  p y c n o m e te r  w as a t t a c h e d  b y  

a  c a p i l l a r y  t o  a  r e s e r v o i r  w h ic h  w as s e a l e d  o f f  f ro m  t h e  a i r  b y  a  g ro u n d  

g l a s s  s t o p p e r . The u n i t  w as im m ersed  i n  a  b a t h  a t  t h e  d e s i r e d  te m p e r a ­

t u r e .  A f t e r  th e r m a l  e q u i l i b r i u m  w as e s t a b l i s h e d ,  t h e  v o lu m e o f  t h e  

s o l u t i o n  w as a d j u s t e d  b y  re m o v in g  e x c e s s  l i q u i d  b y  a. v e r y  f i n e  c a p i l ­

l a r y  c o n n e c te d  t o  a n  a s p i r a t o r .

D . T e m p e ra tu re  C o n t r o l  a n d  M easu rem en t

F o r  d e n s i t y  m e a s u re m e n ts  t e m p e r a t u r e  w as m a in ta in e d  f o r  t h e  25° 

a n d  50° r u n s  b y  c i r c u l a t i n g  w a te r  th r o u g h  t h e  j a c k e t  o f  t h e  c e l l ,  t h e  

w a te r  co m in g  f ro m  a  t h e r m o s t a t .  T e m p e ra tu re  o f  t h e  s o l u t i o n  i n  t h e  c e l l  

w as m e a s u re d  b y  a  c a l i b r a t e d  N .B .S . th e r m o m e te r . T e m p e ra tu re  a t  O0C 

w as o b t a i n e d  b y  im m e rs in g  t h e  p y c n o m e te rs  d i r e c t l y  i n t o  a  w a t e r - i c e  

m ix tu r e  i n  a  D ew ar f l a s k .

T e m p e ra tu r e  o f  t h e  s o l u t i o n s  i n  t h e  d i e l e c t r i c  c e l l  w as o b t a in e d  

b y  p a s s i n g  a  l i q u i d  ( w a te r  a t  25 ° a n d  50®, i s o p r o p y l  a l c o h o l  a t  0 °} 

th r o u g h  t h e  j a c k e t  o f  t h e  c e l l .  A c o n s t a n t  t e m p e r a tu r e  b a t h  w as u s e d  a t
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P y c n o m e te r

F ig u r e  2
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■the tw o  h i g h e r  t e m p e r a t u r e s , -  a  r e f r i g e r a t i o n  u n i t  a t  t h e  lo w e r  t e m p e r a t u r e .  

T e m p e ra tu re  i n  t h e  c e l l ,  i t s e l f  w as d e te r m in e d  b y  m e a s u r in g  t h e  r e s i s t a n c e  

o f  a  m e ta l  t h e r m i s t o r • i n s e r t e d . i n  t h e  i n n e r  c a v i t y  o f  t h e  c y l i n d r i c a l  

c a p a c i t a n c e  u n i t .  T he t e r m i s t e r  w as c a l i b r a t e d - a g a i n s t  t h e  N .B .S . th e rm ­

o m e te r .

E . • D a ta  a n d  R e s u l t s

■ The c a l i b r a t i o n  o f  t h e  p y c n o m e te r  a t  0® an d  o f  t h e  d i e l e c t r i c  c e l l  

a t  0 ° ,  2 5 ° ,  a n d . 50°■ w as-m ade  u s i n g  n - h e p ta n e  a s . a  s t a n d a r d .  The d i e l e c ­

t r i c .  c o n s t a n t s  o f  h e p t a n e ■ w h ic h  w e re  u s e d  a t  t h e s e - t e m p e r a t u r e s  a r e  t h o s e

( 2 2 )
r e p o r t e d  b y  D o rn te  an d  S m y th ; d e n s i t i e s  a r e  t h o s e  g iv e n  b y  Sm yth an d  

■ S to o p s .  The c a p a c i t a n c e  o f  t h e  d i e l e c t r i c  c e l l  w as d e te r m in e d ,  a t  t h e

s t a r t  o f  e a c h  r u n .

The n - h e p ta n e o u s e d  i n  t h e s e  d e t e r m in a t i o n s  w as o b t a i n e d  fro m  

- P h i l l i p s  P e t r o l e u m : C o. a n d -w as  d r i e d  b y  d i s t i l l a t i o n - f r o m - s o d i u m .

D i e l e c t r i c  c o n s t a n t s ' a n d  d e n s i t i e s . : w e r e  d e te r m in e d  a s  d e s c r i b e d .  

R e s u l t s  o f  t h e s e  m e a s u r e m e n ts : a r e . t a b u l a t e d  i n  T a b le s .. I , t h r o u g h  X an d  

. d e p i c t e d  i n  F ig u r e s  3 t h r o u g h  -22. M o la r p o l a r i z a t i o n s  a t  i n f i n i t e  

d i l u t i o n  w e re  c a l c u l a t e d ; b y .  t h e  m e th o d  o f  ' - H a l v e r s t a d t ' and . K u m le r ' a s  

d e s c r i b e d  o n -p a g e  6 . . The s l o p e s  and . i n t e r c e p t s  o f  t h e  d i e l e c t r i c  c o n s t a n t -  

m o le  - f r a c t i o n  a n d  s p e c i f i c ■v o lu m e -m o le  f r a c t i o n  c u r v e s  w e re  o b t a i n e d .b y  

t h e  m e th o d  o f  l e a s t  . s q u a r e s .

F o r  t h e  c a l c u l a t i o n s  i n v o l v e d , ■ a .p r o g r a m 1w a s •w r i t t e n  f o r - t h e

I .B .M . 650 c o m p u te r .  T h is  p ro g ra m :c o m p u te d  t h e  i n t e r c e p t s  - a n d  s l o p e s  

o f  t h e  d i e l e c t r i c  c o n s t a n t  a n d . s p e c i f i c  v o lu m e 'v e r s u s  m o le  f r a c t i o n  

c u r v e s  b y  t h e  m e th o d  o f  l e a s t  s q u a r e s ,  and- a l s o  c a l c u l a t e d  t h e  - t o t a l
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p o l a r i z a t i o n  a n d  t h e  d i p o l e  m om ent. R e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  

show n i n  T a b le . X I .  V a lu e s  f o r  t h e  r e f r a c t i v e  i n d i c e s  a n d  d e n s i t i e s  o f  

t h e  p u r e  l i q u i d s  a r e  g iv e n  i n  T a b le  X I I .

I n  t h e  com pounds i n v e s t i g a t e d  t h e r e  i s  t h e  p o s s i b i l i t y  o f  r o t a t i o n

o f  t h e  h y d ro c a rb o n  c h a in s  a b o u t  t h e  t i t a n iu m - o x y g e n  b o n d s .  I f  t h e r e  i s ,

r e s t r i c t i o n  o f  r o t a t i o n ,  t h e  d i p o l e  moment s h o u ld  b e  a  f u n c t i o n  o f  temp-?

t u r e .  A s t h e  t e m p e r a t u r e  i s  i n c r e a s e d ,  m ore  th e r m a l  e n e rg y  i s  a v a i l a b l e

t o  o v e rco m e  t h e  p o t e n t i a l  e n e rg y  b a r r i e r  t o  r o t a t i o n .  T h u s t h e  d i p o l e

m om ent s h o u ld  v a r y  w i t h  t e m p e r a tu r e  a n d  a p p r o a c h  t h e  t h e o r e t i c a l  v a lu e

c a l c u l a t e d  a s s u m in g  c o m p le te  f re e d o m  o f  r o t a t i o n .  U s in g  t h e  E y r ir ig  e q u a -  

(2 3 )  (1 5 )
t i o n '  '  C row e a n d  C a u g h la n  c a l c u l a t e d  t h e  d i p o l e  mom ent o f  t i t a n i u m  

t e t r a e t h o x id e  a s s u m in g  c o m p le te  f r e e d o m  o f  r o t a t i o n  o f  t h e  e th o x y  g ro u p s  

a n d  o b t a i n e d  a  v a l u e  o f  2 . 11D.

F i g u r e  2 3  show s g r a p h i c a l l y  t h e  v a r i a t i o n  o f  d i p o l e  moment o f  

t h e :  e t h y l ,  n - p r o p y l ,  a n d  n - b u t y l  e s t e r s  w i th  t e m p e r a t u r e .  T he d i p o l e  

moment o f  e a c h  i s  s e e n  t o  i n c r e a s e  w i th  t e m p e r a t u r e  to w a rd  t h e  co m p u ted  

v a l u e  o f  2 . I lD  f o r  t h e  e t h y l  t i t a n a t e ,  i n d i c a t i n g  t h a t  t h e  m o le c u le s  do 

n o t  e x h i b i t  c o m p le te  f re e d o m  o f  r o t a t i o n .  T h is  r e s u l t  s u g g e s t s  t h a t  t h e  

p o t e n t i a l  e n e rg y  b a r r i e r  i s  o f  t h e  sam e o r d e r  o f  m a g n i tu d e  a s  t h e  th e r m a l  

e n e rg y ,  i . e . ,  kT ,

\



Temperature

5 0 °

T etra e th y l T ita n a te

Table I

D ie le c tr ic -C o n s ta n t  .Yalues S p e c if ic  Volume- Values

m o le
f r a c t i o n

d i e l e c t r i c
c o n s t a n t

.m o le
f r a c t i o n

s p e c i f i c
vo lum e

0 ..006412 ' 1 .8 9 4 4 ' 0 .0 0 1 1 1 4 - 1 . 5189

, 008535 . .. I .8985 .. 0 0 2 4 4 2 I  „.5.1.71

.0 0 7 1 3 5 1 .8 9 5 7 .003686 1 .5 1 5 5

.0 0 3 3 4 0 ■ 1 .8888 .004894  : 1 .5 1 3 8

.0 0 4 8 4 9 1 .8916 .006085 -1 ,5 1 2 4

.0 0 4 8 2 6  . 1 .8916 .0 0 7 4 0 9 I , 5106

.009506  . 1 ,9 0 0 5 ...000000 1 .5 2 0 5

.003590 T.8900

.0 0 4 6 7 9 . 1 .8908

.001959 . 1 ,8851

.000600 1 .8810
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T e m p e ra tu re  D i e l e c t r i c  C o n s ta n t  V a lu e s  S p e c i f i c  Volum e V a lu e s

I;..Tetraettiyl:-. 9?i-tana±e

Table I I

m o le
f r a c t i o n

'd i e l e c t r i c
c o n s t a n t

m o le
f r a c t i o n

s p e c i f i c
vo lum e

0 .0 0 4 8 4 4 1 .9 2 8 9 0 .0 0 0 9 4 2 1 .4 7 0 2

.0 0 5 5 5 3 1.9305 .002110 1.4687

.0 0 3 8 7 5  ■ 1 .9 2 6 5 .003031 1 .4 6 7 6

.007396 1.9338 .0 0 4 0 0 4 1.4663

.003633 1 .9 2 7 3 .0 0 4 9 7 5 1.4652

.0 0 3 9 1 1 1 .9 2 7 3 .006596 1.4632

.0 0 5 8 2 4 1.9310 .000000 1 .4 7 1 3

.0 0 7 7 0 5 1 .9 3 4 6

.0 0 4 5 6 7 1 .9 2  77

..0 0 2 0 1 5 1 .9220

.0 0 9 0 3 5 1.9363 .

.000000 1.9180
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.: T etraeth y l- T ita n a te

Table I I I

Temperature D ie le c t r ic  Constant V alues S p e c if ic  Volume Values

m o le
f r a c t i o n

d i e l e c t r i c
c o n s t a n t

m o le
f r a c t i o n

s p e c i f i c  
volum e

0.006281 1 .9 6 7 1 0 .0 2 6 5 1 7 1 .3 9 6 1

.0 0 4 2 7 9 1.9622 ,0 1 8 5 0 5 1.4055

.0 0 2 8 4 0 1.9597 .612689 1 .4 1 2 5

.008256 1.9715 .0 0 9 1 7 4 1 .4 1 6 8

.0 0 4 8 7 6 1 .9 6 3 8 . 000000 1.4278

.0 0 4 6 2 6 1 .9 6 3 8

.002860 1.9597

.0 0 6 4 7 6 1.9675

.0 0 6 4 9 9 1 .9 6 7 8

.0 0 5 2 5 9 ' 1.9650

. 000000 1.9540

Z



T e m p e ra tu re

50°

17

■ ■: T etrap rop y l' Titaniate

Table IV

D i e l e c t r i c C o n s ta n t  V a lu e s S p e c i f i c Volum e V a lu e s

m ole d i e l e c t r i c m o le sp e c  i f i c
f r a c t i o n c o n s t a n t f r a c t i o n vo lum e

0 ,0 0 4 1 7 0 1.8892 0 .0 0 2 2 1 4 1 .5169

.005630 1 .8 9 3 2 .0 0 3 5 4 1 1 .5 1 4 9

0 003092 1 .8 8 8 3 .005200 1.5122

.0 1 0 4 2 9 1 .9 0 3 7 .0 0 6 9 5 9 1 .5 0 9 8

.0 0 7 4 4 1 1 .8 9 7 7 .0 0 8 9 0 7 1 .5 0 7 0

.007228 I .8969 . 000000 I .5205

.0 0 4 2 9 3 1 .8908

.0 0 6 4 7 6 '1 . 8 9 5 7

.010867 1 .9 0 4 2

.003823 1.8892

„000000 1 .8810
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'T etrapropyl T ita n a te

Table V

T e m p e ra tu re D i e l e c t r i c C o n s ta n t  V a lu e s S p e c i f i c Volum e V a lu e s

mole d i e l e c t r i c m o le sp e c  i f ic
. f r a c t i o n c o n s t a n t f r a c t i o n vo lum e

25 0C 0 .0 0 5 7 2 3 1.9313 0 .0 0 0 4 5 6 1 .4 7 0 5

.0 0 3 0 1 3 1.9261 . 001276 ' 1 .4 6 9 4  ■

.005762 1 .9 3 1 0 .002206 l . 4 6 8 o '

.003622 .1.9265 .003385 l . 4 6 6 i

.006229 1.9322 .0 0 4 3 5 8 1.4649

.0 0 3 4 9 9 1 .9 2 6 5 .005409 1 .4 6 3 4

.003755. 1.9269 .000000 1 .4 7 1 3

.0 0 2 3 7 5 1 .9 2 4 0

.0 0 9 6 4 7 1.9391

.0 0 5 3 1 5 1.9301

.0 0 7 3 5 2 1.9344

1.9180.000000
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■' Tetrapropyl T ita n a te

Table VI

T e m p e ra tu re D i e l e c t r i c C o n s ta n t  V a lu e s S p e c i f i c Volum e V a lu e s

m o le
f r a c t i o n

d i e l e c t r i c
c o n s t a n t

m o le
f r a c t i o n

s p e c i f i c
vo lum e

O0C 0.006119 1.9679 0.013070 1 .4 1 0 2

.005425 1.9679 .0 0 8 7 5 4 1 .4 l6 l

■ \ .O O I837 1.9589 .006053 1.4197

.0 0 8 4 0 2 1.9736 .003995 1.4225

.002579 I .9609 .002863 l .4 2 4 o

.0 0 5 5 7 5 I . 967O .000000 1.4278

.0 0 3 4 1 8  1 .9626

.OO658O I .9695

.0 0 2 7 7 7  1 .9 6 1 1

.0 0 5 9 3 0  1 .9 6 7 5

.010924 1 .9 7 8 4

1.9540.000000
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T e t  r a -n - to u t y l •T i t a n a t e  

T a b le  V I I

Temperature D ie le c t r ic  C onstant Values S p e c if ic  Volume V alues

m o le
f r a c t i o n

d i e l e c t r i c
c o n s t a n t

m o le
f r a c t i o n

s p e c i f i c
vo lum e

0.002636 1 .8 8 7 9 0 .0 0 1 4 1 8 1.5182

.0 0 3 3 8 4 1 .8 8 9 1 .002721 1 .5160

.0 0 9 2 7 7 1 .9 0 1 3 ' . oo4o6o 1 .5 1 3 7

.0 0 2 5 5 5 1 .8 8 7 5 .005265 ■ 1 .5116

.0 0 5 2 8 5 1.8924 .006587 1 .5 0 9 2

.0 0 4 8 6 1 1.8920 .007932 1,5070

.009510 1.9034 . 000000 1 .5 2 0 5

.0 0 4 7 2 8 1.8916

.0 0 5 4 4 5 1 .8 9 3 2

.003993 1.8900

.005833 I . 8944

.0 0 8 3 4 6 1.9005

.0 0 0 9 1 7 1 .8 8 4 6

.007346 l . '8976

,002251 1 .8871  ’

■ .001108 1 .8 8 4 7

. 000000 1 .8810



T e m p e ra tu re

. 25°C

■ 21

Tetra-n-rbutyl T itan ate

Table V III

D i e l e c t r i c C o n s ta n t  V a lu e s S p e c i f i c  Volum e V a lu e s

m o le
f r a c t i o n

d i e l e c t r i c  
■ c o n s t a n t

m o le
f r a c t i o n

s p e c i f i c
vo lum e

0 . 0 0 3 9 6 k 1 .9 2 8 5 0 .0 0 0 9 4 4 1 .4 6 9 7

, .0 0 2 8 4 5 1 .9 2 4 9 .0 0 1 9 1 1 1 .4 6 8 1

.006618 1.9338 .0 0 2 6 4 2 1 .4 6 7 2

.0 0 1 9 4 9 1 .9 2 3 6  . .0 0 3 4 1 4 1 .4 6 6 0

.0 0 5 1 1 4 1 .9 3 0 1 .004168 1 .4 6 4 6

.0 0 1 9 5 9 1 .9 2 3 2 .005067 1 .4 6 3 4

.003675 1 .9 2 7 3 . 000000  - 1 .4 7 1 3

.0 0 4 0 9 3 1.9281

.005286 1 .9 3 0 1

.000000 1.9180

.006321 1 .9 3 2 6
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' T etra-n-b .utyl T itan ate

Table IX

Temperature D ie le c t r ic  C onstant V alues S p e c if ic  Volume Values

m ole
f r a c t i o n

d i e l e c t r i c
c o n s t a n t

m ole
f r a c t i o n

s p e c i f i c
vo lum e

0.004616 I .9658 0.001711  ' 1 .4 2 5 2

.005135 I .9666 .001278 1.4259

.003003 1 .9610 ,0 0 3 0 1 3 1 .4 2 3 3

.oo64io 1.9695 .0 0 3 4 1 5 1 .4 2 2 6

.002782 1 .9 6 1 7 .0 0 3 7 4 2 1.4223

.002626 1 .9 6 0 9 .001268 1 .4259

.007667 1 .9 7 2 7 .0 0 0 0 0 0 1 .4278

.0 0 6 7 0 3  1 .9 6 9 5

.0 0 2 5 4 9  1 ,9 6 1 3

.008611  1 .9 7 4 8

.0 0 2 8 6 0  1 .9617

1 .9540. 000000
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. T e t r a - 1 e r t - b u t y l  T i t a h a t e
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T a b le  X

T e m p e ra tu re

25°C

D i e l e c t r i c C o n s ta n t  V a lu e s S p e c i f i c Volum e V a lu e s

m o le d i e l e c t r i c m o le s p e c i f i c
f r a c t i o n c o n s t a n t f r a c t i o n vo lum e

0 .0 0 0 0 0 0 1.9180 0 .0 0 0 7 7 9 1.4705

.001290 1 .9 2 1 5 .0 0 1 5 3 6 1 .4 6 9 6

.002295 1 .9 2 3 9 .002326 1 .4 6 8 8

.0 0 3 3 8 5 1 .9 2 7 2 .0 0 3 1 5 0 1 .4 6 7 8

.0 0 4 4 8 6 1 .9 3 0 4 .0 0 4 1 0 1 1 .4 6 6 7

.0 0 5 0 1 7 1 .9 3 1 8 .005216 1 .4 6 5 4

.0 0 5 9 7 0 1 .9 3 4 5 .0 0 0 0 0 0 1 .4 7 1 3

.OO6727 1 .9 3 6 5

.0 0 7 2 0 4 1 .9 3 8 3

.0 0 8 1 0 3 1 ,9 4 1 0
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Mole F r a c t io n

S p e c i f i c  Volume v s .  Mole F r a c t i o n  Curve f o r  Ti(OC^H5) 4 , 50°C.
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F ig u r e  8
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F ig u r e  10
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Mole F r a c t io n

S p e c i f i c  Volume v s .  Mole F r a c t i o n  Curve f o r  T i C O C ^ 11) ^ ,  25°C.

F i g u r e  11



D
ie

le
ct

ri
c 

C
on

st
an

t

0

1.936

1.932

1.928

1.924

1.920

1.916

25°c. 

s lo p e  (A) = 2.1389 

i n t e r c e p t  (6^) = 1.9188

0 . 002 0 .004 0.006 0 .008 0 .010

Mole F r a c t io n

D i e l e c t r i c  C ons tan t v s .  Mole F r a c t io n  Curve fo r  Ti(OC^Hyn) 25°C.

F ig u re  12

COCO



S
p

ec
if

ic
 V

ol
um

e,
 

cc
/g

1 .430

s lo p e  (B) -1.34691.425

i n t e r c e p t  (V1) = 1.4278

1.420

1.415

1.410

1.405
0 .004 0 .008 0 . 01 2 0.016

Moie t r a c t i o n
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F ig u r e  13
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Mole F r a c t io n

D i e l e c t r i c  C o n s ta n t  v s .  Mole F r a c t i o n  Curve f o r  T i(0C 4Hgn ) 4) 25°C

F ig u r e  18
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D i e l e c t r i c  C o n s ta n t  v s .  Mole F r a c t i o n  Curve f o r  Ti(0C^Hgn) ^ ,  0 °c

F ig u r e  20
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T em perature ,

Tem perature  V a r i a t i o n  of D ipole Moment 

F ig u re  23
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T a b le  X I

R e s u l t s  o f  D i e l e c t r i c  S tu d i e s

Compound T e m p e ra tu re A B Cl P

T i(O C 2H5 )4 50°C 2 .0 1 2 9  - 1 .3286 1 .8 8 1 6 1 .5 2 0 4 109.60 1 .6 0

25°C  , 2 .0 7 6 3  - 1 .2 3 3 6 1.9181 1 .4 7 1 3 1 0 9 .5 1 1 .5 4

O0C 2 .1 3 7 1  -1 .1 9 7 2 1 .9 5 3 7 1 .4 2 7 8 108.32 1 .4 5

T i(O C 3H7 )4 50°C 2 .1 6 3 5  - 1 .5 1 4 1 1.8811 1 . 52.03 1 2 9 .3 0 I .60

25°C 2 .1 3 8 9  - 1 .4 5 9 9 1.9188 1.4712 1 2 5 .3 4 1 .4 7

O0C 2 .2 0 5 3  - 1 .3 4 6 9 1 .9 5 4 8 1 .4 2 7 8 1 2 5 .9 2 1 .4 2

T i(O C 4Hg) 4 50°C 2 .1 6 7 7  -1 .7 1 4 5 . 1 .8818 1 .5206 1 4 4 .2 9 1 .5 6

2$ °C 2 .2 6 9 5  - 1 .5 5 5 9  • 1 .9187 1 .4 7 1 2 1 4 6 .2 0 1 .5 3

O0C 2 .3 2 7 4  - 1 .4 9 1 0 1 .9 5 4 7 1 .4278 1 4 5 .1 1 1 .4 5

T i(O C 4H g )4 25 0C 2 .8 3 1 6  - 1 .1348 1 .9 1 7 7 1 .4 7 1 4 172.27 1 .8 6
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Compound

Ti(OC2H5 )4

Ti(OC3H7 )4

Tl(OCltH9) 1,.

T i(O C ltH9 ) lt

T able  X II

D e n s i t i e s  apd R e f r a c t iv e  In d ic e s  

f o r  P u re  L iq u id s  ̂

I . 5 0 5 1 /3 5 °  1 .1 0 7 /3 5 °

1.4803/35° 0.9970/35°

n  I . 4863 / 350

t e r t  1 .4 4 3 6 /2 0 0

0,9927/35°

0.8893/20°



PART I I

PRELIMINARY INVESTIGATION OF THE HYDROLYSIS PRODUCT OF TETRAETHYL TITANATE

T h i s  c r y s t a l  s t r u c t u r e  i n v e s t i g a t i o n  b e g a n  w i th  t h e  i n t e n t  o f  d e ­

t e r m i n i n g  t h e  s t r u c t u r e  o f  t e t r a e t h y l  t i t a n a t e .  A n a ly s i s  o f  t h e  c r y s t a l s  

o b t a i n e d  b y  e v a p o r a t i o n  o f  a l c o h o l  s o l u t i o n  i n d i c a t e d  t h a t  t h e y  w e re  n o t  

T i(O C gH ^)^  b u t  w e re  o n e  o f  t h e  h y d r o l y s i s  p r o d u c t s  o f  t h e  a l k y l  t i t a n a t e .  

I n  t h i s  s e c t i o n ,  t h e  c r y s t a l  s t r u c t u r e  i n v e s t i g a t i o n ,  a l t h o u g h  in c o m p le te ,  

i s  d e s c r i b e d .

P r e p a r a t i o n :  o f  C r y s t a l s

T he b e s t  m e th o d  fo u n d  f o r  o b t a i n i n g  c r y s t a l s  w as t o  g row  th em  b y  

s lo w  e v a p o r a t i o n  o f  a l c o h o l  s o l u t i o n  i n  t h e  a p p a r a t u s  show n i n  F i g u r e  2 4 . 

T he a p p a r a t u s  w as c o n s t r u c t e d  fro m  a  l a r g e  t e s t  t u b e  ̂ T he r u b b e r  p lu g  

a t  t h e  to p  w as o b t a i n e d  f ro m  a  h y p o d e rm ic  k i t .  .

A lc o h o l ,  d i s t i l l e d  a f t e r  r e f l u x i n g  o v e r  c a lc iu m  h y d r i d e ,  w as 

u s e d  t o  p r e p a r e  a  s o l u t i o n  o f  T iC O C gH ^)^. T he c o n c e n t r a t i o n  o f  t h e  

s o l u t i o n  w as a b o u t  I  p a r t  e t h y l  t i t a n a t e  t o  10 p a r t s  a l c o h o l  b y  v o lu m e . 

T h is  s o l u t i o n  w as p l a c e d  i n  t h e  a p p a r a t u s  a n d  d r y  a i r  w as p a s s e d  s lo w ly  

th r o u g h  t h e  s y s te m  t o  e v a p o r a t e  t h e  a l c o h o l .  I n  a b o u t  tw o  w eek s  c r y s t ­

a l s  o f  c o n v e n ie n t  s i z e  fo rm e d  on  t h e  s i d e  o f  t h e  t u b e .  T h e s e  w e re  t h e n  

k n o c k e d  t o  t h e  b o t to m  a n d  sc o o p e d  up b y  t h e  sp o o n  w h ich  e x te n d e d  up 

th r o u g h  t h e  r u b b e r  p l u g .  T he sco o p  w as t h e n  r a i s e d  t o  t h e  s i d e  a rm , a s  

much s u p e r n a t a n t  l i q u i d  a s  p o s s i b l e  w as d r a in e d  o f f ,  a n d  d r y  a l c o h o l  was 

r u n  th r o u g h  t h e  sc o o p  t u b e  t o  w ash  t h e  c r y s t a l s  i n t o  t h e  s i d e  t u b e  w i th  ' 

t h e  c a p i l l a r i e s .  T h is  s i d e  t u b e  w as t h e n  d i s c o n n e c t e d  fro m  t h e  c r y s t a l -
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\ |-----"Scoop tube"
I i

rubber plug

ground glass 
swivel

capillaries

cock

ground
glass
joint

C r y s t a l  G row ing  A p p a ra tu s  

F ig u r e  24



g ro w in g  a p p a r a t u s  arid  im m e d ia te ly  a t t a c h e d  t o  a n  a s p i r a t o r  t o  rem o v e  t h e  

a l c o h o l .  T he d r i e d  c r y s t a l s  w e re  s h a k e n  i n t o  t h e  c a p i l l a r i e s  a n d  s e a l e d  ■ 

o f f  u n d e r  vacuum .

C h e m ic a l  a n a l y s i s  show ed t h a t  t h e  c r y s t a l s  w e re  n o t  t h e  e t h y l  

t i t a n a t e  b u t  a  h y d r o l y s i s  p r o d u c t .  A p p a r e n t ly  enough  m o i s tu r e  g o t  i n t o  

t h e  s y s te m  t o  c a u s e  c r y s t a l l i z a t i o n  o f  t h e  h y d r o l y s i s  p r o d u c t  i n s t e a d  

o f  t h e  e t h y l  t i t a n a t e ,  e v e n  th o u g h  t h e  a i r  w h ich  w as p a s s e d  th r o u g h  t h e  

a p p a r a t u s  d u r in g  f o r m a t io n  a n d  g ro w th  o f  t h e  c r y s t a l s  w as d r i e d  w i th  a  

lo n g  co lu m n  o f  so d iu m  h y d r o x id e  p e l l e t s  a n d  tw o b u b b le  c h a m b e rs  c o n t a i n ­

in g  c o n c e n t r a t e d  HgSO^.

A n a l y s i s  o f  C r y s t a l s

C r y s t a l s  f o r  c h e m ic a l  a n a l y s i s  w e re  grow n i n  t h e  a p p a r a t u s  shown 

i n  F i g u r e  2 5 . T he a l c o h o l  s o l u t i o n  o f  T i(O C gH ^)j. w as p l a c e d  i n  t h e  t u b e  

a n d  d r y  a i r  w as p a s s e d  s lo w ly  th r o u g h  t h e  s y s te m  v i a  t h e  s to p c o c k s  t o  1 

re m o v e  a l c o h o l .  When a  s u f f i c i e n t  num ber o f  c r y s t a l s  w e re  o b t a i n e d ,  t h e  

s o l u t i o n  w as p o u re d  o f f ;  t h e  c r y s t a l s  w e re  r i n s e d  tw ic e  w i th  d r y  a l c o h o l .  

T be r e m a in in g  a l c o h o l  w as rem o v ed  b y  a p p l y i n g  a  vacuum  t o  t h e  s y s te m . D ry  

a i r  w as t h e n  a d m i t t e d  a n d  t h e  a p p a r a t u s  w e ig h e d . C r y s t a l s  w e re  t h e n  t r a n s ­

f e r r e d  i n t o  a  p r e v i o u s l y  i g n i t e d  a n d  w e ig h e d  c r u c i b l e ,  t h e  a p p a r a t u s  b e i n g

re w e ig h e d  t o  d e te r m in e  t h e  w e ig h t  o f  t h e  s a m p le . T he c r y s t a l s  w e re  c o n -
(31)

v e r t e d  t o  TiOg b y  a c i d  h y d r o l y s i s  f o l l o w i n g  t h e  m e th o d  o f  S p e e r  

T he r e s u l t s  o f  t h e  a n a l y s i s  a r e  show n b e lo w .

/=TiO2
A n a l y s i s  o f  sa m p le  4 3 .2

T h e o r e t i c a l  f o r  T i(O C gH ^)jj 35.Q
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T h e o r e t i c a l  f o r  TigO^(OC2H ^ ) ^  k k . ' J

(3 )A n a ly s i s  o f  h y d r o l y s i s  p r o d u c t  b y  B r a d le y  ^ 3 .5

I t  w as a p p a r e n t  f ro m  t h e s e  r e s u l t s  t h a t  t h e  c r y s t a l s  fo rm e d  w e re  

n o t  T i(O C 2H5 ) l t - T he f o r m u la  T ig O ^ (OCgH ) ^  i s  t h e  f i r s t  h y d r o l y s i s

( 3 ) ' 'p r o d u c t  p r o p o s e d  b y  B r a d le y  > fo rm e d  b y  c o m b in in g  tw o  t r i m e r  u n i t s  

a f t e r  s p l i t t i n g  o f f  f o u r  -OC2H5 g r o u p s .  T he a n a l y s i s  s u g g e s t s  t h a t  

t h e  c r y s t a l s  fo rm e d  a r e  t h i s  com pound. A c c o r d in g ly ,  s i n c e  c r y s t a l s  o f  

t h i s  w e re  a v a i l a b l e ,  a  c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  t h i s  com pound was 

s t a r t e d .

D e n s i ty  D e te r m in a t io n  o f  t h e  H y d r o ly s i s  P r o d u c t  .

T he f l o t a t i o n  m e th o d  w a s .u s e d  t o  d e te r m in e  t h e  d e n s i t y  o f  t h e  

c r y s t a l s .  B e n z e n e , d r i e d  o v e r  sodium , a n d  c a r b b n  t e t r a c h l o r i d e ,  d r i e d  

o v e r  c a lc iu m  c h l o r i d e ,  w e re  m ixed  t o  g i v e  a  s o l u t i o n  i n  w h ic h  t h e  c r y s t ­

a l s  r e m a in e d  s u s p e n d e d . T he d e n s i t y  o f  t h i s  s o l u t i o n  w as d e te r m in e d  b y  

a  W e p tp h a l b a l a n c e  w h ic h  w as a d j u s t e d  w i th  d i s t i l l e d  w a te r  a t  2 6 °C .

A m e a su re m e n t g a v e  f o r  t h e  c r y s t a l  a  d e n s i t y  o f  1 .3 0 5  g / c c , Two 

a d d i t i o n a l  m e a s u re m e n ts  c o n f i r m e d  t h i s  v a l u e .

C o l l e c t i o n  o f  X -R ay  D a ta

One o f  t h e  c r y s t a l s  s e a l e d  i n  a  p y r e x  c a p i l l a r y  w as s e l e c t e d  f o r  

t h e  x - r a y  a n a l y s i s .  T h is  c r y s t a l  w as u s e d  th r o u g h o u t  t h e  c o l l e c t i o n  o f  

d a t a  f o r  c e l l  d im e n s io n s  a n d  i n t e n s i t i e s .  T he x - r a y  d a t a  w e re  c o l l e c t e d  

u s i n g  a  N o r e lc o  X - r a y  p ow er s u p p ly  T y p e  1 2 0 4 5 , a n d  a  c o p p e r  t u b e ,  t y p e  

3 2 1 1 2 . Cu Ka  r a d i a t i o n  w as o b t a i n e d  b y  u s i n g  a  N i f i l t e r .
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# 0

A p p a ra tu s  f o r  G row ing  C r y s t a l s  f o r  A n a ly s i s  

F ig u r e  25
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R o t a t i o n  a n d  W e is s e n b e rg  p i c t u r e s  w e re  o b t a in e d  w i t h  S u p p e r  

W e is s e n b e rg  c a m e ra . I n t e g r a t e d  i n t e n s i t y  d a t a  w e re  o b t a i n e d  b y  p l a c i n g  

t h r e e  f i l m s  i n  a  W e is s e n b e rg  c a m e ra  w h ic h  h ad  b e e n  m o d i f i e d  f o r  i n t e ­

g r a t i o n .  P r e c e s s i o n  p h o to g r a p h s  w e re  u s e d  t o  d e te r m in e  t h e  i n t e r a x i a l  

a n g l e .

T he f i l m  u s e d  w as K odak M e d ic a l  X - r a y  F ilm - -R p  S c r e e n .  The 

p i c t u r e s  w e re  d e v e lo p e d  10  m in u te s  i n  K odak X - r a y  D e v e lo p e r ,  im m ersed  

i n  a  s to p  b a t h ,  a n d  f i x e d  15 m in u te s ' i n  K odak R a p id  F ix  w i th  H a rd e n e r .  

T he f i l m s  w e re  t h e n  w a sh e d  f o r  o n e  h o u r ,  r i n s e d  w i th  d i s t i l l e d  w a te r ,  

a n d  d r i e d .  T he d e v e lo p m e n t a n d  f i x a t i o n  o f  t h e  f i l m s  w e re  c a r r i e d  o u t  

a t  a  c o n s t a n t  t e m p e r a t u r e  o f  2 5 °C .

I n t e n s i t i e s  w e re  r e a d  v i s u a l l y  b y  c o m p a r in g  t h e  p h o to g ra p h  w i th  

a  s t a n d a r d  i n t e n s i t y  s c a l e .  T h i s  s c a l e  w as m ade by  e x p o s in g  a  t r i p l e  

f i l m  th r o u g h  a  s m a l l  h o l e  a t  5 s e c o n d  i n t e r v a l s ,  up  t o  120 s e c o n d s ,  

t h e  f i l m  b e in g  d i s p l a c e d  a  few  m i l l i m e t e r s  a f t e r  e a c h  e x p o s u r e .  A l l  

l e v e l s  o f  t h e  W e is s e n b e rg  p h o to g r a p h s  w e re  g iv e n  t h e  sam e e x p o s u r e ,  100 

h o u r s ,  a n d  t h e  sam e d e v e lo p m e n t.  T hus i t  w as  a ssu m ed  t h a t  t h e  i n t e n ­

s i t i e s  f ro m  l e v e l  t o  l e v e l  w e re  on  t h e  sam e s c a l e .  One th o u s a n d , tw o 

h u n d re d  f i f t y  e i g h t  x m e q u iv a le n t  r e f l e c t i o n s  w e re  o b s e r v e d  o n  l e v e l s  

z e r o  th r o u g h  s i x .

S p a c e  G roup

T he a n g l e  b e tw e e n  t h e  r e c i p r o c a l  l a t t i c e  a x e s  o n  t h e  z e r o  l e v e l  

W e is s e n b e rg  f i l m  w as m e a s u re d  a s  $ 0 ° .  On u p p e r  l e v e l  p i c t u r e s  t h e  b*  

a x i a l  l i n e  w as n o  l o n g e r  s t r a i g h t ,  t h u s  i n d i c a t i n g  t h a t  t h e  c r y s t a l
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b e lo n g s  t o  t h e  m o n o c l in ic  s y s te m . C o n d i t i o n s  f o r  r e f l e c t i o n  w e re  h = 2n  

f o r  hOJ, a n d  k  = 2 n  f o r  OkOj t h u s  t h e  sy m m etry  m u s t b e  t h a t  o f  s p a c e  g ro u p  

P 2 ^ / a .  . T he c o n d i t i o n  (OkO, k  = 2n) i m p l i e s  a  t w o - f o ld  s c re w  a x i s  a lo n g  

t h e  a x i s  b j  t h e  c o n d i t i o n  (h O ^  , h = 2 n )  i m p l i e s  a  g l i d e  p l a n e  a lo n g  a x i s  

a .
i'

T he te r m  Mb *  a x i a l  l i n e "  r e f e r s  t o  a  l i n e  p a r a l l e l  t o  t h e  b *  a x i s

a n d  p a s s i n g  th r o u g h  a  r e c i p r o c a l  l a t t i c e  p o i n t .  T h i s  c o n n o t a t i o n  w i l l
/

b e  u s e d  t h r o u g h o u t  t h i s  t h e s i s , .

'J f

C e l l  D im e n s io n s

T he c a m e ra  d i a m e te r  w as c a l i b r a t e d  w i t h  a  so d iu m  c h l o r i d e  c r y s t a l  

w h ic h  w as g ro u n d  t o  a  v e r y  s l e n d e r  r o d .  F rom  a  z e r p  l e v e l  W e is s e n b e rg  

p i c t u r e ,  m e a s u re m e n ts  w e re  m ade on  4 r e c i p r o c a l  l a t t i c e  p o i n t s ,  a n d  a n  

e f f e c t i v e  c a m e ra  d ia m e te r  c a l c u l a t e d  f o r  e a c h  m e a s u re m e n t. T he f o l l o w ­

i n g  r e s u l t s  w e re  o b t a i n e d  f d /  t h e  d i a m e t e r :  56 . 85 ,  56 . 67 , 56 . S i ,  an d

5 6 .7 5  mm. T he v a lu e  u s e d  f o r  my c a l c u l a t i o n s  i s  t h e  a r i t h m e t i c  a v e r a g e ,  

5 6 .7 7  mm.

F ro m  t h e  d i s t a n c e s  m e a s u re d  b e tw e e n  l a y e r  l i n e s  o n  a  r o t a t i o n

o r  o s c i l l a t i o n  p i c t u r e  t h e  c e l l  ed g e  c a n  b e  c a l c u l a t e d  d i r e c t l y .  S in c e

t h e  c r y s t a l  w as m o u n ted  on  t h e  c  a x i s ,

c = n l  ( r 2 + y % ) ^

^ n

w h e re  n  i s  t h e  l e v e l  t o  w h ic h  t h e  m e a su re m e n t i s  m ade, y n  i s  t h e  d i s t a n c e

t o  t h e  n - l e v e l  l i n e  fro m  t h e  z e r o  l e v e l  l i n e , "  a n d  r  i s  t h e  e f f e c t i v e

c a m e ra  r a d i u s .  T he d e r i v a t i o n  o f  t h i s  e x p r e s s i o n  i s  g iv e n  i n  A p p e n d ix
0

A . F rom  t h i s  t h e  a v e r a g e  v a lu e  o f  c i s  2 3 .3 0  A. T h e se  m e a s u re m e n ts
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a r e  shown i n  T ab le  X I I I .
)

S in c e  t h e  m ono c lin ic  c r y s t a l  was mounted on th e  c a x i s ,  b and a° s i n  p 

c o u ld  b e  c a l c u l a t e d  from measurem ents on a  z e ro  l e v e l  W eissenberg  f i lm .

F o r  a  camera o f  57«3 mm. d ia m e te r ,  t h e  d i s t a n c e  in  m i l l i m e t e r s  from th e  

c e n t e r  l i n e  on th e  f i l m  t o  t h e  p a r t i c u l a r  r e f l e c t i o n  i s  t h e  a n g le  9 i n  

d e g re e s .  However, s in c e  t h e  e f f e c t i v e  camera d ia m e te r  i s  l e s s  th a n  57.3  

mm, 9  = 5 7 -3 /5 6 .7 7  deg. T ab le  XIV shows th e  measurements from th e  c e n t e r  

l i n e  t o  t h e  r e f l e c t i o n s  on th e  a* and b* a x i a l  l i n e s  and shows t h e  v a lu e s  

o f  a- s i n  |3 and b c a l c u l a t e d  th e re f ro m .  The av e ra g e  v a lu e s  from th e s e  

measurements a r e
o o

a- s i n  |3 = 24 .82  A and b r  2 2 .4 0  A.

The a n g le  p was m easured from a  z e ro  l e v e l  p r e c e s s io n  p i c t u r e

and i s  117*15'° (The a n g le  a l s o  was c a l c u l a t e d  from measurem ents on an

upper  l e v e l  W eissenberg  f i l m  by a  fo rm u la  d e r iv e d  in  Appendix B . ) With
o

t h i s  v a lu e  o f  P , .  a  =• 27 .92  A.

U sing  th e s e  c e l l  d im ensions ,  t h e  d e n s i t y  o f  th e  c r y s t a l ,  and a 

m o le c u la r  fo rm u la  o f 'TigOjt (OEt)g, t h e  number o f  m o lecu le s  p e r  u n i t  c e l l  

was c a l c u l a t e d  to  be 9° 50 .

A summary' o f  t h e  c r y s t a l  d a ta  i s  g iv e n  in  T ab le  XV.

Choosing t h e  Axes

The r e c i p r o c a l  l a t t i c e  axes  on p r e c e s s io n  p h o to g rap h s  w ere chosen  

i n  t h e  fo l lo w in g  m anner. S in ce  t h e  c r y s t a l  i s  mounted on t h e  c a x i s  and 

i s  p r o c e s s in g  ab o u t b ,  t h e  v e r t i c a l  l i n e  on a  p r e c e s s io n  pho tograph  i s  

a* ,  c* c o u ld  be  chosen  in  two ways a s  i n d i c a t e d  in  F ig u r e  26.
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T a b le ' X I I I

' D e te r m i n a t io n  o f  c f ro m  R o t a t i o n  F i lm  

e f f e c t i v e  c a m e ra  d i a m e t e r  = 56 .77  mm
JL

c a l c u l a t i o n  f ro m  f o r m u la  c = n  I  ( + X n)^

j in e  (n ) y n

3 5 .7 5

4 7 .81

5 9 .9 5

6 ■ 1 2 .2 5

7 1 4 ,8 5

8 1 7 .7 0

9 21.05

£
23.28

2 3 .2 7

23.29  

2 3 .3 4

23.28

2 3 .3 1

2 3 .3 0

O
a v e r a g e :  c = 2 3 .3 0  A

>
0
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Table XIV

D e te r m i n a t io n  o f  a« s i n  p a n d  b  f ro m  W e is s e n b e rg  F i lm  

e f f e c t i v e  c a m e ra  d i a m e t e r  = 56.77  mm 

9  = = 1 . 0093X

X = d i s t a n c e  i n  mm fro m  c e n t e r  l i n e ' t o  s p o t  

c a l c u l a t i o n  fro m  B r a g g 's  law : d  = n x  / 2 s i n  0  X = 1 .5 4 2  A

R e f l e c t i o n  U sed  

(4 0 0 )

(1 6 ,0 ,0 )

C a l c u l a t i o n  o f  a,- s i n  3 

X 9

7 .066  7 ° 7 . 8 '

2 9 .5 6  2 9 * 5 0 '

2 4 .8 5 1  A

24.795  A

a v e r a g e :  a * s i n  p $ 2 4 .8 2  A

C a l c u l a t i o n  o f  b

R e f l e c t i o n  U sed  

(0 4 0 )  

( 060 ) 

(0 , 12 , 0 )

X
7 .8 2 5

11 .80

2 4 .1 3

©

7 * 5 2 ' 

11*54•

2 4 * 2 0 '

2 2 .4 2  A 

2 2 .3 8  A 

2 2 .4 0  A

a v e r a g e : b  s  2 2 .4 0  A
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Summary o f  C r y s t a l  D a ta  f o r  

H y d r o ly s i s  P r o d u c t  

o
a  = 2 7 . 9 2 . A

, 0
b  = 2 2 . hO A

0
c s 2 3 .3 0  A 

■ P = 1 1 7 015 *

M o le c u le s  p e r  u n i t  c e l l  = 9 .5 0  

D e n s i ty  = I . 305 g /c c

Table XV
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*  *
C h o o s in g  A xes on  a  c N e t

F igure 26
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C o n s id e r  t h e  in d e x  o f  t h e  c i r c l e d  r e c i p r o c a l  l a t t i c e  p o i n t .  W ith  

c h o i c e  #1  f o r  t h e  c *  a x i s  t h e  s p o t  w o u ld  b e  in d e x e d  a s - O k lj  w i th  c h o ic e  

$2  t h e  in d e x  w o u ld  b e  I k l .

I n  c h o o s in g  t h e  c *  a x i s  f o r  t h i s  c r y s t a l  o n e  c h o i c e  w o u ld  m ake t h e  

v a l u e  o f  p a b o u t  1 1 2 ° , t h e  o t h e r  1 1 7 ° . G e n e r a l l y  o n e  y o u ld  p r o b a b ly  c h o o s e  

t h e  a x i s  so  a s  t o  g i v e  p a  v a l u e  a s  n e a r  t o  90° a s  p o s s i b l e .  H ow ever, t h e  

l a r g e r  a n g l e  w as c h o s e n  t o  k e e p  t h e  i n d e x in g  c o n s i s t e n t  w i t h  t h a t  r e q u i r e d  

f o r  s p a c e  g ro u p  P 2 ^ / a .  I f  t h e  s m a l l e r  a n g l e  h ad  b e e n  c h o s e n ,  t h e  r e f l e c ­

t i o n  c o n d i t i o n  (h 0.£ , h = 2n ) w o u ld  h a v e  b e e n  v i o l a t e d  f o r  v a l u e s  o f  JL o d d . 

F i g u r e  27 show s t h e  c h o i c e  o f  a x e s  a n d  t h e  c o r r e s p o n d e n c e  b e tw e e n  a x e s  on  

t h e  z e r o  l e v e l  W e is s e n b e rg  f i l m  an d  t h e  p r e c e s s i o n  p i c t u r e s .  A z im u th  

v a l u e s  a r e  i n d i c a t e d  on  t h e  W e is s e n b e rg  d ra w in g .  A ls o  t h i s  c h o ic e  o f  

a x e s  g a v e  p o s i t i v e  "X  " v a l u e s  f o r  h i g h e r  l e v e l  W e is s e r ib e rg  p i c t u r e s .

I n d e x in g  W e is s e n b e rg  P h o to g r a p h s  o f  M o n o c l in ic  C r y s t a l s

Once t h e  r e c i p r o c a l  l a t t i c e  a x e s  h a v e  b e e n  c h o s e n ,  t h e  i n d i c e s  o f  

t h e  r e f l e c t i o n s  a r e  f i x e d .  I n d e x in g  a  z e r o  l e v e l  W e is s e n b e rg  f i l m  u s in g  

a  t e m p l a t e  c a n  b e  d o n e  w i th o u t  p ro b le m s .  H o w ev er, f o r  m o n o c l in ic  c r y s t a l s  

n o t  m o u n ted  on  t h e  b  a x i s  i n d e x in g  u p p e r  l e v e l  p h o to g r a p h s  i s  s l i g h t l y  

m o re  c o m p l ic a te d  s i n c e  t h e  l i n e  Ok^ f o r  a n y  p a r t i c u l a r  l e v e l  X 2  = n ) 

i s  no  l o n g e r  a  s t r a i g h t  l i n e .

F o r  lo w e r  l e v e l  f i l m s  t h e  b*  a x i a l  l i n e  w h ich  p a s s e s  th ro u g h  t h e  

p o i n t  (O Q l) is :  u s u a l l y  t h e  f i r s t  f e s t o o n  a b o v e  ( o r  b e lo w ) t h e  c e n t e r  l i n e  

o f  t h e  f i l m .  I f  t h e  a n g l e  p i s  l a r g e ,  h o w e v e r , t h e  f i r s t  f d s t o o n  o n  t h e  

b o t to m  h a l f  o f  t h e  f i l m  o n  a  lo w e r  l e v e l  p h o to g ra p h  may b eco m e t h e  f i r s t



60

rotation
spindle

zero-level Weissenberg

rotation
spindle

a* axis

T

b out of plane

azimuth = 175° 20

c* axis

zero-level precession

R e l a t i o n s h i p  b e tw e e n  t h e  P r e c e s s i o n  an d  W e is s e n b e rg
F ilm s

F igure 27
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f e s t o o n  o n  t h e  u p p e r  h a l f  o f  some h i g h e r  l e v e l  f i l m .  T h en  t h e  f i r s t  b*  

a x i a l  l i n e  o n  t h e  u p p e r  h a l f  o f  t h e  f i l m  w i l l  p a s s  th ro u g h ,  t h e  p o i n t  

( I Q l ) , ( o r  th r o u g h  ( l & l ) , d e p e n d in g  o n  how t h e  a x e s  w e re  c h o s e n ) . A n o th e r  

" c r o s s i n g  o v e r "  o f  a  b *  a x i a l  l i n e  may h a p b d n  a g a in  on  some h ig h e r  l e v e l  

f i l m .  T he f o l l o w i n g  m e th o d  a l l o w s  o n e  t o  c a l c u l a t e  t h e  k  in d e x  o f  t h e  

f i r s t  b *  a x i a l  l i n e  on  a n y  l e v e l  W e is s e n b e rg  p h o to g r a p h . O nce t h i s  i s '  

known f o r  a n y  l e v e l ,  i n d e x in g  i s  d o n e  a s  u s u a l .

R e f e r  t o  F i g u r e  28  w h ic h  d e p i c t s  t h e  a r r a n g e m e n t  o f  t h e  r e c i p r o c a l  

l a t t i c e  a x e s  w i t h  r e s p e c t  t o  t h e  s p h e r e  o f  r e f l e c t i o n  f o r  a n  e q u i - i n c l i ­

n a t i o n  W e is s e n b e rg  p i c t u r e .  T he to p  d ra w in g  i s  a  f r o n t  v ie w , t h e  b o tto m  

d ra w in g  a  t o p  v ie w . R o t a t i o n  i s  a b o u t  t h e  c a x i s .  T he p o i n t  0  i s  t h e  

r e c i p r o c a l  l a t t i c e  p o i n t  (OOO) ; t h e  p o i n t  Ot i s  t h e  p o i n t  a t  w h ic h  t h e  

r o t a t i o n  a x i s  c u t s  t h e  s p h e r e  o f  r e f l e c t i o n  ( a t  t h e  l e v e l ) ;  a n d  t h e  

p o i n t  0 "  i s  t h e  r e c i p r o c a l  l a t t i c e  p o i n t  (0 0 .1 ). R i s  t h e  r a d i u s  o f  t h e  

c i r c l e  o f  r e f l e c t i o n  f o r  t h e  J  l e v e l ;  D i s  t h e  r a d i u s  o f  t h e  c i r c l e  fo rm e d  

b y  t h e  p o i n t  0 " a s  i t  r o t a t e s  a b o u t  t h e  r o t a t i o n  a x i s ;  a n d  d * OC!̂ i s  t h e  

d i s t a n c e  f ro m  t h e  p o i n t  0  t o  t h e  ^  l e v e l .  T he d i s t a n c e  a l o n g  t h e  a*  

a x i s  b e tw e e n  r e c i p r o c a l  l a t t i c e  p o i n t s  i s  c a l l e d  a * .

D i n c r e a s e s  a s  J! i n c r e a s e s .  A s lo n g  a s  D r e m a in s  s m a l l e r  th a n  

a * ,  no  p a r t i c u l a r  p ro b le m  a r i s e s ;  t h e  f i r s t  b *  f e s t o o n  a b o v e  t h e  c e n t e r  

l i n e  w i l l  b e  t h e  b *  a x i a l  l i n e  p a s s i n g  th r o u g h  t h e  p o i n t  0 " ( o r  0 0 J )„ 

H o w ev er, w hen D e x c e e d s  a * ,  t h e  f i r s t  f e s t o o n  i s  t h e  b *  a x i a l  l i n e  p a s s i n g  

th r o u g h  t h e  p o i n t  ( 10^ ) ;  t h e n  t h e  a x i a l  l i n e  p a s s i n g  th r o u g h  t h e  p o i n t  

(O& l) i s  t h e  s e c o n d  f e s t o o n  a b o v e  t h e  c e n t e r  l i n e .  On som e h i g h e r  l e v e l  

f i l m  D may e x c e e d  2 a * ;  t h e n  t h e  f i r s t  b *  f e s t o o n  p a s s e s  th r o u g h  t h e  p o i n t
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(20.1). Of c o u rse  when t h i s  happens, th e  f i r s t  t>* f e s to o n  on th e  o p p o s ite

h a l f  o f  th e  f i lm  p a s s e s  th ro u g h  th e  p o in t  ( 30.1!).
>

From th e  f i g u r e  i t  i s  seen  th a t  D = h*'' c o t  p * . T here  a ls o  e x i s t s

I  I  I ^th e  r e l a t i o n  = -  and a* = - —-  =. —— Thus  D and a* a reou-« c d 0̂0 s in  p

e a s i l y  d e te rm in e d  and one can  r e a d i ly  c a l c u l a t e  when a  f e s to o n  changes to

th e  o th e r  h a l f  o f  th e  f i lm .

D was c a lc u la te d  f o r  each l e v e l  and was compared w ith  a*  = 1
a "s in p

= 0 .0 4 0 2 9 , The r e s u l t s a r e  shown in  th e  fo llo w in g  t a b l e .  
D

l e v e l  ( ^  ) vX-
dOOf D a*

I .04292 .02212 0.5490

2
I

3

.08584 .04424 1.098

.12876 .06636 1.647

. 4 .17168 .08848 2 ,196

5 .21460 . 11060. . 2.745

6 .25752 .13272 3.294

Thus i t  i s seen  t h a t  on th e  2nd, 4 th ,, and 6th  l e v e l s  th e  f i r s t  b*

f e s to o n s  p a s s  th ro u g h  t h e  p o in t s  (0 1 2 ), (0 2 4 ) , and (036) ,  r e s p .  The 

g e n e ra l  ap p ea ran ce  o f  th e  4 th  l e v e l  W eissenberg  p ic tu r e  i s  a s  p ic tu r e d  

in  F ig u re  29a . . F ig u re , 29b shows th e  r e c i p r o c a l  l a t t i c e  a rran g em en t w ith  

r e s p e c t  t o  th e  c i r c l e  o f  r e f l e c t i o n .

A ttem pt to  D eterm ine S t r u c tu r e

The raw i n t e n s i t i e s  w ere red u ced  to  s t r u c tu r e  f a c t o r s  by c o r r e c t in g  

f o r  L o re n tz - p o la r i z a t i o n  and e x t r a c t in g  th e  sq u a re  r o o ts  w ith  th e  U n iv e r­

s i t y  o f W ashington D ata R ed u c tio n  Program  5303» The com puter used  f o r  

t h i s  and su b seq u en t c a lc u la t io n s  on t h i s  c r y s t a l  was th e  IBM 65O.



64

( ■)

b* axis

^  a* axis

A p p e a ra n c e  o f  b*  A x ia l  L in e s  ( F e s to o n s )  on  4 th  L e v e l  W e is s e n b e rg  F ilm s

F i g u r e  29
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W ils o n  h a s  show n t h a t  If  I / J i f  = Ke - s ^n  , whence

B i s  t h e  o v e r a l l  t e m p e r a t u r e  f a c t o r  o f  thA  a to m s  and  K i s  t h e  c o n s t a n t  

w h ic h  s c a l e s  |F |  ^ t o  /F q / T h u s b y  p l o t t i n g  I n  ( f F j ^ / J e L  f ^ )  a g a i n s t
2 / 2  j j

s i n  © /  X , t h e  i n t e r c e p t  o b t a i n e d  i s  I n  Kz a n d  t h e  s lo p e  i s  - ( S B ) .  The
*  ■■■ i,
g ra p h  i s  m ade b y  d i v i d i n g  t h e  r e c i p r o c a l  l a t t i c e  i n t o  a  num ber o f  s in ^Q  

z o n e s .  T he a v e r a g e  v a lu e  o f  t h e  o b s e r v e d  s t r u c t u r e  f a c t o r s  i s  o b t a in e d  

f o r  e a c h  z o n e ,  a n d  t h e  p l o t  i s  m ade . F o r  t h i s  t o  b e  v a l i d  t h e r e  m u st 

b e  a  l a r g e  num ber o f  r e f l e c t i o n s  ( r e c i p r o c a l  l a t t i c e  p o i n t s )  i n  e a c h  

z o n e  so  t h a t  a n  a p p r o p r i a t e  a v e r a g in g  t a k e s  p l a c e .  T he a b s o l u t e  s c a l e  

f a c t o r  a n d  o v e r a l l  t e m p e r a t u r e  f a c t o r  w e re  o b t a i n e d  i n  t h i s  m an n er g i v i n g  

v a l u e s  o f  K = 0 .0 2 3  a n d  B = 6 .9 5 *  To s c a l e  t h e  F 0 1S t o  t h e  F c 1s ,  t h e  

F 0 ’ s  m u s t b e  d i v i d e d  by  Y k .

A t h r e e  d im e n s io n a l  P a t t e r s o n  map w as c a l c u l a t e d .  E ach  s e c t i o n

h a s  a  c e n t e r  o f  sym m etry  s i n c e  i n  d e v e lo p in g  t h e  P a t t e r s o n  map w i th  t h e

F o u r i e r  s e r i e s  a l l  s i n e  te rm s  d ro p  o u t .

T h i s  c a n  b e  s e e n  fro m  t h e  f o l l o w i n g .  |F ( h k i ) |  « |F ( h k i ) |  f o r

t h i s  s p a c e  g r o u p . T h u s t h e  s q u a re 's  o f  t h e s e  te rm s  a r e  e q u a l .  The

g e n e r a l  fo rm  o f  t h e  P a t t e r s o n  f u n c t i o n  i s

P ^ F i h k J ) !  2 Cos 2 it (h x  + k y  + J z ) .
-h -k  -■£

S in c e  t h e  c r y s t a l  i s  m o u n ted  on t h e  b  a x i s ,  t h i s  e x p r e s s i o n ,  b y  a p p l y ­

in g  F r i e d e l s 1 la w , c a n  b e  w r i t t e n  a s

pxyz = §  kL Z X  / F ( h k i ) j 2co s  2jt(hx + ky + J z )
V -A  j?

■ = I z z x  /F (h k /) /  2Cos 2jtky co s  2it(hx + -I z )

~  j L  Z i  (F  (h k ^ ) | 2 s i n  2itky  s i n  2it (h x  + J z ) .
— h O -S
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S in c e  t h e  e x p r e s s i o n  i s  summed fro m  -h  a n d  - J l  t o  +h a n d  + 2  ,  t h e  s i n e

te r m  w i l l  d ro p  o u t ,  f o r  s i n  2jt ( hx  +  2 z )  = - s i n  2-n ( -h x  - 2  z ) . T hus t h e

f u n c t i o n  f o r  e a c h  P a t t e r s o n  s e c t i o n  c o n t a i n s  o n ly  c o s i n e  t e r m s  a n d  w i l l  

b e  c e n t r e s y m m e t r i c  on  e a c h  s e c t i o n .

T h i s  c a n  a l s o  b e  s e e n  f ro m  t h e  e q u i v a l e n t  p o s i t i o n s  o f  t h i s  

. s p a c e  g ro u p ,  i . e .  x , y , z ;  x , y , z ;  x  + l / 2 , l /2  -  y , z ;  a n d  l /2  -  x , y  + l / 2 ,

z . The v e c t o r s  t o  t h e  p o i n t s  f ro m  t h e  o r i g i n  o f  t h e  u n i t  c e l l  a r e

^  ^
T1 = i x  + j y  + kz

■**»
r g  = - i x  - j y  -  kz

r ^  = i ( x  + l / 2 ) + j ( l /2  -  y )  + kz

= i ( l /2  -  x )  + j ( l /2  + y ) -  k z .

T he c o o r d i n a t e s  o f  t h e  p e a k s  on a  P a t t e r s o n  map r e p r e s e n t  t h e  

v e c t o r  d i s t a n c e s ,  i n  c r y s t a l  s p a c e ,  b e tw e e n  a to m s . On a- t h r e e - d im e n ­

s i o n a l  map t h e r e  a r e  e i g h t  o r i g i n s ,  o n e  a t  e a c h  c o r n e r  o f  t h e  p a r a l l e l ­

e p ip e d  fo r m in g  t h e  u n i t  c e l l  i n  v e c t o r  s p a c e .  T h u s u. p e a k  i n  a  P a t t e r s o n  

m ap i s  t h e  v e c t o r  d i s t a n c e  fro m  e a c h  o f  t h e  o r i g i n s .  I f  a  p e a k  i s  o b ­

t a i n e d  b y  t h e  v e c t o r  d i s t a n c e  b e tw e e n  tw o  a to m s  i n  c r y s t a l  s p a c e  fro m  

a  g iv e n  o r i g i n  i n  v e c t o r  s p a c e ,  t h e  sam e p e a k  w o u ld  b e  fo rm e d  d u e  t o  

t h e  sam e a to m s .w i th  r e s p e c t  t o  a  d i f f e r e n t  o r i g i n .

T he p e a k s  - a r i s i n g  on  t h e  v e c t o r  map f o r  t h e  c r y s t a l  a r e  d u e  t o  

d i f f e r e n c e s  o f  t h e  a b o v e  v e c t o r s .  T h e re  t h u s  w i l l  a p p e a r  p o i n t s  a s  

d e te r m in e d  b y  t h e  f o l l o w i n g  v e c t o r s ;

1 )  r p  -  r g  = 2x i  + 2y j  + 2z k

2 ) 'T1 - T t3 -  - 1 /21  + ( 2y  -  l / 2 ) j



3) r “ r4 = (^ x  -  l / 2 ) i  -  l / 'S j  + 2zk

4 )  5=2 -  r *3 = - ( 2x  + 1 / 2 )T  - 1/ 2 j 1 -  2zk

5) f g  -  = - 1/21  -  ( 2y  + 1 / 2 ) T

o r  Tjl -  = l / 2 1 + (2y  + l / 2 ) ^

6 ) = 2x 1 -  2y j ’ + 2z k

o r  rjj. -  a - 2x 1 + 2y j  -  2z k . ,

T h e s e  v e c t o r s  a r e  w i th  r e s p e c t  t o  t h e  o r i g i n  a t  x  = 0 ,  y  = 0 , 

a n d  z = 0 .  H o w ev er, f o r  a n  a d j a c e n t  c e l l  i n  v e c to r  s p a c e  t h i s . s a m e  o r i g i n  

w i l l  h a v e  c o o r d i n a t e s  x  = 0 ,  y  -  I ,  a n d  z = 0 .  T hen  w i t h  r e f e r e n c e  t o  

t h e  new o r i g i n  v e c t o r  ( 2 ) w i l l  b e

2 )  0  '+ J + 6 -  l / 2 i  + (2 y  -  1 / 2 ) J  = - l / 2 i  + (2 y  + l / 2 )  j .

I n  a  s i m i l a r  m an n er w i th  r e f e r e n c e  t o  t h e  o r i g i n  a t  x  = I ,  y  = 0 ,  a n d  

z = 0 ,  v e c t o r  ( 3 ) b eco m es

3 ) 0 + 0 + ( 2x  -  1 / 2 ) i  -  i / 2"j + 2z k  .  (2x  + l / 2 ) i  -  l / 2 j  + 2z k .  

S in c e  t h e r e  i s  n o  u n iq u e  o r i g i n ,  a l l  o f  t h e s e  v e c t o r s  a r i s e  f ro m  e a c h  

o r i g i n . -

F o r  a  s e c t i o n  on  y  t o  b e  c e n t r o s y m m e tr ic  t h e  x  a n d  z c o o r d i n a t e s  

o f  tw o  o f  t h e s e  v e c t o r s  m u s t b e  o f  e q u a l  m a g n itu d e  b u t  o p p o s i t e  i n  s i g n .  

T h e  t h r e e  p a i r s  t h a t  s a t i s f y  t h i s  c o n d i t i o n  a r e  ( l )  a n d  ( 6 ) ,  (2 )  a n d  ( 5 ) ,  

a n d  ( 3 ) a n d  ( 4 ) .  T h e r e f o r e  e a c h  s e c t i o n  o n  y  w i l l  b e ' c e n t r o sy m m e tr ic .

C a l c u l a t i o n  o f  t h e  num ber o f  m o le c u le s  p e r  u n i t  c e l l  g a v e  a  v a lu e  

o f  9 - 50 /  .a ssu m in g  t h e  m o le c u la r  f o r m u la  t o  b e  T i g O ^ .The 

h e i g h t  o f  t h e  o r i g i n  p e a k  o n  t h e  P a t t e r s o n  map i s  p r o p o r t i o n a l  t o  t h e  

sum o f  t h e  s q u a r e s  o f  t h e  a to m ic  n u m b ers  o f  a l l  a to m s  i n  t h e  u n i t  c e l l .  

A ssu m in g  t e n  m o le c u le s  p e r  u n i t  c e l l ,  t h i s  m akes t h e  h e i g h t  o f  t h e  o r i g i n
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p e a k  54l6o. T he p ro g ra m  w as s c a l e d  t o  g iv e  a n  o r i g i n  p e a k  o f  640. T h u s 

a l l  t h e  o t h e r  p e a k s  o n  t h e  map w i l l  b e  64o/54l6o o f  a c t u a l  a b s o l u t e  

m a g n i tu d e .  T he h e i g h t s  o f  some s i n g l e  v e c t o r s  on  th e  map a r e  c a l c u l a t e d  

b e lo w :

t y p e v e c to r
- i - j  .

p e a k  h e i g h t

T i -  T i '22  x  22 -  484 484 . x  642 r 5 -7
.54160,

T i -  0 22 x  8 = 176 2 .1

0 -  0 8 x 8 = 64 0 .8

E ven  a  s i n g l e  t i t a n i u m - t i t a n i u m  v e c to r  p e a k  w o u ld  p r o b a b ly  b e  l o s t  i n  t h e  

b a c k g r o u n d . I n  a d d i t i o n  t o  t h e  o r i g i n  p e a k  t h e r e  w e re  e l e v e n  p e a k s  w i th  

a  h e i g h t  o v e r  100  o n  t h e  m ap, a n d  many w e re  o v e r  2 5 . T hus a n y  p e a k  o b ­

s e r v e d  o n  t h e  map i s  d u e  t o  t h e  s u p e r p o s i t i o n  o f  s e v e r a l  p e a k s .

L i t t l e  p r o g r e s s  w as made b e y o n d  t h i s  p o i n t .  I  w as u n a b le  a t  t h a t  

t im e  t o  i n t e r p r e t  t h e  P a t t e r s o n  map a l t h o u g h  o n e  l a r g e  p e a k  o f  m a g n itu d e

310 i s  p r o b a b ly  d u e  t o  s u p e r p o s i t i o n  o f  s e v e r a l  t i t a n i u m - t i t a n i u m  v e c t o r s
0

T he l e n g t h  o f  t h e  v e c t o r  i s  a p p r o x im a te ly  3*2 A , w h ich  i s  a b o u t  t h e  

c o r r e c t  d i s t a n c e  b e tw e e n  tw o  t i t a n i u m  a to m s  s h a r in g  o n e  o r  m ore o x y g e n s . 

One o t h e r  p e a k ,  o f  h e i g h t  2 5 0 , a p p e a r s  t o  h o ld  c o n s i d e r a b l e  i n f o r m a t i o n .  

T h i s  p e a k  i s  fo u n d  a t  c o o r d in a t e s .  ( . 5 , 0 , 0 )  i n d i c a t i n g  m any o f  t h e  a to m s 

a r e  s e p a r a t e d  b y  o n e - h a l f  a  c e l l  e d g e  a lo n g  t h e  a  a x i s  f ro m  o t h e r  a to m s .

One o t h e r  o b s e r v a t i o n  t h a t  m ay s h e d  l i g h t  on  t h e  c r y s t a l  s t r u c t u r e  

i s  t h e  o c c u r e n c e  o f  a  l a r g e r  c e l l  i n  r e c i p r o c a l  s p a c e ,  t h i s  l a r g e  c e l l  

b e i n g  fo rm e d  b y  r e g i o n s  o f  r e c i p r o c a l  l a t t i c e  p o i n t s  o f  l a r g e  m a g n i tu d e .  

(T h e  m a g n itu d e  o f  a  r e c i p r o c a l  l a t t i c e  p o i n t  i s  t h e  m a g n i tu d e  o f  t h e



s t r u c t u r e  f a c t o r  b e a r i n g  t h a t  p a r t i c u l a r  i n d e x . ) I f  t h e r e  i s  a  s m a l l  

g ro u p  o f  a to m s  o f  f i x e d  a r r a n g e m e n t  w h ic h  r e p e a t s  i t s e l f  i n  a  r e g u l a r  

m an n er w i t h i n  t h e  u n i t  c e l l ,  t h i s  g ro u p  o f  a to m s  i s  c a l l e d  a  s u b c e l l ,  

o r  s u b s t r u c t u r e .  T he s u b c e l l  c a u s e s  t h e  l a r g e  c e l l  i n  r e c i p r o c a l  

s p a c e .  T a k in g  t h e  r e c i p r o c a l  o f  , th e  l a r g e  r e c i p r o c a l  c e l l  g i v e s  b a c k  

t h e  s u b c e l l .  Vand a n d  B e l l (3 3 )  u s e d  t h i s  m eth o d  a s  a n  a i d  i n  s o l v i n g  

t h e  s t r u c t u r e  o f  t r i l a u r i n .  B u e r g e r ( ®  ̂ g i v e s  c o n s i d e r a b l e  d i s c u s s i o n  

t o  t h e  s u b j e c t .

A z e r o  l e v e l  p r e c e s s i o n  p i c t u r e  i n d i c a t e d  t h e  p o s s i b i l i t y  o f  a  

s u b s t r u c t u r e .  A p l o t  w as m ade o f  t h e  hkO n e t ,  t h e  r e c i p r o c a l  l a t t i c e  

p o i n t s  b e in g  g iv e n  t h e  w e ig h t  o f  t h e  s t r u c t u r e  f a c t o r  o f  t h e  c o r r e s ­

p o n d in g  in d e x  ( f i g u r e  30 ) .  Two p o s s i b l e  l a r g e  r e c i p r o c a l  c e l l s  w e re

fo u n d  o n  t h i s  n e t .  T he s i d e  o f  o n e  c e l l  c o r r e s p o n d s  t o  a n  i n t e r a t o m i c  
0

d i s t a n c e  o f  3 -2 0  A , l i k e l y  a  t i t a n i u m - t i t a n i u m  d i s t a n c e ,  w h i l e  a  s i d e
0

o f  t h e  o t h e r  c e l l  i n d i c a t e s  a n  i n t e r a t o m i c  d i s t a n c e  o f  1 .5 5  A w h ich  

may b e  a  c a r b o n - c a r b o n  d i s t a n c e  o r  p o s s i b l y  a  t i t a n iu m - o x y g e n  d i s t a n c e .

A r e v ie w  o f  t h e  p r o g r e s s  a n d  f i n d i n g s  a t  t h i s  p o i n t  b r o u g h t  a b o u t  

t h e  d e c i s i o n  t o  s u s p e n d  w o rk  on  t h i s  c r y s t a l . I t  a p p e a r s  t o  b e  v e r y  

c o m p l i c a t e d ,  e s p e c i a l l y  w hen o n e  c o n s i d e r s  t h e  v e r y  l a r g e  num ber o f  

a to m s  p e r  u n i t  c e l l .  F u r th e r m o r e  t h e r e  w as no p r e v io u s  k n o w le d g e  o f  

o r g a n ic  t i t a n a t e s  to . g iv e  a  c l u e  t o  t h e  p o s s i b l e  a r r a n g e m e n t  o f  a to m s .

I n  a d d i t i o n ,  t h e  v a l u e  o b t a i n e d  f o r  t h e  num ber o f  m o le c u le s  

p e r  u n i t  c e l l ,  9 »50, i n d i c a t e d  a n  u n c e r t a i n t y  i n  t h e  a ssu m e d  m o le c u la r  

f o r m u la .  T he c e l l  d im e n s io n s  a r e  q u i t e  a c c u r a t e  so  t h e  c a l c u l a t e d  

num ber o f  m o le c u le s  s h o u ld  b e  much c l o s e r  t o  a  w h o le  n u m b er. E ven  i f
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I n d i c a t i o n  o f  S u b c e l l s  fro m  W e ig h te d  a* b *  N e t
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t h e  c a l c u l a t e d  v o lu m e w e re  s l i g h t l y  i n  e r r o r  t h e  num ber o f  m o le c u le s  

w o u ld  b e  e i t h e r  9  o r  1 0 . M n e  m o le c u le s  p e r  u n i t  c e l l  w o u ld  b e , im p o s s ib l e  

f o r  t h i s  s p a c e  g ro u p  a n d  t e n  w o u ld  b e  r a t h e r  u n u s u a l .

T h u s  b e f o r e  c o n t i n u i n g  w i th  t h e  s o l u t i o n  o f  t h i s  s t r u c t u r e  i t  w as 

d e c id e d  t o  i n v e s t i g a t e  a  s im p le r  com pound i n  ho p e  t h a t  t h i s  m ig h t  g iv e  

a  c l u e  t o  t h e  s t r u c t u r e  o f  t h e  m ore co m p le x  h y d r o l y s i s  p r o d u c t  an d  t o  - 

i t  m o le c u la r  f o r m u l a .

‘i



V PART I I I

THE CRYSTAL STRUCTURE OF MONOMETHYLTRIETHYL TITANATE 

P r e p a r a t io n  o f  C ry s ta ls

Ti(O CH g) (OCgH^) ^ was- p r e p a r e d  b y  t h e  m e th o d  o f  Varm a a n d  M e h ro tr a  

T i(O C gH ^)^  a n d  m e th a n o l  w e re  m ix ed  i n  s t o i c h i o m e t r i c  p r o p o r t i o n s  i n  d ry  

b e n z e n e .  T he com pound i s  v e r y  s o l u b l e  i n  h o t  b e n z e n e  b u t  much l e s s  

s o l u b l e  i n  c o l d  b e n z e n e .  T he c r y s t a l s  w e re  d i s s o l v e d  by  w a rm in g  t h e  

m i x tu r e .  T he h o t  s o l u t i o n  w as p o u re d  i n t o  t h e  a p p a r a t u s  show n i n  F ig u r e  

2 4 .  C r y s t a l s  f ro m  t h e  c o o l  s o l u t i o n  w e re  o b t a i n e d  i n  c a p i l l a r i e s  b y  t h e  

p r o c e d u r e  d e s c r i b e d  f o r  t h e  h y d r o l y s i s  p r o d u c t  i n  P a r t  I l .

D e n s i t y  D e te r m in a t io n  o f  T i(O C H g )(OCgH^)g

T he d e n s i t y  o f  t h e  c r y s t a l s  w as d e te r m in e d  b y  m e a s u r in g  t h e  

d e n s i t y  o f  a  s o l u t i o n  o f  c a r b o n  t e t r a c h l o r i d e  i n  b e n z e n e  i n  w h ic h  th e  

c r y s t a l  r e m a in e d  s u s p e n d e d . T he d e n s i t y  o f  t h e  c r y s t a l s  w as d e te rm in e d  

t o  b e  1 .2 4 4 g /c c .

E x p e rim en ta l: ,JC-Ray A p p ara tu s  and I n t e n s i t y  Measurement

The X-Ray power su p p ly  and th e  method o f  developm ent o f  th e  f i lm s  

w ere a s  d e s c r ib e d  in  P a r t  I I ,

I n t e n s i t i e s -  w ere m easured v i s u a l ly  a s  p re v io u s ly  d e s c r ib e d  from  

m u l t ip le - f i lm ,  n o n - in te g ra te d  p ic tu r e s  u s in g  th e  Supper cam era. I n t e n s i ­

t i e s  m easured on th e  second and t h i r d  f i lm s  w ere p u t on th e  same s c a le  a s  

th o s e  m easured on th e  f i r s t  f i lm  by m u l tip ly in g  by th e  f a c t o r s  3 .5 6  and 

1 2 .3 , r e s p .  These f i lm  f a c t o r s  w ere d e te rm in ed  by com paring i n t e n s i t i e s  

o f  th e  same r e f l e c t i o n s  on th e  th r e e  f i lm s .  A l l  th e  f i lm s  u sed  f o r
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i n t e n s i t y  m e a s u re m e n ts  w e re  g iv e n  t h e  sam e e x p o s u re  a n d  t h e  sam e d e v e lo p ­

m e n t.  T hus i t  w as a ssu m ed  t h a t  t h e  i n t e n s i t i e s  f ro m  l e v e l  t o  l e v e l  w e re  

o n  t h e  sam e s c a l e :  751 u n iq u e  r e f l e c t i o n s  w e re  o b s e r v e d  o n  l e v e l s  z e r o

th r o u g h  s i x .

T he i n t e n s i t i e s  w e re  c o r r e c t e d  f o r  s p o t  s i z e . b y  u s i n g  a  m ethod

( 2 8 )s i m i l a r  t o  t h a t  o f  P h i l l i p s '  . The f o r m u la s  an d  c u r v e s  g iv e n  b y  . 

P h i l l i p s  a r e  a p p r o x im a t io n s  a n d  do n o t  h o ld  f o r  r e f l e c t i o n s  o f  s m a l l  

r e f l e c t i o n  a n g l e s .  T he f o r m u la s  g iv e n  b y  P h i l l i p s  w e re  u s e d  f o r  l a r g e  

a n g l e s  w h i l e  a n  e m p i r i c a l - c o r r e c t i o n  w as u s e d  f o r  r e f l e c t i o n s  o f  s m a l l  

a n g l e s .  T he c u r v e s  u s e d  f o r  t h e  i n t e n s i t y  c o r r e c t i o n s  a r e  show n i n  F ig u r e  

3 1 . I n t e n s i t i e s  m e a s u re d  o n  t h e  to p  h a l f  o f  t h e  f i l m s  w e re  m u l t i p l i e d  b y  

t h e  f a c t o r  o b t a i n e d  fro m  t h e  n e c e s s a r y  c u r v e ;  i n t e n s i t i e s  o n  t h e  b o t to m  

h a l f  w e re  m u l t i p l i e d  b y  t h e  v a lu e  o b t a i n e d  b y  s u b t r a c t i n g  t h i s  f a c t o r  

■from  2 . 0 .  T he v a l u e s  o f  f  w e re  m e a s u re d  u s i n g  t h e  c h a r t  o f  F ig u r e  144 

i n  r e f e r e n c e

I n  l a t e r  s t a g e s  o f  r e f in e m e n t  t h e  l e v e l s  w e re  s c a l e d  t o g e t h e r  by  

r u n n in g  a  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  f o r  e a c h  l e v e l ,  o b t a i n i n g  a  s c a l e  

c o n s t a n t  f o r  e a c h  l e v e l ,  a n d  r e s c a l i n g  e a c h  l e v e l  f ro m  t h e s e  i n d i v i d u a l  

s c a l e  f a c t o r s .

S p aq e  G roup

F rom  t h e  z e r o  l e v e l  W e is s e n b e rg  f i l m  t h e  a n g le  b e tw e e n  t h e  r e c i p r o ­

c a l  l a t t i c e  a x e s  w as m e a s u re d  t o  b e  'd i f f e r e n t  fro m  9 0 ° .  I n  a d d i t i o n ,  b o t h
: "

a x e s  t r a i l e d  o f f  a n d  becam e f e s t o o n s  o n  u p p e r  l e v e l  p i c t u r e s .  T hus t h e  

c r y s t a l  b e lo n g s  t o  t h e  t r i c l i n i c  s y s te m . T h e re  a r e  o n ly  "two s p a c e  g ro u p s



l e v e l
C o r r e c t i o n

1.6  - f o r  u p p e r  l e v e l
l e v e l

I  ( 2  -  W)f o r  l o w e r  l e v e l

l e v e l
1 . 5  -

l e v e l

l e v e l

l e v e l

C h a r t  f o r  I n t e n s i t y  C o r r e c t i o n

F i g u r e  3 1
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■ i n  t h e  ■ t r i c l i n i c -  s y s t e m , . o n e  c e n t r - i o ;  ( P l )  . a n d .  o n e  n o n c e n t r i c ; ( . P i ) .  I n  t h e  

e a r l y ,  s t a g e s  o f  t h e  s t r u c t u r e  ■ d e t e r m i n a t i o n  i t  w a s  a s s u m e d  t h a t . ,  t h e  c r y s t a l
I '

w a s . c e n t r i c .  . T h i s  g r e a t l y  f a c i l i t a t e d  c a l c u l a t i o n s .  . H o w e v e r ' i n  t h e  f i n a l  

s t a g e s ,  o f  r e f i n e m e n t - i t  w a s  p u t  ■ i n  . s p a c e  g r o u p  P I .  • R e f i n e m e n t  p r o c e e d e d  

. f a s t e r  a n d . f u r t h e r  t h a n  i n . t h e  c e n t r i c : s p a c e . g r o u p .  T h u s  i t  w a s  c o n c l u d e d  

. t h a t ■ t h e - s p a c e  g r o u p . i s  P I .

H o n e  o f  t h e  s t a t i s t i c a l  m e t h o d s  - . w a s . a p p l i e d  t o  , d i s t i n g u i s h . b e t w e e n  

t h e  t w o  s p a c e . g r o u p s ,  . s i n c e  . h a l f ,  o f  t h e .  t i t a n i u m  a n d ., o x y g e n ' a t o m s ,  w e r e  v e r y  

n e a r l y - r e l a t e d - . t o - t h e - o t h e r  h a l f - b y  a  c e n t e r  o f  s y m m e t r y .  T h i s . p s e u d o ­

c e n t r i c  ; c h a r a c t e r  '.o f- t h e s e  . h e a v i e r . -  a t o m s ■ w o u l d ,  p r o b a b l y  • c o m p l e t e l y  d o m i n a t e  

. t h e - s t a t i s t i c s  g i v i n g  - a m b i g u o u s .  - r e s u l t s ' .

C e l l .  P i t n e n s i o n s  a n d  . C h o i c e - o f  . A x e s

. A f t e r  o b t a i n i n g " t h e -  c e l l - . d i m e n s i o n s  i t  t u r n e d . o u t • t h a t  ■ t h e  c r y s t a l  

w a s  m o u n t e d ,  o n ;. t h e . b  a x i s .  '. T h u s  f r o m - m e a s u r e m e n t s  o n  a n  o s c i l l a t i o n - f i l m

: t h e  v a l u e  f o r  ,b  ■ i s  d e t e r m i n e d . d i r e c t l y  u s i n g ,  t h e  f o r m u l a .  P  = - n ^  ^  ~ ^ n ^ 2
,  . ' G
( s e e - A p p e n d i x - A ) . T h e  v a l u e  o f - - b . t h u s ,  o b t a i n e d  i s - 1 2 . 1 3  A .  T a b l e

■ X V I  s h o w s  t h e  m e a s u r e m e n t s  - a n d .  r e s u l t s .

F r o m ' a  z e r o . l e v e l -  W e i s p e r i b e r g - p i c t u r e  o n e - r e c i p r o c a l  l a t t i c e  a n g l e

- a n d . t w o . i n t e r p l a n a r  s p a e i n g s  c a n  b e - d e t e r m i n e d .  T h e  t w o  c e l l . e d g e s ,  a  a n d  

. c ,  c a n n o t ,  b e  d e t e r m i n e d . u n t i l  t h e  r e m a i n i n g - a n g l e s  - h a v e . b e e n  f o u n d .  T h e

r e s u l t s ,  o f  m e a s u r e m e n t s  . m a d e -  o n - . t h e  z e r o  .l e v e l - W e i s s e n b e r g :  f i l m . a r e  d]_QO - =
O  - . - O  Q  I

1 1 . 5 1  A 5 . =  1 6 . 2 4  A 5 - a n d '  f }  *  -  8 0 . 0 .  .  T h e  m e a s u r e m e n t s ' a n d  r e s u l t s

f r o m - t h i s  f i l m  . a r e  g i v e n  i n  T a b l e  - K V T I .  B r a g g ’ s  - l a w / w a s - u s e d  t o ' :  c a l c u l a t e

- t h e  i n t e r p l a n a r  s p a c i n g .  . . ;
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D e te r m in a t io n  o f  C e l l  E dge b  fro m  R o t a t i o n  F i l m  

Ti(OCH3 )(OC2H5 ) 3

e f f e c t i v e  c a m e ra  d i a m e te r  u s e d  » 56 . 62mm 

c a l c u l a t i o n  f ro m  f o r m u la  b  « n  + ^2l
y n

Table XVI

L a y e r  L in e  (n ) J n _ b
O

2 7 .4 5  mm 1 2 .1 2  A

3 1 1 .6 5 12.15

k 1 6 .7 5 1 2 .1 1

5 2 3 .3 0 12 :1 3 "

0
a v e r a g e : b  = 1 2 .13  A

>
0



D e te r m in a t io n  o f  I n t e r p l a n a r  S p a c in g s  f ro m  W e is s e n b e rg  F ilm  

e f f e c t i v e  c a m e ra  d i a m e t e r  u s e d :  56.62  mm

6  0 I ^ iI r X s  1 .0 1 2 0 X

X = d i s t a n c e  i n  mm fro m  c e n t e r  l i n e  t o  s p o t  . 

c a l c u l a t i o n  f ro m  B r a g g 's  law  

X = 1 .5 4 2  A

71

Table XVII

C a l c u l a t i o n  o f  d10Q f

R e f l e c t i o n  U sed X ™_________ d IQQ

020 7 . 60mm
O

7 04 l .4 »  1 1 .5 2  A

030 1 1 .4 2 5 1 1 * 3 3 .7 ' 1 1 .5 4

040 1 5 .4 0 1 5 * 3 5 ' 1 1 .4 8

a v e r a g e :  d 100 s  1 1 ^ l  A

C a l c u l a t i o n  o f  I q q i

R e f l e c t i o n  Ubed X £  d IOO

002 5.40mm 5*2 7 . 8 ' 1 6 .2 0  A

004 10 .80  . 1 0 * 5 5 .7 ' 1 6 .2 6

006 16 .30 16*2 9 . 6 ' 16 .28

a v e r a g e :
O

d ^ n  S 1 6 .2 4  A 
001
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F o r sake 'o f  co m p le ten ess  th e  g e n e ra l  a rran g em en t o f  th e  p re c e s s io n  and 

W eissenberg  p h o to g rap h s  a r e  g iv e n  a lo n g  w ith  th e  a x i a l  d i r e c t io n s  in  

F ig u re  32.

The c o n v e n tio n  in  ch o o sin g  ax e s  and a n g le s  f o r  a  t r i c l i n i c  c e l l  

i s  to  s e l e c t  them in  such a  manner a s  to  have th e  a n g le s  a l l  o b tu se  o r 

a l l  a c u te .  W ith t h i s  c o n v e n tio n  a s  a  r e s t r i c t i o n ,  th e r e  a r e  two ty p e s  

o f  t r i c l i n i c  c e l l s :  ( l )  th o s e  w ith  a l l  i n t e r a x i a l  a n g le s  o b tu se  and

(2 ) th o se  w ith  a l l  i n t e r a x i a l  a n g le s  a c u te ,  i f  one i s  to  m a in ta in  a  

r ig h t-h a n d e d  c o o rd in a te  system  (7 ) .  T here a r e  a ls o  two ty p e s  in  a  l e f t -  

handed c o o rd in a te  system .

I f  one i s  to  choose  a  r ig h t-h a n d e d  c o o rd in a te  system  w ith  e i th e r  

a l l  a n g le s  a c u te  o r  a l l  o b tu s e , one i s  l im i te d  to  l a b e l in g  th e  r e c ip r o ­

c a l  ax es  and a n g le s  a s  shown in  F ig u re s  32 and 33 to  b e  c o n s i s te n t  

w ith  th e  s e t t i n g s  f o r  th e  W eissenberg  and  p re c e s s io n  p i c t u r e s .

The c r y s t a l  i s  r o t a t i n g  ab o u t th e  b  a x i s ,  th e  p o s i t i v e  d i r e c t io n  

b e in g  away from  th e  r o t a t i o n  d i a l .  Thus upper l e v e l  W eissenberg  p ic tu r e s  

w i l l  have p o s i t i v e  v a lu e s  f o r  th e  k in d e x .

The r e c i p r o c a l  a n g le s  w ere m easured from  th e  p r e c e s s io n  p ic tu r e s  

g iv in g  a *  =  IOO01 2 1 and 7* = 1 0 3 * 2 6 '. A l l  th e  c e l l  d im ensions can  be 

c a l c u la te d  u s in g  th e  fo llo w in g  r e l a t i o n s  (1 0 ) :

co s  a  = cos  P *cos 7 * - co s  a  *  

s in  p * s in  7 *

co s  p = cos a  *cos 7 * - cos P * 
s in  a , * s in  7 *

cos  7 = co s  a  *cos p * - co s  7 *
,s in  a  * s in  p *
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a *  a n d  y *  a r e  r e q u i r e d  t o  c a l c u l a t e  t h e  r e s t  o f  t h e  c e l l  d im e n s io n s .  

T h e s e  a n g l e s  a r e  m o s t e a s i l y  m e a s u re d  fro m  p r e c e s s i o n  p i c t u r e s .  A d e r i v a t i o n  

i s  g iv e n ,  h o w e v e r , o f  a  m e th o d  b y  w h ic h  t h e s e  tw o r e c i p r o c a l  l a t t i c e  a n g l e s  

c a n  b e  d e te r m in e d  fro m  m e a s u re m e n ts  o n  u p p e r - l e v e l  W e is s e n b e rg  f i l m s .  T h is  

m e th o d  i s  d e r iv e d  i n  A p p e n d ix  B .

C a re  m u s t b e  t a k e n  t o  m ount t h e  c r y s t a l  on  t h e  g o n io m e te r  h e a d  i n  a  

s p e c i f i c  p o s i t i o n  i n  o r d e r  t o  o b t a i n  p r e c e s s i o n  p i c t u r e s  o f  t h e  d e s i r e d  

r e c i p r o c a l  l a t t i c e  n e t s .  S in c e  n o n e  o f  t h e  i n t e r a x i a l  a n g l e s  i s  9 0 ° ,  w hen 

t h e  c r y s t a l  i s  t r a n s f e r r e d  f ro m  t h e  W e is s e n b e rg  t o  t h e  p r e c e s s i o n  ca m e ra  

a n d  t h e  a z im u th  s e t  so  t h a t  o n e  o f  t h e  r e c i p r o c a l  l a t t i c e  a x e s  i s  v e r t i c a l ,  

t h e  d e s i r e d  r e c i p r o c a l  l a t t i c e  p l a n e  i s  n o t  p a r a l l e l  t o  t h e  f i l m .  I n  o t h e r  

w o rd s ,  t h e  h o r i z o n t a l  a x i s  w i l l  n o t  r e c o r d  on  t h e  f i l m .  T h e  c r y s t a l  m u s t 

t h u s  b e  r o t a t e d  a b o u t  t h e  v e r t i c a l  r e c i p r o c a l  l a t t i c e  a x i s  t o  b r i n g  t h e  

p l a n e  i n t o  t h e  d e s i r e d  p o s i t i o n .  U n le s s  t h e  c r y s t a l  i s  m o u n ted  i n  a  s p e c ­

i a l  m a n n e r , t h i s  r o t a t i o n  i n v o l v e s  b o th  a x i s  o f  t h e  g o n io m e te r  h ea d  a n d  

t h e  p r o c e s s  b eco m es v e r y  c o m p l ic a te d '.

A f t e r  a  z e r o  l e v e l  W e is s e n b e rg  p i c t u r e  w as t a k e n  t o  d e te r m in e  t h e  

s e t t i n g  o f  t h e  c r y s t a l  o n  t h e  g o n io m e te r .h e a d ,  t h e  c r y s t a l  m o u n tin g  was 

r e a d j u s t e d  so  t h a t  t h e  r e c i p r o c a l  l a t t i c e  a x e s  a p p e a r in g  o n  t h e  W e is s e n -  

b e r g  f i l m  w e re  a p p r o x im a te ly  p a r a l l e l  t o  t h e  a x e s  o f  t h e  g o n io m e te r  h e a d .

T h en  t o  t a k e  a  p r e c e s s i o n  p i c t u r e  o n ly  o n e  a r c  n e e d e d  t o  b e  m oved. By 

m o u n t in g  t h e  c r y s t a l  i n  su c h  a  m an n er i t  w as q u i t e  s im p le  t o  o b t a i n  p r e ­

c e s s i o n  p i c t u r e s  o f  b o t h  t h e  a * b *  a n d  t h e  b * c *  p e t s .
I „

I n  c h o o s in g  t h e  a x e s  o f  a  t r i c l i n i c  c r y s t a l  g r e a t  c a r e  m u s t b e  

t a k e n  i n , c o r r e l a t i n g  t h e  p r e c e s s i o n  p i c t u r e s  w i th  t h e  W e is s e n b e rg  f i l m s .
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Rotation
Spindle

Procession, a*b* Net
azimuth M0SO1 

Cf  a*is out of plane

Precession, b*c* Net
azimuth S t l0 

a axis out of plane

Arrangement of axes on Weiseenberg and P recession  Films

Figure 32



a X

■ 8 l

a * s i n p s i n  ' y  *

C s  X
c * s in o :  s i n  P *

b *  ’ = X
b s i n  a  ^ s i n y

a *  -  X 

d IOO

c *  « X

dOOl

F rom  t h e  v a l u e s  t h u s  o b t a i n e d  t h e  num ber 1o f  m o le c u le s  p e r  u n i t  c e l l  was 

c a l c u l a t e d  t o  b e  8 . 0 $ . A sum m ary o f  t h e  c e l l  d im e n s io n s  o f  t h i s  com pound 

i s  g iv e n  i n  T a b le  X V I I I .  T he c a l c u l a t e d  d e n s i t y  i s  1 . 2 3 6 g /c c ,  S in c e  s u c h  

e x c e l l e n t  a g r e e m e n t  w as o b t a i n e d  b e tw e e n  t h e  m e a su re d  a n d  c a l c u l a t e d  

d e n s i t i e s ,  no  a n a l y s i s  w as m ade o f  t h e  com pound.

I n d e x in g  W e is s e n b e fg  P h o to g r a p h s  o f  T r i c l i n i c  C r y s t a l s

I t  w as show n i n  P a r t  I I  t h a t  t h e  i n d e x in g  o f  W e is s e n b e rg  p i c t u r e s  

f o r  m o n o c l in ic  c r y s t a l s  m o u n ted  on  t h e  a  o r  c a x i s  r e q u i r e d  m o re  c a u t i o n  j 

t h a n  f o r  c r y s t a l s  o f  h i g h e r  sym m etry  s i n c e  t h e  b *  a x i a l  l i n e  i s  no  l o n g e r  

s t r a i g h t  o n  u p p e r - l e v e l  p i c t u r e s .  M o re o v e r ,  o c c a s i o n a l l y  a  f e s t o o n  on  t h e  

lo w e r  h a l f  o f  t h e  f i l m  show s u p  o n  t h e  u p p e r  h a l f  o f  t h e  f i l m  a t  a  h ig h e r  

l e v e l .

F o r  i n d e x in g  a  t r i c l i n i c  c r y s t a l  t h e  s i t u a t i o n  l a  s t i l l  m ore 

c o m p l i c a t e d .  B o th  a x i a l  l i n e s  on t h e  z e r o  l e v e l  W e is s e n b e rg  f i l m s  b e ­

com e c u r v e d  o n  u p p e r  l e v e l s .  T he m e th o d  u s e d  t o  d e te r m in e  t h e  p o s i t i o n s  

o f  t h e  f e s t o o n s  on  u p p e r - l e v e l  W e is s e n b e rg  f i l m s  w i l l  now b e  g iv e n .

F i g u r e  33a ' show s a  s t e n o g r a p h ic  p r o j e c t i o n  o f  t h e  a r r a n g e m e n t  o f  

t h e  s p h e r e  o f  r e l f e c t i o n  a n d  t h e  r e c i p r o c a l  l a t t i c e  a x e s  f o r  a  t r i c l i n i c  

c e l l  s e t  f o r  a n  u p p e r - l e v e l  e q u i - i n c I i n a t io n  W e is s e n b e rg  p i c t u r e .  F i g u r e
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circle ■X

/
( a )  S te r e o g r a p h i c  p r o j e c t i o n  o f  a r r a n g e m e n t  o f  r e c i p r o c a l  a x e s .

(b )  C i r c l e  o f  r o t a t i o n  a n d  r e c i p r o c a l  a x e s .

F i g u r e  33



a. a 1 2 .1 4  

b  m 12 .13

C = 1 6 .9 3

a  4 76*56

p » 77°2* 

7 = 74*15
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T a b le  X V III

Summary o f  C r y s t a l  D a ta  

Ti(OCH3 )(OC2H5 ) 3

0
A a  = 0 .1 3 4 0

b*B 0 .1 3 4 2

C *B  0 . 0 9 4 9 5

O*. 100*12' 

p*. 100* 0'

7* a 103*26'

d e n s i t y  (m e a s u re d )  s  1 .2 4 4  g /c c  

d e n s i t y  ( c a l c u l a t e d )  « I . 236 g / c c

m o le c u le s  p e r  u n i t  c e l l  = 8

s p a c e  g ro u p  P l
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33b show s t h e  t o p  v iew  o f  t h e  c i r c l e  o f  r e f l e c t i o n  a n d  t h e  r e c i p r o c a l -  

l a t t i c e  a x e s , a *  a n d  c * .  T he c r y s t a l  i s  r o t a t i n g  a b o u t  t h e  b  a x i s .

A s i s .  s e e n - f r o m  t h e  f i g u r e  n e i t h e r  r e c i p r o c a l  a x i s  p a s s e s  th r o u g h  

O’ , t h e  p o i n t  o f  r o t a t i o n .  T h u s on  u p p e r - l e v e l  p i c t u r e s ,  b o t h  o f  t h e s e  

a x e s  w i l l  a p p e a r  a s  c u r v e s .  F o r  b o th  a x e s  some f e s t o o n  may p a s s  fro m  t h e  

lo w e r  t o  t h e  u p p e r  h a l f  o f  t h e  p i c t u r e  f o r  some n - l e v e l  p i c t u r e .  To 

d e te r m in e  w hen t h i s  o c c u r s  i t  i s  n e c e s s a r y  t o  c a l c u l a t e  t h e  v a lu e s  o f

Sn  a n d  Tn  a n d  co m p are  t h e s e  w i t h  t h e  v a l u e s  o f  t h e  r e c i p r o c a l  l a t t i c e .
.

i n t e r p l a n a r  s p a c in g s ,  P  a n d  Q, r e s p .  Sn  a n d  Tn  a r e  t h e  r e s p e c t i v e ,  d i s ­

t a n c e s  fro m  t h e  p o in t ,  o f  r o t a t i o n  t o  t h e  c *  a n d  a*  a x e s ;  Dn  i s  t h e  r a d i u s  

o f  t h e  c i r c l e  fo rm e d  b y  t h e  p o i n t  (OkO) a s  t h e  c r y s t a l  r o t a t e s ,  a n d  g i s  

t h e  a n g l e  b e tw e e n  Dn a n d  c * .

. T h e  m a g n i tu d e  o f  Dn  d e p e n d s  o n  t h e  d i s t a n c e  f ro m  t h e  p o i n t  (OOO)
- *•

t o  t h e  p o i n t  (OkO) a n d  o n  t h e  s i z e  o f  t h e  a n g l e  f  ,  t h e  a n g l e  b e tw e e n  t h e  

b  a x i s  a n d  t h e  b *  a x i s  ( F i g u r e  3 4 ) .

F rom  F i g u r e  3 4 , t h e  f o l l o w i n g  r e l a t i o n s  a r e  o b t a i n e d :

Dn  = k b * ’ s i n  f  , ( l )

E = DnC qs S = k b *  s i n f  c o s  5 , 

b u t  a l s o ,  E = k b *  c o s  ( l8 0 °  -  a * ) .

T h e r e f o r e  c o s ( l 8 0 °  -  a * )  = s i n f  c o s  § . (2 )

S i m i l a r l y  f o r  F ,  o n e  f i n d s

F = DnC ds - ( .  p *  -  § ) = k b *  s i n f c o s  ( p *■ -  S ) ,

a n d  F =  k b *  c o s  (180* -  y  * ) .

T h e r e f o r e  s i n  f  c o s (  P *  -  § ) = c o s  ( l 8 0 9 -  7 * ) . • (3)
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b

R e c i p r o c a l  A xes A rra n g e m e n t 

F ig u r e  34
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D iv id in g  e q u a t i o n  ( 3 ) b y  e q u a t i o n  ( 2 ) ,  o n e  o b t a i n s

c o s  ( P* -  § )  r  c o s ( l 80° -  y * )  
c o s  S c o s (180  -  a ,* )  .

W ith  a  l i t t l e  m a n i p u l a t i o n  t h i s  e q u a t i o n  b eco m es

t a n  S = c o s ( l 80 ° -  y *
c o s ( T 8( r

R e a r r a n g in g  e q u a t i o n  (2 )  g i v e s  

s i n  =

. a *
j- -  c o s  (3* / s i n  P * . (4 )

(5 )

F rom  e q u a t i o n s  (4 )  a n d  ( 5 ) t h e  v a lu e s  o f  § a n d  f *  a r e  f o u n d ,  a n d  th e n  

Dn  i s  fo u n d  f ro m  ( l ) .

Now f ro m  F ig u r e  33b i t  i s  s e e n  t h a t  Tn  = Dn s i n (  p*  -  5 ) an d  

Sn r  Dn s i n  6 . T hus t h e  v a l u e s  o f  Tn  a n d  Sn  a r e  d e te r m in e d .  F rom  t h e
I

sam e f i g u r e  t h e  v a l u e s  o f  P a n d  Q a r e  s e e n  t o  b e  Q = c * s i n  p* a n d  

P = a * s i n ( l 8 0 °  - P * ) .

To d e te r m in e  w hen a  p a r t i c u l a r  f e s t o o n  w i l l  h a v e  c h a n g e d  fro m  

o n e  h a l f  o f  t h e  f i l m  t o  t h e  o t h e r  i t  i s  o n ly  n e c e s s a r y  t o  co m p are  P an d  

Q w i th  Sn . a n d  Tn .

U s in g  t h e  r e c i p r o c a l  c e l l  d im e n s io n s  f o r  T i(O C H g)(O C gH ^) ^ i t  i s  

fo u n d  t h a t  § = 5 6 ° 2 7 .5 ' a n d  f  = l 8 ° 4 l . 5 ' .  A ls o ,  Q -  0 .0 9 3 4  a n d  P e 0 .1 3 2 ,  

. T h e s e  v a l u e s  a r e  t o  b e  co m p ared  w i t h  t h o s e  o f  Sn  an d  Tn  g i v e n  i n  t h e  

f o l l o w i n g  t a b u l a t i o n .

Djl b 0 .0430

D2 -

Do

,086

(c * )

Q s  0 .0 9 3 4  

T1 .  0 .0 2 9 6  

T2 s  .0 5 9 2  

T3 s  .0 8 8 8

(a * )

P  s 0 .1 3 2  

S1 s  0 .0 3 5 8

Sg

S 3

,0716

.1 2 9 .0888 .1 0 7 5



D4 -  .1 7 2
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T4 s .1 1 8 5 84 = .1 4 3 3

D5 = .215 T5 ™ .1 4 8 1 S5 = . 1 7 9 1 '

D6 = .258 T6 = • 1778 S6 = .215

D7 = .3 0 1 Ty S .2 0 7 4 Sy = .2 5 1

F ro m  t h i s  t a b l e i t  i s  s e e n  t h a t  ia,* f e s t o o n s w i l l  c h a n g e  f ro m  t h e  lo w e r  h a l f

o f  t h e  f i l m  t o  t h e  u p p e r  h a l f  on l e v e l s  4 a n d  rJ,  an d c *  f e s t o o n s  a l s o  on

l e v e l s  4 a n d  7- T h i s  in d e e d  w as o b s e r v e d . F i g u r e  35 show s how t h e  f e s -  ■

t o o n s  o n  t h e  3r d  l e v e l  d i f f e r  f ro m  t h o s e  o n  t h e  4 t h .

D e te r m i n a t io n  o f  t h e  S t r u c t u r e

An IBM 16 2 0  D i g i t a l  C o m p u te r w as u s e d  f o r  m o s t o f  t h e  c a l c u l a t i o n s  

i n  s t r u c t u r e  d e t e r m i n a t i o n .

R e d u c t io n  o f  t h e  ra w  i n t e n s i t y  d a t a  w as c o r r e c t e d  f o r  L o re n tz  a n d

p o l a r i z a t i o n  e f f e c t s  u s i n g  a  p ro g ra m  o f  C h i T ang  L i .  A t t h e  sam e t im e  

(3 5 )a  W ils o n  p l o t  '  w as o b t a i n e d  g i v i n g  a n  a p p r o x im a te  o v e r - a l l  t e m p e r a tu r e

f a c t o r  o f  4 .7 3  a n d  a n  a p p r o x im a te  a b s o l u t e  s c a l e  f a c t o r  o f  0 .112  f o r

p u t t i n g  t h e  s t r u c t u r e  f a c t o r  on  a n  a b s o l u t e  b a s i s .  D iv i d i n g  t h e  s t r u c t u r e

f a c t o r s  o b t a i n e d  f ro m  t h e  d a t a  r e d u c t i o n  p ro g ra m  b y  t h i s  s c a l e  f a c t o r  p u t s

th em  o n  a n  a p p r o x im a te  a b s o l u t e  s c a l e .

T h re e  d im e n s io n a l  P a t t e r s o n  a n d  s h a r p e n e d  P a t t e r s o n  m aps w e re

c a l c u l a t e d .  B e f o r e  t r y i n g  t o  i n t e r p r e t  t h e  m ap s , p e a k  h e i g h t s  d u e  t o

s i n g l e  i n t e r a t o m i c  v e c t o r s  w e re  c a l c u l a t e d .  T he o r i g i n  p e a k  i s  p r o p o r t i o n -  
2

a l  t o  £  z . s  8 0 8 0 . The P a t t e r s o n  f u n c t i o n  w as s c a l e d  so  t h a t  t h e  h e i g h t  

o f  t h e  o r i g i n  p e a k  w as 999• T he p e a k  h e i g h t  d u e  t o  t h e  v e c t o r  b e tw e e n  a to m s  

i  a n d  j  i s  t h e n  999 z . z . ,  w h e re  z . a n d  z . a r e  t h e  a to m ic  n u m b ers  o f  t h e
SoBo
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Level 4

C o m p a riso n  o f  3d a n d  4th L e v e l  W e is s e n b e rg  F i lm s

F ig u r e  35
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a to m s .  T h i s  g i v e s  t h e  f o l l o w i n g  p e a k  h e i g h t s  f o r  t h e  t y p e  p e a k s  i n d i c a t e d .

T ype P e a k  P eak  H e ig h t

T i  -  T i  60

T i - O  22

T i  -  C 16

0 - 0  8

Any p e a k  d u e  t o  a n  o x y g e n -o x y g e n  v e c t o r  o r  a n y  p e a k  d u e  t o  t h e  i n t e r a c t i o n  

o f  s m a l l e r  a to m s  w o u ld  b e  l o s t  i n  t h e  b a c k g ro u n d . E ven  a  T i  -  0  p e a k  

w o u ld  n o t  b e  s e e n  i f  i t  w e re  i n  t h e  n e ig h b o rh o o d  o f  a  l a r g e  p e a k  fo rm e d  

f ro m  s u p e r - p o s i t i o n  o f  i n d i v i d u a l  p e a k s .  T w en ty  p e a k s  h a d  a  h e i g h t  o f  

o v e r  1 0 0 , a n d  m any m o re  w e re  g r e a t e r  t h a n  75» T h u s t h e r e  i s  much o v e r ­

l a p p i n g  o f  p e a k s  o n  t h e  m ap s , a n d  i t  i s  d o u b t f u l  t h a t  a  p e a k  r e p r e s e n t i n g

a  s i n g l e  v e c t o r  c o u l d  b e  fo u n d .
(2 7 )

I b e r s  r e p o r t e d  t h e  a p p r o x im a te  s t r u c t u r e  f o r  t i t a n i u m  t e t r a -

e t h y l a t e  d e te r m in e d  b y  X - r a y  m e th o d s . He r e p o r t e d  a  t e t r a m e r  w i th  t h e  

t i t a n i u m  a to m s  l y i n g  i n  a  p l a n e  a n d  fo r m in g  a  d ia m o n d -s h a p e d  p a t t e r n .

T he f i r s t  t h i n g  I  lo o k e d  f o r  on  t h e  P a t t e r s o n  map w as a  d iam o n d . T h e se  

p e a k s  w e re  fo u n d  i n  t h e  ab  p l a n e  a lm o s t  im m e d ia te ly  a s  t h e y  w e re  q u i t e  

l a r g e .

A ls o  e x a c t l y  h a l f  way down t h e  c a x i s  o n  t h e  P a t t e r s o n  map w as a  

p e a k  o n e - h a l f  a s  h ig h  a s  t h e  o r i g i n  p e a k .  T h is  im m e d ia te ly  s u g g e s te d  t h e  

o t h e r  t e t r a m e r  u n i t  t o  b e  o n e - h a l f  a  u n i t  c e l l  l e n g t h  a l o n g  t h e  c a x i s ,  

p a r a l l e l  t o  t h e  f i r s t  t e t r a m e r  u n i t ,  w i t h  c o r r e s p o n d in g  t i t a n i u m  a to m s i n  

t h e  tw o  u n i t s  h a v in g  t h e  sam e x  a n d  y  c o o r d i n a t e s ,  o r  n e a r l y  s o .  The 

v e c t o r s  o n  t h e  P a t t e r s o n  map i n d i c a t e d  a  c e n t e r  o f  sy m m etry  i n  t h e  t e t r a m e r



u n i t  v i t h  r e s p e c t  t o  t h e  t i t a n i u m  a to m s , a n d  a l s o  a  c e n t e r  o f  sym m etry  

b e tw e e n  t h e  tw o  u n i t s  o f  t i t a n i u m s .

E ig h t  t i t a n i u m  a to m s  w e re  g iv e n  c o o r d i n a t e s  s u c h  t h a t  e a c h  t e t r a m e r  

u n i t  h a d  a  c e n t e r  o f  sym m etry  a n d  so  t h a t  t h e r e  w as a  c e n t e r  b e tw e e n  t h e  

u n i t s .  F rom  t h e s e  c o o r d i n a t e s  p o s i t i o n s  o f  o t h e r  p o s s i b l e  p e a k s  o n  t h e  

P a t t e r  so n  map w e re  c a l c u l a t e d .  T h is  g a v e  r i s e  t o  s i x  a d d i t i o n a l  p e a k s  

w h ic h  w e re  fo u n d  o n  t h e  m ap , g i v i n g  s u p p o r t  t o  t h i s  a r r a n g e m e n t  o f  a to m s . 

T he h e i g h t s  o f  t h e  p e a k s  w e re  a p p r o x im a te ly  p r o p o r t i o n a l  t o  t h e  num ber 

o f  s u p e r p o s in g  T i  -  T i  p e a k s .  H ow ever t h e r e  w as  some l a c k  o f  a g re e m e n t 

w i t h  t h e  p r e d i c t e d  h e i g h t s  p r o b a b ly  d u e  t o  s u p e rp o s e d  T i  -  0  o r  0 -  0 

v e c t o r  p e a k s .  T h e s e  p r e d i c t e d  p e a k s  a n d  t h e i r  o b s e r v e d  h e i g h t s  a r e  

l i s t e d  i n  T a b le  XIX .

T h e  e i g h t  t i t a n i u m  a to m s  w e re  g iv e n  t h e  c o o r d i n a t e s  a s  t a b u l a t e d  

b e lo w  a n d  a  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  w as m ade t o  d e te r m in e  t h e  d i s -I

c r e p a n c y  in d e x  a t  t h i s  p o i n t .

H um ber o f  t i t a n i u m s  x  y  z

90

I 0.700 0.390 O.250

2 .300 O ro XJ
l O

3 .5875 .5875 .250

4 .4 1 2 5 .4 1 2 5 .250

5 .700 .300 .750

6 .300 t .750

7 .5875 .5875 .750

8 .4 1 2 5 .4125 .750
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T a b le  XIX

P a t t e r s o n  P e a k s  U sed  f o r  L o c a t in g  T i ta n iu m s  

P e a k  H e ig h t  x  ^  Zj M u l t i p l i c i t y  o f  Pei

498 .000 .000 .000 4

> 4 2 .105 .7 2 0 .005 4

197 .180 .1 7 5 .985 2

390 .287 890 .995 4

A d d i t i o n a l P a t t e r s o n  P e a k s  P r e d i c t e d . f ro m  T i ta n iu m  L o c a t io n s

P e a k  H e ig h t X Z JL M u lti]D l i c i t y  o f  P e a k

2 23 .1 0 5 .720 .505 4

65 .180 .180 .4 9 0 2

220

. 
PO

 
• 

CO 
OJ .897 .4 9 5 4

390 .287 .890 .995 4

147 .390 .605 .995 2

1 3 0

S

.610 .4 9 5 2



92

An o v e r a l l  t e m p e r a t u r e  f a c t o r  o f  4 .7 3  w as u s e d .  The d i s c r e p a n c y  in d e x  w as 

5 8 . 52$ .  T h e  d i s c r e p a n c y  in d e x  ( r e l i a b i l i t y  f a c t o r  o f  R f a c t o r )  a s  u s e d  

th r o u g h o u t  i s  a  m e a s u re  o f  t h e  a g re e m e n t  b e tw e e n  o b s e r v e d  a n d  c a l c u l a t e d  

s t r u c t u r e  f a c t o r s  a n d  i s  d e f in e d  a s  R ® 2L |k / F 0 | -  JFc J J / JT JFq J . I n  

t h i s  e x p r e s s i o n  F q a n d  F c a r e  t h e  o b s e rv e d ,.a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s ,  

r e s p . , a n d  k  i s  t h e  s c a l e  c o n s t a n t  t o  s c a l e  t h e  F q ' s  a n d  F c l S t o  t h e  sam e 

s c a l e .

I t  w as o b s e r v e d  t h a t  w hen  a n y  o f  t h e  t i t a n i u m  a to m s  w e re  re m o v e d , 

t h e  R f a c t o r  d e c r e a s e d .  T h i s  c a u s e d  som e c o n f u s io n ,  b u t  t h e n  i t  was 

r e a l i z e d  t h a t  t h i s  w as d u e  t o  t h e  e f f e c t  on  r e f l e c t i o n s  f o r  w h ie li  X  i s  

o d d . T he s t r u c t u r e  f a c t o r  i s  c a lc u la te d . . - f r o m  t h e  e x p r e s s i o n  .

F

:  Z l  f n   ̂ cos2 ji: ( hxn  + k y n  + z n^ + i  ■ s in 2 jt (h x n+ kyn+ i z n )] ,
n : * I

iL  2 r t i ( h x n  -K k y n ,+  z n )

w h e re  t h e  sum i s  o v e r  t h e  M a to m s .  S in c e -  t h e  t i t a n iu m -  a to m s  w e re  a s s i g n e d  

c o o r d i n a t e s  s u c h  t h a t  t h e r e  w as a  c e n t e r  o f  sym m etry  b e tw e e n  t h e  tw o  t e t r a -  

m er u n i t s ,  f o r  e a c h  x , y , z  t h e r e  w as a  - x , - y , - s . T h is  m ade t h e  s i n e  te rm s  

d r o p  o u t  o f  t h e  e x p r e s s i o n .  A ls o ,  f o r  e v e ry  v a l u e  o f  x , y , z  t h e r e  w as a n  

e q u i v a l e n t  p o s i t i o n  x , y , z  + l / 2 .  T h i s  c a u s e d  t h e  c o s i n e  t e r m s  t o  c a n c e l
fl­

o u t  w h e n e v e r  X  w as  o d d . T h i s  c a u s e d  Z j k | F 0 J -  jF c j | t o  b e  u n u s u a l l y  l a r g e ,

s i n c e  F c % 0  w h e n e v e r  X  i s  o d d . A c c o r d in g ly ,  i f  t h e  t i t a n i u m  a to m s  w e re

n e a r  t h e  c o r r e c t  p o s i t i o n s ,  o n ly  t h e  o x y g e n s ,  c a r b o n s ,  a n d  h y d ro g e n s  w o u ld

c o n t r i b u t e  t o  t h e  s t r u c t u r e  f a c t o r s  w hen X  i s  o d d . S in c e  t h e  t i t a n i u m  a to m s

a r e  t h e  s t r o n g e s t  x - r a y  s c a t t e r e r s  i n  t h e  c r y s t a l ,  t h e  F 0 ’ s  w o u ld  b e  r a t h e r

w eak  f o r  a l l  o dd  v a l u e s ^ o f  X  . On c h e c k in g  t h e  F 0 1s t h i s  w as in d e e d  t h e  c a s e .
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U e x t a n  e l e c t r o n  d e n s i t y  map w as r u n  u s i n g  o n ly  t h e  r e f l e c t i o n s  f o r  

w h ic h  F c a n d  F q w e re  b o th  l a r g e .  T h i s  map show ed p e a k s  a t  t h e  p o s t u l a t e d  

t i t a n i u m  p o s i t i o n s ,  a n d  a l s o  show ed 24 o t h e r  l a r g e  p e a k s  o n  t h e  map c o v e r ­

i n g  h a l f  t h e  u n i t  c e l l .  I f  o n e  e n t i r e  t e t r a m e r  u n i t  b e  c o n s i d e r e d ,  t h i s  

p u t  48  p e a k s  a ro u n d  t h e  f o u r  t i t a n i u m  a to m s ,  a l l  o f  w h ic h  g a v e  bond  d i s ­

t a n c e s  t o  t h e  t i t a n i u m s  t o o  s h o r t  t o  b e  t i t a n i u m - c a r b o n  d i s t a n c e s .  T he 

p e a k s  t h u s  w e re  d u e  to . o x y g e n s .  S in c e  o n ly  r e f l e c t i o n s  w e re  u s e d  f o r  

w h ic h  F c a n d  F 0 w e re  b o th  l a r g e ,  t h i s  i n v o lv e d  o n ly  t h o s e  f o r  w h ic h  Z  

v a l u e s  w e re  e v e n .  E s s e n t i a l l y  t h i s  h ad  t h e  e f f e c t  o f  t r e a t i n g  t h e  f o u r  

t i t a n i u m  a to m s  i n  o n e  t e t r a m e r  u n i t  a s  b e i n g  e q u i v a l e n t  t o  t h o s e  i n  t h e  

o t h e r  u n i t ,  so  o n  e a c h  t e t r a m e r  u n i t  a p p e a r e d  i t s  own o x y g e n s  p l u s  a l l  

t h e  o x y g e n s  f ro m  t h e  o t h e r  u n i t .

C o n s id e r a b l e  t im e  w as s p e n t  i n  t r y i n g  t o  o b t a i n  s t r u c t u r e s  w h ic h  

w e re  c h e m i c a l ly  l i k e l y ,  o n e  o f . t h e  r e s t r i c t i o n s  im p o sed  b e i n g  t h e  f a c t  

t h a t  t h e  c o o r d i n a t i o n  num ber o f  t i t a n i u m  i s  6 . A f t e r  su c h  c o n s i d e r a t i o n ,  

o n l y  o n e  s t r u c t u r e  c o u ld  b e  fo u n d ,  a n d  t h i s  w as e s s e n t i a l l y  t h e  sam e a s  

t h a t  r e p o r t e d  b y  I b e r s  f o r  t h e  t i t a n i u m  t e t r a e t h y l a t e .

A ssu m in g  t h e  s t r u c t u r e  t o  b e  c e n t r i c ,  a  new 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  w as m ade, t h e  u n e q u i v a l e n t  a to m s  b e in g  f o u r  t i t a n i u m s  a n d  tw e lv e  . 

o x y g e n s .  T h e  d i s c r e p a n c y  in d e x  w i th  t h e s e  a to m s  w as 42$.. A f t e r  p l a c i n g  

t h e  o x y g e n s  on  t h e  t e t r a m e r  u n i t s  t h e r e  n o  l o n g e r  c o u ld  b e  a  c e n t e r  o f  

sym m etry  b e tw e e n  t h e  t e t r a m e r s ,  i f  i t  i s  a s s u m e d . t h a t  t h e r e  i s  a  c e n t e r  

o f  sym m etry  f o r  t h e ' t e t r a m e r  u n i t  i t s e l f .  I f  t h e r e  w e re  c e n t e r s  i n  t h e  

t e t r a m e r s  a n d  a l s o  o n e  b e tw e e n  th e m , o n e  u n i t  w o u ld  b e  g e n e r a t e d  fro m  

t h e  o t h e r  b y  s im p le  t r a n s l a t i o n ,  an d  t h i s  w o u ld  h av e  t h e  e f f e c t  o f  r e d u c in g  

t h e  l e n g t h  o f  t h e  e  a x i s  b y  h a l f .  T h u s a  c e n t e r  o f  sym m etry  c o u ld  n o t



e x i s t  b e tw e e n  t h e  tw o m o le c u le s .

A s m e n t io n e d ,  i t  w as a ssu m ed  t h a t  e a c h  t e t r a m e r  h ad  a  c e n t e r  o f  

sy m m etry , a t  l e a s t  w i t h  r e s p e c t  t o  t h e  t i t a n i u m  a n d  o x y g en  a to m s . T h is  

a s s u m p t io n  cam e fro m  t h e  a p p e a r a n c e  o f  t h e  e l e c t r o n  d e n s i t y  map an d  

f ro m  t h e  t e t r a e t h y l a t e  s t r u c t u r e  r e p o r t e d  b y  I b e r s .  W ith  t h e  p l a n e s  

o f  t h e  t i t a n i u m  a to m s  s i t u a t e d  a t  z = O .25O a n d  0 . 750 ,  i t  w as  d i f f i c u l t  

t o  c o d e  t h e  s t r u c t u r e  f a c t o r  p ro g ra m s  w i t h  a  c e n t e r  o f  sy m m etry  w i t h i n  

e a c h  t e t r a m e r  u n i t .  T h u s t h e  z c o o r d i n a t e s  o f  a l l  a to m s  w e re  c h a n g e d  

so  t h e  t i t a n i u m  p l a n e s  w e re  i n  t h e  ab  p l a n e  a t  z = 0 .000  an d  0 . 500 .

By i n c l u d i n g  t h e  tw e lv e  o x y g e n s  f o r  t h e  s e c o n d  e l e c t r o n  d e n s i t y  

map t h e  a m b ig u i ty  fo u n d  on  t h e  f i r s t  map w as re m o v e d . T he r e m a in in g  

o x y g e n s  w e re  l o c a t e d  f ro m  t h i s  m ap. A 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  w as 

d e te r m in e d  w i t h  a l l  t h e  t i t a n i u m  an d  o x y g en  a to m s  i n c l u d e d ,  g i v i n g  a  

d i s c r e p a n c y  in d e x  o f  36$ .  S l i g h t  r e f i n e m e n t  o f  t h e s e  g a v e  a n  R - f a c t o r  

o f  33$• T h e  c a r b o n  p o s i t i o n s  c o u ld  n o t  b e  d e te r m in e d  f ro m  t h e  e l e c t r o n  

d e n s i t y  m aps s i n c e  t h e  c a r b o n  p e a k s  w e re  h id d e n  i n  t h e  l a r g e r  o xygen  

p e a k s .  T h is  l a c k  o f  r e s o l u t i o n  i s  p r o b a b ly  c a u s e d  b y  i n s u f f i c i e n t  d a t a ,

A d i f f e r e n c e  map w as c a l c u l a t e d  u s i n g  t h e  m ost i n t e n s e  r e f l e c t - ,  

i o n s .  F rom  t h i s  f o u r  c a r b o n s  w e re  l o c a t e d .  S e v e r a l  m inim um  f u n c t i o n  

m aps ^  w e re  c a l c u l a t e d  u s i n g  v a r io u s  n u m b ers  o f  v e c t o r s ,  f ro m  one t o  

f i v e .  When o n ly  t i t a n i u m - t i t a n i u m  v e c t o r s  w e re  u s e d  t h e  sam e a m b ig u i ty  

w as p r e s e n t  a s  o n  t h e  f i r s t  e l e c t r o n  d e n s i t y  m ap s; o x y g e n s  a n d  c a r b o n s . 

b e l o n g i n g  t o  o n e  t e t r a m e r  u n i t  a p p e a r e d  o n  b o th  u n i t s  o n  t h e  m ap, b u t  n o t  

a l l  t h e  o x y g e n s  a p p e a r e d  o n  t h e s e  m ap s . When o x y g e n - t i t a n iu m  v e c t o r s  w e re
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u s e d ,  t h e  a m b ig u i ty  w as rem o v ed .

F rom  t h e  minim um  f u n c t i o n  m aps n i n e  a d d i t i o n a l  p o s s i b l e  c a rb o n

p o s i t i o n s  w e re  l o c a t e d .  A t t h i s  p o i n t  i n  t h e  s t r u c t u r e  d e t e r m in a t i o n

t h e  a to m  p o s i t i o n s  w e re  r e f i n e d  b y  s e v e r a l  c y c l e s  o f  l e a s t  s q u a r e s .  T he

(^ 2 )
p ro g ra m  u s e d  w as t h e  o n e  w r i t t e n  b y  v a n  d e r  Helm  ^  '  f o r  t h e  IBM I 620 

w i t h  t a p e  i n p u t ,  m o d i f ie d  b y  G. S v e t i c h  f o r  c a r d  i n p u t . An a p p r o x im a t io n  

i s  o b t a i n e d  t o  t h e  s o l u t i o n  o f  t h e  n o rm a l e q u a t i o n s  b y  u s i n g  a  b l o c k -  

d i a g o n a l  m a t r i x .  A f u l l  m a t r i x  s o l u t i o n  i s  n o t  p o s s i b l e  on  t h e  1620 

c o m p u te r .  A d i s c u s s i o n  o f  t h e  u s e  a n d  t h e o r y  o f  t h e  l e a s t  s q u a r e s  r e ­

f i n e m e n t  m e th o d  c a n  b e  fo u n d  i n  r e f e r e n c e s  ( 6 ) ,  ( l 6 ) , ( I rJ ) ,  (1 8 )  an d  ( 2 6 ) .

L e a s t  s q u a r e s  c y c l e s  w e re  b e g u n  w i t h  f o u r t e e n  c a r b o n s  p l u s  a l l  o f  

t h e  o x y g e n s  a n d  t i t a n i u m s . S in c e  I  w as u n f a m i l i a r  w i t h  t h e  u s e  o f  l e a s t  

s q u a r e s  I  d i d  n o t  u s e  a l l  o f  t h e  o b s e r v e d  r e f l e c t i o n s  a t  f i r s t .  The 

r e f l e c t i o n s  u s e d  w e re  t h o s e  in c lu d e d  i n  t h e  ( h & l ) , (h k O ),  (O k^) z o n e s  

p l u s  s e l e c t e d  r e f l e c t i o n s  w i th  l a r g e  s t r u c t u r e  f a c t o r s  f o r  (h k J )  i n d i c e s .  

T h i s  w as d o n e  t o  d e c r e a s e  t h e  t im e  p e r  l e a s t  s q u a r e s  c y c l e .  A b o u t 300 

r e f l e c t i o n s  w e re  u s e d .

R e f in e m e n t  b y  l e a s t  s q u a r e s  b e g a n  w i t h  t h e  d i s c r e p a n c y  in d e x  a t  

3 2 .2 $ ,  f o r  t h e s e  s e l e c t e d  r e f l e c t i o n s .  D u r in g  t h e  f i r s t  s i x  c y c l e s  o f  

r e f i n e m e n t  f o u r  a d d i t i o n a l  c a r b o n s ,  l o c a t e d  f ro m  minimum f u n c t i o n  m ap s, 

w e re  a d d e d .  A t t h e  en d  o f  s i x  c y c l e s  t h e  d i s c r e p a n c y  in d e x  d ro p p e d  t o  

2 1 .7 $ .  F o r  t h e  n e x t  c y c l e  a l l  o b s e r v e d  r e f l e c t i o n s  w e re  u s e d .  T he 

R - f a c t o r  jum ped  t o  32$ .  T h is  i n d i c a t e d  t h e  n e c e s s i t y  o f  u s i n g  a l l  d a t a  

w hen  r e f i n i n g  b y  t h e  l e a s t  s q u a r e s  m e th o d , i n  o r d e r  t o  b e  o v e r d e te r m in e d  

b y  a s  much a s  p o s s i b l e .  T he unknow n p a r a m e te r s  i n c lu d e d  t h e  t h r e e
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c o o r d i n a t e s  o f  a n  a to m  a n d  i t s  i s o t r o p i c  t e m p e r a t u r e  f a c t o r *  i . e .  f o u r  

p a r a m e t e r s  p e r  a to m . I n  t h i s  s e r i e s  o f  r e f i n e m e n t s  t h e  num b er o f  a to m s 

b e i n g  r e f i n e d  w as 38 ,  o r  1 52  p a r a m e t e r s .  T hus f o r  300 r e f l e c t i o n s  i t  

w as o n l y  o v e r - d e t e r m in e d  b y  a  f a c t o r  o f  f o u r  f o r  l e a s t  s q u a r e s  r e f i n e m e n t ,  

a n d  m any i n v e s t i g a t o r s  r e q u i r e  a t  l e a s t  a  f a c t o r  o f  s i x .

C a rb o n s  w h ic h  a p p e a r e d  t o  b e  i n  b a d  p o s i t i o n s  w e re  re m o v e d , a n d  

l e a s t  s q u a r e s  r e f i n e m e n t  b e g a n  a g a i n  u s i n g  a l l  o x y g e n s  a n d  t i t a n i u m s  

p l u s  s i x  c a r b o n s .  A l l  o b s e r v e d  r e f l e c t i o n s  w e re  u s e d .  R e f in e m e n t  b e g a n  

a t  R as 36 . 5%, S ix  c y c l e s  r e d u c e d  t h i s  v a l u e  t o  2 6 .2 8 $ ,  D u r in g  t h i s  

p e r i o d  f i v e  r e f l e c t i o n s  w e re  rem o v ed  a s  t h e y  a p p e a re d  t o  b e  s u f f e r i n g  f ro m  

e x t i n c t i o n .

At- t h i s  p o i n t  e a c h  l e v e l  o f  t h e  r e f l e c t i o n  d e c k  w as r e s c a l e d  b y  

o b t a i n i n g  a  s c a l e  f a c t o r  f o r  e a c h  l e v e l  f ro m  a  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 .  R e f l e c t i o n s  o f  e a c h  l e v e l  w e re  m u l t i p l i e d  b y  t h e  i n d i v i d u a l  s c a l e  

f a c t o r .

A d i f f e r e n c e  map w as  t h e n  c a l c u l a t e d  a n d  f o u r t e e n  c a r b o n  p o s i t i o n s  

w e re  s e l e c t e d .  T h e  n e x t  s e v e n  c y c l e s  o f  r e f i n e m e n t  d e c r e a s e d  t h e  d i s ­

c r e p a n c y  in d e x  f ro m  2 8$  t o  23$ .  R e f in e m e n t  a p p a r e n t l y  s to p p e d  a t  t h i s  

p o i n t .

C o n s i d e r a t i o n  o f  t h e  p o s s i b l e  s t r u c t u r e  o f  t h e  c r y s t a l  s u g g e s te d  

t h a t  e v e n  i f  t h e  t i t a n i u m s  a n d  o x y g e n s  i n  t h e  t e t r a m e r  u n i t  w e re  r e l a t e d  

b y  a  c e n t e r  o f  sy m m etry > t h e r e  w as no  r e a s o n  t o  b e l i e v e  t h e  s t r u c t u r e  w as 

c e n t r i c  w i t h  r e s p e c t  t o  t h e  c a r b o n s .  I n  t h e  f i r s t  p l a c e  t h e r e  a r e  f o u r  

m e th y l  g r o u p s  p e r  t e t r a m e r ,  a n d  t h e r e  i s  n o  r e a s o n  t o  s u s p e c t  t h a t  t h e s e  

m e th y l  g ro u p s  a r e  r e l a t e d  b y  a  c e n t e r  o f  sy m m etry . I n  t h e  s e c o n d  p l a c e
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t h e r e  i s . a  p o s s i b i l i t y  o f  p a r t i a l  r o t a t i o n  o f  t h e  m e th y l  a n d  e t h y l  c a r b o n s  

a b o u t  t h e  a x i s  o f  t h e  t i t a n iu m - o x y g e n  b o n d  w h ic h  m ig h t  c a u s e  t h e  c a r b o n s  

t o  b e  n o n - c e n t r i c  w i t h  r e s p e c t  t o  e a c h  o t h e r .  T h e r e f o r e  i t  w as d e c id e d  

t o  c o n t i n u e  r e f i n e m e n t  b y  p u t t i n g  t h e  c r y s t a l  i n t o  t h e  n o n - c e n t r i c  s p a c e  

g ro u p  P I .  I f  t h e  c r y s t a l  i s  a c t u a l l y  c e n t r i c ,  t h e  a to m s  s h o u ld  r e f i n e  t o  

c e n t r i c  p o s i t i o n s .

L e a s t  s q u a r e s  r e f i n e m e n t  f o r  s p a c e  g ro u p  P l  w as c a r r i e d  o u t  o n  60  

a to m s  ~  8 t i t a n i u m s ,  32 o x y g e n s ,  a n d  2 0  c a r b o n s .  T h is  m o re  t h a n  d o u b le d  

t h e  t im e  p e r  c y c l e .  A t t h e  s t a r t  o f  t h i s  r e f i n e m e n t  R s  2 8 .5 8 $ ;  a t  t h e  

e n d  o f  s i x  c y c l e s  t h e  R - f a c t o r  h ad  d ro p p e d  t o  2 0 .4 3 $ .  T h en  a  d i f f e r e n c e  

m ap w as r u n  u s i n g  a l l  d a t a ,  o b s e r v e d  a n d  u n o b s e r v e d ,  a n d  t w e n t y - s i x  m o re  

c a r b o n s  w e re  l o c a t e d .  T h e  p a r a m e te r s  o f  t h e  o t h e r  a to m s  w e re  a d j u s t e d  

som ew hat,; a n d  r e f i n e m e n t  c o n t in u e d  s t a r t i n g  w i t h  R a t  2 4 .8 0 $ .  F iv e  c y c l e s  

r e d u c e d  R t o  1 5 .4 1 $ .  B ond d i s t a n c e s  a n d  a n g l e s  w e re  c a l c u l a t e d  b y  a  p r o ­

g ram  w r i t t e n  b y  t h e  a u t h o r .  Many b o n d  d i s t a n c e s  lo o k e d  c h e m ic a l ly  

u n r e a s o n a b l e .

I t  w as  d e c id e d  t o  t a k e  t h e  d a t a  t o  t h e  U n i v e r s i t y  o f  W a sh in g to n

f o r  a  f u l l  m a t r i x  l e a s t  s q u a r e s  c y c l e  o n  t h e  IBM 7 0 9  c o m p u te r .  T he p rogram -
( 1 2 )

u s e d  w as t h a t  o f  B u s in g  a n d  L ev y . T h re e  p a s s e s  w e re  m ade f o r  o n e

c y c l e ,  30 a to m s  b e i n g  r e f i n e d  o n  e a c h  o f  t h e  f i r s t  tw o  p a s s e s  a n d  26 on  

t h e  t h i r d  p a s s .  T he r e f l e c t i o n  d e c k  h a d  b e e n  s c a l e d  a g a i n  l e v e l - t o - l e v e l  

b e f o r e  g o in g  t o  S e a t t l e .

A t t h e  b e g in n i n g  o f  t h e  r u n  t h e  R f a c t o r  w as 1 5 .1 $ .  I t  d ro p p e d  t o  

1 4 .7 $  o n  t h e  f i r s t  p a s s ,  1 4 .3 $  on  t h e  s e c o n d  p a s s ,  a n d  w as p r e d i c t e d  t o  b e  

1 3 .6 $  a f t e r  t h e  t h i r d  p a s s .  On t h e  f i r s t  c y c l e  t h e  t e m p e r a t u r e  f a c t o r  o f
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o n e  a to m  w e n t n o n - p o s i t i v e  d e f i n i t e  a n d . a n o t h e r  d ro p p e d  t o  l e s s  t h a n  u n i t y .  

T h e s e  tw o  t e m p e r a t u r e  f a c t o r s  w e re  r e s e t  t o  5 . 0  f o r  t h e  s e c o n d  p a s s .  A f t e r  

t h i s  o n e  c y c l e  o f  t h e  f u l l  m a t r i x  l e a s t  s q u a r e s ,  t h e  t e m p e r a t u r e  f a c t o r s  o f  

som e c a r b o n s  w e re  q u i t e  l a r g e  — o n e  a s  h ig h  a s  18 . 9 . T h e  w e ig h t in g  sch em e

u s e d  w i t h  t h e  I 620 p ro g ra m  w as t h a t  o f  H u g h e s ,^ ^  w h ic h  w as  b u i l t  i n t o
I

t h e  p ro g ra m . T he p ro g ra m  w as n o t  f u n c t i o n i n g  when a n  e x t e r n a l  w e ig h t in g

sch em e w as a p p l i e d ^  T he w e ig h t in g  schem e u s e d  on t h e  IBM J 0 9  w as o n e  u s e d

b y  J e n s e n  o f  t h e  U n i v e r s i t y  o f  W a s h in g to n . T h is  g i v e s  u n i t  w e ig h t  f o r

r e f l e c t i o n s  f o r  w h ic h  ^  ^ m i n jl a n ^  a  w e ig h t  o f  ^ m i n  f o r  r e f l e c t i o n s  f o r  

v 1 *0w h ic h  F 0 > 4Fm in  .

A t t h i s  p o i n t  b o n d  d i s t a n c e s  w e re  c a l c u l a t e d .  Many s t i l l  lo o k e d  

im p r o b a b le .  U n d o u b te d ly  t h i s  i s  d u e  t o  a  l a c k  o f  d a t a .  W ith  86 a to m s

b e i n g  r e f i n e d  w i t h  i s o t r o p i c  t e m p e r a t u r e  f a c t o r s ,  t h e  num ber o f  p a r a m e te r s
/•'

t o  b e  a d j u s t e d  i s  3 4 4 . T h e  num ber o f  o b s e r v e d  r e f l e c t i o n s  u s e d  w as ? 4 6 ,  

g i v i n g  a n  o v e r d e t e r m i n a t i o n  o f  2 .1 7 ,  E v i d e n t l y  t h i s  i s  n o t  en o u g h  e v e n  

f o r  a  f u l l  m a t r i x .

I n t e n s i t i e s  w e re  r e c h e c k e d  f o r  t h o s e  r e f l e c t i o n s  w h ic h  h ad  p o o r  

a g r e e m e n t  b e tw e e n  t h e  o b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s .  Two 

i n t e n s i t i e s  h ad  b e e n  r e c o r d e d  i n c o r r e c t l y .  T h e se  w e re  c o r r e c t e d ,  a n d  

m in o r  a d j u s t m e n t s  w e re  m ade on  t h i r t e e n  a d d i t i o n a l  r e f l e c t i o n s .  T h re e  

m ore r e f l e c t i o n s  w e re  c o d e d  e x t i n c t ,  w h i l e  o n e  w h ic h  h a d  b e e n  c o d e d ‘e x t i n c t  

w a s  re m o v e d  fro m  e x t i n c t i o n .

Due t o  t h e  l a c k  o f  d a t a  t h e  a to m ic  c o o r d i n a t e s  o b t a i n e d  fro m  l e a s t  

s q u a r e s  r e f i n e m e n t  w e re  l i k e l y  r a t h e r  p o o r .  P r o b a b ly  m o re  c o r r e c t  c o o r d ­

i n a t e s  c o u ld  b e  o b t a i n e d  f ro m  a n  e l e c t r o n  d e n s i t y  m ap. U s in g  t h e  c o o r d i n a t e s
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a n d  t e m p e r a t u r e  f a c t o r s  o b t a i n e d  fro m  t h e  f u l l  m a t r i x  l e a s t  s q u a r e s  r e f i n e ­

m e n t ,  a n d  u s i n g  t h e  a b o v e -m e n t io n e d  c o r r e c t i o n s ,  s t r u c t u r e  f a c t o r s  w e re  

c a l c u l a t e d ,  g i v i n g  a n  E - f a c t o r  o f  l6 „ 3 5 ^ »  F o r  t h e s e  c a l c u l a t i o n s  s e v e n  

c a r b o n s  w h ic h  seem ed t o  b e  i n  v e r y  u n l i k e l y  p o s i t i o n s  w e re  rem o v e d . A ls o  

a l l  t e m p e r a t u r e  f a c t o r s  w h ic h  w e re  g r e a t e r  t h a n  10 w e re  s e t  t o  9«9 9 9 , t h e  

maximum a l l o w a b l e  f o r  o u r  s t r u c t u r e  f a c t o r  p ro g ra m s .

T h i s  Fc d e c k  w as  u s e d  t o  c a l c u l a t e  a n  e l e c t r o n  d e n s i t y  m ap. F rom  

t h i s ,  a to m ic  p o s i t i o n s  w e re  r e c o r d e d  f o r  a l l  p e a k s  w h ic h  w e re  r e s o l v e d  

a n d  w h ic h  h ad  a  p e a k  h e i g h t  o v e r  1 0 0 .. T i t a n iu m  p e a k  h e i g h t s  w e re  a p p r o x i ­

m a te ly  9 0 0 . C o o r d in a t e s  w e re  t h u s  o b t a i n e d  f o r  a l l  t h e  t i t a n i u m  an d  

o x y g e n  a to m s ,  p l u s  e i g h t e e n  c a r b o n  a to m s .  A l l  r e m a in in g  c a r b o n  p e a k s  w e re  

u n r e s o lv e d  o r  h ad  a  p e a k  h e i g h t  l e g s  t h a n  1 0 0 ,

Bond d i s t a n c e s  w e re  c a l c u l a t e d  u s i n g  p a r a m e te r s  f ro m  t h e  f u l l
i ' ' ’

m a t r i x  l e a s t  s q u a r e s  r e f in e m e n t  a n d  a l s o  u s i n g  t h e  p a r a m e t e r s  o b ta in e d
I

f ro m  t h e  e l e c t r o n  d e n s i t y  m ap . T h e s e  a r e  co m p ared  w i th  e a c h  o t h e r  i n  

T a b le  XX'.. T a b le  XXI g i v e s  t h e  a to m ic  c o o r d i n a t e s  o b t a i n e d  f ro m  t h e  tw o 

m e th o d s .  F i g u r e s  36 a n d  37 show t h e  g e n e r a l  a r r a n g e m e n t  o f  t h e  t i t a n i u m  

a n d  o x y g e n  a to m s  i n  a  t e t r a m e r  u n i t .  Two n u m b ers  a r e  b y  e a c h  a to m  r e f e r ­

r i n g  t o  t h e  a to m s  i n  t h e  d i f f e r e n t  t e t r a m e r  u n i t s . . F i g u r e s  38 &nd 39 

show  t h e  s t r u c t u r e  w i t h  b o n d  d i s t a n c e s  i n c l u d e d .

T a b le  X X II g i v e s  0  -  T i  = 0  b o n d  a n g l e s  u s i n g  p a r a m e t e r s  o b t a in e d  

f ro m  t h e  l e a s t  s q u a r e s  r e f i n e m e n t .

I n v e s t i g a t i o n  o f  t h e  c r y s t a l  s t r u c t u r e  w as s to p p e d  a t  t h i s  p o i n t ,

I t  i s  a p p a r e n t  t h a t  m o re  d a t a  i s  n e e d e d  t o  l o c a t e  t h e  r e m a in in g  c a rb o n  

a to m s . A ls o  a d d i t i o n a l  d a t a  w i l l  v e r y  p r o b a b ly  g iv e  m o re  r e l i a b l e  b o n d
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T a b le  XX

F ro m  Atom To Atom

Bond D i s t a n c e s

D i s t a n c e ,  f ro m  
L e a s t  S q u a re s

D i s t a n c e ,  f ro m  
E l e c t r o n  D e n s i t y

I 3 3.3987 A 3 .3 7 3 1  A

I k 3.3713 3.3460

I 29 1.7894 1 .9 5 1 4

I ' 31 2 .0011 2.2353

I 33 1 .3 4 9 2 1 .9028

I 35 1.5959 1 .5 6 1 3

I 37 2 .4 4 1 3 2.2010

I 39 2 .3 5 4 0 2 .1 8 6 5

2 3 3.2743 3 .3 1 8 6

2 4 3.2862 3 .2 8 4 0

2 30 1.8218 1 .7 4 2 5 .

2 32 2 .0 9 1 9 2.1902

2 34 1 .5 5 6 1 1.7816

2 36 2 .0 2 4 7 , 2 .0300

2 38 1.9473 1 .9 6 0 7

2 4o 2.0302 2.0182

3 4 3.4179 3.3765

3 ' 25 2 .1 4 5 5 1 .9 9 1 6

3 2 7 1 .5 3 0 0 1 .7 3 4 7

3 31 2.3083 ■ 2.2122

3 32 2.2377 2.3082
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From' Atom

.3

3 

4 '

A

4 

4 

4

4

5 

5 

5 

5 

5 

5 

5

5

6 

6 

6 

6 

6

Td- A tom

T a b le  XX 
( e o n t  in u e 'd )

D i s t a n c e ,  f ro m  
L e a s t  S q u a re s

D ls t  a n c e , f ro m  
E l e c t r o n  D e n s i t y

3T 2.0387 2.0983

40 2 .0 6 2 5 . 2.0755

■ 26 1 .7 4 6 0 .1.8609

.28 1.858? 1.9345
0 0

31 - 1 .9 9 4 0  A 2.0358 A

32 2.1993 2.0949

38 2 .0 5 0 2 2 . I I 30

39 2.0925 - 2.0893

7 3.4630 3.3347

88 3 .4 2 1 6 3.3279

9 1.8285 1.9600

I l 1.9935 2 .1 9 8 4

13 1.7459 1.8201

15 1 .7 2 7 3 1.7289

I  1 7 . 2.2996 2.2839

19 2.2167 ■ 2 .0 9 4 1

7 3.3323 3.3491

8 3 A 4 7 1 3.3880

10 - 1 .7 3 9 9 1.8132

12 . 2 .1 6 6 5 2.2306 ;

14 1.8059 1.9073

l 6 2.0046 1.94336
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Table -XX
(continued)

Proifl Atom Tb- At om: D is ta n c e , ,  from  
'L e a s t Squares.

D is ta n c e , from  
E l e c t r o n •D e n s ity

6 18 ■ 1,7074 2.0796

6 - 20 • 2,0110 2 . I I O 9

' 7 8 3.5259 . 3 .4 1 6 8

,7 .11 2,43 .07 2 .2 4 3 5

T . 12 2,3821 2.29<)2

7 ■ 1 7 1,8685 1 .8 7 4 2

7 20 2 .2 1 6 7 2.1299

7 .21 1 ,6 4 .5 2 . 1.9798

7 23 2.3319 1.9353

.8 11 2.2361 2.8825

8 12 2.0908: . 2.2188

8 18 . 2,1083 2 .1 0 3 4

8 1 9 2.l8o4 1 .9 7 2 7

8 ■ 22 .1 ,4972 1 ,7189

8 2k 2 . i 6o4 1 .9 2 1 1

11 k r 1.0860

11 61 2.1883

12 48. 1 .3619

12 62 1.6339

15 57 2,1326 1 .8 5 8 7

. 16 . 58 1,9434 1 ,8 6 1 8

- 17 63 . 2 ,9 9 4 8 .
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F rom  Atom To Atom

T a b le  XX 
( c o n t in u e d )

D i s t a n c e ,  f ro m  
L e a s t  S q u a re s

D i s t a n c e ,  f ro m  
E l e c t r o n  D e n s i t y

17 85 1.2391 1 .5 9 5 5

18 64 2.6059 2.0868

18 86 0.9025

1 9 43 1 .7802 1 .5 4 8 2

19 53 1.9760

20 44 1 .6 3 9 2 1 .5 5 1 7

20 54 2.3130

21 55 2 .4 1 7 4 2.0391

21 65 1.3818

22 56 1 .8 9 2 4

22 . 66 .1 .24,32

23 59 1.6261 1 .8521

24 . 6o 1.6132 1 .7 5 8 7

25 ■ 67 1.6192

25 69 1 .9 5 1 6 1 .9 0 1 5

26 68 1.9500

26 70 2 .6 0 5 7

29 77 1 .7 3 7 0

2 9 79 1.7216 1.6849

30 78 1 .9 6 4 8

30 80 2.6675

31 45 l . 4 4 i o 1 .3 8 7 2

32 . 46 1 .1 4 6 6



T a b le  XX 
( c o n t in u e d )

Frbm.-. Atom; Tb- Atom ■ D is ta n c e '- , f ro m  
L e a s t  S q u a re s

■ D i s t a n c e f r o m !
. E l e b t r o n  D e n s i ty

33 81 1 .5 4 6 9

33 83 1 .0 7 8 5

34 84 2.9452

• 35 ■ - T i 1 .7 6 4 5 I .8659

35 73 1,9982

36 72 1 .6898

36 74 2 ,3 7 4 1

3 7 . 4 9 1.7759 1.6806

37 7 5 2 .5 5 4 5 - 2 .3 7 2 9

38 ■ 5o 1.5789 1 .5 3 3 1

3 8 • 76 2 .O759

39 ■4l X.,1604

39 51 2 .0 4 1 9 2.0293

4o 4 2 1.7779

4a 52 2.4956 2 .0898

4 i 51 1 .4 6 2 5 '

. 4 2 52 1 .6 3 1 4

43 53 1.6705

4 4 5.4 1.6433

4 7 . 61 1 .1 3 1 7

4 8 ; 62 0.7111

4 9 ■ 75 2.1824 1 .9 3 1 0
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. T a b le -  XX 
( c 'o n t im ie d )

D i s t a n c e ,  fr ta ff
Froln'. A t om To Atom L e a s t  .S q u a re s

5 0 76 1.3169'

55 65 ■ 1.3905

56 66 1 .5 9 8 3

- 63 85 I.8272

6k 86 I .9362

67 69 ■I.O692

68 70 1.8355

71 73 ; . I.I696

• T2 j k 2 ,3 8 6 3

77 79 1 .6 9 9 5

7& . 80 1.8310

81 82' 1.7416

83 8lf 2.5098

D is tan ce  y .from.' 
E le c t ro n  D e n s ity
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V

T a b le  XXI

Atom  P a r a m e te r s

A tom  T ype fro m L e a s t  S q u a re s f ro m  E l e c t r o n  D e n s i ty
a n d  ]Number

X y Z B X y Z

T i I 0 .3 0 1 3 0 .6 9 5 1 0.0162 6 .830 0 .3 0 5 0 0 .7000 0.0050

T i 2 .
( . 0021)

.6 9 4 6
( .0 0 2 4 )
. . '308$

(.0019
- .0 0 2 9

( .8 7 5 )
6 „ o48 .6 9 4 0 .3050 .0000

T i 3
( . 0022 )

„ 4 i4 6
( .0 0 2 4 )

.4 1 0 3
(.0 0 1 8
.0012

( . 886)
4 .7 6 0 .4 1 1 0 .4130 .0030

T i k
( . 0019 )

.5 9 1 0
(.0 0 2 3
.5 8 7 8

( .0 0 1 7
.0002

(.8 4 -3 )'
6 .668 .5900 „5850 -.0 0 1 0

T i 5
( ( 0022)

.3021
( .0 0 2 4 )
.7055

( . 0018 )
.4 8 9 9

( .8 5 5 )
4 .8 3 0 .3050 . .7030 .4 9 6 0

T i 6
( . 0020)

.6 9 2 5
( . 0022 )

.3 0 5 5
( . 0016)
.5066

. ( . 829 ) 
7 .9 6 9 .6940 .3050 .5 0 3 0

T i 7
( . 0022 )

.4 0 7 5
( .0 0 2 4 )

.4 0 6 9
( . 0018 )

.5 0 9 8
( .8 9 4 )
6.250 .4090 .4170 .5 0 5 0

T i 8
( . 0020 )

.5 9 2 5
( .0 0 2 4 )

.5 9 3 7
( . 0018)
.4930

( .8 7 4 )
6 .3 7 2 .5880 .5 9 5 0 .4 9 7 0

0 9
( . 0022 )

.1 9 4 9
( . 0025 )

.6 7 1 3
( . 0019 )

„4444
( . 881 )
9 .870 „2020 .6600 .4 4 0 0

0 10
(-. 0066 ) 
.7 6 7 6

( .0 0 7 1 )  
• 3193

( .0 0 4 9 )
.5 7 8 8

( 3 .4 2 )
9 .7 0 5 .7 7 8 0 .3290 .5 7 1 0

0 11
( . 0070)

.4 3 9 9
( .0 0 7 4 )

.5 9 6 3
( . 0052 )

.4 3 8 5
( 2 .4 7 )
5 . 000* .4 5 8 0 .5 8 4 0 .4 3 9 0

0 12
(.OO63 )

.5 5 9 8
( . 0070)

.4 3 7 1
( . 0053)

„5641 5 .9 7 7 / .5 5 2 0 .4 2 8 0 . .5 7 0 0

0 13
( . 0063)

.1 9 3 4
( .0 0 7 0 )

.7 6 4 1
( . 0052 )
.5660

( 2 . 32 )
7 .9 7 0 .1900 .7800 .5 6 7 0

0 14
. ( .0 0 6 5 )  

• 7773
( . 0068 )

.2 5 3 5
( .0 0 4 8 )

.4 1 4 5
(2 . 2 6 )
7 .9 7 9 .7880 .2200 „4200

0 15
( .0 0 6 9 )
.3608

( .0 0 7 4 )
,8 0 9 1

( . 0051 )
.4 1 7 5

(2 . 32 )
9 .4 2 0 „3610 „8050 .4 2 0 0

0 16
( .0 0 5 9 )

.6 5 5 7
( . 0068 )

.1 9 4 5
( .0 0 4 5 )

.5 6 8 7
( 2 . 10 )
6.002 . 6620 .1600 .5 6 9 0

0 17
(.OO6 3 )

.3 0 9 6
( . 0070)
.5220

( .0 0 4 8 )
.5669

( 2 .3 1 )
9 .4 5 0 .2 9 5 0 .5200 .5 6 5 0

0 18
( . 0063 )

.6 9 4 7
( . 0069)

.4 4 1 1
( . 0047)

„4503
( 2 .2 5 )
5 .5 7 9 .7080 .4 6 8 0 .4 3 5 0

*0n  t h e  f i r s t
( . 0062 ) ( /0 0 7 5 )  ( .0 0 4 9 )  (2 , 09 ) 

p a s s  o f  t h e  f u l l  m a t r i x  l e a s t  s q u a r e s  t h e  t e m p e r a t u r e

f a c t o r  o f  o x y g e n t- l l  d ro p p e d  to._l,26o« T h i s  was p u t  b a c k  t o  5 „0 0  f o r  t h e  

r e m a in d e r  o f  t h e  c y c l e .  N um bers i n  p a r e n t h e s e s  a r e  s t a n d a r d  d e v i a t i o n s #
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Table XXI
(con tin u ed )

Atom Type from L east Squares from E lectro n  D en sity
and Number

X y a B X y Z

o  19 0 .4342
( .0 0 6 4 )

0 .6750
( . 0072 )

O .5690
( . 0050 )

8 .360
( 3 .8 9 )

0 .4 3 9 0 0 .6580 0 .5650

0 20 , - 56T9 ,
( . 0065 )

. .2992  
( . 0074 )

. .4 4 8 0  
( . 0056 )

7 .2 8 4
(2 . 38)

.5 5 7 0 .3080 .4 4 4 o

0  2 1 .3 9 4 9
( . 0057)

.2830
( . 0069 )

.5 7 1 2
( .0 0 4 5 )

7 .3 3 0
( 2 .1 5 )

.3 9 0 0 .2720 .5830

0  2 2 .6 4 0 3  
( .0 0 6 4 )

.6 8 5 9 ^
( . 0072 )

.4 3 0 7  '
( . 0049)

5 .1 3 9
( 2 .1 3 )

.6 4 2 0 .6970 .4 2 1 0

0  23 .3 1 7 1
( . 0063 )

.4 2 3 9
( . 0068 )

.3 9 8 3 ^
( .0 0 4 5 )

8 .580
( 2 .1 4 )

.3 1 5 0 .4 o o o .4320

0  24 .6 9 4 9
( . 0066 )

.5 9 5 3
( . 0068 )

.5818  
( .0 0 4 9 )

8 .7 4 9
( 2 .4 1 )

<6820 .6000 .5370

0 25 .2662
( . 0063 )

.3827
( . 0065 )

.0 9 3 0
( .0 0 4 6 )

8 .830
( 2 .2 8 )

.2700 .3830 .0830

0  26 .6 9 8 4
( . 0062 ).

.6221
( . 0066 )

- .0 8 2 7
( .0 0 4 6 )

5 .4 6 9
( 2 . 0 8 )

.7100 .6280 -.0 8 2 0

o 27 .4 0 3 6
( .0 0 5 9 )

.3 3 4 1
( . 0067 )

- .0 5 6 0
( .0 0 4 5 )

6 .830
( 2 .1 9 )

.4 1 2 0 .3250 -.0 6 5 0

0  28 .6010
( . 0063 )

.6606
( . 0070 )

.0830
( .0 0 4 8 )

7 .8 7 2
(2 . 2 8 )

.6000 .6700 .0800

0 29 .1 8 4 2
( . 0056 )

.6265
( . 0063 )

.0656
( .0 0 4 2 )

6 .2 4 o
( 2 .0 4 )

.1700 .6 4 0 0 . .0650

0 30 .8178  
( . 0066 )

.3 4 5 8
( . 0070 )

- .0 7 8 4
( . 0050 )

11 .366
( 2 .4 4 )

.8160 .3 3 5 0 -.0 7 0 0

0  31 .4 3 2 1
( . 0060 )

.5651
( . 0066 )

.0 5 1 7
( .0 0 5 1 )

4 .2 7 0
(2 . 2 6 )

.4350 .5 5 0 0 .0600

0 32 .5 8 4 9
( . 0065 )

.4 5 1 1
( . 0066 )

- .0 6 3 6
( .0 0 5 7 )

2 .8 8 1
( 2 .3 5 )

.5850 .4 5 8 0 - .0 6 5 0

0 33 .2 7 7 4
( .0 0 6 4 )

.7 5 9 4
( . 0073 )

- .O 568
( .0 0 5 4 )

8 .920
( 2 .3 3 )

.2180 .8080 -.0 7 2 0

0  34 .7 3 1 5  
( . 0068 )

.2 0 3 3
( .0 0 7 5 )

.0655
( . 0052)

8 .1 1 6
( 2 .3 0 )

.7600 .1850 „0700

0 35 .3 0 9 7
( . 0065 )

.7 7 3 3
( . 0071 )

.0778
( .0 0 4 9 )

5 .9 3 0
( 2 .2 9 )

.3150 .7 7 3 0 .0670

p  36 .6 7 3 8
(^ 0 0 6 4 )

.1 8 0 9
( . 0070 )

- .0 5 3 4
( .0 0 4 9 )

7 .7 9 6
( 2 .4 2 )

.6770 > .1850 -.0 6 0 0

0 37 .3287
( . 0060 )

.5 5 1 3
( .0 0 6 4 )

- .0 7 0 9
( .0 0 4 6 )

4 .7 3 0
( 2 .0 5 )

.3290 .5650 -.0 6 9 0

0 38 .6 7 3 3
( . 0062 )

.4307
( . 0065 )

.0602
( .0 0 4 7 )

5 .8 4 4
(2 . 0 0 )

.6680 .4 2 5 0 . 0670 .

0  3 9 .4781
( . 0056 )

.7036
( .0 0 6 4 )

- .0 7 4 6
( . 0050 )

2 .9 8 0
(2 . 01 )

.4750 .70 .50 - .0 7 2 0

0  4o ,5 3 7 4
( . 0057 )

.2 7 3 9
( . 0062 )

. 0 5 0 8 . 
( .0 0 4 5 )

4 .6 0 9
( 1 . 93 )

.5350 .2850 .0600
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Table XXI
(continued)

Atom Type from L east Squares from E lectron  D ensity
and Number

X y Z B X y Z

C kl 0.4994 0.7591 -.1391 7.940
(.0097) (.0129) (.0088) (3.83)

C 42 .5203 .2001 .1547 7.475
(.0093) (.0113) (.0079) (3.95)

c 43 .4592 .7207 .6549 4.730 .4450 ,7100 .6390
(.0086) (.oio4) (.0073) (3.07)

G 44 _ .6121 . .2758 .3531 5.982 .6000 .3800 .3600
(.0104) (.0109) (.0082) (3.63)

C 4$ .4243 .5812 .1347 5.890 .4150 .5400 .1450
(.0101) (.0111) (.0091) (4.01)

C 46 .6232 .46o4 -0.1325 2.392
(.0108) (.0109) (.0091) (3.93)

C 4? .4567 .6334 .3735 5.000*
(1.0092) (.0097) -(.0081)

C 48 .5448 .4383 .6461 0.64$
(.0081) (.0090) (.0067) (2.72)

C 49 .2717 06132 -.1632 5.810 .2700 .6070 -.1550
(.0094) (.0103) (.0073) (3.59)

c 50 ;6885 .4525 .1452 2.967 .7100 .4400 .1420
(.0094) (.0102) (.0074) (3.13)

C 51 .4972 .8700 -.1177 9.230 .4800 .8750 -.1100
(.0098) (.0125) (.0076) (3.75)

.1276C 52 .5006 .0841 0 1317 8.914 .5080 .1320
(.0098) (.0120) (.0078) (3.65)

c 53 .4714 .8231 .5709 7.880

. 0  5%
(.0092) ( . 0 1 1 0 ) (.0075) (3.47)
■.5419 .1713 .3749 7.739
(60097) (.0109) (.0075) (3.34)

.l40oC 55 .3070 .1345 . 6636 7.510 .3200 .6550

C 56
(.0095) ( . 0 1 0 2 ) (.0070) (3.46)

.7000 .7902 .3405 12.966
(.0105) (.0112) (.0078) (3.85)

.9540C 57 .2942 .9779 .3520 7.420 .3000 .3670
(.0093) ( . 0 1 0 0 ) (.0067) (3,31),

C 58 .7084 -.0047 .6233 6.467 .7120 .0030 .6120
(.0099) (.0114) (.0077) (3.51) -

C 59 ..2442 .3542 .3655 5.700 .2360 .3600 .3650
(.0087) (.0097) (.0066) (3.02)

On t h e  f i r s t  p a s s  o f  t h e  f u l l  m a t r i x  L . 'S .  t h e  t e m p e r a t u r e  f a c t o r  o f  c a r b o n -

4 7  w e n t n e g a t i v e .  T h is  w as p u t  b a c k  t o  $ .0 0  f o r  t h e  r e m a in d e r  o f  t h e

c y c l e
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Table XXI
(continued)

Atom Type from L east Squares from E lectro n  D en sity
and Number

x  . y Z B X y Z

c 60 0.8130 0.6251 0.5904 9.270 0.8030 o.646o 0.5830
( . 0106 ) ( . 0107 ) ( .0 0 7 4 ) (3.57)

C 61 .4472 .6930 .3122 9.312
(.0097) (.0108) ( . 0070 ) (3,34)

C 62 .5120 .3951 .6616 12.985
(.0107) ( . 0118 ) (.0081) (3.93)

C 63 .1043 .4154 .6333 3.879
(.0098) ( . 0106 ) ( .0 0 7 1 ) (3.46)

C 64 .8889 ,4967 .3732 4.84o .8670 .5060 .3750
( . 0110 ) ( . 0116 ) (.0079) (3.88)

C 65 .3641 .1775 .5866 14.859
( . 0118 ) ( . 0125 ) (.0087) (4.68)

C 66 .6451 .7850 .4360 16.220
(.0123) ( . 0126 ) (.0091) (4.29)

C 67 .1452 .3427 .1073 9.027
(.0126) (.0129) (.0099) (4.64)

C 68 .8115 ;7043 -.0738 7 -5 6 1 *

C 69
(.0120) ( . 0126 ) (.0095) (4.54)

.1630.1724 .2737
( .0 1 0 7 )

.1558 3.504 .2930 ..1450
( .0 1 0 4 ) ( .0 0 8 3 ) (3.71)

C 70 .8712 .6958 -.1825 7.809
(.0113) ( . 0108 ) ( .0 0 8 3 ) ( 4 .1 6 )

C 71 .2755 .8483 01613 9.387 .2700 .8780 .1400
(.0112) (.0130) (.0090) (4.25)

C 72 .7135 .2193 -.1562 12.307
( . 0112 ) (.0126) (.0079) (4.21)

C 73 .2525 .9300 .1106 9.290

C 74
( .0 0 1 7 ) (.0133) (.0093) ( 4 . 1 6 )
.7815 .0152 - .1 1 2 2 7.877

( .0 1 0 9 ) (.0112) ( . 0076 ) (3.60)
C 75 .1422 .5156 -.0958 6.776 .1630 .5150 -.0900

C 76
(.0098) ( .0 1 0 3 ) ( .0 0 7 1 ) (3.46)

.7994 .4505 .1175 12.544
( . 0111 ) ( .0 1 1 4 ) (.0078) (4.07)

C 77 .1661 .5698 .1703 14.017
( . 0116 ) ( .0 1 2 4 ) (.0062) ( 4 .2 7 )

C 78 .8880 .3695 -.1956 17.069
( . 0127 ) ( . 0128 ) (.0088) (4.20)

.0470 .6630C 79 .0550 .6691 .1301 7 .733 .1350
( . 0106 ) ( . 0112 ) (.0079) (3.49)

C 80 .0268 .2798 -.1686 13.117
( . 0112 ) (.0112) ( . 0078 ) ( 3 . 7 7 )
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Table XXI
(con tin u ed )

Atom Type from  L e a s t Squares from  E le c tro n  D e n s ity
and  Number

X y Z B

C 81 0.1684 0.8263 0-.0952 15.536
(.0124) (.0134) (.0085) (4.46)

C 82 .1763 . .9701 -.1349 18.869
(.0132) (.0142) (.0095) (4,79)

C 83 .7702 „204q .1168 13.566
(.0121) (.0121) (.0086) (4.55)

C 84 .8933 .0009 .1429 8.003
(.0119) (.0125) (.0083) (4,11)

C 85 .2238 .4889 .6io4 10.062
(.0123) (.0123) (.0087) (4.19)

C 86 .7278 .4873 .4071 6.454
(.0110) (.0113) (.0084) (4.13)

y

.5000

z

.6 4 5 0



l a r g e  a to m s a r e  t i t a n i u m  a to m s s m a l l  c i r c l e s  a r e  o x y g en  a to m s

S t r u c t u r e  o f  Ti(OCEg)(OCgH^) ^ T e tra m e r

F igure 36
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X e  Titanium

O  * Oxygen above plane 
@  * Oxygen below plane ^  26 ,23  P  - 2 8 ,2 1

i - 3 0 , 9  /
'  /
\ /

P  -38,17

\  /

\ /
Xx ^ > 7

>  C  '  -  - ~ ^ ® - 3 9 , 2 0  
x  - .  \

/  /  
"  /

/

/
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Ti(OCHj)(OCgH )̂  ̂ Tetramer

Figure 37
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X = titanium  atoms 

O  z oxygen atoms above plane 

A  = oxygen atoms below plane
l . l V

P
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Bond D is ta n c e s

u s in g  p a ram ete rs  from  l e a s t  sq u a res  re fin e m en t 

F ig u re  38



X — t i t a n i u m  a to m s

o x y g en  a to m s  a b o v e  p l a n e  

o x y g en  a to m s b e lo w  p l a n e
4

2 .3 3  \
P

/L .65
\  /  

\  /

1 .8 3  ^  2 . 3^
Z / ./

87 ^ - x 2 .22

/  /  /  I \  ^  ^
'  Z z  I \

Z I 2 .3 8
/ 2 .4 3  1 \

1 .7 5
Z

^  "  1 .9 9

O -----------------7 xn" -----------

/  N > .

1 .73Z 2 . 22 \

4

3 .5 3
\

>
3 .4 2  \ 2 .2 4

\

2 .1 8

\
A

\

< \ 2 .01

.  \  ,
\  /

9
/2.00

z  ^  - /  \
2 . 0% Z

3 .3 5 . /  \ 1 .7 4
Z 1 .7 1  \

/  O
/ -
---------2.11

/  \
1 .5 0  

_  /

Z
Z

\  2 .1 6

b
Ti(OCH3 )(OC2H5 ) 3 T e tra m e r  U n i t  #2 
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H
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u s i n g  p a r a m e te r s  fro m  l e a s t  s q u a r e s  r e f in e m e n t  

F ig u r e  39
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T a b le  X X lI 

O=Ti=O Bond A n g le s

A tom s B ond A n g le A tom s Bond A n g le

( 0 - 2 9 ) - ( T l - l ) - ( 0 - 3 1 ) 9 7 .9 5 °
( 3 . 65° )

(0=32)»(Ti-2 )=(0"4o) 7 9 .7 4 °
(3,242)

( 0 - 2 9 ) - ( T i - l ) - ( 0 - 3 3 ) 1 08 . 97°
( 4 .8 1 T )

( 0 - 3 4 ) - ( T i - 2 ) - ( 0 - 3 6 ) 81 . 58°
(4 .2 4 ® )

( 0 - 2 9 ) - ( T i - l ) - ( 0 - 3 5 ) 1 0 5 .8 6 °
( 4 .2 4 ° )

( 0 - 3 4 ) - ( T i - 2 ) - ( O - 38 ) 9 7 .2 0 °
( 4 .2 4 ° )

( 0 - 2 9 ) - ( T i - I ) - ( 0 - 37 ) 7 9 .1 3 °
( 3 . 26 ° )

( 0 - 3 4 ) = ( T i - 2 ) - ( 0 ~ 4 o ) 79.66° ■ 
■ (4.08°)

( 0 - 2 9 ) - ( T i - I ) - ( O - 39 ) 152 . 58°
( 3 .5 3 ° )

(O -36) - ( T i - 2 ) - ( O - 38 ) 165 . 03°
( 3 .7 1 ° )

( 0 - 3 1 ) - ( T i - I ) - ( 0 - 3 3 ) 1 3 4 .8 1 °
( 4 .1 8 ° )

(O -36 ) - ( T i - 2 ) - ( 0 - 4 0 ) 7 2 .1 5 °
(3.35°)

( 0 - 3 1 ) - ( T i - I ) - (O -35 ) 9 3 .6 1 °
( 4 .1 0 ° )

( 0 - 38 ) - ( T i - 2 ) - ( 0 - 4 o ) 9 2 .9 2 °
(3,35°)

( 0 - 3 1 ) - ( T i - I ) - ( O - 37 ) 7 4 .4 7 °
( 3 .1 3 ° )

( 0 - 2 5 ) - ( T i - 3 ) - ( 0 - 2 7 ) . 96 . 98°
(3.87°)

( 0 - 31 ) - ( T i - I ) - ( O - 39 ) 6 8 . 2 1 °
( 3 .1 5 ° )

( 0 - 2 5 ) - ( T i - 3 ) - ( 0 - 3 l ) 9 3 .3 8 °
: ( 3, 1 0 ° )

( 0 - 3 3 ) - ( T i - 1 ) 4 0 - 3 5 ) 1 1 2 .0 7 °
( 5 . 19 ° )

( 0 w 2 5 ) - ( T i - 3 ) - ( 0 - 3 2 ) 163 . 2 4 °
( 3 . 2 9 ° )

( 0 - 3 3 ) - ( T i - l ) - ( 0 - 3 7 ) 7 5 . 85°
( 4 .3 5 ° )

( 0 - 2 5 ) - ( T i - 3 ) - ( b - 3 7 ) 96 . 68 °
(3 . 2 6 °)

( 0 - 3 3 ) - ( T i - l ) - ( 0 - 3 9 ) 7 1 .4 8 °
( 4 .3 6 ° )

( o - 2 5 ) - ( T i - 3 ) - ( o - 4 o ) 98 . 00°
( 3 .1 8 ° )

( 0 - 3 5 ) - ( T i - l ) - ( 0 - 3 7 ) 1 6 7 .7 4 °
( 3 .9 9 ° )

( 0 - 2 7 ) - ( T i - 3 ) “ ( 0 - 3 l ) 1 6 2 .9 5 °
(3.97°)

( 0 - 3 5 ) - ( T i - l ) - (O -39 ) 9 8 .7 5 °
( 3 .8 7 ° )

( 0 - 2 7 ) - ( T i - 3 ) - ( 0 - 3 2 ) 9 8 .4 2 °
( 3 i 8 6 °)

( 0 - 3 7 ) - ( T i - l ) - (0 -3 9 ) 7 4 ,4 2 °
(2 . 81° )

( 0 - 2 7 ) - ( T i - 3 ) - ( 0 - 37 ) 8 8 .4 7 °
' (3 .91°)

( 0 - 3 0 ) - ( T i - 2 ) - ( 0 - 3 2 ) 8 8 . 86°
( 3 . 68° )

( 0 - 2 7 ) - ( T i - 3 ) - ( 0 - 4 0 ) 89 . 23°
( 3 .8 4 ° )

( 0 - 3 0 ) - ( T i - 2 ) - ( 0 - 3 4 ) 112 . 88°
( 4 .5 3 ° )

( 0 - 3 l ) - ( T i - 3 ) - ( 0 - 3 2 ) 7 3 .3 0 °
(3 . 0 2 °)

( 0 - 3 0 ) - ( T i - 2 ) - ( 0 - 3 6 ) 9 7 .7 3 °
( 3 . 82° )

(o -3 l ) - (T i-3 )- (o -37) 7 6 . 88°
( 3 .1 3 ° )

( 0 - 3 0 ) - ( T i - 2 ) - (O -38 ) 9 6 .4 6 °
( 3 ,7 5 ° )

( 0 ^ 3 1 ) - ( T i - 3 ) - ( 0 - 4 0 ) 102 . 69°
( 3 .1 2 ° )

( 0 - 3 0 ) - ( T i - 2 ) - (0 -4 0 ) 163 . 10 ° ( 0 - 3 2 ) = ( T i - S ) - ( 6 - 3 7 ) 90 : 2 5 °
- ( 3 . 82° ) ■ (3.22°)

( 0 - 3 2 ) - ( T i - 2 ) - ( 0 - 3 4 ) ' 158 . 01 °
( 4 .3 5 ° )

( 0 - 3 2 ) - ( T i - 3 ) - ( 0 - 4 0 ) ‘ - 7 5 .7 2 °  
( 3 .0 9  °)



n6

T a b le .  X X II 
( c o n t i n u e d )

A t o m s B o n d .  A n g l e ' A t o m s B o n d -  A n g l e

( 0 - 3 2 ) - ( T i - 2 ) - (0-36) 99.28° ■( o- 3 7 ) - ( t i - 3 ) - ( O t 4 o ) 165.29°

( 0 - 3 2 ) - (T i- .2 )- (0-38)
(3.50°)

(0- 2 6 ) - ( T i - 4 ) - (0- 2 8 )
(3.42?)

. 7 6 , 2 6 ° 105.97°

( 0 - 2 6 ) - ( T i - 4 ) - ( 0 - 3 l )
(3.35?) (3.99°)

.1 5 4 .1 1 ° ■ ( 0- 1 5 ) - ( T i - 5 ) - (0- 1 7 ) ' 153.51°

( 0 - 2 6 ) - ( T i - 4 ) - (0-32)
(3.92?) '(3.78?)

,85.98° (0- 1 5 ) - (T i-5 ) - (0- 1 9 ) ■ 93.47°

(0- 2 6 ) - (T i-4 ) - (O -3 8 )
(3.57°) "(3.75°)

. 102 .80°1 1 (0- 1 7 ) - ( T i - 5 ) - (0- 1 9 ) 73.49°

( 0 - 2 6 ) - ( T i - 4 ) - (0-39)
(3.68°) (3.19°)
83.49° ( 0 - 1 0 ) - ( T i - 6 ) - (0- 1 2 ) 81.61°

(0-28 .)-( T i - 4 ) - (0-31)
((3.60?) (3.90°)
93.42° ( 0 - 1 0 ) - ( T i - 6 ) - ( 0 - l4 ) 117.57°
(3.73°) (4 .4 l ° )

( 0 - 2 8 ) - ( T i - 4 ) - (0-32) 160.59° ( 0 - 1 0 ) - (T i-6 ) - (0-16) . -94.55°
(3.74°) (4.02°)

( 0 - 2 8 ) - ( T i - 4 ) - (0-38) 90,33° (0 - 1 0 ) - (T i -6 ) - (0-18) ■ 94.34°

( 0 - 2 8 ) - ( T i - 4 ) - (0-39)
(3.61?) (4.43°)

.108.82° (0 - 1 0 ) - ( T i - 6 ) - (0-20) l6 4 . i4 °
(3.66°) • (4.-29°)

(0- 3 1 ) - (T i-4 )- .(0- 3 2 ) .80.51° ( 0 - 1 2 ) - ( T i - 6 ) - (0914) 149.62?
(3.32°) (4.oo°)

( 0- 31 ) - ( T i - 4 ) - (0- 3 8 ) . 93.86° (0 -12)- (T i-6 )-  (0 - l6 ) -104.34°
(3 .4 1 ° ) '(3 .54°)

( 0 - 3 1 ) - ( T i - 4 ) - (0-39) 73.95° ( 0 - 1 2 ) - (T i-6 ) - (0-18) 69.16°
(3.33°) (3,88?)

( 0- 3 2 ) - (Ti04.)-(0- 3 8 ) - .%1.86* ■ ( 0 - 1 2 ) - (T i-61) - (0-20) 85.05°'
(3.1-7°). (3.59f)

(0- 3 2 ) - ( T i - 4 ) - (0-39) ' 87.43° ( 0 - l 4 )- (T i-6 )-  ( 0 - l 6 ) 97.64°-
(3.21°) (3.95»}

(0- 3 8 ) - ( T i - 4 ) - (0-39) .157.56° ' ( 0 - i 4 ) - ( T i - 6 ) - (0- 1 8 ) ,85.23°
(3.44°) : . ' (4.31°)

( b - •9 ) - (T i -5 ) - (O -I l) 96.23° ( 0 - l 4 ) - ( T i - 6 ) - (0- 2 0 ) ,78.13°
(3.80?) (3.98°)

(0- 9 ) - (T i - 5 ) - (0 - 1 3 ) ,91.23° (0- 1 6 ) - (T i-6 ) - ( p - 1 8 ) .168.06°
( 4 .o i ° ) i  (4 .22?)

(0 - 9 ) - ( T i - 5 ) - ( 0 - 1 5 ) . 106.48° ( 0 - 1 6 ) - (T i-6 ) - (0-20) - 80.44°
(4.08°) (3.66?)

( 0 -  9 ) - ( T i - 5 ) - ( 0 - 1 7 ) ,83.90° ( 0 - 1 8 ) - (T i-6 ) - (0-20) .88.86°
(3.5^-°) (4.12?)

(0- 9 ) - ( T i - 5 ) - ( o - 1 9 ) ,157.33° • ( O - l l ) - ( T i0 7 ) - (0-12) 73.86°
(3.82°) '(2 ,98°)

( O - l l ) - ( T i - 5 ) - (0-13) ,159.35° , ( 0 - 1 1 ) - (T l-7:) - (0-17) '70.57°
. (4 .oo°) (3.37°)
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T a b l e  X X I I  
( c o n t i n u e d )

A t o m s

( O - U ) - ( T i - 5 ) - ( 0 - 1 5 )  

( 0 - 1 1 ) - ( T i - 5 ) - ( 0 - 1 7 )  

( 0 - 1 1 ) - ( T i - 5 ) - ( 0 - 1 9 )  

• ( 0 - 1 3 ) -  ( T i - 5 ) -  ( 0 - 1 5 )  

( 0 - 1 3 ) - ( T i - 5 ) - ( 0 - 1 7 )  

( 0 - 1 3 ) - ( T i - 5 ) - ( 0 - 1 9 )

■ ( 0 - 1 2 ) - ( T i - ? ) - ( 0 - 2 3 )

■ ( 0 - 1 7 ) - ( T i - 7 ) - ( 0 - 2 0 )  

( 0 - 1 7 ) - ( T i - 7 ) - ( 0 - 2 1 )  

( 0 - 1 7 ) - ( T i - 7 ) - ( 0 - 2 3 )  

( 0 - 2 0 ) - ( T i - 7 ) - ( 0 - 2 1 )  

( 0 - 2 0 ) - ( T i - 7 ) - ( 0 - 2 3 )

■ ( 0 - 2 1 ) - ( T i - 7 ) - ( 0 - 2 3 )  

( O - I l ) - ( T i - S ) - ( O - I 2 ) 

( O - I l ) - ( T i - S ) - ( O - I S )  

( 0 - 1 1 ) - ( T i - S ) - ( 0 - 1 9 )

■ ( 0 - 1 1 ) - ( T i - S ) - ( 0 - 2 2 )

B o n d .  A n g l e ■ A t o m s B o n d - A n g l e

, 8 2 . 86* ( 0 9 1 1 ) - ( T i - 7 ) - ( 0 - 2 0 ) '9 7 .5 3 °
( 3 .8 2 * )  ' ( 3 .2 3 ° )

. 7 1 . 66* ( 0 - 1 1 ) - ( T i - 7 ) - ( 0 - 2 1 ) 1 6 9 .8 4 *
. ( 3 .0 3 ° ) ( 3 .9 1 ° )
/7 5 .3 3 *  ' ( 0 - 1 1 ) - ( T i - 7 ) - ( 0 - 2 3 ) ' 8 2 ^ 4 0 * ,
- ( 3 .4 3 * ) ( 2 .9 8 ° )
1 1 3 . 4 2 » ( 0 - 1 2 ) - ( T i - 7 ) - ( 0 - 1 7 ) 8 5 .9 3 °

( 4 .1 5 * ) ( 3 .4 8 * )
90 . 11* ■ ( 0 - 1 2 ) - ( T i - 7 ) - ( 0 - 2 0 ) . 7 5 .7 4 *
( 3 . 61? ) ( 3 .2 4 * )
9 0 .5 0 * ( 0 - 1 2 ) - ( T i - 7 ) - ( 0 - 2 1 ) 9 6 .9 4 °
( 3 . 7 1 ° ) ( 3 . 80* )

150 . 06" ( O - I l ) - ( T i - S ) - ( 0 - 2 4 ) 160 ,  70*
( 3 .2 0 » ) ( 3 .4 1 * )

160 . 51*) ( 0 - 1 2 ) - ( T i - S ) - ( 0 - l 8 ) 6 4 .1 8 *
( 3 .8 2 " ) ( 3 .4 7 ° )

. 1 0 5 . 00 ° ( 0 - 1 2 ) - ( T i - S ) - ( 0 - 1 9 ) .8 4 .9 3 *
( 4 .1 7 * ) ( 3 .4 6 * )

103 . 32* ( 0 - 1 2 ) - ( T i - S ) - ( 0 - 2 2 ) 165 . 65*
( 3 .5 1 * ) ( 4 .4 8 * )
8 4 4 o 6 f ( 0 - 1 2 ) - ( T i - S ) - ( 0 - 2 4 ) 8 7 . 50*
(3 3 9 $ * ) ( 3 . 4 o * )
8 9 .8 4 * ( 0 - 1 8 ) - ( T i - S ) - ( 0 - 1 9 ) 1 6 7 . 3 8 *
( 3 .2 5 » ) ( 3 .6 5 ° )

107 . 66* ( O - I S ) - ( T i - S ) - ( 0 - 2 2 ) 1 0 1 .5 4 *
( 3 .8 2 * ) ( 4 .3 4 * )
8 3 . 8 2 * ( 0 - l 8 ) - ( T i - S ) - ( 0 - 2 4 ) 97 . 8 0 *
( 3 .3 5 ? ) ( 3 .4 6 * )
93 i,888 • ( 0 - 1 9 ) - ( T i - S ) - ( 0 - 2 2 ) 1 0 9 .3 7 °
( 3 .4 1 " ) ( 4 .3 0 * )

. 7 1 .4 3 * ( 0 - 1 9 ) - ( T i - S ) - ( 0 - 2 4 ) 90 . 68 *
( 3 . 26 *) ( 3 .3 5 ° )

'9 9 .3 7 * ■ ( 0 - 2 2 ) - ( T i - S ) - ( 0 - 2 4 ) 9 3 .2 8 *
■ ( 4 .1 9 * ) ' ( 4 .1 9 * )

All numbers in parentheses are standard deviations



d i s t a n c e s .  T he e s s e n t i a l  f e a t u r e s  o f  t h e  s t r u c t u r e ,  h o w e v e r , h av e  b e e n  

d e te r m in e d .

R ev iew  o f  S t r u c t u r e

T h e  c r y s t a l  d a t a  a r e  show n i n  T a b le  X V I I I .  T h e re  a r e  e i g h t  m o le ­

c u l e s  o f  T i ( OCH^)(OCgH^)^ p e r  u n i t  c e l l ,  t h e  m o le c u le s  b e i n g  g ro u p e d  

t o g e t h e r  i n t o  tw o t e t r a m e r  u n i t s .  T he t i t a n i u m  a to m s o f  o n e  t e t r a m e r  a r e  

v e r y  n e a r l y  p a r a l l e l  t o  t h e  a b  p l a n e  o f  t h e  c r y s t a l  a n d  fo rm  a  d iam ond  ■ 

s h a p e d  s t r u c t u r e ,  t h e  o x y g e n s  l y i n g  a p p r o x im a te ly  i n  tw o  p l a n e s  a b o v e  an d  

b e lo w  t h e  p l a n e  o f  t h e  t i t a n i u m s .  T he o t h e r  t e t r a m e r  i s  d i s p l a c e d  o n e -  

h a l f  a  c e l l  l e n g t h  a lo n g  t h e  c a x i s  an d  i s  t u r n e d  o v e r  w i t h  r e s p e c t  t o  t h e  

f i r s t .

E ach  t i t a n i u m  a to m  h a s  a  c o o r d i n a t i o n  num ber o f  s i x ,  o x y g e n s  b e in g

s h a r e d  b e tw e e n  t i t a n i u m s .  T h i s  g i v e s  r i s e  t o  t h r e e  d i f f e r e n t  t y p e s  o f

o x y g e n  a to m s  i n  t h e  t e t r a m e r  w i th  r e s p e c t  t o  b o n d in g .. E i g h t  o x y g en  a to m s

a r e  b o n d e d  t o  o n ly  o n e  t i t a n i u m  a to m , f o u r  o x y g e n s  a r e  b o n d e d 't o  tw o

t i t a n i u m s ,  a n d  tw o o x y g e n s  a r e  b o n d ed  t o  t h r e e  t i t a n i u m  a to m s .  I n  g e n e r a l

t h e  t i t a n iu m - o x y g e n  b o n d  d i s t a n c e s  a r e  g r e a t e r  t o  t h o s e  o x y g e n s  w h ich  a r e  .

s h a r e d  w i th  t h e  g r e a t e r  n u m b e r ' o f  t i t a n i u m  a to m s . T h is  i s  e s s e n t i a l l y  t h e
(2 7 )

s t r u c t u r e  r e p o r t e d  f o r  t i t a n i u m  t e t r a e t h y l a t e  b y  I b e r s .



DISCUSSION

T he p u r p o s e  o f  d e t e r m in in g  t h e  d i p o l e  m om ents o f  t h e  v a r io u s  t i t a n i u m  

a l k o x i d e s  a t  d i f f e r e n t  t e m p e r a t u r e s  w as t o  o b t a i n  some i d e a  o f  t h e  p o t e n t i a l  

e n e rg y  b a r r i e r  t o  r e s t r i c t i o n  o f  r o t a t i o n  o f  t h e  a Ik o x y  g r o u p s ,  i f  r o t a t i o n  

w as a t  a l l  h in d e r e d .  I t  w as show n t h a t  w i th  a n  i n c r e a s e  i n  te m p e r a tu r e  t h e  

d i p o l e  m om ents i n c r e a s e d  to w a rd  t h e  t h e o r e t i c a l  v a lu e  c a l c u l a t e d  a s su m in g  

c o m p le te  f re e d o m  o f  r o t a t i o n ,  a n d  fro m  t h i s  i t  was c o n c lu d e d  t h a t  r o t a t i o n  

i s  h in d e r e d  a n d  t h a t  t h e  p o t e n t i a l  e n e rg y  b a r r i e r  i s  o f  t h e  sam e o r d e r  o f  

m a g n i tu d e  a s  t h e  t h e r m a l  e n e r g y ,  i . e . ,  kT .

A lth o u g h  some o f  t h e s e  t i t a n a t e s  h a v e  b e e n  shown t o  b e  t r i m e r s  i n  

s o l u t i o n ,  t h e  c a l c u l a t i o n s  f o r  t h e  d i p o l e  m om ents w e re  matie a s s u m in g  t h e

com pounds t o  b e  m onom ers. By o b t a i n i n g  t h e  m o la r  p o l a r i z a t i o n s  b y  e x t r a p -
x

d a t i n g '  t h e  c u r v e s  t o  i n f i n i t e  d i l u t i o n ,  i t  seem ed r e a s o n a b l e  t o  e x p e c t  

t h a t  v a l u e s  f o r  m onom ers w e re  b e i n g . o b t a i n e d .

A s w o u ld  b e  e x p e c t e d ,  f o r  e a c h  t e m p e r a tu r e  a t  w h ic h  m e a su re m e n ts  

w e re  m ade , t h e  d i p o l e  m om ents d e te r m in e d  f o r  t h e  e t h y l ,  t h e  n - p r o p y l ,  an d  

■ th e  n - b u t y l  t i t a n a t e s  a r e  v e r y  n e a r l y  t h e  sam e. H o w ev er, t h e  d i p o l e  

mom ent f o r  t e r t - b u t y l  t i t a n a t e  i s  c o n s i d e r a b l y  h ig h e r  t h a n  f o r  t h e  o t h e r  

t h r e e  e s t e r s  a t  t h e  sam e t e m p e r a tu r e  ( a t  2 $ °C , I . 86■D . f o r  t h e  t e r t -  

b u t y l a t e  a n d  1 .5 4 ' D . f o r  t h e  e t h y l a t e ) .  One w o u ld  e x p e c t  l e s s  fre e d o m  

o f  r o t a t i o n  o f  t h e  a lk o x y  g ro u p s  i n  t h e  t e r t - b u t y l  com pound t h a n  i n  t h e  

o t h e r  t i t a n a t e s ,  d u e  t o  g r e a t e r  s t e r i c  h i n d r a n c e .  H o w ev er, r e s t r i c t i o n  

o f  r o t a t i o n  w o u ld  t e n d  t o  c a u s e  t h e  t e r t - b u t y l a t e  t o  h a v e  a  lo w e r  d i p o l e  

mom ent t h a n  t h e  o t h e r s .  A d i f f e r e n t  e x p l a n a t i o n  f o r  t h i s  d i f f e r e n c e  i n
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v a l u e s  m u s t th e n  b e  fo u n d .

I n  a  p r i v a t e  c o m m u n ic a tio n  t o  C. N. C augh la n ,  D. C. B r a d le y  s t a t e d  

t h a t  h e  a n d  h i s  c o - w o r k e r s  h a v e  m ade v e r y  c a r e f u l  m o le c u la r  w e ig h t  m e a s u r e ­

m e n ts  o f  t e t r a e t h y l  t i t a n a t e  c r y s c o p i c a l l y  a n d  h av e  fo u n d  i t s  a s s o c i a t i o n  

num ber t o  r e m a in  3 i n  v e r y  d i l u t e  s o l u t i o n .  T h is  t h e n  m ig h t  i n d i c a t e  t h a t  

t h e  d i e l e c t r i c  m e a s u re m e n ts  o b t a in e d  a r e  f o r  t r i m e r s ,  n o t  m onom ers. A 

s e c o n d  c o n s i d e r a t i o n  o f  t h e  d i e l e c t r i c  c o n s t a n t s  a n d  t h e  s p e c i f i c  v o lu m es 

a s  a  f u n c t i o n  o f  c o n c e n t r a t i o n  ( F ig u r e s  3 t h r o u g h  2 2 ) s u g g e s t s  t h a t  f o r  

a  g iv e n  t e m p e r a t u r e  t h e  a s s o c i a t i o n  num ber o f  t h e s e  com pounds d o e s  n o t  

c h a n g e  w i t h  c o n c e n t r a t i o n .  I f  t h e r e  w e re  a  d e c r e a s e  i n  m o le c u la r  c o m p le x ­

i t y  a s  t h e  c o n c e n t r a t i o n s  w e re  d e c r e a s e d ,  t h e s e  c u r v e s  m ig h t  b e  e x p e c te d  

t o  b e  n o n - l i n e a r ,  e s p e c i a l l y  a t  lo w e r  c o n c e n t r a t i o n s .  T he f a c t  t h a t  t h e s e  

c u r v e s  a r e  l i n e a r  g i v e s  s u p p o r t  t o .  B r a d l e y ’ s  f i n d i n g s  t h a t  t h e  m o le c u la r  

a s s o c i a t i o n  i s  n o t  d e p e n d e n t  o n  c o n c e n t r a t i o n ,  a t  l e a s t  i n  d i l u t e  s o l u t i o n s .

B r a d le y  a l s o  r e p o r t e d  t h a t  t e r t - b u t y l  t i t a n a t e  i s  m on o m eric  i n  

s o l u t i o n . ^ ^  T h u s t h e  d i f f e r e n c e s  b e tw e e n  t h e  d i p o l e  moment o f  t e r t -  

b u t y l a t e  a n d  t h o s e  o f  t h e  o t h e r  a l k y l  t i t a n a t e s  i s  p r o b a b ly  d u e  t o  t h e  

f a c t  t h a t  t h e  t e r t - b u t y l a t e  i s  m onom eric  a n d  t h e  o t h e r  e s t e r s  s t u d i e d  a r e  

t r i m e r i c  i n  s o l u t i o n .

I n  P a r t  I  t h e  i n t e r p r e t a t i o n  o f  t h e  i n c r e a s e  o f  t h e  d i p o l e  m om ents 

w i t h  t e m p e r a t u r e  w as t h a t  t h e r e  w as m ore r o t a t i o n  o f  t h e  a lk o x y  g ro u p s  a t  

t h e  h i g h e r  t e m p e r a t u r e ,  t h e  v a lu e s  a p p r o a c h in g  t h e  t h e o r e t i c a l  v a lu e  c a l ­

c u l a t e d  a s s u m in g  c o m p le te  f re e d o m  o f  r o t a t i o n .  E v en  i f  t h e  t i t a n a t e  

m o le c u le s  a r e  t r i m e r s  a s  i s  i n d i c a t e d ,  i t  i s  v e r y  l i k e l y  t h a t  a t  l e a s t  p a r t  

o f  t h e  v a r i a t i o n  o f  d i p o l e  moment w i th  t e m p e r a t u r e  i s  d u e  t o  a  c h a n g e  i n
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t h e  d e g r e e  o f  r e s t r i c t i o n  o f  r o t a t i o n .  T h i s  v a r i a t i o n  m ay a l s o  b e  d u e  t o  

a  d e c r e a s e  i n  t h e  m o l e c u l a r  c o m p le x i ty  w i t h  a n  i n c r e a s e  i n  t e m p e r a t u r e .  

M o le c u la r  w e ig h t s  o f  a l k y l  t i t a n a t e s  d e te r m in e d  e b u l l i © m e t r i c a l l y  a r e  lo w e r  

t h a n  t h o s e  m e a s u re d  c r y o s c o p i c a l l y .  T h u s  p a r t  o f  t h e  i n c r e a s e  o f  d i p o l e  

m om ent w i th  t e m p e r a t u r e  may b e  d u e  t o  a  d e c r e a s e  i n  a s s o c i a t i o n  n u m b er.

X - r a y  i n v e s t i g a t i o n  o f  T i(O C H g )(OCgH^)^ w as u n d e r ta k e n  i n  a n  a t t e m p t  

. t o  d e te r m in e  t h e  g e n e r a l  s t r u c t u r e  f o r  t h e  t r i m e r i c  a l k y l  t i t a n a t e s .

H o w ev er, t h e  s t r u c t u r e  w h ic h  w as fo u n d  show s t h a t  t h e  t i t a n a t e s  a r e  

t e t r a m e r i c  i n  t h e  s o l i d  s t a t e .  T he s t r u c t u r e  o f  t h e  t r i m e r  i n  s o l u t i o n  

i s  s t i l l  unknow n.

M o le c u la r  f o r m u la s  w h ic h  h a v e  b e e n  p ro p o s e d  f o r  t h e  h y d r o l y s i s
I

p r o d u c t s  o f  t e t r a e t h y l  t i t a n a t e  h a v e  b e e n  b a s e d  i n  p a r t  o n  t h e  a s s u m p t io n

t h a t  t h e y  a r e  fo rm e d  fro m  t h e  t r i m e r s .  T h e  p r e l i m i n a r y  x - r a y  i n v e s t i g a t i o n

o f  t h e  h y d r o l y s i s  p r o d u c t  o b t a i n e d  i n d i c a t e  t h a t . t h e  p r o p o s e d  f o r m u la  i s  ,

i n c o r r e c t ,  a s  m e n t io n e d  i n  P a r t  I I .  P o s s i b l y  t h i s  com pound i s  fo rm e d  f ro m

t h e  h y d r o l y s i s  o f  t e t r a m e r  u n i t s .

T h e  c r y s t a l  s tu d y  o f  t h e  h y d r o l y s i s  p r o d u c t  w as n o t  c a r r i e d  v e r y

f a r  d u e  t o  ( l )  t h e  c a l c u l a t i o n  o f  9 .5  m o le c u le s  p e r  u n i t  c e l l ,  (2 ) t h e

h ig h  d e g r e e  o f  c o m p le x i ty  o f  t h e  c r y s t a l - - o v e r  60 t i t a n i u m  a to m s  p e r

u n i t  c e l l ,  a n d  ( 3 ) t h e  l a c k  o f  c h e m ic a l  h i n t s  to w a rd  s t r u c t u r e  e l u c i d a t i o n .

I n  v ie w  o f  t h e  s t r u c t u r e s  o f  s im p le r  a l k y l  t i t a n a t e s ,  T i (OCH. , ) ( OCoH1- ) _ i n
( 2 7 )  . ^ 3

t h i s  d i s s e r t a t i o n  a n d  T i ( OCgH^)^ b y  I b e r s ,  a  f r e s h  lo o k  a t  t h e  P a t t e r s o n  

map o f  t h e  h y d r o l y s i s  p r o d u c t  may y i e l d  som e c l u e s  a s  t o  i t s  s t r u c t u r e .



SUMMARY

R e s e a r c h  r e p o r t e d  i n  t h i s  d i s s e r t a i o n  h a s  p r o v id e d  t h e  f o l l o w in g  

i n f o r m a t i o n .

( 1 )  D ip o le  m om ents o f  e t h y l ,  n - p r o p y l ,  a n d  n - b u t y l  t i t a n a t e s  h a v e  

b e e n  m e a s u re d  a t  O0 , 2 5 ° ,  a n d  50°C a n d  o f  t e r t - b u t y l  t i t a n a t e  a t  2 5 0C.

(2 )  T h e  i n c r e a s e  i n  d i p o l e  m om ent w i t h  t e m p e r a t u r e  f o r  t h e  a l k y l  

t i t a n a t e s  may b e  d u e  t o  tw o  f a c t o r s :  ( a )  a  d e c r e a s e  i n  th e .  d e g r e e  o f  

r e s t r i c t i o n  o f  r o t a t i o n  o f  t h e  a Ik o x y  g r o u p s ,  a n d  (b )  a  d e c r e a s e  i n  m o lec  

u l a r  c o m p le x i ty .

( 3 )  T he e s s e n t i a l  f e a t u r e s  o f  t h e  c r y s t a l  a n d  m o le c u la r  s t r u c t u r e  

o f  m o n o m e th y l t r i e th y l  t i t a n a t e  h a s  b e e n  d e te r m in e d  b y  x - r a y  d i f f r a c t i o n  

t e c h n i q u e s .

(4 )  A p r e l i m i n a r y  x - r a y  i n v e s t i g a t i o n  o f  t h e  c r y s t a l  s t r u c t u r e  

o f  a  h y d r o l y s i s  p r o d u c t  o f  t e t r a e t h y l  t i t a n a t e  h a s  i n d i c a t e d  t h a t  t h e  

p r o p o s e d  m o l e c u l a r  f o r m u la s  f o r  t h e  h y d r o l y s i s  p r o d u c t s  a r e  i n  e r r o r .
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D e r i v a t i o n  o f  F o rm u la .  C a l c u l a t i o n  o f  A x i a l  L e n g th  f ro m  a  R o t a t i o n  P i c t u r e .

C o n s id e r  a  s p h e r e  o f  r e f l e c t i o n  c h o s e n  t o  b e  o f  s u c h  a  s i z e  t h a t  i t s  

d i a m e t e r  i s  e q u a l  t o  t h e  c a m e ra  d i a m e t e r .  T he r e c i p r o c a l  l a t t i c e  i s  p r o p o r ­

t i o n a t e l y  a s  l a r g e .  R e f e r  t o  F i g u r e  4 0 .

C i r c l e s  A a n d  B r e p r e s e n t  t h e  c i r c l e s  o f  r e f l e c t i o n  f o r  t h e  z e r o  

l e v e l  a n d  t h e  n - l e v e l  r e c i p r o c a l  l a t t i c e  p l a n e s ,  r e s p .  L e t  r  b e  t h e  

r a d i u s  o f  c i r c l e  A (a n d  o f  t h e  c i r c l e  o f  r e f l e c t i o n )  a n d  r - x  b e  t h e  r a d i u s  

o f  c i r c l e  B . Q i s  t h e  d i s t a n c e  f ro m  t h e  c e n t e r ,  M, o f  t h e  s p h e r e  t o  t h e  

p o i n t  N w h ic h  i s  a n y  p o i n t  o n  t h e  n - l a y e r  l i n e  r e c o r d e d  o n  t h e  f i l m .  T he 

d i s t a n c e  f ro m  t h e  z e r o - l a y e r  l i n e  on t h e  f i l m  t o  t h e  n - l a y e r  l i n e  i s  

d e s i g n a t e d  y n . 0 i s  t h e  p r o j e c t i o n  o f  t h e  p o i n t  N o n to  t h e  p l a n e  o f  

c i r c l e  A.

F rom  t h e  f i g u r e  i t  i s  s e e n  t h a t

x  = 
r - x

T h e s e  tw o  e q u a t i o n s  a r e  s o lv e d  s im u l t a n e o u s ly  t o  g iv e  t h e  r e l a t i o n

2
r - x  B rr - x  B

( 7 T ^ * ( i )

A ls o  i t  i s  s e e n  t h a t

Q2 s  r 2 -  ( r - x ) 2 .

S o lv in g  ( l )  a n d  ( 2 )  s i m u l t a n e o u s ly ,  o n e  o b t a i n s

( 2 )

Q = ry™

Q i s  t h e  d i s t a n c e  b e tw e e n  t h e  tw o  r e c i p r o c a l  l a t t i c e  p l a n e s  w i t h
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reciprocal
lattice
planes

x-ray
zero

S p h e re  o f  R e f l e c t i o n  a n d  X -R ay Cam era 

F ig u r e  40
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t h e  r a d i u s  o f  t h e  s p h e r e  o f  r e f l e c t i o n  e q u a l  t o  t h a t  o f  t h e  c a m e ra ,  w h ic h

h a s  a  r a d i u s  r .  T he " n o r m a l iz e d "  s p h e r e  o f  r e f l e c t i o n  h a s  a  r a d i u s  .of

u n i t y ,  i n  a b s o l u t e  u n i t s .  To c o n v e r t  t o  a  " n o rm a l iz e d "  s p h e r e  o n e  m u st

d i v i d e  b y  t h e  c a m e ra  r a d i u s .  Q / r  i s  th e n  t h e  d i s t a n c e  b e tw e e n  t h e  z e r o

l e v e l  a n d  t h e  n - l e v e l  r e c i p r o c a l  p l a n e s  i n  t h e  n o r m a l iz e d  c a s e .  D iv id in g

t h i s  d i s t a n c e  b y  n  g i v e s  t h e  d i s t a n c e  b e tw e e n  a d j a c e n t  r e c i p r o c a l  p l a n e s :

Q s  d * , w h e re  d*  i s  i n  a b s o l u t e  u n i t s .  S u b s t i t u t i n g  t h e  e x p r e s s i o n  
r n

fo u n d  f o p  Q, o n e  o b t a i n s

d* .  J L _  = ,, ./rn
r n  (y ^  +

= ^ n  .

n ( r 2 + y2 ) i

D e p e n d in g  o n  t h e  a x i s  a b o u t  w h ic h  t h e  c r y s t a l  i s  r o t a t i n g ,  d* i s  

d*^QQ, d*Q , o r  ^* qq2 * T he r e l a t i o n s  b e tw e e n  t h e  u n i t  c e l l  e d g e s  a n d  

t h e  d * 's  a r e  .
a  = ____ I

d*
’ > b X a n d  c

100 010 001

T h e r e f o r e  t h e  u n i t  c e l l  e d g e  i s  fo u n d  b y  t h e  e q u a t i o n

c e l l  e d g e  = X = n X (r2 + y 2 ) s  . 
d*

w h e re

a n d

g iv e n

X = t h e  w ave l e n g t h  o f  x - r a y s ,  

n  = l a y e r  l i n e  t o  w h ic h  m e a su re d  

y n  = d i s t a n c e  o n  f i l m  fro m  z e r o  l a y e r  l i n e  t o  n - l a y e r  l i n e ,  

r  = c a m e ra  r a d i u s .  T h is  e q u a t io n  h o ld s  f o r  a l l  c r y s t a l  s y s te m s . 

Now i t  w i l l  b e  show n t h a t  t h i s  e x p r e s s i o n  i s  e q u i v a l e n t  t o  t h e  o n e  

o n  p a g e  3 8 6 , X -E ay  C r y s t a l l o g r a p h y , b y  B u e r g e r .  B u e r g e r 's - e q u a t i o n

nX
s i n  t a n “ l ( y n 7r )

i s
c e l l  e d g e S



1 2 7

A ssum e t h e  tw o  e x p r e s s i o n s  a r e  e q u a l : _______ n \  r  n \ ( r 2 +  y g ) 2
s i n  t a n " ^ - ( y „ / r )  " y

R e a rra n g in g , one o b ta in s  S i n t a n - 1 CynZ r ) ':

ta n  1 CyriZ r) - s i n -1

( r d + y g )2

Cr2 + y2 ) 2

n ' ' " n

, so  t h a t

F rom  t h e  f i g u r e  i t  i s  s e e n  t h a t  

0 = s i n "1 ----------- ---------------
Cr2 + y2 ) 2

a n d  a l s o  t h a t

T h u s s i n

in " 1 '

-1  y n

0 = tan"1 (ynZ r).

( i f  +  y f ) =n

T h e r e f o r e  t h e  tw o  e q u a t i o n s  a r e  e q u i v a l e n t .

Z*'
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D e r i v a t i o n  o f  a  m e th o d  f o r  t h e  D e te r m in a t io n  o f  I n t e r a x i a l  
A n g le s  fro m  W e is s e r ib e rg  P h o to g r a p h s

I n  o b t a i n i n g  v a lu e s  f o r  t h e  u n i t  c e l l ^ a n g l e s  o f  a  t r i c l i n i c  c r y s t a l  

t h e  p r e c e s s i o n  m e th o d  i s  v e r y  c o n v e n ie n t .  One r e c i p r o c a l  l a t t i c e  a n g le  

i s  m e a s u re d  f ro m  a  z e r o  l e v e l  W e is s e n b e rg  p h o to g r a p h ,  w h i l e  t h e  o t h e r  

tw o  a n g l e s  a r e  e a s i l y  m e a s u re d  fro m  p h o to g r a p h s  fro m  a p p r o p r i a t e  c r y s t a l  

o r i e n t a t i o n s  o n  t h e  p r e c e s s i o n  c a m e ra .

I f  a  p r e c e s s i o n  c a m e ra  i s  n o t  a v a i l a b l e ,  t h o s e  tw o a n g l e s  c a n  b e

( l l )
o b t a i n e d  f ro m  u p p e r  l e v e l  W e is s e n b e rg  f i l m s .  B u e rg e r  d e s c r i b e s  a  

m e th o d  o f  a n g u l a r  l a g  b y  w h ic h  t h i s  c a n  b e  a c c o m p l is h e d .  H e re  i s  p r e ­

s e n t e d  a  d e r i v a t i o n  o f  a  d i f f e r e n t  m e th o d , a l s o  a  m e th o d  o f  a n g u l a r  l a g ,  

b y  w h ic h  t h e s e  a n g l e s  c a n  b e  e v a l u a t e d .  F i r s t ,  t h e  d e r i v a t i o n  w i l l  b e  

c a r r i e d  o u t  f o r  t h e  m o n b c l in ic  c a s e ;  t h e  d e r i v a t i o n  t h e n  w i l l  b e  e x te n d e d  

t o  t h e  m ore g e n e r a l  a n d  much m o re  c o m p l i c a t e d  c a s e  o f  a  t r i c l i n i c  c r y s t a l .

D e te r m i n a t io n  o f  t h e  a n g l e  P , f o r  a  m o n o c l in ic  c r y s t a l  f ro m  t h e  e q u i -  
i n c l i n a t i o n  W e is s e n b e rg  p h o to g r a p h  b y  t h e  m e th o d  o f  a n g u l a r  l a g .

I f  t h e  c r y s t a l  i s  m o u n ted  o n  t h e  b  a x i s ,  t h e  a n g l e  p c a n  b e  

m e a s u re d  d i r e c t l y  f ro m  a  z e r o  l e v e l  p h o to g r a p h .  I f ,  h o w e v e r , t h e  c r y s t a l  

i s  m o u n ted  o n  t h e  a  o r  c a x i s ,  u p p e r  l e v e l  W e is s e n b e rg  f i l m s  c a n  b e  u s e d  

f o r  t h i s  d e t e r m i n a t i o n .

C o n s id e r  t h e  s p h e r e  o f  r e f l e c t i o n  a n d  t h e  o r i e n t a t i o n  o f  t h e  

r e c i p r o c a l  l a t t i c e  f o r  a  >8 - l e v e l  p i c t u r e  ( F ig u r e  4 1 ) .  A ssum e r o t a t i o n  

a b o u t  t h e  c a x i s .  T he t o p  f i g u r e  i s  a p p r o x im a te ly  a  f r o n t  v iew , t h e
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R e c ip ro c a l L a t t i c e  S e t t in g  f o r  an  E q u i- in c l in a t io n  W eiseenberg 

P ic tu r e  when C ry s ta l  i s  Mounted on c A x is , f o r  a  M onoclin ic

C ry s ta l

Figure 4l
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b o t to m  a  t o p  v ie w . F o r  -a d i s c u s s i o n  o f  t h e  r e c i p r o c a l  l a t t i c e  s e e  

r e f e r e n c e  9 -

R o t a t e  t h e  c r y s t a l  ( r e c i p r o c a l  l a t t i c e )  u n t i l  t h e  p o i n t  O k^ m akes 

c o n t a c t  w i t h  t h e  s p h e r e  o f  r e f l e c t i o n  ( 1 s t  s e t t i n g ) . We w is h  t o  f i n d  a  

r e l a t i o n  b e tw e e n  p* a n d  W , t h e  a n g l e  t h r o u g h  w h ich  t h e  c r y s t a l  m ust 

f u r t h e r  b e  t u r n e d  u n t i l  t h e  p o i n t  C O  m ak es c o n t a c t  w i t h  t h e  s p h e r e  

o f  r e f l e c t i o n  (2 n d  s e t t i n g ) .  S in c e  d*  i s  t h e  p e r p e n d i c u l a r  d i s t a n c e  

b e tw e e n  t h e  z e r o  l e v e l  a n d  t h e  £  - l e v e l  r e c i p r o c a l  l a t t i c e  p l a n e s ,  t h e n

From  F i g u r e 41 i t  i s  s e e n  t h a t  t a n  p* = ^ * o o J  = J ! \ .  .

T h e r e f o r e  D «* .
c t a n  p*

H en ce  t a n  u> = k b *  = k b * c t a n  B * .
2 D .....

R e a r r a n g in g ,  we o b t a i n  t h e  e x p r e s s i o n

t a n  B *  = J tx  t a n  W . 
k b * c  2

B u t f o r  a  m o n o c l in ic  c r y s t a l  X -  b .
b*

T h e r e f o r e  t h e  u s a b l e  e x p r e s s i o n  f o r  P* i s

P *  = t a n - 1 ( I k  t a n  ) .
k c  c

T he c e l l  c o n s t a n t  c i s  d e te r m in e d  fro m  a  r o t a t i o n  p i c t u r e ,  b *  fro m  a  z e r o  

l e v e l  W e is s e n b e rg  p i c t u r e ,  a n d  t h e  a n g l e  £t>from  t h e  u p p e r  l e v e l  W e is s e n -  

b e r g  p i c t u r e .  F o r  a  m o n o c l in ic  c r y s t a l ,  o f  c o u r s e ,  (3 = l8 0 °  -  p * .

P*  a s  d e te r m in e d  f ro m  t h i s  f o r m u la  w as co m p ared  w i t h  t h a t  m e a su re d  

d i r e c t l y  f ro m  a  p r e c e s s i o n  p i c t u r e .  ' T he d a t a  u s e d  f o r  t h i s  c o m p a r is o n  i s
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, O
b -  2 2 .4  A c = 2 3 .3  A

&V2 = 5 3 .1 °
B * ( c a l c . )

^  .  6 Il 62 0 30 ’

I  « 5 k  = 6 0 / 2  = 6 7 .3 ° 6 2 *2 6 '

11 -d"Il o /2  .  6 3 . 5 ° 6 2 * 3 5 '

T h e s e  v a l u e s  o f  (3* a g r e e  v e r y  w e l l  w i t h  6 2 ° l 6 ’ a s  m e a s u re d  fro m  a  z e r o  

l e v e l  p r e c e s s i o n  p i c t u r e .

D e te rm in a tio n  o f i n t e r a x i a l  a n g le s  f o r  a  t r i c l i n i c  c r y s t a l  from  an  e q u i-  
in c I i n a t io n  W eissenberg  pho to g rap h  by  th e  method o f  a n g u la r  l a g .

Now th e  d e r iv a t io n  w i l l  be  ex ten d ed  to  th e  t r i c l i n i c  c a s e .  By 

m easu ring  th e  d is ta n c e  betw een a p p r o p r ia te  sp o ts  on th e  same la y e r  l i n e ,  

on b o th  a x e s ,  th e  o th e r  two a n g le s  can  b e  d e te rm in ed . The .e q u a tio n s  

w hich a r e  d e r iv e d ,  how ever, a r e  v e ry  cumbersome.

A g a in  c o n s i d e r  t h e  r e c i p r o c a l  l a t t i c e  s e t t i n g  w i t h  r e s p e c t  t o  t h e  

s p h e r e  o f  r e f l e c t i o n  f o r  a n  u p p e r  l e v e l  e q u i - i n c l i n a t i o n  W e is s e n b e rg  

p h o to g r a p h  ( F i g u r e  4 2 .) . I n  t h e  t r i c l i n i c  c a s e ,  i n  g e n e r a l ,  n e i t h e r  

r e c i p r o c a l  l a t t i c e  a x i s  p a s s e s  t h r o u g h  t h e  a x i s  o f  r o t a t i o n .  T hus b o th  

a x e s  a p p e a r  a s  f e s t o o n s  o n  t h e s e  u p p e r  l e v e l  p i c t u r e s .  F i g u r e s  4 2 a  a n d  

b  r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  f r o n t  a n d  to p  v ie w s  o f  t h e  r e c i p r o c a l  

l a t t i c e  a n d  s p h e r e  o f  r e f l e c t i o n ;  F i g u r e  43 r e p r e s e n t s  a  s t e r e o g r a p h i c  

v iew  o f  t h e  r e c i p r o c a l  l a t t i c e  a x e s  w i t h  r e s p e c t  t o  t h e  a x i s  o f  r o t a t i o n .  

A g a in  a ssu m e  r o t a t i o n  i s  a b o u t  t h e  c a x i s .  F i g u r e s  4 4 a  a n d  b  a r e  

e n l a r g e d  v ie w s  o f  F i g u r e  4 2 b , w i t h  t h e  s p h e r e  o f  r e f l e c t i o n  rem o v ed .

F rom  F i g u r e  4 2 a  i t  i s  s e e n  t h a t
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R e c i p r o c a l  L a t t i c e  S e t t i n g  f o r  a n  E q u i - i n c l i n a t i o n  W e is s e n b e rg  
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C r y s t a l  
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R e l a t i o n s h i p  B etw een  R e c ip r o c a l  L a t t i c e  A xes an d  c A x is ,

f o r  a  T r i c l i n i c  C r y s t a l  

F ig u r e  43
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w h e re  Rn  i s  t h e  r a d i u s  o f  t h e  c i r c l e  o f  r e f l e c t i o n  f o r  t h e  n - l e v e l .

L e t t i n g  D b e  t h e  r a d i u s  o f  t h e  p r e c e s s i o n  c i r c l e  ( t h e  r a d i u s  o f  t h e

c i r c l e  fo rm e d  b y  t h e  s p o t  O O j w hen t h e  c r y s t a l  i s  r o t a t e d ) ,  a n d  l e t t i n g

T a n d  S b e  t h e  d i s t a n c e s  f ro m  t h e  a *  a n d  b *  a x e s  t o  t h e  c e n t e r  o f  t h i s

c i r c l e ,  r e s p . ,  F i g u r e  4 2  show s t h e  f o l l o w i n g  r e l a t i o n s :

D a d * ,  t a n  f  
o o i  '

a n d  S s D  s i n  ( 7*  -  8 )

w h e re  f  i s  t h e  a n g l e  b e tw e e n  t h e  c a x i s  a n d  t h e  c *  a x i s ,  a n d  S i s  t h e  

a n g l e  b e tw e e n  t h e  a *  a x i s  a n d  t h e  p r o j e c t i o n  o f  c *  o n to  t h e  a * b *  p l a n e  

( o r  t h e  a n g l e  b e tw e e n  a *  a n d  D ) .

As i n  t h e  m o n o c l in ic  c a s e  we m u s t d e te r m in e  t h e  a n g l e  th r o u g h  

w h ic h  t h e  c r y s t a l  m u st b e  r o t a t e d  t o  b r i n g  t h e  p o i n t  i n t o  r e f l e c t ­

i n g  p o s i t i o n  a f t e r  t h e  p o i n t  0 k £  w as i n  p o s i t i o n -  I n  a d d i t i o n  we m u st 

d e te r m in e  t h e  a n g l e  th r o u g h  w h ic h  t h e  c r y s t a l  m u s t b e  r o t a t e d  t o  b r i n g  

t h e  p o i n t  hOM i n t o  r e f l e c t i n g  p o s i t i o n  a f t e r  t h e  p b i n t  W M  w as i n  

p o s i t i o n .  D e n o te  t h e  f i r s t  o f  t h e s e  a n g l e s  b y  t h e  s e c o n d  b y  W g-

Now a n  e x p r e s s i o n  f o r  w i l l  b e  d e r i v e d .  T he m e a n in g  o f  t h e

sy m b o ls  u s e d  i s  a p p a r e n t  f ro m  a  g l a n c e  a t  F i g u r e  4 4 a ,  w h ic h  show s s e t ­

t i n g s  I  a n d  2 f o r  t h e  b *  a x i a l  l i n e s -  I n  s e t t i n g  I  t h e  r e c i p r o c a l  

l a t t i c e  p o i n t  G k i  i s  i n  r e f l e c t i n g  p o s i t i o n ;  i n  s e t t i n g  2 ,  p o i n t  O k i  

p o s i t i o n .  F ro m  F i g u r e  4 4 a  t h e  f o l l o w i n g  r e l a t i o n s  a r e  o b t a i n e d :

v ^  = + [k b *  + D c o s  ( 7*  - 8 ) ]
2 c  p

m^ = Er + [kb*  -  D c o s  ( 7*  • • & ) ] .

F rom  t h e  la w  o f  c o s i n e s

c o s (  + l ^ i )  s
V2

I  -f I  -  4 k  b*'

2v I mI
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T h e r e f o r e

*1 = c o s ' I /  vI  + fflI  -  kk2lD*2 Y - 4/
\  2v I mI  Z

T he f o l l o w i n g  e q u a t i o n s  a l s o  a r e  o b t a i n e d  fro m  F ig u r e  4 4 a :

c o s 0 1 = Z i A
Rn  .

0-, = c o s "1 vI

CosC^ 1  +  I j J 1 )  = fflI
2Rr

"1 mI  -  0^  = c o s "1 mI  -  c o s  ^ vI- " 1 Z ^
2R,

T h e r e f o r e

4^ I  = c o s

So
V l  a COS

‘ '"I /  - n  • . - n

S u b s t i t u t i n g  t h e  v a l u e s  o f  V^ an d  m^, a n d  s i m p l i f y i n g  a s  much a s  p o s s i b l e ,

o n e  o b t a i n s  '

- I  /  v?  + m* -  4 k b*2 \ _  C08"1 mi  + C0 8 - I  V1/  v I  + m]

V 2vIb

^ l  = c o s "1
2 2 2 2 2 

S -  k b *  + D c o s  ( 7 *  - S )

; - [S ^ + 2S2k 2b *2 + { k 2b *2 -  D2 c o s 2 ( 7*  - 5 ) } 2  +  2S'2D2c o s 2 ( 7* - § ) ]  2

-  d o s "1 [S2 + {kb*  -  D c o s ( 7 *  - s | p  ] 2 + c o s "1 [S  24- { k b *  + D c o s(7* - S ^ ] 2

w h e re  S = D  s i n (  7 *  - 5  ) ,  Rn  = [ I  ~ ] 2 ,  a n d  D = d * 0^  t a n  f  .
: , •

'• • ;

Now i n  a  s i m i l a r  m an n er w i th  r e f e r e n c e  t o  F ig u r e  4 4 b , a n  e x p r e s s i o n

w i l l  b e  d e r i v e d  f o r  V g .

Ug = D cos, 5 , .

Vp = T2 + (h a *  + D c o s  5 )2
’ \  I

m | = T2+ (h a *  -  D c o s  S ) 2 .
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F i r s t  a n d  S eco n d  S e t t i n g s  f o r  b
*

A x is

F ig u r e  4 4 a
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*  ^  1

F i r s t  a n d  S econd  S e t t i n g s  f o r  a*  A x is  

F i g u r e  44b
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F rom  t h e  law  o f  c o s i n e s ,

=  O B t - O 2  -  VS) .  T g  +  4 -
Svgm2

T h e r e f o r e
2 . 0.2

6^2 = c o s - "̂ vI mS ' ~ ^hcra*
+ V

Sv2Hi2
T 2 '

T he f o l l o w i n g  e q u a t i o n s  a r e  o b t a i n e d  f ro m  F i g u r e  4 4 a :

Vo
02COSW o =

02 =Jpos"1 v2

c o s  ( 02 + y /g )  = 2
2Rn

T h e r e f o r e

- I

S o ,

'g  = c o s

“ 2
2%

Il c o s  1 mS 
2Rn

-  c o s  d v2 .. 
2Rn

<i ro
ro 2+ m2 ■- 4 h 2a *2 I  + cO s"1 m2 -  c o s "1 v2

2v2 mg ' / ZRn ZR*

S u b s t i t u t i n g  t h e  v a l u e s  f o r  V2 a n d  Hi2 , a n d  s i m p l i f y i n g ,  o n e  o b t a i n s

-1 p 2 2 3 2
Wg s  c o s "1 x  -  h a*  4- D c o s  &

[T4 + 2T2h2a *2 + ST2D2C os2 S + (h 2a *2 -  D2c o ? B  )2 ] |

+ c o s  1 [T^ + (h a *  -  D co s 6 )^ ]2 -  c o s ” 4 [T^ + (h a *  +  D c o s 6 )^ ]2

T he r e l a t i o n s

D - d Scl f  t a r ^ f  a n d  Rn  = "  ( dS o j  / 2 ) ^ ]  ^

h a v e  a l r e a d y  b e e n  g i v e n .  F ro m  F i g u r e  42b  i t  i s  s e e n  t h a t  a l s o

T = D  s i n  & .
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S in c e  d *  i s  o b t a i n e d  fro m  t h e  r o t a t i o n  p i c t u r e  a n d  y *  is ,  

d e te r m in e d  f ro m  t h e  z e r o  l e v e l  W e is s e n b e rg  p h o to g r a p h ,  t h e  o n ly  unknow ns 

a r e  5 a n d  f . T he tw o e q u a t i o n s  f o r  a n d  Wg a r e  s o lv e d  s i m u l t a n e o u s ly  

t o  f i n d  S a n d  f  .

Once S a n d  f  a r e  known (a n d  y * ) ,  a  *  and, (B *  c a n  b e  fo u n d  fro m
r '

t h e  f o l l o w i n g  r e l a t i o n s .  R e f e r  a g a i n  t o  F i g u r e  4 3 .

J0c *  = d* / c o s  f  00^  ' 1

, E r D  c o s ( 7 * -  B )

c o s  a *  = E/ Z  c *  B D c o s (  7 * ' -  S )
^  c *

r  d * Q̂  t a n  f  c o s  ( 7 *  -  S )

1*004 / c o s  P

= c o s  f  t a n  f  c o s  ( 7*  -  8 ) 

T h u s , c o s  a *  = s i n  f  c o s  ( 7*  - 5 ) .

A l s o ,  F = D  c o s  6 .

T h e r e f o r e  c o s  (3* = F /J J  c* D c o s  8 
J L  c *  ..

^ 00^  ^ a n  P  c o s  § = t a n  f  c o s  ^ c o s  S
d* / c o s  f  

004

T h u s , c o s  p *  = s i n  f c o s  8 .

F rom  t h e  r e c i p r o c a l  l a t t i c e  a n g l e s  # * ,  p * ,  a n d  7 *  t h e  c r y s t a l

angles can be found using the relations (Ref. 10)
cos a  - cos P *cos 7 * - cos CU * 

sin P * sin 7 *

COS P = COS Pt *COS 7 *  -  cos P *  

sin a  *sin 7 *
and cos 7 = cos a *cos p * - cos .-7 * .

. sina*sin p *
A ls o  t h e  c e l l  e d g e s  t h e n  c a n  b e  fo u n d .

a = \  b - ______X_______
a*sin p sin 7* b * s i n  7 s i n  q-
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The difficulty in using this method for determining cell dimensions 
is in solving the two simultaneous equations. This humble person is unable
to do so.



APPENDIX C

T a b le  o f  S t r u c t u r e  F a c t o r s

R s 13»6$

F c = A + xB E =  c o d e d  e x t i n c t

b J  i '
k  = 0

F o Kl A B

I 0 1 6 2 .1  E - 225 .1 -239.2 -4.0

2 0 96.9 9 8 .4 - 102.3 21.8

3 0 5 0 .3 46.6 48.9 7.9

h 0 21 .5 21.3 - 10.2 - 20 .2

I 0 46.6 52.0 55.1 5 .1

8 0 37.7 39.8 40.3 12.5

3 I 1 3 .3 12.2 1 2 .8 2.3

3 - I  . 39.2 3 6 .1 36.1 . - 1 2 .7

0 2 1 8 9 .4  E 270.0 286.5 7 .2

1 2 145.0 E ' 1 8 2 .4 ■ -193.1 -16.7

2 2 6 9 .6 61.1 - 63 .6 1 3 .5

3 2 6 3 .6 65.7 69.9 - 1.2

4 2 19.2 2 4 . 7 - 2 6 .1 2.8

7 2 . .5 1 .8 52.1 55.4 2 .0

8 2 4 5 . 9 . 4 4 .5 - 4 6 .9 - 6 .7

I -2 110.3 1 1 1 .4 - 118.0 -8.7

2 -2 4 2 .2 50:5 - 5 1 .1 16.2

3 -2 8 2 .9 83.6 85.7 23.3

4 -2 39.2 36.0 - 31.0 -22.4



142

Table o f  S tru ctu re  F actors
(continued)

h Jl Fo lFcl A B

7 -2 2 5 .9 . 2 5 .1 2 6 .3 - 4 .4

8 -2 2 4 .4 2 7 .0 - 2 5 .3 1 3 .5

2 3 17,8 22 .2 6 .8 - 2 2 .6

3 3 5 8 .5 50 .8 50.8 1 8 .1

4 3 1 7 .8 12.5 - 6 .6 11 .6

3 - 3 1 7 .0 1 9 .6 - 1 9 .1 - 8 .3

0 4 7 7 .0 39.7 - 4 0 .4 12.2

I 4 5 2 .5 5 4 .5 - 5 7 .6 6.2

3 4 7 1 .8 ■ 6 7 .O 7 1 .1 - 2 . 3

4 4 2 1 .5 2 5 .3 - 26 .2 - 6 .4

7 4 32 .6 35.8 38.0 2.0

8 4 - 2 8 .9 3 2 .1 -33.9 3.2

I -4 5 4 .0 39.2 - 4 1 .0 - 7 . 8

3 -4 4 8 .1 58.2 60 .8 - 1 0 .9

4 -4 1 1 4 .0 4 o .9 - 4 1 .7 - 12 .1

3 5 1 7 .0 2 4 .2 2 5 .3 4 .9

4 5 1 7 .8 1 4 .8 - 1 4 .7 - 5 . 6

0 6 13.3 1 4 .0 1 4 .8 1 .4

I 6 33.3 3 7 .1 - 3 9 .4 -0 .6

3 6 4 2 .1 3 1 .4 23.7 - 23 .6

7 6 2 4 .4 30.0 31.7 - 3 - 5

I -6 18 .5 1 8 .4 -9 .3 17.2

r
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Table o f S tru ctu re F actors
(continued)

h Jl F0 l F c l A B

3 -6 20 .0 2 7 . 9 2 7 . 6 - 1 0 . 7

0 -12 35.5 35/6 37 0 8 0 . 5

k  = I

.0 0 126 .5  E 221 .1 - 2 3 4 .8 - 6 .2

I 0 1 2 6 .5  E 209.4 222 .1 12 .6

2 0 4 6 .6 3 2 .5 - 2 7 .7 - 20 ,6

-2 0 4 3 .7 2 8 , 8 28 .5 11 .1

3 0 5 1 .8 8 4 .0 - 8 8 .9 8.4

-3 0 51 .1 4 i.o 4 0 .2 1 6 .9

4 0 8 5 .1 7 2 .9 7 6 . 5 11.9

-4 0 20 .0 1 2 .4 3 . 5 - 12 .7

-5 0 , 4 7 .4 5 4 .5 - 5 3 . 6 2 1 .8

6 0 2 4 .4 24 .0 - 2 3 . 8 1 OO VO

-6 0 73 .3 79 .8 8 3 . 9 - 11.8

- 7 0 9 4 .7 78.3 8 3 . 2 - 2 . 3

-8 0 30.3 3 6 .4 3 8 . 4 4.5

-2 I 25 .2 2 8 .0 E'­en1 2 9 . 5

3 I 15.5 2 4 .6 2 6 .1 - 1 .2

- 3  ' I 3 2 .6 2 1 .9 1 9 . 2 - 1 3 .1

4 I 1 4 .8 15 .1 15 .8 2 .6

I / - I 1 6 .3 2 6 .4 27 .2 - 6 . 9

2 —I 2 9 . 6 ' 1 8 .9 - 17.2 - 1 0 .4



1 #

Table o f  S tru ctu re  F actors
(continued)

h J F0 . lFd A B

-2 - I 1 1 .8 1 8 .0 15.2 - 11.5

3 - I 1 5 3 .9 9 6 .1 - 100 .9 - 15 .7

- 3 - I 1 5 .5 1 4 .0 “ 12 .3 8 .3

4 - I 9 4 .0 9 7 .7 103 .8 - 0 .8

5 - I 4 5 .1 3 0 .4 - 30 .3 - 0 .6

0 2 1 3 2 .5 1 7 1 .8 - 182 .3 - 10 .3

I  ' . 2 2 2 7 .9 2 0 2 .3 2 1 4 .8 -  9 .0

2 2 2 8 .9 2 6 .7 2 8 .0 -  4 .3

3 2 6 7 .3 7 6 .0 - 80 .2 9 .7

- 3 2 4 8 .1 4 7 .9 3 4 .8 • 3 7 .1

4 2 8 4 .4 8 2 .6 8 7 .7 3 .8

-4 2 3 9 .2 3 7 .0 - 3 3 .5 - 2 6 .7

5 2 1 2 .6 16 .7 - 17 .5

Ono1

6 2 3 8 .5 30 .8 - 30.6  ' - 11.5

-6 2 4 6 .6 4 4 .1 4 6 .0 - 9 .3

-7 2 5 0 .3 4 3 .3 - 4 6 .0 -  2 ,4

0 .-2 9 0 .3 101.4 - 107.6 -  4 .7

1 -2 1 1 7 .7 1 1 7 .9 125.1 -  7.4

2 -2 1 7 .8 2 1 .7 - 2 3 .0 2 .6

-2 -2 2 0 .7 31 .6 3 2 .1 10 .0

3 -2 1 3 4 .7  ■ 123.0 - 130.6 - 4 .6

- 3 -2 5 5 .5 4 9 .0 4 8 .0 - 20.4

k  -2  . 8 5 .8  7 9 .8  8 4 .7 - 5 .7
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Table o f S tru ctu re  F a cto rs
(continued)

h I F o If J A B

,4 -2 2 7 .4 2 8 .5 - 2 8 .6 1 0 .0

5 -2 4 l.4 3 4 .2 - 3 6 .3 2 .7

-5 -2 4 i.4 49.3 - 4 8 .2 20.7

- 6 -2 79.9 7 7 .9 81.5 - 1 4 .5

-7 -2 9 1 .0 86.8 -91 .8 8 .4

-8 -2 4 5 .1 4 4 .1 4 4 .7 -1 .4 .0

0 3 8 . 9 1 0 .0 - 9 .7 4.4

2 3 3 7 .0 2 1 .9 -22.8 4 .3

—2 3 2 3 -7 2 4 ,7 -26.2 . 1 .5

3 3 1 5 1 .7 103 .6 110 .0 - 2 .4

- 3 3 3 6 .3 ■ 4l*o 4 3 .5 - 1 . 8

4 3 1 0 7 .3 9 4 .0 -99.5 -8 .3

5 3 3 4 .8 32,2 33.5 6 .7

2 - 3 2 2 .9 3 0 .1 -31 .8 3 .1

3 - 3 1 2 .6 10.5 - 1 0 .5 3.7

- 3 - 3 32 .6 2 7 .1 - 2 8 .8 0.4

4 - 3 4 7 .3 4 7 , 7 50.7 - 1 . 1

' 5 -3 * . . 34.8 '33 .8 -33.0 -13.9

0 4 5 9 .2 58.9 - 62 .6 2.,5

I 4 90.3 95.4 100.8 -10.8

- I 4 2 8 .1 32.2 20 ,7 - 2 7 .3

2 4 48.1 3 2 .7 - 2 7 .6 21.2
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Table o f S tru ctu re  F actors
(continued)

h X F 0 M A B

-2 4 1 7 .8 16.5 8.3 1 5 .4

'3 4 1 3 4 .7 1 1 0 .2 - 117 .0 - 4 .5

- 3 4 2 0 .7 26.8 2 7 .8 6 .2

4 4 9 4 .7 94.6 100.5 1 ,4

-4 4 5 1 .1 4 7 .3 - 4 7 .6 - 1 5 .9

5 4 3 4 .0 2 8 .1 -28.5 - 8 .9

-6 4 4 5 .1 38.3 39.6 . 9.8

-7 4 25.9 2 5 .8 - 2 7 .3 - 2 .7

0 . -4 4 7 .4 33.6 - 3 5 .7 - 2 .4

I -4 59.9 6 2 .4 6 4 .9 - 13 .6

- I -4 2 1 .5 2 8 .1 29:8 - 0 .4

2 -4 2 8 .1 25.3 - 4 . 1 2 6 .6

3 -4 5 4 .0 4 2 .8 - 4 5 .0  • 6.3

-3 -4 . 4 2 .9 50.8 53.7 - 5 .1

4 -4 6 8 ;8 7 7 .0 8 1 .7 - 4 ,6

-4 -4 4 3 .7 53.0 - 5 6 .3 -2.5

5 -4 38.5 4 2 .2  . - 4 4 .8 . 1 .8

-5 -4 1 6 .3 1 4 .9 12 .1 - 10,2

-6 -4  . 4 4 .4 4 3 .1 45.8 0 .8

- 7  ' , 4 53.3 5 2 .1 -55 .P 6.2

-8 -4 2 0 .0 2 4 .8 26.3 —1 , 6

0 5 1 4 .1 19 .2 15.7 13.0
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Table o f  S tru ctu re  F actors
(continued)

X F o l Fc l A B

I 5 l 4 . l 2 5 .7 - 2 5 .5 - 9 .7

2 5 1 4 .8 1 8 .2 1 7 ,5 ■ 8 ,1

2 5 1 4 .1 1 9 .5 - 1 6 .9 - 1 2 .0

4 5 5 1 .1 5 1 .5 - 5 4 .7 - 1 .4

5 5 3 7 .7 4 2 .0 4 4 .0  . 7 .3

I -5 1 4 .1 2 2 .2 2 3 .6 - 0 . 0

2 -5 2 4 .4 3 1 .2 3 3 .0 - 3 .1

3 -5 1 8 .5 1 8 .6 - 1 7 .1  . - 9 .9

4 -5 1 7 .0 1 7 .1 1 2 .8  . 13 .0

0 6 4 3 .7 3 2 .3 - 2 5 .3 2 3 .3

I 6 56 .2 4 9 .3 5 2 .3 3 .7

I 6 21 .5 2 1 .1 16 .9 - 14 .7

2 6 4 4 .4 5 0 .6 - 5 3 .4 6 .4

3 6 5 7 .0  . 5 9 .9 - 6 3 .5 - 2 .7

3 6 1 4 .1 1 3 .1 12 .0 - 7 . 1

4 6 8 2 .1 7 1 .5 76 .0 3 .0

4 6 2 6 .6 2 4 .2 - 2 5 .2 - 5 .0

5 6 3 9 .2 3 3 .2 - 3 3 .7 - 10 .6

6 6 32 .6 3 7 .3 3 7 .4 13 .0

0 -6 1 7 .8 16 .8

ON

O
NI 1 4 .9

I -6 2 3 .7 2 6 .1 2 4 .8 - 1 2 .3

I -6 1 4 .8  ' 1 5 .0 13 .1 - 9 . 1
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T a b le  o f  S t r u c t u r e  F a c t o r s

2

i
-6

F o ■ 

2 0 .7

( c o n t in u e d )

F d
2 5 .6

A

- 25 .6

B

' 7 .5

3 -6 1 7 .0 2 4 .0 - 2 5 .4 2 . 3

4 -6 5 7 .7 6 7 .5 7 1 .6 . 4 .4

4 -6 4 8 .1 4 6 .5 t-4 6 .9 - 15.5

5 ' -6 2 3 .7 2 5 .8 - 2 7 .1 - 4 . 1

6 -6 3 3 .3 3 9 .1 3 7 .2 1 8 .5

7 -6 2 6 .6 2 2 .3 - 23 .2

CO

-=J-1

3 7 1 5 .5 16 .5 - 1 7 .5 '• 0 .2

I 8 1 2 .6 2 0 .3 2 0 .8 5 .7

2 8 1 7 .8 1 7 .6 - 10.2 - 1 5 .7

3 8 1 4 .1 2 0 .3 - 2 1 .5 0 .7

4 8 5 7 .7 5 3 .6 56.6 - 7 . 1

5 8 2 8 .1 3 4 .8 - 3 6 ,8 3 .2

3 -8 1 1 4 .7 5 0 .5 - 5 3 .0 - 8 .6

4 -8 4 1 .4 4 9 .5 5 2 .4 4 . 9

4 -8 2 5 .2 2 9 .6 - 30.2

COCOI

6 -8 27 .4 2 7 .5 29 .2 1 .7

3 9 1 4 .1 1 9 .2  . 1 9 .9 4 . 1

3 . 10 2 5 .9 17 .8 -I7.3 - 7 . 8

4 10 4 8 .8 4 3 .0 4 5 .7 1 . 8

5 10 ■ 2 0 .7 2 4 .1 - 2 5 .5 2 .6

0 12 2 3 .7 2 4 .6 - 2 5 .7 - 5=0
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Table o f  S tru ctu re F actors
(continued)

2

Jt F0 I FcI A - B

12 25 .2 2 1 .5 21.8 6.8
12 2 3 -7 2 1 .3 - 2 2 .4 -2.6
12 2 8 .1 2 7 .4 2 8 .0 8 .2

14 2 4 .4 2 3 .5 - 2 4 ,6 - 3 . 8

14 18.5 2 5 .7 26.8 4 .9 .

O 34 .0 53.9 57.2 1 .6

O 30.3 25.9 2 4 .8 -12,0

O 8 4 .4 53.3 -56.3 6 .0

O 6 7 .3 6 7 .0 - 7 1 .1 - 1 . 9

O 2 7 .4 2 7 .8 29 .2 -4 .3

O 2 9 .6 31.9 33.5. 4 .6

O 6 9 .6 5 4 .8 - 58.2 2 .0

0 • 4 2 .9 40.6 - 4 2 .8 -5 .1

O 46.6 40.9 4 3 .4 1 .7

O 28.9 29.8 2 8 .1 - 1 4 .7

I 136,9 6 8 .8 -72.6 8 .6

I 7 4 .0 4 7 .9 50.9 0 .2

I 2 2 .9 16.9 ' . - 1 7 .9 1 .8

I 30.3 35.9 -30.9 2 2 .?

I 27 .4 23,3 24 .7 - 2 .15



3-50

'TaMe o f S tru ctu re F actors
(continued)

h F0 If c I A B

6 i 17.8 22.6 -18 .2 -15 .7

I - i 26 .6 26.-5 -20 .6 -19.2

- I - i  ■ 2b. 7 22.4 -23 .2 -5 .4

-2 - i 131.7 9 6 .8 100.7 -20 .8

3 - i 40 .0 41 .8 -38 .0 23.1

-3 4 9 .6 45 .8 -47 .6 -10 .0

k -X 69.6 6 7 .9 - 6 9 .9 -18 .2

5 - I 96.2 87.5 93 .0 0 .7

6 - I 31.8 25.0 -21.4 -15 .8

I 2 30 .3 2 9 .3 2 8 .9 -11 .6

- I 2 22 .9 2 5 .3 -26 .6 - 3 . 9

-2 2 100.6 85.2 9 0 .5 - 3 . 6

3 2 28 .9 . 36.7 38 .8 3 . 9

-3 2 ■ 84.4 88 .2 - 9 3 .7 1 .8

4 2 62.2 40.2 -42 .7 -1 .4

-4 2 25.2 27 .8 26 .2 13 .8

5 2 9 .6 13 .0 13.5 2 .7

-5 2 35-5 32.7 34.1 -6 .7

-6 2 48 .8 38.7 -4 0 .8 5.2

7 2 22 .9 21.4 -18 .5 -13 .4

- 7 2 2 2 .2 19.2 20 .3 -1 .4

8 2 21.5 27 .6 2 8 .8 -5 .4
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Table o f S tru ctu re  F actors
(continued)

fa I F o If J A B

0 -2 3 4 . 8 35.0 -35.6 - 1 0 .6

I -2 1 6 .3 2 1 .8 - 2 1 . 5 8 .6

2 -2 25 .2 35.8 3 1 . 7 -21.0

-2 -2 . 9 1 . 8 80 .8 . 85.9 - 0 . 5

3 -2 47.4, 38.3 4 0 .2 6.4

- 3 -2 86 .6 67.9 -72,0 -4.0.

k -2 8 3 .6 87.9 -92.9 -9.3

5 -2 6 7 . 3 71.4 75.9 1.2

-5 -2 2 4 . 4 2 8 .1 29.8 2.3

-6 -2 5 5 .5 51.7 - 5 4 .9 0.6

7 -2 4 5 .1 48.8 - 51.1 9.2

- 7 -2 4 2 . 9 4 1 . 3 4 2 . 0 -12.8

8 -2 • 2 2 .9 2 5 .8 25.5 - 10.1

0 3 17 .0 1 7 . 7 1 .1 -18.7

I 3 33.3 22.6 23.5 4.8

- I 3 16.3 1 4 . 4  ' 15.2 1 . 9

-2 3 85.8 64,8 -67.9 l l . o

3 3 2 7 .4 24.. 7 13.9 -22.3

^ 3 3 6 7 . 3 56.1 59.6 1 .2

4 3 7 4 . 7 . 58.5 59.8 1 7 . 1

- 4 3 3 7 . 7 33.0 .-35.0 2.2

5 3 7 0 . 3 64.8 -68.8 -2.1
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T ab le  o f S t r u c tu r e  F a c to rs

h F 0

( c o n t in u e d . )

k d A B

6 3 27 .4 2 8 . 5 2 3 . 1 19.7

I - 3 2 3 . 7 ■ 1 7 . 1 1 .1 18.2

- I - 3  ■ 2 0 .0 1 5 .8 3 . 4 -16.5

-2 -3 88 .1 61 .6 6 3 . 8 ' -14.9

3 - 3i
1 1 .8 1 4 . 0 - 9 . 2 11.7

- 3 - 3 88.8 6 7 . 4 - 6 8 . 4 21.2

k - 3 3 9 .2 38.1 - 4 0 . 5 0.0

- b - 3 4 l . 4 3 7 - 9 3 6 . 7 -16.5

5 - 3  . 5 9 .2 53.9 56.9' -7  * 0

-6 - 3 2 0 .0 19.9 - 21 .1 1 .8

7 - 3 , 18.5 1 5 . 4 - 5 . 4 1 5 . 4

' I 4 4 7 .4 4 7 . 9 -49.7 10 .8

2 4 4 2 .9 3 8 . 7 36 .7 - 1.8.5

-2 4 - 91 .8 82 .3 64.9 - 21 .1

3 4 57 .7 5 5 .1 58.0 8 .2

- 3  . 4 85.8 96.5 - 101.6 - l 4 . 4

k 4 88 .1  . 76 .6 -81.1 -6.7

- k • 4 4 5 . 1 4 5 . 1 4 6 .5 1 1 .4

5 4 5 3 . 3 50.5 ' 5 7 . 8 9 . 7

-5 4 34.8 32.3 34.3 -0.2

-6 4 4 l . 4 39.0 - 4 1 . 0 6.3

7 ' 4 4 l . 4 37.0 -39.2 -3.6
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Table o f S tru ctu re  F actors
(continued)

h i F0 Ifc I A B

8 4 2 0 .0 2 2 .6 2 3 . 3 ' 5.8

I - 4 2 3 . 7 32.2 - 3 3 . 6 6 .8

- I - 4 1 4 . 1 16 .7 - 4 . 0 1 7 .3

2 -4 2 7 . 4 2 4 . 0 19.5 - 1 6 .5

-2 - 4  ' 89.5 76 .6 81 .3 - 3 . 4

3 . 4 3 1 . 1 33.8 3 2 .5 1 5 .3

- 3 - 4 82 .1 82 .0 ■ - 86.5 - 10 .7

4 -4 71 .8 ' 69 . I - 7 3 . 2 ■ 4 . 7

-4 -4 34 .8 35.9 38.1 - 1 . 7

5 - 4 65 .1 7 3 . 7 78.3 - 2 . 9

-5 - 4 30.3 2 2 .6 2 4 . 0 1 .1

-6 -4 31 .8 33.9 - 35 .9 - 3 . 0

7 - 4 2 6 .6 3 1 .4 - 32 .9 5.8

-7 - 4 18 .5 2 0 .1 21.3 1 .8

5 11 .1 1 8 .6 - 0 . 9 - 1 9 . 7

- I 5 2 4 . 4 1 8 . 9 - 7 .9 1 8 . 4

-2  . 5 36.3 39.9 39.9 - 1 4 . 3

3 5 2 4 . 4 1 9 . 6 - 17.2 - 11 .8

- 3 5 25.9 2 6 .1 16 .5 - 2 2 . 3

k 5 5 4 .0 . 50.6 . 53.8 - 2.2

- 4 5 18.5 16.9 . - 1 7 .0 -5 .9

5 5 ' 85.1 66.9 - 69 .1 .16.5
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Table o f S tru ctu re F actors
(continued)

h J • F o )F C| A B

6 5 2 2 . 9 2 6 . 2 25 .2 1 1 . 9

- 2 -5 3 9 .2 3 2 .4 “ 3 2 .4 1 1 .6

- 3 -5 3 5 .5 2 8 . 2 - 27 .3 1 2 .4

- 4 -5 36.3 3 5 . 4 37.6 - 2 . 8

-5 -5 16.3 11.6 "3*2 -11.9

-6 - 5 16.3 2 4 . 6 “19 .6 17.3

I 6 4 7 . 4 5 0 .8 “ 5 2 . 4 13 .1

2 6 39.2 4 0 . 3 42.0 " 8 .0

-2 6 32 .6 2 8 . 6 29.9 5 . 0

3 6 3 5 . 5 26.8 ' 2 8 . 4 2 .2

- 3 6 65.9 67 .6 “ 70 .6 ” 13.2

4 6 88 .1 97.2 -102.6 - 12 .0

-4 6 30.3 33.8 35.9 “2 . 8

5 6 7 7 . 0 6 8 .0 71.0 13.8

“ 5 6 21.5 23.9 2 5 . 4 0 .6

-6 6 4 1 . 4 34.7 . -36.8 - 2 . 3

7 6 4 2 . 9 53.6 . - 56 .9 3 .1

8 6 22 .2 ' 23.8 21.3 13.6

-2 -6 22 .2 30 .1 3 1 . 7 4 . 3

3 -6 1 9 .2 23.8 25.2 - 0*8

- 3 -6 6 8 .8 76.6 -79.9 - 1 5 . 7

4 -6 5 4 . 8 63.5 - 66 .6 10.9
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Table o f  S tru ctu re F actors
(continued)

h J F o lFcl A B

- 4 -6 4 8 . 1 4 0 . 0 4 0 . 7 ' 1 2 . 4

5 ' -6 46.6 49.2 51 .6 -8 .3
-6 -6 . 2 8 . 9 2 6 .8 - 2 8 .0 -5.2

4 7 25.2 2 5 .0 26.1

CO-3*I

5 7 44.4 41.9 - 4 i . i 1 7 . 3

- 7 7 21.5 1 0 .9 -9.7 - 6 . 4

I 8 12 .6 9.3 “2 . 8 - 9 . 5

2 . 8 12 .6 1 6 .4 6.8 16 .1

-2 8 2 3 .7 2 7 . 4 2 4 . 4 15 .9

- 3 8 5 1 .8 . 4 5 . 8 -48,7 0.3

4 8 67 .3 79.8 . - 8 4 . 3 -8 .7

- 4 8 . 2 0 .0 2 1 .1 2 2 . 4 1 . 7

5 8 68.8 66.0 70 .0 5 .5

7 8 22 .2 26 .2 '. -27.6 3 .5

8 - 8 .2 0 .0 2 4 . 2 2 4 . 3 8 .5

-2 '  -8 25.9 '25-. 5' 21 .7 16.2

- 3 -8 56 .2 61 .6 -63.9 - 1 4 , 2 '

4 -8 39.2 39.3 - 4 1 . 7

VOHI

- 4 -8 38.5 4 2 . 7 43.1 14.0

3 9 16 .3 21.3 -20.9 8.6

-2 10 2 6 . 6 30.0 31.9 -0.1

- 3 .10 3 6 . 3 33.3 -35.4 - 0 . 5
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Table o f  S tru ctu re  F actors
(continued)

h i f O tFcl A B

4 10 56.2 4 5 . 7 - 4 8 . 4 - 3 . 4

■ 5 10 5 3 .3 5 3 . 7 5 7 . 1 2 , 3

- 3 - 1 0 30.3 4 1 . 7 - 4 3 . 9 5 . 7

-2 12 18.5 1 9 .5 20.5 - 3 . 2

4 12 31.8 28 .0 - 2 9 . 7 - 0 . 8

■5 12 2 0 . 0 2 9 . 9 3 1 . 7 - 1 .0

k  .  3

- I 0 47 .4 4 9 . 3 50 .8 ■ - 12 .8

2 0 3 1 .8 4 7 . 9 49.1 - 1 3 . 3

-2 0 81 .4 7 3 . 6 - 7 7 . 4 11.2

4 0 1 2 .6 1 2 .6 - 0 .2 - 1 3 . 4

- 4 0 11 .1 11 .0 7 . 7 8 .8

5 0 1 9 . 2 2 1 .3 - 2 2 .6 - 0 .7

7 0 3 4 . 0 34 .7 3 6 . 7 - 2 . 9

8 0 4 8 . 1 38 .1 - 4 0 . 5 2 . 0

9 0 25 .2 15 .4 16.2 .. 2 . 8

- I I 18 .5 2 6 .6 1 8 .5 “ 2 1 . 3

-2 I 50 .3 32 .0 32.6 9 -7

- 3 I 55.5 57.2 - 5 9 . 1 l 4 . l

- 4 I 18.5 16 .6 4 . 9 - 17 .0

I  1 0 . 4  1 4 . 4  - 1 4 . 55 4 . 8
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Table o f S tru ctu re  F actors
(continued)

h i ■ F o lFcl A B

6 I 1 9 .2 2 5 . 4 2 6 .9 " 1 . 3

I - I 9 5 .5 86.9 9 1 .5 12.2

Tl - I 2 8 . 1 3 1 . 9 - 3 3 . 3 6 . 4

2 - I 3 5 .5 2 7 . 7 1 8 . 4 - 2 3 . 0

-2 - I 7 1 . 0 63.3 - 65 .7 1 4 .2

- 3 - I 5 1 .8 4 9 .5 52,2 -  6 . 4

k - I 17 .0 1 8 .0 -8 .6 1 7 . 1

5 - I 4 5 . 1 3 4 . 3 -36.4 2 . 6

6 - I 3 7 . 0 ■ 2 6 . 5 27 .2 7 .4

- I 2 4 2 . 9 3 9 . 7 38.8 16.5

2 2 25 .2 12.5 " 1 0 , 7 " 7 . 9

-2 2 83.6 6 6 .0 - 70 .0 • - 4 . 5

- 3 2 36.3 3 5 .2 36.9 5 . 8

4 2 30.3 30.6 1 5 . 7 - 2 8 . 4

7 2 18.5 2 1 .1 2 2 .3 2 . 0

8 2 4 3 . 7 4 0 .2 - 4 2 . 0 7.9

0 -2 5 8 . 5 61,5 6 4 . 1 12.8

I -2 1 0 4 . 3 102.2 - 108 .6 - 0 .5

- I -2 4 3 . 7 4 4 .5 4 7 . 3 " 0 . 3

2 -2 4 o . o 50.5 5 1 .2 «16.0

-2 -2 79.9 82 ,7 - 8 2 . 5 -30.3

3 -2 1 3 . 3 1 3 . 3 1 0 .4 9.5
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T ab le  o f S t r u c tu r e  F a c to rs
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F 0 I f = I A B

- 2 3 1 .8 3 P .2 30.6 9 . 7

-2 2 5 . 9 25.3 1 5 . 3  , 2 2 . 2

- 2 4 7 . 4 4 5 . 6 - 4 8 . 4 1 . 5

- 2  ■ 1 8 . 5 2 1 . 9 2 2 . 8 4 . 5

-2 3 3 . 3 3 0 . 1 3 1 .4 -6.2

- 2 4 6 . 6 4 3 . 6 -46,3 - I f I

3 4 7 . 4 30.9 4 , 9 . 32.5

3 1 2 6 .5 1 1 4 . 0 - 1 2 1 . 1 2 .7

3 3 1 . 8 29.9 30.2 ” 9» 8

3 . 26.6 2 0 .7 - 7 . 4  • 2 0 . 7

3 85.8 7 1 .8 7 6 .3 - 1 .0

3 90.3 80.5 -85.3 - 6 .8

? 2 5 . 9 2 1 .6 1 9 . 1 ' - 1 2 . 7

3 ■ 2 9 .6 23.8 2 5 . 3 -0 .9

3 3 1 . 1 27.2 2 8 . 8 2 . 4

3 1 4 . 8 16.5 - 10.6 - 1 4 . 1

- 3 . 1 6 . 3 9.6 - 9 . 1 - 4 .  f

“ 3 33.3 25 .4 -27.0 -0.2

- 3 1 2 .6 9.6

COCUJ -9 .8

-3 6 5 . 9 6 6 .9 -70.8 5.6

“ 3 8 9 .5 93.7 9 7 .8 . - 18 .6

- 3 2 3 . 7 27.2 r—i
COI 2 7 . 7

- 3 35.5 30.5 " 3 1 .2 8.85
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Table o f S tru ctu re  F actors
(continued)

h i F 0 lFcl A B

6 . - 3 2 5 . 9 2 5 . 9 2 5 . 0 - 1 1 . 4

0 4 6 5 .9 60.5 # . 8 8 .0

I 4 1 0 1 . 4 108 .0 - 1 1 4 . 5 7 . 7

- I 4 4 4 . 4 ' 3 0 .4 23 .2 22.5

2 4 5 7 . 7  . 4 3 . 3 4 2 . 8 - 16.7

-2 4 7 4 . 7 7 8 . 9 “ 81 .6 - 1 9 . 1

- 3 4 6 5 . 9 5 9 . 3 61.5 1 3 . 6

4 4 2 7 .4 2 9 .0 30 .0 7 . 0

5 4 4 0 . 0 4 l . o - 4 2 . 7

VOCO!

-5 4 21 .5 2 1 . 4 - 2 1 . 4 7 . 6

6 4 1 5 . 5 ' 1 8 .4 18 .7 - 5 . 8

7 4 2 4 . 4 2 6 .6 2 5 . 3 12.6

8 4 4 3 . 7  . 4 3 .7 . - 4 6 . 4 . 0 . 8

0 4 4 . 4 3 8 . 4 3 9 .4 - 10 .6

I - 4 4 o . o 5 2 . 4 - 5 5 . 2 7 . 1

- I - 4 2 0 .0 1 3 . 4 1 3 . 2 - 5 . 4

2 - 4 2 8 . 9 2 9 .8 31.6 - 3 . 0

-2 - 4 82 .9 7 1 .5 - 7 5 . 5 - 8.2

3 - 4 1 6 .3 20 .2 - 19 .6 1 CO
 

—-
3

- 3 - 4 68 .1 6 1 . 9 65 .6 5 . 1

4 - 4 1 3 . 3 1 5 . 4 16 .1 2 . 7

5 “ 4 2 8 .1 3 0 . 9 - 32 .6 - 4 . 4
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T able o f  S tru ctu re  F actors
(continued)

• h i F 0 lFci A B

7 - 4 22 .2 I 6 .3 1 7 .4 0 .

8 - 4 2 8 . 9 30.9 “ 32 .8 I .

0 5 1 7 . 8 15 .2  . -15.9 2 .

- I 5 20.0 18 .8 ‘o=
..

1 2 .

2 5 2 4 . 4 1 5 .O - 1 5 - 9 0 .

-2 5 3 7 . 7 • 3 1 .2 3 3 -1
V

" l e

- 3 5 4 8 . 1 4 4 . 9 - 4 7 . 6 3-

4 5 1 7 . 0 2 1 .0 5 - 4 “2 1 .

- 4 5 1 4 . 8 1 2 .5 13.2 “1 .

5 5 4 7 . 4 36.3 3 6 .7 “ 11 .

6 - 5 4 5 . 9 30 .8  . - 2 9 . 7 13-

-2 -5 3 7 . 7 2 7 - 9 “2 8 .5 8 .

- 3 -5 50.3 4 5 - 7 4 8 .2 - 5 .

- 4 .5 1 9 . 2 2 3 . 7 ■“2 4 . 8 "k  e

6 -5 1 4 . 8 1 4 . 8 5 - 0 - l 4 .

0 . 6 4 3 . 7 5 0 .5 5 2 . 1 - 1 3 -

I 6 5 7 - 7 43-9 ~ 4 6 .6 0 .

- I 6 2 0 .0 2 4 . 3 2 3 -5 ~10 .

2 6 3 9 .2 ' 4 3 . 4 4 5 . 9 " 4 .

-2 6 7 4 . 7 7 1 . 4 - 7 5 - 3  . - 9 .

3 6 16 .3 2 0 .7 - 21 .7 . - 3 .

- 3  6 6 5 . 9  6 l . l  6 4 . 9

9

.8

8

3

7

3

I

6

0

7

8

2

8

4

9

0

9

8

I

I

6

3 . 0
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Table of. S tru ctu re  F actors
(continued)

h J F0 ' |Fcj A B

k 6 2 8 . 1 2 1 . 8 17 .8 1 4 .7

5 6 5 7 . 7 51.5 - 5 4 . 2 - 7 . 6

- 5 6 17,8 2 4 . 1 . “2 5 . 6 0 . 7

6 6 2 2 . 2 18.5 19.6 1 . 3

T 6 3 7 .0 4 0 .5 4 2 . 8 5 .2

8 6 4 ? . 4 37.6 “ 38.6 - 1 0 . 4

0 -6 2 0 .7 2 6 .3 23 .4 1 5 . 3

I -6 2 2 .9 3 4 .1 “ 34»8 . 9.9

- I -6 16.3 18 .3 5 . 8 - 1 8 . 5

2 - 6 2 1 . 5 2 8 . 4 , 2 9 .7 5 . 7

-«2 -6 6 5 .9 68.8 - 7 1 . 2 16.2

- 3 -6 63 .6 7 4 . 8 79.3 - 4 . 5

5 -6 2 0 .7 1 6 .9 ™l6 . 9 - 6 .1

I T 17 .0 1 5 . 1 1 5 . 4 - 4 . 5

-2 7 1 6 .3 19.2  ' 18.7 - 8.2

4 7 1 1 .1 13.8 - 1 4 . 7 - 1 .2

5 7 37 .7 27 .1 2 7 . I ” 9« 9

6 7 2 4 . 4 2 6 .8 . - 1 6 , 3 23.3

0 8 1 7 .0 9.9 9.3 - 4 .9

. I 8 17 .8 26.9 -28.3 3.6

- I 8 21 .5 22 .3 2 3 . 4 -3.5

2 8 1 3 . 3 17 .O 1 4 ,2 11.2
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Table o f  S tru ctu re  F actors
(continued)

h J F 0 lF c I A ■ B

- 2 8 68.8 67.8 - 7 1 . 9 - 3 . 6

- 3 8 5 4 . 0 57.3 60.9 “2.5
k 8 2 6 . 6 2 7 .7 29 .0 5 .1

5 8 4 8 . 1 4 4 . 4 - 4 6 . 9 - 5 . 5

7 8 2 2 . 9 22.2 23 .1 - 4 . 6

8 8 3 5 .5 36 .6 - 38.2 - 7 . 0

-2 - 8 5 0 . 3 4 7 . 3 -50.2 “2 . 1

- 3 - 8 5 2 .5 54.3 57.6 -3 .9
I 9 1 4 . 8 20.0 -20.8 - 4 . 4

- I 9 1 3 . 3 12 .0 - 12 .8 OI

2 9 1 4 . 1 19.8 21 .1 0 .6

I 10 4 l . 4 4 2 . 4 - 4 1 . 2 - 18 .1

- I 10 ' 2 6 .6 20.9 2 0 . 5 ■ 8.4

2 10 1 9 . 2 ■2 1 .7 21.0 9 .6

-2 10 53.3 51 .8 -55.0 . 1 . 7

- 3 10 2 7 .4 35,3 37.1 4 . 9

4 10 16.3 19 .1 ■ 20.3 1.2

5 10 3 7 . 0 4 2 . 4 -45.0 - 2 . 7

-2 “10 28.9 35.3 -37.5

COH9'

- 3 -10 20.7 26.3 26.8 . - 7 . 6

-2 11 18.5 19.3 “2 0 .5 0 .2

I 12 4 3 . 7 33.3 “2 7 . 9 -21.9

0 .2
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Table o f  S tru ctu re  F actors
(continued)

h i

k  = 4

F 0 If J A B

0 0 2 6 .6 2 3 .0 - 1 4 . 7 - 1 9 . 5

I 0 3 6 . 3 57 .0 5 9 / 9 8 . 9

”1 0 2 6 .6 21 .5 4 . 1 . 22.5

2 0 6 4 .4 5 9 . 5  / - 6 3 . 2 2 . 5

3 0 . 1 7 .8 14.5 5 . 0 - 1 4 . 6

U 0 3 6 . 3 4 0 . 7 4 1 . 8 1 1 .0

5 0 2 0 .7 1 8 . 0 - 1 6 . 4 - 9 . 9

-6 0 3 3 . 3 2 8 . 0 2 9 . 7 2 .1

8 0 2 4 . 4 2 1 .1 2 1 . 4 6 .6

9 0 18.5 1 9 . 6 - 2 0 . 1 “ 5»1

2 I 18.5 2 1 .6 22.6 O%

-2 I 1 4 . 8 17 .7 - 16.7 8 .7

I - I ■ 6 0 .7 7 4 .0 - 7 8 . 6 - 3 . 3

2 - I 6 1 . 4 3 9 . 6 3 7 .0 20.2

-2 - I 32 .6 31.4 3 1 . 1 1 2 . 3

3 - I 2 0 . 7 2 3 . 3 - 1 6 . 2 - I S .  7

- 3 - I 16 .3 17 .2 - 1 7 . 6 - 5 . 0

0 2 2 0 .7 2 2 .7 - 12 .8 -20  • 5

- I 2 3 3 . 3 21.5 - l 4 .6 - 17 .6

2 2 5 0 . 3 4 6 . 8 “ 4 8 . 3 1 1 .7

3 ■ 2 31 .8 3 1 .2 ^  1 7 . 9 " 2 7 . 9
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Table o f  S tru ctu re  F actors
(continued)

X F o l F c  I A

2 ‘ 88 .1 65 .4 5 1 . 1

2 3 0 . 3 31.5 - 2 8 . 8

2 3 5 . 5 29 .7 - 3 0 . 1

2 3 6 . 3 2 9 . 5 3 1 . 1

2 4 3 . 7 2 8 . 7 3 0 .3

2 2 0 . 7 16 .9 - 15.8

“2 3 7 . 0 3 1 . 1 “2 9 . 7

-2 6 9 . 6 7 4 . 3 7 7 . 9

-2  . 4 2 . 9 3 4 . 9 - 3 2 . 4

-2 7 4 . 7 68.5 - 7 2 . 6

~2 27 .4 2 3 . 4 18.2

-2 2 2 . 9 1 9 . 1 ■=2.9

- 2 ' 3 1 . 8 2 7 . 5 - 29 .1

n2 3 4 . 8 3 8 . 0 - 3 9 . 8

-2 3 0 . 3 2 3 . 5 2 4 . 2

-2 17 .8 1 7 .8 1 7 .4

-2 1 9 . 2  . 2 0 .1 - 2 0 . 9

3 1 8 .5 1 8 .1 11 .1

3 69 .6 8 3 . 6 8 8 . 8

3 6 l . 4 4 9 . 4 - 4 6 . 1

3 4 2 . 9 4 5 . 9 - 4 6 . 7

3 2 5 . 9 2 7 . 7 9 . 8

B ■ 
4 7 . 1  

- 1 7 . 1

9 . 6  

- 3 . 6  

- 3 . 9

8.6 

1 4 .4  

12 .8

- 18.1 

“ 4 . 4  

17.0  

- 20.1 
- 1 . 4 '  

6.6 

6.1

7 -5  

= 4 .8

- 1 5 . 7

0 . 4

- 2 5 . 2

- 1 4 . 2

2 7 . 8
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h Jl
-3

1

2

-2

“ 3

O

3

- 3

- 3

- 3

- 3

4

I

- I

2

-2

■ 3 

4

4 

4 

4 

■ 4 

4 

4

5 4

~5

-6

8

9

I

- I

2

-2

4

4

4

4

- 4

- 4

- 4

*»4

- 4

Table o f  S tru ctu re  F actors
(con tin u ed )

F 0 I Fc I A

34.8 3 5 . 7 3 1 .5

3 7 . 0 4 3 . 6 -46.3

39.2 35.2 36.2

4 2 . 2 4 9 . 8 5 2 .5

2 9 .6 25.8 " 2 6 .3

32.6 27.1 - 2 6 .7

82.9 74.9 78.3

52.5 . 60.5 -44 .8

7 7 - 7 76 .0 - 8 0 . 7

4 1 . 4 42.8 38.3

2 6 .6 22.8 d3.9

18.5 23.8 3.8

22.2 16 .0 - 1 6 . 1

28.1 21.5 - 22.2

22.2 23.1 2 4 .4

3 5 -5 23.7 24.8

2 8 . 9 17 .6 ' -18.7

63 .6 73.5 7 8 .1

48.8 4 6 . 1 - 4 7 . 3

73.3 6 7 . 4 - 7 1 . 1

51.8 47.3 49.6

4 0 . 0 33.7 35.6

B

21.1

0 .9

- 9 . 3

“ 6 . 9

7 . 7

10.8

1 4 . 1

- 4 6 . 1

“ 3.2

24.6

“ 3.8

2 5 . 0

-5 .5

- 5 . 4

2.5

- 4 . 7

1.6

1.8

- 1 3 . 0

7.8

- 8.0

3.64
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Table o f S tru ctu re  F actors
(continued)

h F0 If J A B

5 r 4 3 5 .5 3 4 . 4 “ 3 5 .5 8.9

5 - 4 2 8 . 9 27.9 -29.1 - 5 . 6

6 “ 4 2 8 . 1 26 .2 2 7 . 9 - 0.-2

0 ' 5 2 2 .2 23.1 19.5 15 .0

I 5 4 8 . 1 4 4 . 8 4 6 . 9 " 8 . 3

2 . 5 6 2 .9  . 5 1 . 6 -53.2 13.0

2 5' 3 4 .0 3 1 . 3 “ 3 1 . 3 - 1 1 . 3

3 5 . 12 .6 1 2 .6 -11.6 6.8

3 5 25 .2 26 .2 27.0 6.8

I  ■ -5 1 4 . 1 .11.1 - 11 .1 - 4 . 0

2 - 5 16 .3 20 .6 21 ,8 1 0 03

0 6 12 .6 2 1 .7 - 2 1 .7 7.9

I 6 . 7 7 - 7 . 7 3 . 8 7 8 .4 -1 .0

I 6 59.2 50,7 -53.0 9.4

2 6 88.8 82.1 -87.2 -4.2

2 6 5 5 .5 51.3 5 4 . 6  • 0.9

3 6 31 .8 38.6 4 0 . 7 5.4

5. 6 22 .2 2 1 . 4 -20.0 10 .8

8 6 2 1 . 5 19.4 19.8 5.8

9 6 25.9 27.7 -28.9 -5 .9

I -6 5 7 . 0 66.4 69.2 -13.7

I -6 25.2 2 4 . 4 -24.5 8.7
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Table o f  S tru ctu re F actors
(continued)

h A F0 |FC| A B

2 -6 5 9 . 2 6 4 .5 -67.5 12 .2

-2 -6 36.3 36.7 3 3 -7 - 19 .6

4 -6 2 5 . 9 2 6 .7 26.9 - 9 . 0

I 7 1 1 .8 9.5 4 . 6 -8 .9
2 7 . 25.2 22.6 - 2 1 . 4 11 .1

I 8 .7 5 -5 7 7 . 7 81.2 - l b .  6

- I 8 4 5 . 9 4 6 . 0 - 4 7 - 9 9 . 7

2 8 73.3 7 4 . 6 -79.3 -1 .6

—2 8 . 4 5 . 1 37.-5 39.8 - 2 , 4

3 8 2 9 .6 2 0 . 4 21.2 - 4 . 1

4 8 3 1 .8 33.6 3 4 . 9 - 7 . 6

5 8 ' 30l3 2 7 .6 - 2 8 .9 4 . 9

I ■ - 8 4 8 . 1 5 6 . 7 59.3 - 10.5

2 -8 4 8 . 1 50.9 - 5 4 , 0 2 . 0

2 ,9 15.5 1 5 . 4 - 1 4 . 5 - 7 . 5

3 9 1 4 . 1 17.7 18.8 0.5

I 10 68.8 6 5 .4 . 69.2 6.3

- I 10 2 6 .6 26.8 -26.8 - 9 . 6

2 10 8 2 .1 7 1 .4 - 7 4 . 7 - 1 3 . 0

-2 10 2 6 .6 29.9 3 1 .6 “ 3 . 7

3 10 2Q.0 1 4 . 3 8 . 4  - 12 .6

4 10 1 5 . 5 20.6 21 .9 1 . 4
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Table o f S tru ctu re  F actors
(continued)

h J - F o l F c l A B

I 12 39.2 33.9 3 2 .7 15 .0

2 12 4.5. 1 37.3 - 36.0 - 16 .6

k  = 5

I 0 1 0 . 4 10 .8 - 0 . 3 - - 11.5

- I ' 0 4 9 . 6 4 6 .2 - 4 9 . 0 -2 .9

2 0 2 2 .9 19,6 1 . 5 2 0 .8

-2 0 33.3 36.2 37.0 10,2

3 0 2 4 . 4 20.6 - 2 1 .8 0 .6

k 0 2 0 .7 24,9 - - 22 .3 - 1 4 . 3

-U 0 21.5 19 .6 - 1 9 . 1 C
D Cd

5 0 6 i.4 4 7 . 5 ' 49.2 11.2

-5 0 3 4 .0 28.6 28.4 1 0 . 9

6 0 54.8 40.8 - 4 3 . 3 0 .5

-6 0 2 2 . 9 19.2 -17.9 - 9 « 8

3 ■ I 1 4 . 8 15.6 16.6 - 1 . 3

I - I 2 8 . 9 ■ 25.0 2 6 . 4 3.4

2 ■ - I 6 7 . 4 68 ,8 -71.9 . - 12 .8

3 - I 3 7 . 7 30.8 # . 3

O
OLrx

- I 2 4 9 . 6 4 0 . 3 - 42 .7 3 .4

-2 2 30.3 3 1 . 9 29.9 . .1 5 .9

3 2 7 . 4 13.7 1 00 u> -11.9

b 2 35.5 36 .6 - 2 5 . 3 -29.6
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Table o f  S tru ctu re  F actors
(continued)

h J F o l F c l A . B

-4 2 2 8 . 9 31 .9 - 29.2 17 .3

5 2 7 4 . 7 69 .1 • 7 1 .2  ■ 1 7 .9

-5 2 • 4 o ; o 40 .7 4 3 .2 - 0 . 9

6 2 6 2 .9 4 6 . 9 - 4 7 . 6 - 1 4 . 9

I -2 2 5 . 9 2 6 . 4 - 26 .1 - 10.2

2 -2 4 4 . 4 5 2 . 9 5 6 .2 - 0 .9

-2 -2 3 8 . 5 3 7 .2 3 9 . 0 6 . 2

3 -2 3 8 .5 3 1 . 9 - 3 3 . 8 3 .4

4 -2 2 4 . 4 . 2 6 . 6 - 2 8 . 1 ' - 2 .6

-4 —2 25.2 2 4 . 3 - 2 5 ..O 6.2

5 -2 5 5 , 5 5 1 . 3 5 3 . 9 7 .9

- 5  • , 2 4 2 .2 2 9 . 7 31.6 0 .7

6 -2 3 8 . 5 36 .0 - 3 7 . 1 9 . 3

I 3 . 2 3 . 7 2 1 . 7  • - 2 3 .0 - 0 . 8

2 3 5 8 . 5 5 6 .7 56.2 21 ,7

3 3 3 0 . 3 2 9 .0 - 21 .0 - 22.5

I -3 1 9 .2 1 5 .5 1 4 . 9 6 . 9

2 - 3 4 8 . 1 42.5 - 4 3 . 3 1 2 .9

3 - 3  ' 2 8 . 9 3 0 .4 3 2 . 3 0 .6

I ' 4 25 .2 28.5 - 3 0 . 3 1 .2

2 4 4 4 . 4 5Q .6 5 3 . 7 -  2 .7

-2 4 3 5 . 5 2 7 .6 2 4 .5 ' - 16.1
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Table o f  S tru ctu re F actors
(continued)

h J Fo If J A B

3 4 4 o . o 32 .1 - 29 .7 - I 6 .9

4 4 1 9 . 2 18.0 - 18 .9 - 2 . 7

- 4 4 30.3 32 ,4 -30.6 16.0

5 4 79.9 6 4 .5 68.3 5 . 0

-5 ■ 4 4 2 .2 38.8 4 i . o - 3 . 6

6 4 6 l . 4 4 o . 6 43.0 • 2 . 1

I -4 3 1 . 1 3&.9 - 4 l . l 4 . 9

2 -4 5 2 . 5 7 4 . 9 79.6 2 .2

-2 -4 33.3 3 3 -2 3 2 .5 . 1 3 ,5

3 - 4 2 3 . 7 2 7 . 7 - 29 .0 5 . 0

- 3 -4 2 3 - 7 19.9 - 21.2 - l . l

4 -4 31 .1 2 6 .1 - 2 7 . 7 ^2 .5

-4 -4 25 .2 22 .5 -23.9 1 . 0

5 - 4 58.5 51 .6 5 4 .5 5.5

-5 - 4 4 2 . 9 40.8 4 3 . 0 -5.2

6 -4 34.0 3 1 .2 - 3 2 . 7 - 5 .4

I 5. 3 1 . 1 32.0 - 3 3 . 2 7.2

2 5 82.9 68.0 69.0 “2 1 ; 5

3 5 4 2 .2 4 4 . 0 - 4 6 . 6 3 . 7

I 6 39.2 43.8 - 4 6 . 6 0 . 7

2 6 68 .0 6 4 . 3 68.2 3 .2

-2 -6 2 0 .7 2 4 . 0 23.3 - 1 0 . 4
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Table o f S tru ctu re  F actors
(co n tin u ed )

h I Fo l F c ! A B

3 6 5 7 . 0 52.5 - 5 5 17 - 3 . 1

4 6 1 4 . 8 16 .0 - 1 3 . 6 1 0 . 1

5 6 60 .7 49.8 5 2 . 9 - 0 .0

-5 6 25 .2 32.2 3 4 . 0  . 4 . 0

6 6 48.8 4 o . o - 4 1 . 7 8 .3

I -6 . 2 3 .7 3 0 . 4 - 2 9 .8 12.5

2 -6 45.1 4 4 .5 4 6 .2 - 1 0 .1

3 -6 19.2 2 4 . 4 - 2 4 . 4 9.0

4 -6 16 .3 1 7 . 8 . -18.9 - 0.5

5 -6 3 7 . 0 3 4 . 6 36.0 - 7 .3

-5 -6 2 6 .6 33.3 35.2 -3.3

2 r > 5 .1 4 5 . 3 3 8 .4 -28.9

3 7 3 7 - 0 39.6 -39.8 13.5

I 8 3 4 . 0 30.9 - 3 2 . 9  ' 0 .9

2 8 7 3 . 3 7 7 . 8 82.6 I H -F
T

3 8 49.6 ' 49.9 -52.0 10.2

4 8 29.6 29.4 -29.9 -9.0

5 8 65 .1 5 7 . 6 60.0  ‘ 11.9

6 8 48.8 34.9 -35.6 -10.2

2 -8 2 1 . 5 3 0 .1 30..6 -9.4

I 10 2 9 . 6  • 29.4 -31.0 ■4.5

2 10 7 4 . 0 62.3 65.9 -6,7
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Table o f  S tru ctu re F actors
(continued) ^

h i F0 tFJ A B

3 10 4 l . 4 3 6 .8 ■"39.0 2 . 0

5 10 4 3 . 7 3 7 . 6 3 9 . 1 8 .1

6 10 2 5 . 9 2 0 .8 - 16.6 - l 4 . 6

I 12 2 0 .0 2 0 . 3 - 20 .5 6 . 9

2 12 3 5 .5 3 0 . 3 32.2 1 . 4

3 12 2 2 . 9 2 3 . 6 “2 3 . 7 - 8 . 4

5 12 ' 1 7 .8 10 .6 11 .2 - 1 .6

k  = 6

- I 0 66 .6 67 .6 69.3 19.2

-2 0 68 .1 6 9 .8 - 74.2 - 0 .3

- k 0 25 .2 2 1 .0 2 0 .1  ' - ' 9.7

5 0 4 2 . 9 3 9 . 6 - 4 0 . 7 - 10 .6

-5 0 2 4 . 4 1 7 . 3 - 15.8 - 9 . 4

6 0 5 1 . 1 5 2 . 3 5 5 ,5 0 . 8

7 0 2 8 .9 2 8 . 6 - 3 0 . 3 - 1 .7

8 0 1 5 .5 8 . 4 - 4 . 0 8 .0

9 0 1 6 .3 19 .O 19 .8 3 . 9

3 I 1 4 . 8 1 3 . 9 - 1 2 . 4 8.0

' 5 I 1 1 .1 12.5 - 0 .1 - 13.3

2 - I 1 3 . 3 11.6 1 1 . 4 4 . 7

3 - I 22 .2 2 1 .7 - 22 .3 - 6 .0

0 2 1 9 . 2 2 5 . 8 - 1 3 .8 -23.7
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Table o f  S tru ctu re  F actors
■ (continued)

h I F 0 I f = I A B

- I 2 7 4 . 7 6 4 . 3 66.9 13.6

-2 2 6 4 . 4 57.9 -59.7 -15.2

- 4 2 27.4 30.7 31.5 8.4

5 2 5 1 . 1 42.6 ~ 4 2 .4 “1.6,0

6 2 82.1 80.5 85.3 6.7

7 2 53.3 45.9 “4 8 . 1 -8 .3

9 2 20.7 22.4 23.3 -4.5

- I -2  ■ 4 6 . 6 53.0 55.6 9.2

-2 -2 4 4 . 4 39.1 “4 0 .5 -9.1

3 - 2 11.8 13.4 12.5 -6 .8

-4 ~2 24.4 19.5 20.1 5.1

5 -2 34.8 25.7 -27.2 1.8

6 -2 . 31 .8 33.7 35.8 -0.3

2 3 15.5 21.3 -22.7 -0.5

-2 3 19.2 19.3 13.3 15.7

3 3 1 4 . 8 16.2 14.7 9.0

3 ” 3 18.5 10.3 “ 1 0 . 4 -3.5

0 4 20.0 22.3 -20.8 11.3

- I 4 4 1 . 4 42.6 45.0 -5.6

-2 4 43.7 31.8 -32.8 “8,2

3 4 8.9 13.6 6.2 13.0

-4 4 33.3 31.1 32.9 -2 .8
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Table o f S tru ctu re F actors
(continued) ■

h F0 )Fcl A

5 4 48.8 36.8 -39.0

-5 4 2 0 .0 2 1 . 4 -22.6

6 4 77.7 80 .0 8 4 . 8

7 4 4 8 . 1 4 6 . 9 -49.8

9 4 2 0 . 7 1 9 . 4 2 0 .6

- I -4 37.7 3 7 . 6 4o.o

“2 - 4 30.3 28,0 =29 .4

- 4 - 4  . 19.2 19.9 2 1 .0

5 - 4 2 6 .6 28.8 -30.4

6 - 4 19.2 1 6 .9 1 6 . 9

2 5 2 2 .9 23.8 - 1 7 . 1

3 5 3 4 . 0 33.7 # . 9

0 6 17 .0 2 2 .8 -22.4

- I 6 3 4 . 0 4 0 . 3 4 2 .2

-2 6 28.9 3 4 .4 -36.5

3 6 22 .2 25.2 21.0

5 6 4 2 . 2 38.2 ™4o. 6

6 6 50.3 4 8 . 1 51.0

7 6 32.6 2 0 .9 -19.7

9 6 16.3 18.7 19.9

“ X _6 21.5 30.5 3 2 .4

■»2 -6 25.2 ' . 31.5 -33.4

B

-2 .3

-s .7

- 5 . 4

1 . 9  

- 1 . 9 

- 1 . 7  

“ 4 . 1

-2.5

3.0

6.3

“ l 8 . 6

-11.3

9.3 

-7 ,0

2.2

- 16.5

0 . 5

- 4 . 6

1 0 .3

-0 .3

-2 .3

2.7
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Table o f S tru ctu re F actors
(continued)

J F o . lFci A B

7 2 6 . 6 2 0 . 2 19.4 -9.3

8 2 2 . 2 1 9 . 2 - 2 0 . 4 - 0 . 2

8 3 4 . 8 3 9 . 1 4 1 . 0 7 .1

8 2 2 . 2 30.7 - 2 8 . 2 - 16 .4

8 2 1 . 5 2 4 . 7  ' 26 .1 2 . 6

8 42.9 3 2 .7 - 3 2 . 1 -13.3

8 . 37.7 ■31.0 . 27.5 1 8 .1

10 2 0 .0 21 .1 21.5 6 .6

10* 1 4 . 1 1 8 . 9 19.5 4 . 9

10 3 2 .6  " 2 4 . 2 - 2 4 .9 - 6 . 4

10 2 2 . 9 . 1 9 .8 1 4 . 7 1 5 . 1
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