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PART I

THE CRYSTAL AND MOLECULAR STRUCTURE OF TRICYCLO- 

[ 4 .4 .2 .0 ^ ’^ ] DODECA-3, 8 -D IE N E -ll, 12-DIONE

CHAPTER I

INTRODUCTION

T ric y c lo  [ 4 .4 .2 .0 ^ ’^ ] d o d e c a - 3 ,8 -d ie n e - l l ,1 2 - d io n e ,

i s  one o f  a s e r i e s  o f  t r i c y c l i c  compounds s y n th e s iz e d  by B loom fie ld  

1 2and co -w o rk e rs . ’ The v i s i b l e  and u l t r a v i o l e t  a b s o rp tio n  s p e c t r a  

o f  t h i s  compound as w e ll  as  i t s  d ih y d ro  and te tr a h y d ro  d e r iv a t iv e s
3

have a l s o  been  r e p o r te d .  The t i t l e  compound and i t s  d ih y d ro  d e r iv a ­

t i v e  show a b s o rp tio n  bands f o r  e l e c t r o n i c  t r a n s i t i o n s  a t  u n u su a lly  

long  w a v e le n g th s , compared to  o th e r  u n s u b s t i tu te d  a -d ik e to n e s .

To i n v e s t ig a t e  th e  cause  f o r  t h i s  red  s h i f t ,  a s  w e ll  as o th e r  i n ­

t e r e s t i n g  f e a tu r e s  o f  th e  low -energy  a b s o rp tio n s  o f  th e s e  t r i c y c l i c  

d ik e to n e  system s in  g r e a t e r  d e t a i l ,  i t  was deemed n e c e s s a ry  to  o b ta in  

more in fo rm a tio n  abou t t h e i r  m o le c u la r  c o n fo rm a tio n s . The c r y s t a l  

s t r u c t u r e  o f  th e  t i t l e  compound was th e r e f o r e  d e te rm in ed  to  y i e ld  

p o s s ib le  c lu e s  abou t th e  m o le c u la r  c o n fo rm a tio n s  in  s o lu t i o n .



CHAPTER II

EXPERIMENTAL

A sam ple o f t r i c y c l o [ 4 . 4 .2 . 0 ^ ’^ ]d o d e c a - 3 ,8 -d ie n e - l l ,1 2 - d io n e ,  

h e n c e fo r th  to  be c a l le d  2DB, w ith  a 1°C m e ltin g  p o in t  ran g e  was su p p lie d  

by B lo o m fie ld .^  C ry s ta ls  w ere o b ta in e d  by slo w ly  c o o lin g  a  s o lu t io n  o f 

2DB in  r e d i s t i l l e d  n -h ex an e  from 25°C to  0°C o v er a p e r io d  o f  two days. 

P l a t e - l i k e  c r y s ta l s  w ere o b ta in e d  in  t h i s  m anner. They showed n arro w , 

sym m etric  d i f f r a c t i o n  peaks and were ju d g e d  s u i t a b l e  f o r  d a ta  c o l l e c t io n .

S p e c ia l  c a re  had to  be tak en  w ith  t h i s  compound due to  i t s  r e l a ­

t i v e  i n s t a b i l i t y .  The p in k  c r y s ta l s  o f  2DB showed a w h i te ,  powdery 

d e p o s i t  on th e  edges a f t e r  one d a y 's  ex p o su re  to  an open a tm osphere a t  

room te m p e ra tu re . A s o lu t io n  o f  2DB w i l l  co m p le te ly  d e c o lo r iz e  w ith in

a day a t  room te m p e ra tu re  when exposed to  l i g h t .  T h is  d eco m p o sitio n

7 8i s  due to  d e c a rb o n y la tio n  and i s  a c c e le r a te d  by l i g h t .  ’ When p ro te c te d  

from  l i g h t  and s to r e d  in  a f r e e z e r ,  c r y s t a l s  and s o lu t io n s  o f  2DB have 

rem ained  s t a b l e  fo r  ex ten d ed  p e r io d s  o f  tim e . C o n seq u en tly , c r y s t a l s  

w ere s to r e d  a t  low te m p e ra tu re s  and o n ly  used in  subdued l i g h t  as much 

as p o s s ib le .

A method was so u g h t w hich would r e t a r d  th e  c r y s t a l  deco m p o sitio n  

and a llo w  d a ta  ta k in g  a t  room te m p e ra tu re . For t h i s  p u rp o s e , i n t e n s i t i e s  

o f  s e v e r a l  r e f l e c t i o n s  w ere m on ito red  a s  a  fu n c tio n  o f  t im e . F or c r y s t a l s

2
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k e p t a t  room te m p era tu re  in  subdued l i g h t ,  and on ly  i n t e r m i t t e n t l y  

exposed to  x - r a y s ,  an av erag e  i n t e n s i t y  lo s s  o f abou t 1% p e r  h o u r was 

o b ta in e d . T h is i n t e n s i t y  lo s s  was o n ly  s l i g h t l y  g r e a t e r  when c r y s ta l s  

w ere k e p t in  th e  x - ra y  beam c o n tin u o u s ly . F or b e t t e r  p r o te c t io n  a g a in s t  

l i g h t ,  a new c r y s t a l  was co m p le te ly  c o a te d  w ith  In d ia  in k  and p la c e d  

in  th e  x -ra y  beam f o r  sev en  h o u rs . The av erag e  i n t e n s i t y  lo s s  o f  f iv e  

r e f l e c t i o n s  was 0.7% p e r  h o u r , s t i l l  f a r  to o  ra p id  f o r  s a t i s f a c t o r y  

d a ta  ta k in g . C ry s ta ls  s e a le d  in  an in k -c o a te d  g la s s  c a p i l l a r y  tu b e  

showed an average  i n t e n s i t y  lo s s  o f  0.6% p e r  hour d u rin g  t h i r t e e n  hours 

o f co n tin u o u s  x -ra y  e x p o su re .

A new c r y s t a l  o f  2DB was m ounted on a  gon iom eter and co a te d  

w ith  a th in  la y e r  o f  h a i r  s p ra y . D uring e le v e n  h o u rs  o f co n tin u o u s  

x - ra y  ex p o su re , f i f t e e n  r e f l e c t i o n s  w ere m o n ito red . An av e rag e  i n t e n s i t y  

d e c re a se  o f on ly  0.03% p e r  h o u r was o b ta in e d .  T h is  seemed to  be a  s a t i s ­

f a c to r y  way to  p re s e rv e  th e  c r y s t a l  a t  room te m p e ra tu re  and was conse­

q u e n tly  used w ith  th e  d a ta  c r y s t a l .

A ll d i f f r a c t i o n  work was done w ith  th e  G enera l E l e c t r i c  XRD-5

d i f f r a c to m e te r ,  u s in g  CuK^ r a d ia t io n  and n ic k e l  f i l t e r s .  The d i f f r a c t i o n

p a t t e r n  o f  2DB showed th a t  th e  c r y s t a l  b e lo n g s  to  th e  m o n o c lin ic  system
o o

w ith  th e  approx im ate  u n i t  c e l l  d im ensions a  = 7 .38  A, b = 11 .49  A,
O Q

c = 12 .92  A, and 8 = 115.52  . S y s te m a tic  absen ces  w ere found in  th e  hO& 

zone fo r  th o se  r e f l e c t i o n s  where £ i s  odd and fo r  OkO r e f l e c t i o n s  w ith  k 

odd. T h is  in d ic a te d  th a t  th e  space  group i s  P 2 ^ /c . The c r y s t a l  d e n s ity  

was m easured by th e  f l o t a t i o n  method u s in g  an aqueous p o ta ss iu m  io d id e  

s o lu t io n .  The e x p e r im e n ta l v a lu e  o f  1 .251  g /c c  ag ree d  re a s o n a b ly  w e ll  

w ith  th e  c a lc u la te d  d e n s i ty  o f 1 .264  g /c c ,  b a sed  on th e  ap p rox im ate  u n i t
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c e l l  p a ram ete rs  and fo u r  m o lecu les o f  ^^2^ 12^2 u n i t  c e l l .

The tw o - th e ta  v a lu e s  o f 38 r e c ip r o c a l  l a t t i c e  p o in ts  w ere accu­

r a t e l y  m easured , u s in g  a  1° ta k e - o f f  a n g le ,  and used  i n  a le a s t - s q u a r e s  

c e l l  re f in e m en t p rogram . (A l i s t  o f  a l l  program s used  i s  p re s e n te d  in  

Appendix A .) The im proved u n i t  c e l l  p a ra m e te rs  and c a lc u la te d  c r y s t a l  

d e n s ity  are  hown in  T ab le  1.

The d i f f r a c t i o n  i n t e n s i t i e s  o f  h k & and h k & r e f l e c t i o n s  w ith  

20 < 140° w ere m easured as in te g r a te d  i n t e n s i t i e s  u s in g  a  th e ta - tw o  

th e t a  scan  a t  a 2° t a k e - o f f  a n g le . T h is  encom passed 1870 in d e p en d en t 

r e f l e c t i o n s ,  e x c lu d in g  th e  s y s te m a tic  a b se n c e s . Each d i f f r a c t i o n  in ­

t e n s i t y  was c o r re c te d  f o r  background r a d ia t io n  by m easuring  th e  i n t e n s i t y  

a t  each  s id e  o f th e  peak f o r  h a l f  o f  th e  s c a n n in g  tim e and s u b t r a c t in g  

t h i s  q u a n t i ty  from th e  t o t a l  peak i n t e n s i t y  to  y ie ld  a  n e t  d i f f r a c t i o n  

i n t e n s i t y .  Of th e  1870 i n t e n s i t i e s  m easu red , 131 w ere c o n s id e re d  to o  

weak to  be o b se rv ed . They showed a n e t  d i f f r a c t i o n  count o f  sev en  o r  

l e s s  and a  v a lu e  o f  seven  was a s s ig n e d  as  t h e i r  n e t  d i f f r a c t i o n  in t e n ­

s i t y .

Two c r y s ta l s  w ere re q u ire d  to  m easure a l l  d i f f r a c t i o n  i n t e n s i t i e s .  

They w ere o f  s im i la r  sh a p e , i r r e g u l a r  f l a t  p l a t e s ,  and o f  s l i g h t l y  d i f ­

f e r e n t  s i z e .  The f i r s t  c r y s t a l  m easured 0 .6 9  by 0 .5 5  by 0 .1 9  mm w h ile  

th e  d im ensions o f  th e  second c r y s t a l  w ere 0 .69  by 0 .5 2  by 0 .2 9  mm. Each 

c r y s t a l  was co a ted  w ith  a th in  la y e r  o f  h a i r  sp ra y  a t  th e  s t a r t  and k e p t 

In subdued l i g h t  a t  a l l  tim e s . The i n t e n s i t i e s  o f  987 r e f l e c t i o n s  were 

m easured on th e  f i r s t  c r y s t a l  and 883 on th e  second c r y s t a l .  The in t e n s i t y  

o f  one r e f l e c t i o n  was m easured a f t e r  ap p ro x im ate ly  each  h o u r o f  x - ra y  

exposu re  and used  to  s c a le  th e  i n t e n s i t i e s  to  c o r r e c t  f o r  c r y s t a l  decom-
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TABLE 1 

UNIT-CELL DATA

Space Group P 2 ^ /c  

4 M olecu les in  th e  U n it C e l l  

U n it-C e l l  D im ensions

a = 7 .438  ± 0.003A

b = 11.539 ± 0 .005

c = 12.935 ± 0 .005

3 = 116.22  ± 0 .0 2 °

R e c ip ro c a l U n it-C e l l  D im ensions 

a* = 0 .14987 ± 0 .0 0 0 0 4 (A )"^

b* = 0.08666 ± 0 .00004  

c* = 0 .08618  ± 0 .00002

3* = 63 .78  ± 0 .0 2 °

C ry s ta l  d e n s i ty

M easured = 1 .2 5 1 g /c c  

C a lc u la te d  = 1 .255 

U n i t -C e l l  Volume = 995 .9  

F (0 ,0 ,0 )  = 400 

E q u iv a le n t P o s i t io n s

( x , y , z ) ,  (-x ,y+ % ,% -z), 

( - x , - y , - z ) ,  (x,% -y ,î$+z)
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p o s i t i o n .  In  a d d i t io n ,  th e  i n t e n s i t i e s  o f te n  r e f l e c t i o n s ,  on o r  n e a r  

th e  r e c ip r o c a l  c r y s t a l  a x e s ,  w ere m easured a f t e r  ev e ry  fo u r  h o u rs  o f 

x - ra y  e x p o su re . Only a s m a l l ,  g e n e ra l  d e c re a se  in  d i f f r a c t i o n  i n t e n s i ­

t i e s  was o b ta in e d  f o r  th e s e  r e f l e c t i o n s  w ith  x - ra y  ex p o su re  t im e . T h is  

d e c re a se  was more pronounced f o r  th e  second  d a ta  c r y s t a l ,  ap p ro x im ate ly  

10% when th e  c r y s t a l  was d is c a rd e d . C ry s ta l  d eco m p o sitio n , ev id en ced  

by a w h ite ,  powdery d e p o s i t  on th e  c r y s t a l  e d g e s , was a ls o  more p ro ­

nounced f o r  th e  second  c r y s t a l .  Each c r y s t a l  was exposed  to  x - ra y s  f o r  

ap p ro x im a te ly  80 h o u rs .  The m osaic  sp re a d  was s im i la r  f o r  b o th  c r y s t a l s  

and was checked a t  th e  b e g in n in g  and c lo s e  to  th e  end o f  d a ta  ta k in g .

A change in  (j) (w f o r  OkO r e f l e c t i o n s )  o f  0 .4 5  d eg ree s  from  one b ase  o f 

a peak  to  th e  o th e r  f o r  a  new c r y s t a l  in c re a s e d  to  0 .7 5  d eg ree s  a f t e r  

n e a r ly  80 h o u rs  o f  x - ra y  e x p o su re . These v a lu e s  w ere n e a r ly  i d e n t i c a l  

in  th e  d i r e c t io n s  o f  th e  th r e e  r e c ip r o c a l  a x e s . The f i r s t  d a ta  c r y s t a l  

was d is c a rd e d  a f t e r  abo u t 80 h o u rs  o f  x - ra y  ex posu re  due to  th e  marked 

in c re a s e  in  m osaic  s p re a d . T liis r e s u l t e d  i n  q u i te  b ro a d  d i f f r a c t i o n  

peaks and slow ed th e  d a ta  c o l le c t io n  p ro c e s s  c o n s id e ra b ly .

T h ir ty -o n e  common r e f l e c t i o n s  w ere m easured on b o th  c r y s t a l s  to  

a llo w  th e  two d a ta  s e t s  to  be s c a le d  to  a  common b a s e . The i n t e n s i t i e s  

o f  m ost r e f l e c t i o n s  w ere m easured w ith  a  common tu b e  c u r r e n t  and n ic k e l  

f i l t e r .  However, th e  v e ry  h ig h  i n t e n s i t i e s  o f a  few r e f l e c t i o n s  n e c e s s i ­

t a t e d  th e  use o f  th ic k e r  f i l t e r s  a n d /o r  a  low er tu b e  c u r r e n t .  A pprop ri­

a te  c u r r e n t - f i l t e r  f a c to r s  were o b ta in e d  by m easuring  th e  in te g r a te d  

i n t e n s i t i e s  o f  th r e e  s u i t a b l e  r e f l e c t i o n s ,  f iv e  tim es e a c h , f o r  each  p a i r  

o f  c u r r e n ts  a n d /o r  f i l t e r s .  The av e rag e  v a lu e  o f e v e ry  15 r a t i o s  th u s  

o b ta in e d  was u sed  as  a  c u r r e n t - f i l t e r  f a c t o r .
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D if f r a c t io n  d a ta  a re  g e n e ra l ly  s u b je c te d  to  a  s e r i e s  o f c o r r e c ­

t io n s  b e fo re  b e in g  used  fo r  f u r th e r  a n a ly s e s .  A d a ta  ré d u c t io n -a b s o rp t io n  

c o r r e c t io n  program  was used f o r  t h i s  p u rp o se . Each in te g r a te d  i n t e n s i t y  

was f i r s t  d im in ish e d  by th e  m easured background c o u n t. T h is v a lu e  was 

th en  m u l t ip l ie d  by th e  a p p ro p r ia te  c u r r e n t - f i l t e r  f a c t o r ,  when a p p l i ­

c a b le .  To c o r r e c t  f o r  th e  slow  d eco m p o sitio n  o f  th e  c r y s t a l ,  a s  ev id en ced  

by th e  d e c re a s in g  i n t e n s i t y  o f  th e  h o u r ly  m o n ito r  w ith  x - ra y  ex posu re  

tim e , each  group o f  r e f l e c t i o n s  m easured betw een two m o n ito r re a d in g  was 

m u l t ip l ie d  by th e  f a c t o r  w here i s  th e  background  c o r re c te d

i n t e n s i t y  o f  th e  o n e -h o u r m o n ito r  a s  f i r s t  d e te rm in ed  on th e  new c r y s t a l  

and i s  th e  a r i th m e t ic  av e rag e  o f  th e  m o n i to r 's  v a lu e s  b e fo re  and a f t e r  

th e  group o f  r e f l e c t i o n s  w ere m easured .

A nother m o d if ic a t io n  o f  th e  d a ta  i s  to  c o r r e c t  each  d i f f r a c t i o n  

i n t e n s i t y  f o r  th e  a b s o rp t io n  o f  x - r a y s  by th e  c r y s t a l .  When a beam o f  

x - ra y s  p a s se s  th ro u g h  a  c r y s t a l ,  i t  may s u f f e r  a  s i g n i f i c a n t  d e c re a se  in  

i n t e n s i t y  due to  a b s o rp t io n .  T h is  i n t e n s i t y  d e c re a se  may be d e s c r ib e d  

by an e q u a t io n  common to  a b s o rp tio n  p r o c e s s e s I  = I^ e  w here 1^ i s

th e  i n t e n s i t y  o f  th e  in c id e n t  beam, I  i s  th e  i n t e n s i t y  o f  th e  beam a f t e r

i t  h as  t r a v e le d  Tcm th ro u g h  th e  c r y s t a l ,  and p i s  th e  l i n e a r  a b s o rp tio n  

c o e f f i c i e n t  e x p re s se d  in  r e c ip r o c a l  c e n t im e te r s .  T h is c o e f f i c i e n t  i s

c a lc u la te d  by^^ p = ^ ^ ^ re  n i s  th e  number o f  asym m etric u n i t s

p e r  u n i t  c e J I ,  V i s  th e  volume o f th e  u n i t  c e l l ,  and th e  term s (p ^ )^  a re  

the  a tom ic a b s o rp tio n  c o e f f i c i e n t s  o f  a l l  atoms in  one asym m etric u n i t .  

These p a th -d e p e n d e n t a b s o rp tio n  c o r r e c t io n s  a re  m ost Im p o rtan t f o r  

c r y s t a l  shapes w hich a re  f a r  from s p h e r ic a l  and w here th e  m olecu le  h a s  

one o r  more heavy a tom s. Here th e  la r g e  a tom ic a b s o rp tio n  c o e f f i c i e n t s
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o f th e  heavy atoms can cause  s i g n i f i c a n t  d i f f e r e n c e s  i n  th e  r a t i o s  I / I ^  

f o r  r e f l e c t i o n s  where th e  x - ra y  beam m ust t r a v e r s e  d i f f e r e n t  th ic k n e s s e s  

o f  c r y s t a l l i n e  m a te r ia l .

Two o th e r  c o r r e c t io n s  a re  r o u t in e ly  made on d i f f r a c t i o n  i n t e n s i t y  

d a t a ,  th e  L o ren tz  and p o la r i z a t io n  c o r r e c t io n s .  The L o re n tz  f a c t o r  (L) 

a r i s e s  due to  th e  manner in  w hich i n t e n s i t y  d a ta  a re  c o l l e c t e d ,  nam ely , 

n o t a l l  d i f f r a c t i o n  p o in t s  a re  k e p t un d er d i f f r a c t i o n  c o n d it io n s  f o r  th e  

same le n g th  o f  tim e . F or d i f f r a c to m e te r  d a ta  u s in g  a  th e ta - tw o  th e ta  

s c a n , th e  c r y s t a l  i s  r o ta t e d  a t  a  c o n s ta n t  a n g u la r  v e l o c i ty .  The tim e 

r e q u ir e d  f o r  a r e c ip r o c a l  l a t t i c e  p o in t  to  p ass  th ro u g h  th e  sp h e re  o f  

r e f l e c t i o n  i s  p r o p o r t io n a l  to  th e  in v e r s e  o f  s in  20 , w here 0 i s  th e  d i f ­

f r a c t i o n  a n g le . The L o re n tz  f a c t o r ,  L = ( s in  20) i s  th u s  em ployed 

f o r  d i f f r a c to m e te r  d a ta .  The second  c o r r e c t io n  a c c o u n ts  f o r  a  phenomenon 

th a t  i s  common to  r e f l e c t i o n  and d i f f r a c t i o n  p ro c e s s e s  o f  e le c tro m a g n e tic  

r a d i a t i o n ,  p a r t i a l  o r  t o t a l  p o l a r i z a t i o n  o f  th e  r a d i a t i o n  beam a f t e r  

i n t e r a c t i n g  w ith  th e  r e f l e c t i o n  o r  d i f f r a c t i o n  p la n e s .  The e l e c t r i c  

v e c to r s  o f  an in c id e n t ,  u n p o la r iz e d  beam o f  x - ra y  p h o to n s  can be r e s o lv e d  

in to  two com ponents, one which i s  p a r a l l e l  to  th e  r e f l e c t i n g  s u r f a c e  and 

a n o th e r  which i s  p e rp e n d ic u la r  to  th e  f i r s t .  Waves w ith  t h e i r  e l e c t r i c  

v e c to r  p a r a l l e l  to  th e  r e f l e c t i n g  s u r f a c e  a re  r e f l e c t e d  to  an e x te n t  t h a t  

i s  p ro p o r t io n a l  to  th e  e le c t r o n  d e n s i ty  i n  th e  p la n e . The i n t e n s i t y  o f  

th e  r e f l e c te d  waves a s s o c ia te d  w ith  th e  o th e r  component o f  th e  e l e c t r i c

v e c to r  depends on th e  e le c t r o n  d e n s i ty  in  th e  p la n e  and th e  a n g le  o f
2

in c id e n c e ,  v a ry in g  as  cos 20. The i n t e n s i t y  d e c re a se  o f  th e  o v e r a l l  beam,
2

due to  p o la r i z a t io n ,  i s  g iv en  by th e  p o la r i z a t io n  f a c t o r  p = 1 /2  (1 + cos 2 0 ). 

S in ce  th e  L o ren tz  and p o la r i z a t i o n  e f f e c t s  a re  b o th  o n ly  fu n c tio n s  o f  th e
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diffraction angle, intensity corrections can conveniently be made for

b o th  e f f e c t s  by d iv id in g  th e  d i f f r a c t i o n  i n t e n s i t i e s  by th e  L o re n tz -
2

p o la r i z a t io n  f a c t o r ,  Lp = (1 + cos 2 6 ) / ( 2  s in  2 0 ) .

A b so rp tio n  c o r r e c t io n s  w ere made on th e  d i f f r a c t i o n  i n t e n s i t i e s  

in  a manner d e s c r ib e d  above. Each c r y s t a l  fa c e  was i d e n t i f i e d  by th e  

in d ic e s  o f th e  c r y s ta l lo g r a p h ic  p la n e  m ost n e a r ly  p a r a l l e l  to  i t  and th e  

p e rp e n d ic u la r  d is ta n c e  from each  fa c e  to  a  common i n t e r n a l  p o in t  was 

d e te rm in ed . From t h i s ,  th e  av e rag e  d is ta n c e  th e  x - r a y  beam tr a v e le d  

in s id e  th e  c r y s t a l  was c a lc u la te d  f o r  each  d i f f r a c t i o n  i n t e n s i t y  by a  

G aussian  in t e r p o la t i o n  m ethod. V alues f o r  a tom ic  a b s o rp t io n  c o e f f i c i e n t s  

a p p l ic a b le  to  Cu r a d ia t io n  w ere ta k e n  from th e  I n t e r n a t io n a l  T ab les  

f o r  X -ray  C ry s ta llo g ra p h y ^ ^  a s  0 .073  x 10 9 .1 7  x  10 and 30 .5  x

10 ^^cm^ f o r  h y d ro g en , ca rb o n , and oxygen, r e s p e c t iv e ly .  T h is  gave a 

l i n e a r  a b s o rp tio n  c o e f f i c i e n t  o f  6 .905  cm

The a b s o rp tio n  c o r re c te d  i n t e n s i t i e s  o f  th e  31 common r e f l e c t i o n s  

m easured on b o th  c r y s t a l s  w ere compared to  o b ta in  a  c r y s t a l  s c a l in g  

f a c t o r .  Based on th e s e  v a lu e s  th e  av e ra g e  i n t e n s i t y  r a t i o  I ( c r y s t a l  1 ) /  

I ( c r y s t a l  2) = 0 . 7 7  ± 0 .0 3  was o b ta in e d .  T hus, a l l  i n t e n s i t i e s  m easured 

on th e  second d a ta  c r y s t a l  w ere m u l t ip l ie d  by 0 .7 7  and th e  two d a ta  s e t s  

combined a t  t h i s  p o in t .  L o r e n tz - p o la r iz a t io n  c o r r e c t io n s  w ere th e n  made 

to  c a lc u la te  r e l a t i v e  s t r u c t u r e  f a c t o r  am p litu d es  from  th e  i n t e n s i t i e s

i2as |F(hk%)|^ = I(hk%)/Lp.



CHAPTER III

SOLUTION OF THE CRYSTAL STRUCTURE

P a t te r s o n  A n a ly s is  

The atom ic c o o rd in a te s  o f  th e  u n i t  c e l l  c o n te n t may be i n f e r r e d  

from  th e  e le c t r o n  d e n s i ty  v a r i a t io n s  w ith in  th e  u n i t  c e l l .  E le c tro n  den­

s i t y  fu n c tio n s  can be  e x p re s se d  by means o f  F o u r ie r  s e r i e s  a s  shown in  

e q u a t io n s  l a  and l b ,

p ( x ,y ,z )  = ^  ^  ^ F(hk& )exp[-2ni(hx+ky+& z)] ( l a )

p ( x ,y ,z )  = ^ 1̂ ^  ^ |F (h k & )| co s[2n(hx+ ky+ & z)-a(hk& )], ( lb )

w here V = volume o f  th e  u n i t  c e l l ,  x ,y ,  and z a re  f r a c t i o n a l  c o o r d in a te s ,  

p ( x ,y ,z )  i s  th e  e l e c t r o n  d e n s i ty  a t  a p o in t  ( x ,y , z ) ,  F(hkJl) i s  th e  s t r u c ­

tu r e  f a c to r  f o r  r e f l e c t i o n  hk&, and a (h k £ ) i s  th e  phase  a n g le  o f  F(hk&) 

r e l a t i v e  to  a s p e c i f i e d  o r ig i n .  The in d ic e s  hk2 ran g e  from  m inus to  p lu s

i n f i n i t y .  The e q u a tio n s  above can g e n e ra l ly  n o t be  used  d i r e c t l y  to  c a l ­

c u l a te  th e  e l e c t r o n  d e n s i ty  fu n c tio n s  s in c e  o n ly  th e  s t r u c t u r e  f a c t o r  

a m p litu d e s , |F (h k & )|, can be o b ta in e d  from  e x p e r im e n ta l d i f f r a c t i o n  in ­

t e n s i t i e s  and no t th e  phase  an g le  a (h k £ ) o r  th e  t r u e  form o f  th e  s t r u c t u r e  

f a c t o r  F(hk%) r e q u ire d  in  e q u a tio n  l a .  The s t r u c t u r e  f a c t o r  o f  a  r e f l e c ­

t i o n  hk& i s  g iv en  by
N

F(hk&) = f  j  exp[ 27ri(hX j+kyj+£z^)l (2)

1 0
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w here j  suras o v er th e  N atoras in  th e  u n i t  c e l l ,  ,y ^ , and a re  th e  

f r a c t i o n a l  a tom ic  c o o rd in a te s ,  and f .  i s  th e  s c a t t e r i n g  f a c t o r  f o r  atom j .
_Bs 2

A more e x p l i c i t  form o f  th e  s c a t t e r i n g  f a c t o r  i s  f . = f  .e  w hereJ o » J
f  . i s  th e  s c a t t e r in g  f a c t o r  f o r  an atom j  a t  r e s t ,  S = ( s in  9 )A  and B 

o>3

i s  th e  te m p e ra tu re  f a c t o r  o f  atom j . I t  i s  th u s  seen  th a t  th e  c a lc u la ­

t i o n  o f  e l e c t r o n  d e n s i t i e s  r e q u ir e s  d a ta  w hich can n o t  be  d i r e c t l y  ob­

ta in e d  from  d i f f r a c t i o n  i n t e n s i t i e s .  A l e s s  d i r e c t  m ethod, th e  P a t te r s o n  

12m ethod, i s  o f te n  u s e f u l  f o r  f in d in g  a to m ic  c o o rd in a te s .

13The P a t te r s o n  fu n c t io n  may be d e f in e d  by 

1 1 1
P (u ,v ,w ) =  7 7  f  f  f  p ( x ,y ,z )  p (x  + u ,y  + v ,z  + w)dxdydz (3)

' ^ 0 0 0

w here x ,y , z  and u ,v ,w  a r e  f r a c t i o n a l  c o o r d in a te s ,  ( x ,y ,z )  and 

p (x+ u , y+v, z+w) a re  e l e c t r o n  d e n s i t i e s  a t  th e  p o in ts  ( x ,y ,z )  and 

(x+u, y+ v , z+w). Any two o r  more p o in t s  o f  s i g n i f i c a n t  e l e c t r o n  d e n s i ty  

w i th in  th e  u n i t  c e l l ,  w hich may be co n n ec ted  by a  v e c to r  w ith  components 

( u ,v ,w ) , w i l l  g iv e  a  s i g n i f i c a n t  c o n t r ib u t io n  to  a P a t te r s o n  p eak , 

P (u ,v ,w ) .  A d d itio n a l p e a k s , g e n e ra te d  by th e  P a t te r s o n  symmetry o f  th e  

space  group w i l l  a l s o  be r e v e a le d .  T hus, a  th r e e  d im e n s io n a l P a t te r s o n  

c a l c u la t io n  y ie ld s  peaks w hich r e p r e s e n t  th e  e n d p o in ts  o f  v e c to r s  con­

n e c t in g  volume e lem en ts  o f  h ig h  e le c t r o n  d e n s i ty .  The d is ta n c e  from th e  

o r ig in  to  a  P a t te r s o n  p eak  r e p r e s e n ts  th e  d is ta n c e  betw een th e  atom p a i r s  

w hich a r e  re v e a le d  by t h i s  peak  and th e  m agnitude o f  th e  peak  i s  p ro ­

p o r t i o n a l  to  th e  p ro d u c t o f  th e  e l e c t r o n  d e n s i t i e s  co n n ec ted  by t h i s  

v e c to r .  T h is  method i s  m ost u s e fu l  when a  heavy atom i s  p r e s e n t ,  th u s  

y ie ld in g  v e ry  p rom inen t heavy-heavy  atom p eak s and a l s o  p ro m in en t h eav y - 

l i g h t  atom p eak s . Wlien no heavy atoms a re  p r e s e n t  in  th e  m o lecu le  th e
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i n t e r p r e t a t i o n  o f P a t te r s o n  maps becomes more d i f f i c u l t .  For such  m ole­

c u le s ,  a la rg e  number o f  P a t te r s o n  peaks w ith  s im i la r  m agn itudes a re  ob­

ta in e d .  Any peaks o f  p rom inen t m agn itudes a re  m erely  th e  r e s u l t s  o f  

o v e r la p p in g  p eak s . I t  i s  th e re f o r e  a lm o st im p o ss ib le  to  a s s o c ia te  a 

c a lc u la te d  peak w ith  a s p e c i f i c  p a i r  o f  a tom s. Because o f  th e  sm a ll s iz e  

o f  th e  m o lecu le  in  q u e s t io n ,  i t  was s t i l l  th o u g h t u s e f u l  to  seek  th e  

t r i a l  s t r u c t u r e  by th e  P a t te r s o n  m ethod, a lth o u g h  sym bo lic  a d d i t io n  p ro ­

ced u res  w ere a ls o  s t a r t e d .

A u s a b le  form  f o r  th e  P a t te r s o n  fu n c tio n  may b e  o b ta in e d  by r e ­

p la c in g  th e  e l e c t r o n  d e n s i ty  fu n c tio n s  by t h e i r  F o u r ie r  e x p a n s io n s ,

Eq. 1 . I n te g r a t io n  y ie ld s

P (u ,v ,w ) -  ^  h k & |F (hk& )I^  c o s [2 n (h u  + kv + £w)] . (4)

S in ce  |F (h k & )|^  i s  o b ta in a b le  from th e  d i f f r a c t i o n  I n t e n s i t i e s ,  P (u ,v ,w )

can b e  c a lc u la te d  f o r  any p o in t  (u ,v ,w ) d e s i r e d .

A P a t te r s o n  c a l c u la t io n  was made f o r  o n e - fo u r th  o f  th e  u n i t  c e l l .

T h is  encom passes a  t o t a l  asym m etric u n i t  f o r  th e  space  group P2j^/c. For

co n v e n ie n c e , th e  asym m etric  u n i t  was chosen  as  u = 0 to  1 , v  = 0 to  Hi,
o

and w = 0 to  and P (u ,v ,w ) was e v a lu a te d  a t  0 .2 6  A In c re m e n ts  o v er

t h i s  ran g e  o f u ,v ,  and w. The P a t te r s o n  peaks were sh a rp en ed  by u s in g

|F (h k £ ,) |^  M(S) as c o e f f i c i e n t s  In  e q u a t io n  4 In s te a d  o f  |p (h k & ) |^ . The

2 2 ,2sh a rp e n in g  fu n c tio n s  M(S) = (E Z ./E f  . )e^ was used f o r  t h i s  p u rp o se .
I

Here i s  th e  a tom ic  number o f  atom 1 , S = ( s in  6 )/X , and th e  summations 

e x te n d  o v e r  a l l  atom s In  th e  u n i t  c e l l .  The m agnitudes o f  th e  peaks w ere 

s c a le d  to  y i e ld  th e  a r b i t r a r y  v a lu e  o f  5000 f o r  th e  o r ig in  p eak . T h is  

r e p r e s e n ts  th e  sum o f  a l l  v e c to r s  betw een  ev ery  atom and I t s e l f .
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To o b ta in  th e  t r i a l  s t r u c t u r e  from  th e  P a t te r s o n ,  i t  was p roposed  

to  f i r s t  f in d  th e  o r i e n ta t io n s  o f  th e  m o lecu les  in  th e  u n i t  c e l l  by 

lo o k in g  a t  p rom inen t s h o r t  v e c to rs  and th e n  f in d in g  a tom ic  c o o rd in a te s  

by lo o k in g  a t  th e  H ark er s e c t i o n s . C e r t a i n  f e a tu r e s  o f th e  m o lecu les 

su g g e s te d  th a t  t h i s  i s  f e a s ib le  as can be seen  from F ig u re  1 . The r i ­

g id i ty  o f th e  four-m em bered r in g  was e x p e c te d  to  keep  th e  two six-m em bered 

r in g s  n e a r ly  in  th e  b o a t form. The fo u r  atom p a i r s  C ( l ) - C ( 6 ) ,  C (3 )-C (4 ), 

C (8 )-C (9 ) , and C ( ll ) -C (1 2 )  sh o u ld  th u s  be  n e a r ly  p a r a l l e l  and t h e i r  

in te r a to m ic  v e c to r s  re v e a le d  as one P a t te r s o n  v e c to r  w ith  a  v e ry  prom i­

n e n t m agn itude . P a r a l l e l  to  t h i s  v e c to r ,  b u t o f g r e a t e r  le n g th s ,  sh o u ld  

be two o th e r  v e c to r s ,  one fo r  th e  atom p a i r s  C (2)-C (5) and C (7 )-C (1 0 ), 

and a n o th e r  f o r  0 ( l ) - 0 ( 2 ) .  These v e c to r s  w ere so u g h t f i r s t  i n  th e  P a t te r s o n  

map.

A program  was w r i t t e n  to  c a l c u la te  th e  le n g th s  o f  each  v e c to r ,  th e  

a n g le  betw een th e  v e c to r  and th e  a - c  p la n e  (y , m easured in  th e  d i r e c t io n  

o f  th e  b a x i s ) ,  and th e  an g le  betw een th e  p r o je c t io n  o f  th e  v e c to r  on 

th e  a -c  p la n e  and th e  c a x is  (6 , m easured in  th e  d i r e c t io n  o f  th e  p o s i t i v e  

a a x i s ) .

S ix  p rom inen t s h o r t  v e c to r s  w ere found in  th e  a -c  p la n e  as  shown 

in  T ab le  2 . V ec to r r e p re s e n ts  th e  l a r g e s t  peak in  th e  P a t te r s o n  map.

I t s  le n g th  o f  1 .47  X and m agnitude o f  1138 ag ree  w e ll  w ith  th e  ex p ec ted  

v a lu e s  f o r  a P a t te r s o n  v e c to r  f o r  th e  atom p a i r s  C ( l ) - C ( 6 ) ,  C (3 )-C (4 ), 

C (8 )-C (9 ) and C ( ll ) -C (1 2 )  i f  th e se  atoms a rc  a rra n g e d  such  t h a t  t h e i r  

bonds a re  p a r a l l e l  o r  n e a r ly  p a r a l l e l  to  each  o th e r .  V^ was th e r e f o r e  

a s s ig n e d  to  r e p r e s e n t  th e s e  fo u r  atom p a i r s .  A v e c to r  ap p ro x im ate ly  

2 .8  X in  le n g th  f o r  th e  atom p a i r s  C (2 )-C (5 ) and C (7)-C (10) and a n o th e r
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FIGURE 1 . Atom-numbering scheme in  th e  m o lecu le .
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TABLE 2

PATTERSON VECTORS IN THE a -c  PLANE

L ength  (A) Peak h e ig h t y (° ) 6 (°)

1 .4 7 1138 0 -19

^2 3 .0 0 630 0 -20

^3 1 .5 3 397 0 101

1 .50 445 0 44

V5 2 .5 0 487 0 13

2 .5 8 342 0 -5 1

v e c to r  o f  le n g th  3 .2  A f o r  0 ( l ) - 0 ( 2 )  w ere ex p ec ted  p a r a l l e l  to  V̂ .̂ A lthough  

two d i s t i n c t  peaks w ere  n o t found , v e c to r  Vg may w e ll  r e p r e s e n t  th e  r e ­

s u l t a n t  o f  two c lo s e ly  spaced  o v e r la p p in g  p e a k s , th u s  Vg was a ss ig n e d  to  

th e se  atom p a i r s .  T h is  peak in d eed  ap p ea red  to  be unsym m etric . A m ajo r 

p a r t  o f  d e te rm in in g  th e  m o le c u la r  o r i e n t a t i o n  in  th e  u n i t  c e l l  had th u s  

been  ach iev ed  w ith  t h i s  i n t e r p r e t a t i o n .  The C (l) -C (6 )  bond , and a l l  o th e r s  

ex p ec ted  to  be p a r a l l e l  to  i t ,  a s  m en tioned  ab ove , a r e  p a r a l l e l  to  th e  a -c  

p la n e  and a re  o r ie n te d  19-20° from  th e  c a x i s  tow ard th e  n e g a t iv e  a  a x i s .

The rem ain ing  v e c to r s  in  T ab le 2 w ere o f  g r e a t  i n t e r e s t .  Such v e c to r s  

can a r i s e  by p la c in g  fo u r  atoms o f a  six-m em bered r in g  p a r a l l e l  to  th e  a - c  

p la n e  as shown in  F ig u re s  2 and 3 . The m agn itudes o f  th e s e  peaks su g g e s te d  

th a t  each  o f  th e  v e c to r s ,  Vg to  V^, r e p r e s e n t s  two C-C v e c to r s .  T h is  i s  

p o s s ib le  when a t  l e a s t  one six-m em bered r in g  i s  i n  a  "wing up" con­

fo rm a tio n . P o s s ib le  atom p a i r s  w hich cou ld  y i e ld  v e c to r s  Vg to  Vg a re  

g iv e n  in  T ab le 3 .
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FIGURE 2. P o s s ib le  a to m ic  a rran g em en ts  f o r  P a t te r s o n  
peaks in  th e  a - c  p la n e .
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FIGURE 3. A lte rn a n t  a to m ic  a rran g em en ts  f o r  P a t te r s o n  
peaks in  th e  a - c  p la n e .
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TABLE 3

ATOM PAIRS PARALLEL TO THE a -c  PLANE

V ecto r Atom P a i r s A lte rn a n t  Atom P a i r s

^3 0 ( 4 ) - 0 ( 5 ) ,  0 (6 ) -0 (7 ) 0 ( l ) - 0 ( 2 ) ,  0 (9 ) -0 (1 0 )

0 ( 2 ) - 0 ( 3 ) ,  O (l)-O d O ) 0 ( 5 ) - 0 ( 6 ) ,  0 (7 ) -0 (8 )

V5 0 ( 2 ) - 0 ( 4 ) ,  0 (6 ) -0 (1 0 ) 0 ( l ) - 0 ( 5 ) ,  0 (7 ) -0 (9 )

^6 0 ( 3 ) - 0 ( 5 ) ,  C ( l ) - 0 ( 7 ) 0 ( 2 ) - 0 ( 6 ) ,  0 (8 ) -0 (1 0 )

Two o f  th e  m ost p rom inen t P a t te r s o n  peaks w hich w ere n o t  in  th e  

a -c  p la n e  w ere c o n s id e re d  n e x t .  These a re  shown in  T ab le  4 .

TABLE 4

PROMINENT PATTERSON VECTORS NOT PARALLEL TO THE a -c  PLANE

V ecto r L ength  (£) Peak h e ig h t Y (°) 6 (° )

?7 2 .5 2  A 717 23 71

^8 5 .4 8 531 23 62

V ec to r V  ̂ ap peared  to  be  o f s p e c i a l  s ig n i f i c a n c e .  I t  i s  p e rp e n d ic u la r  

to  V^> i t  has th e  p ro p e r  le n g th  to  co n n ec t two atom s o f a  six-m em bered 

rltif', w hich a rc  s e p a ra te d  by one atom , and th e  v a lu e  o f  23° f o r  y i s  e x a c tly  

th a t  e x p e c te d  fo r  a  v e c to r  c o n n e c tin g  two atoms such  as 0 (1 ) and 0 (3 ) when 

atoms 0 ( 2 ) ,  0 ( 3 ) ,  0 (4 ) and 0 (5 ) have e q u a l y c o o rd in a te s .  The m agnitude 

and w id th  o f  t h i s  peak  s u g g e s te d  t h a t  Vy co n n ec ts  more th a n  two atom 

p a i r s  and th a t  th e  m o lecu le  th e r e f o r e  p o s se s s e s  ap p ro x im a te ly  mm symmetry
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w ith  b o th  w ings fo ld e d  up . Such a symmetry ass ig n m en t would y ie ld  th e  

long  v e c to r  Vg f o r  th e  atom p a i r s  C (3 )-C (9 ) and C (4 )-C (8 ), a lth o u g h  t h i s  

cou ld  w e ll  be an in te rm o le c u la r  v e c to r .

W ith th e  e ig h t  v e c to r s  a s s ig n e d  so  f a r ,  a  t e n t a t i v e  co n fo rm atio n  

and o r i e n t a t i o n  w ith in  th e  u n i t  c e l l  w ere chosen  as  shown in  F ig u re  4 .

The m o le c u la r  fragm en ts  C (2 )-C (3 )-C (4 )-C (5 ) and C (1 0 )-C (l)-C (6 )-C (7 )  

each l i e  in  p la n e s  which a r e  p a r a l l e l  to  th e  a - c  p la n e . P o s s ib le  a d d i­

t i o n a l  peaks w hich sh o u ld  be  o b ta in e d  f o r  t h i s  o r i e n t a t i o n  w ere found 

f o r  s e v e r a l  atom p a i r s  to  f u r th e r  co n firm  t h i s  o r i e n t a t i o n .

For th e  sp ace  group P 2 ^ /c , th e  symmetry o f  th e  P a t te r s o n  i s  P2/m. 

The o r i e n t a t i o n  r e p re s e n te d  in  F ig u re  4 i s  th e r e f o r e  o n ly  one o f  fo u r  

p o s s ib le  o r ie n t a t i o n s  w hich would y i e ld  th e  same P a t te r s o n  p e a k s . A 

second o r i e n t a t i o n  may be o b ta in e d  by r o t a t i n g  th e  m o lecu le  180° i n  th e  

a -c  p la n e  and two f u r th e r  o r i e n t a t i o n s  a r e  o b ta in e d  by r e f l e c t i n g  th e  

two p re v io u s  o r ie n t a t i o n s  th ro u g h  th e  a - c  p la n e .

P o s s ib le  c o o rd in a te s  w ere now so u g h t i n  th e  H arker s e c t i o n s .  The 

p re se n c e  o f tw o -fo ld  screw  axes in  t h i s  sp ace  group y ie ld s  th e  sym m etry- 

r e l a t e d  c o o rd in a te s  x , y , z ,  and - x , h  + y , h-z-  By ta k in g  th e  d i f f e r e n c e  

betw een th e s e  c o o r d in a te s ,  2x , Jj, 2z + ^  i s  o b ta in e d .  Thus f o r  two m ole­

c u le s  r e l a t e d  by a  tw o -fo ld  screw  a x i s ,  a  P a t te r s o n  peak sh o u ld  be  found 

in  th e  H arker p la n e ,  v = %, f o r  each  symmetry r e l a t e d  p a i r  o f  a tom s. A 

p r o je c t io n  o f  th e  m o lecu le  o n to  th e  a -c  p la n e  sh o u ld , th e r e f o r e ,  be seen  

In t i l l s  H arker p la n e  a t  tw ice  i t s  s i z e ,  from w hich x and z c o o rd in a te s  

can be o b ta in e d . The a tom ic  p o s i t io n s  o f  a g iv e n  atom in  two m o lecu le s  

r e l a t e d  by th e  c - g l id e  p la n e  a r e  x ,y ,z  and x ,  *g-y, % + z . The d i f f e r e n c e  

betw een th e se  c o o rd in a te s  i s  0 ,  ^  + 2y , A H arker l i n e  th e r e f o r e  e x i s t s  

a t  u = 0 , w = % to  y ie ld  in fo rm a tio n  ab o u t th e  atom ic y c o o rd in a te s .
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19®

FIGURE 4 . T r i a l  o r i e n t a t i o n .
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A s c a le  draw ing was made o f  th e  H ark e r p la n e , v  = to  a tte m p t 

to  f in d  p o s s ib le  x and z c o o rd in a te s .  A lthough many p rom inen t p eaks ex­

i s t e d  in  t h i s  p la n e ,  un ique m o lecu la r p r o je c t io n s  were n o t  a p p a re n t .

From th e  p a r t i a l  o r i e n t a t i o n  e s ta b l i s h e d  by v e c to r s  to  Vg, i t  was 

c l e a r  t h a t  atom p a i r s ,  o r  groups o f  fo u r  atom s p e r  m o lecu le , had  s im i la r  

y c o o rd in a te s .  The H arker p la n e ,  th e r e f o r e ,  c o n ta in e d  peaks w hich n o t 

on ly  r e p re s e n te d  v e c to rs  betw een sy m m e try -re la te d  atoms b u t a l s o  v e c to rs  

betw een a l l  com binations o f  atoms h av in g  s im i l a r  y - c o o r d in a te s .  In d e e d , 

l a r g e r  P a t te r s o n  peaks a re  o b ta in e d  in  th e  H arker p la n e  f o r  two atom s 

n o t symmetry r e l a t e d  th a n  f o r  two sy m m e try -re la te d  atom s. The H ark e r 

l i n e  a t  u = 0 , w = ^  c o n ta in e d  p ro m in en t, b u t  v e ry  b ro ad  peaks from  w hich 

no c l e a r  in fo rm a tio n  was d i s c e r n i b l e .  S e v e ra l p o s s ib le  p r o je c t io n s  o n to  

th e  H arker p la n e  and l i n e  w ere used  to  a s s ig n  atom ic c o o rd in a te s .  From 

th e s e ,  i n t r a -  and in te rm o le c u la r  v e c to r s  w ere c a lc u la te d  f o r  atom  p a i r s  

n o t y e t  i d e n t i f i e d  by P a t te r s o n  peaks and th e  ex p ec ted  peaks w ere sought 

in  P a t te r s o n  map. None o f  th e  c o o rd in a te  s e t s  chosen w ere s a t i s f a c t o r y  

in  t h i s  s e a rc h . A lthough t h i s  approach  may be  ex p ec ted  to  y i e l d  a  t r i a l  

s t r u c t u r e  e v e n tu a l ly ,  th e  sym bolic  a d d i t io n  p ro ced u re  was p u rsu ed  more 

a c t iv e ly  a t  t h i s  p o in t  a s  a  so u rce  f o r  th e  t r i a l  s t r u c t u r e .

In tro d u c t io n  to  th e  Sym bolic A d d itio n  Method

A number o f  m ethods have been p ro p o sed  f o r  th e  d i r e c t  d e te rm in a tio n

o f s t r u c t u r e  f a c to r  p h a se s . Many o f  th e s e  m ethods, in c lu d in g  th e  sym bolic

15a d d i t io n  p ro c e d u re , have been  rev iew ed by W oolfson in  a  r e c e n t  book.

Only a  b r i e f  d is c u s s io n  o f  p e r t i n e n t  r e l a t i o n s h ip s  w i l l  th e r e f o r e  be  

g iv en  h e re .

S tru c tu r e  f a c t o r  p h ases  can be  o b ta in e d  more r e a d i ly  f o r  c r y s t a l s
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b e lo n g in g  to  cen tro sy m m etric  space  groups th a n  n o n cen tro sy m m etric  space  

g ro u p s . F o r such  sp ace  g ro u p s , F(hk£) as  g iven  in  Eq. 2 may be  e x p re s se d  

a s :

N/2
F(hk&) = 'I f .{ e x p [2 n i  (hx . + ky , + SLz.)] 

j = l  ] J  J  J

+ exp [-2 iri (hx^ + ky^ + (5)

o r

N/2
F(hk&) = 2 ^ f .  cos[2ir (hx . + k y . +  & z .) ] .  (6)

j = l  J J J ^

The s t r u c t u r e  f a c t o r  i s ,  t h e r e f o r e ,  a  r e a l  number f o r  c en tro sy m m etric  

space  g ro u p s . S ince  |F (hk& )| can r e a d i ly  be o b ta in e d  from  th e  e x p e r i ­

m en ta l d i f f r a c t i o n  i n t e n s i t i e s ,  on ly  two v a lu e s  a re  p o s s ib le  f o r  th e  

c o r r e c t  e x p re s s io n  o f  F(hk& ).

F(hk&) = ( + 1) [F (h k £ ) | (7)

o r  F(hk&) = ( -  1) |F (hk& )| (8)

The p hase  problem  has th u s  been  s im p l i f ie d  c o n s id e ra b ly  s in c e  o n ly  two 

ph ases  ( s ig n s )  a re  p o s s i b le .  E a r l i e s t  i n v e s t ig a t io n s  have o n ly  been

concerned  w ith  c e n tro sy m m etric  c r y s t a l s  due to  t h i s  s im p l i c i t y ;  how ever,

more r e c e n t ly  J ,  K a rle  and I .  L. K arle^^  have a l s o  s u c c e s s f u l ly  ap­

p l i e d  d i r e c t  methods to  n o n cen tro sy m m etric  c a s e s .

For b r e v i t y ,  th e  fo llo w in g  n o ta t io n  w i l l  be  u sed  in  t h i s  d is c u s s io n :

n = h ^ , k ^ ,

K = h j , k j  , Aj 

II-K = h ^ -h j , k ^ -k j  , A^-Aj 

S(H) = s ig n  o f  s t r u c t u r e  f a c t o r  F(H)

HX. = hx . + k y . + Az. .
.1 j j 3
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The p o s s i b i l i t y  o f  o b ta in in g  s t r u c t u r e  f a c t o r  p h ases  from  t h e i r

19a m p litu d es  can be seen  by c o n s id e r in g  th e  K arker-K asp er i n e q u a l i t i e s .

Two obvious r e l a t io n s h ip s  a re

[f ( 0 ,0 ,0 )1  > 0 (9)

and | f (H )| < F ( 0 ,0 ,0 )  . (10)

For a  cen tro sy m m etric  sp a c e  g ro u p , a n o th e r  u s e f u l  in e q u a l i t y  can  be o b ta in e d . 

(D e r iv a t io n s  o f  some o f th e  i n e q u a l i t i e s  g iv e n  h e re  may be found  in  

A ppendix B .)

I f  | f (H )| and | f (2H)j a r e  b o th  re a so n a b ly  l a r g e ,  t h i s  in e q u a l i t y  may 

demand th a t  S(2H) = + . A p p lic a tio n  o f  t h i s ,  as w e l l  as o th e r  H a rk e r-  

K asper i n e q u a l i t i e s ,  to  th e  d e te rm in a tio n  o f  s ig n s  r e q u ir e s  t h a t  many 

r e l a t i v e l y  la r g e  s t r u c t u r e  f a c to r s  a r e  a v a i l a b l e .  O rd in ary  s t r u c t u r e  

f a c t o r s  a re  n o t  s u i t a b l e  f o r  su ch  c a l c u l a t i o n s . T h e ir  m agn itudes  de­

c re a s e  r a p id ly  w ith  an in c r e a s e  in  th e  d i f f r a c t i o n  an g le  s in c e  atom ic  

s c a t t e r i n g  f a c to r s  d e c re a se  f o r  h ig h e r  o rd e r  r e f l e c t i o n s .  To c ircum ven t 

t h i s  d i f f i c u l t y ,  th e  u n i t a r y  s t r u c t u r e  f a c t o r ,  U(H), has  b een  in t ro d u c e d .

I f  a l l  atoms in  th e  u n i t  c e l l  a r e  c o n s id e re d  to  b e  p o in t  atom s a t  r e s t ,  

th e n  they  w i l l  have s c a t t e r i n g  f a c to r s  w hich  a re  e q u a l to  t h e i r  a tom ic 

num ber, Z^, in d e p en d en t o f  th e  d i f f r a c t i o n  a n g le .  The s t r u c t u r e  f a c to r s  

f o r  such  a s e t  o f  a to m s, F (H )p^, a re  r e l a t e d  to  th e  r e a l  s t r u c t u r e  

f a c t o r s  by

N 2 N "1
F(H) = F (H )[ ^ Z ] [e  % f  . ]  , (12)

1=1 ^ 1=1
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w here B i s  th e  o v e r a l l  te m p e ra tu re  f a c t o r ,  S = ( s in  Q)/X,  and f  . i so ,x

th e  a to m - a t - r e s t  s c a t t e r i n g  f a c to r  f o r  atom i .  U n ita ry  s t r u c t u r e  f a c to r s  

employ t h i s  p o in t - a to m - a t - r e s t  m odel, b u t e x p re s s  each s t r u c tu r e  f a c t o r  

in  th e  f r a c t i o n a l  form  F (H )p ^ /F (0 ,0 ,0 ) . Thus

Bg2 N
U(H) = F(H) [e"BS J  f  . ]  . (13)

i = l

From Eq. 13 i t  can be seen  th a t  U(H) and F(H) d i f f e r  on ly  in  m agnitude 

and th a t  u n i ta r y  s t r u c t u r e  f a c t o r s  w i l l  n o t  show th e  ra p id  d e c re a se  in  

m agnitude w ith  in c r e a s in g  d i f f r a c t i o n  a n g le s .  From i t s  d e f i n i t i o n ,  i t  

can a l s o  be seen  th a t  th e  ran g e  o f  U(H) i s  - 1  to  +1.

Some H arker-K asp er i n e q u a l i t i e s ,  f o r  sp ace  groups c o n ta in in g  a  

c e n te r  o f  sym m etry, can now be c o n v e n ie n tly  e x p re sse d  a s :

U (0 ,0 ,0 )  = 1 (14)

U(H) i  U (0 ,0 ,0 )  (15)

U(H)2 i  h [ l  + U(2H)] (16)

[U(H) + U (K)]2 i  [1 + U(H + K ) ] [ l  + U(H-K)] (17)

[U (H)-U (K)]2 a [1-U(H + K )][l-U (H -K )] (18)

E q u a tio n s  17 and 18 may be combined and r e w r i t t e n  in  a  s l i g h t l y  d i f f e r ­

e n t  form  by e x p re s s in g  each  s t r u c t u r e  f a c t o r  as  th e  p ro d u c t o f  i t s  s ig n  

and m agn itude . C o n s id e rin g  b o th  c a s e s ,  S(H)S(K) = + and S(H)S(K) = - ,  

th e  fo llo w in g  r e la t io n s h ip s  can be o b ta in e d :

(|U(H)1 + |U (K )|)2  i  (1 + S(H)S(K)S(H + K )|U (H  + K ) | )

X (1 +  S (H )S (K )S (K -K ) |u (H -k ) | )  (19)
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( |U (H )| -  |U (K )|)2  < (1-S(H)S(K )S(H  + K)1U(H + K ) |)

X (1 -S (H )S (K )S (H -K ) |u (H -k ) | ) ,  (20)

I f  on ly  s u f f i c i e n t l y  la rg e  | u | ’ s a re  in v o lv e d , Eq. 19 may demand t h a t  

one o r  b o th  o f  th e  fo llo w in g  e q u a tio n s  be s a t i s f i e d :

S(H)S(K)S(H + K) = + (21)

S(H)S(K)S(H-K) = + (22)

Tlius, i f  S(H) and S(K) a re  known, one o r  two a d d i t io n a l  s t r u c t u r e  f a c t o r

s ig n s  can b e  c a l c u la te d .  For two s t r u c t u r e  f a c to r s  U(H) and U(K) w ith

known s ig n s  b u t s ig n i f i c a n t l y  d i f f e r e n t  m a g n itu d e s , Eq. 20 can a ls o  p la c e  

r e s t r i c t i o n s  on S(H+K) and S(H-K) i f  |u(H + K )| and |u (H -K )| a re  s u f f i ­

c i e n t ly  l a r g e .

A m ajo r d i f f i c u l t y  en c o u n te re d  when em ploying in e q u a l i t i e s  i s  

th a t  g e n e ra l ly  n o t enough la r g e  u n i t a r y  s t r u c t u r e  f a c to r s  a re  o b ta in e d  

in  a d a ta  s e t  to  g e n e ra te  a s u f f i c i e n t  number o f  unambiguous s ig n s .  A 

r e p r e s e n ta t iv e  e l e c t r o n  d e n s i ty  map o f a  s t r u c t u r e  can g e n e ra lly  be  c a lc u ­

l a t e d  i f  ab o u t 15% o f  th e  s t r u c t u r e  f a c t o r s ,  c o n s is t in g  p r im a r i ly  o f  th e  

l a r g e s t  a m p litu d e s , a re  c o r r e c t ly  s ig n e d . I t  i s  o f te n  n o t p o s s ib le  to  

o b ta in  t h i s  many s ig n s ,  p a r t i c u l a r l y  f o r  l a r g e r  m o le c u le s . F or a  s t r u c ­

tu r e  o f  N s im i la r  atoms in  th e  u n i t  c e l l ,  th e  ro o t-m e a n -sq u a re  v a lu e  o f 

U i s  ap p ro x im ate ly  e q u a l to  N T hus, as  th e  m o le c u la r  s iz e  in c r e a s e s ,

th e  number o f  la rg e  U 's  and co n seq u en tly  th e  number o f  s ig n s  w hich can  be 

c a lc u la te d  d e c re a s e s .

S h o r tly  a f t e r  th e  ap p ea ran ce  o f  th e  H arker-K asp er in e q u a l i t i e s

20 21 22 S ay re , and K arle  and Hauptmann ’ d e r iv e d  e q u a tio n s  w hich a re  n o t  as
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r e s t r i c t i v e  as th e  i n e q u a l i t i e s ,  b u t  a l s o  n o t as e x a c t .  These e q u a tio n s  

ex p re ss  a p ro b a b le  r e l a t io n s h ip  betw een s t r u c tu r e  f a c t o r  s ig n s .  The 

Sayre e q u a t io n  was d e riv e d  in  te rm s o f  o rd in a ry  s t r u c t u r e  f a c to r s  

and may be  e x p re s se d  as (See Appendix C ):

F(H) ~ % F(K) F(H-K) (23)
K

where ^ i s  a  s c a l in g  f a c t o r .  When a p p lie d  to  cen tro sy m m etric  c r y s t a l s ,  

where th e  phase  can only  be +1 o r  - 1 ,  e q u a tio n  23 y i e ld s  th e  s ig n  r e l a ­

t io n s h ip

S(H) ~ S[% F(K) F(H -K )]. (24)
K

A p p lic a tio n  o f Eq. 24 r e q u ir e s  a  knowledge o f  many s t r u c t u r e  f a c t o r  

s ig n s  b e fo re  one a d d i t io n a l  s ig n ,  S (H ), can be c a l c u la te d .  However,

Sayre showed th a t  i f  | f (H )| i s  l a r g e ,  a  tendency  e x i s t s  f o r  a l l  te rm s o f 

th e  s e r i e s  to  have th e  same s ig n .  In  p a r t i c u l a r ,  te rm s w ith  b o th  | f (K )|

and | f (H -K)| la rg e  w i l l  have th e  same s ig n  as F (H ). T h u s, a  p ro b a b le

s ig n  r e l a t i o n s h ip  can be e s ta b l i s h e d  as

S(H) ~ S(K) S(H-K). (25)

I t  may be n o te d  th a t  t h i s  e q u a tio n  i s  v e ry  s i m i l a r  to  Eq. 22. 

However, Eq. 25 i s  a p p l ie d  more l i b e r a l l y ,  nam ely , even  i f  | u | ’ s i n  Eq.

19 a re  n o t  la rg e  enough to  p la c e  d e f i n i t e  r e s t r i c t i o n s  on th e  s ig n s ,  Eq. 

25 s t a t e s  th a t  th e  r e l a t io n s h ip  i s  s t i l l  p ro b ab ly  t r u e  i f  |F ( H ) |,  |F ( K ) |,  

and | f (H -K )1 a re  re a so n a b ly  l a r g e .

E q u a tio n  25 s t i l l  r e q u i r e s  t h a t  two s ig n s  a re  known b e fo re  an ad­

d i t i o n a l  s ig n  can be c a l c u la te d .  These s t a r t i n g  s ig n s  can  alw ays be
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o b ta in e d . For most sp ace  g roups th e  o r ig i n  o f  th e  u n i t  c e l l  may be  

p la c e d  a t  one o f  s e v e r a l  p o s i t i o n s .  Moving th e  o r ig in  from one a llo w ­

a b le  p o s i t i o n  to  a n o th e r  w i l l  change th e  s ig n s  o f  a l l  s t r u c t u r e  f a c to r s  

o f  one c l a s s  o f  r e f l e c t i o n s .  A nother ch o ice  o f  o r ig in  would change 

a l l  s ig n s  o f  a n o th e r  c l a s s  o f  s t r u c t u r e  f a c t o r s .  C o n v e rse ly , by a r b i ­

t r a r i l y  s p e c ify in g  th e  s ig n s  o f  some s t r u c t u r e  f a c t o r s ,  th e  o r ig in  o f  

th e  u n i t  c e l l  w i l l  be f ix e d .  A s tu d y  o f  w hich s t r u c t u r e  f a c to r s  may

a r b i t r a r i l y  be s ig n e d  f o r  th e  v a r io u s  sp ace  g roups h as  b een  made by

22 23Hauptman and K arle  ’ and shows th e  fo llo w in g  r e s u l t s .  F o r a l l  p r im i­

t i v e  cen tro sy m m etric  sp ace  g roups in  th e  t r i c l i n i c ,  m o n o c lin ic , and 

o rth o rh o m b ic  sy s te m s , th e  s ig n  o f  one s t r u c t u r e  f a c t o r  in  each  c l a s s  o f  

r e f l e c t i o n s  w hich a re  n o t s t r u c t u r e  in v a r i a n t s  may be  s p e c i f i e d .  Thus 

th r e e  s ig n s  may be a r b i t r a r i l y  chosen s u b je c t  to  th e  fo llo w in g  co n d i­

t i o n s :  (a )  th e  c r y s ta l lo g r a p h ic  in d ic e s  o f  th e  th r e e  s t r u c t u r e  f a c to r s

m ust b e lo n g  to  d i f f e r e n t  p a r i t y  g ro u p s , (b ) th e  in d ic e s  o f  none o f  th e  

chosen s t r u c t u r e  f a c t o r s  may be lo n g  to  th e  p a r i t y  group e e e ,  and (c )  th e  

p a r i t y  o f  l i n e a r  com bin a tio n  o f  any two s e t s  o f  in d ic e s  may n o t  be  

i d e n t i c a l  w ith  th e  p a r i t y  o f  th e  rem a in in g  s e t .

M a th e m a tic a lly  e q u iv a le n t  r e s u l t s  o f  th e  Sayre e q u a t io n  had  been

21d e r iv e d  e a r l i e r  by K arle  and Hauptman and le d  to  th e  developm ent o f

22th e  Sigm a-2 e q u a t io n ,

S(H) ~ S[% E (K )E(H -K )]. (26)
K

The n o rm a lize d  s t r u c t u r e  f a c t o r s ,  E , u sed  h e re  a re  r e l a t e d  to  th e  o rd in a ry  

s t r u c t u r e  f a c to r s  by

N , ,
E(H) = F(H)/(e I  f;y% , (27)

j = l
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where f ,  i s  th e  te m p e ra tu re -c o r re c te d  s c a t t e r i n g  f a c t o r ,  f .  = f  .e  
J  J  o , j

I t  may be n o te d  th a t  th e  th r e e  ty p e s  o f s t r u c t u r e  f a c to r s  in tro d u c e d  so 

f a r ,  F , U, and E, d i f f e r  o n ly  in  m agnitude b u t  n o t  in  s ig n .  The denomi­

n a to r  in  Eq. 27 ag a in  s e rv e s  to  in c re a s e  th e  am p litu d es  o f  h ig h e r  o rd e r  

s t r u c t u r e  f a c to r s  and th u s  y ie ld  more r e l a t i v e l y  la r g e  E 's  i n  a  d a ta  

s e t .  The f a c to r  e c o r r e c t s  f o r  space  group e x t in c t i o n s ,  th e re b y  red u c­

in g  a l l  E 's  to  a  common b a s e .

P r o b a b i l i ty  e q u a t io n s , w hich show th e  c e r t a in t y  o f  a  c a lc u la te d  

s ig n ,  have been  d e r iv e d  and a re  m ost c o n v e n ie n tly  a p p l ie d  i n  th e  form 

g iv en  by W oolfson ,^^ and Cochran a n d ’W oolfson .^^  In  term s o f  n o rm alized  

s t r u c t u r e  f a c to r s

(H) J5 + % tanh [o^O g"^ /^  |e (H ) | I E(K )E(H -K )], (28)
K

N
w here o = J  . A v a lu e  o f  P (H) = 1 i n d i c a t e s  a  h ig h  p r o b a b i l i t y  

^  i = l
t h a t  S(H) = + , w h ile  P^  (H) = 0 in d ic a te s  a  h ig h  p r o b a b i l i t y  t h a t  S(H) = - .

The im portance  o f  u s in g  on ly  la rg e  s t r u c t u r e  f a c t o r s  i n  th e  s ig n  

d e te rm in in g  p ro c e ss  i s  a g a in  b ro u g h t o u t .  I n  th e  e a r ly  s ta g e s ,w h e n  on ly  

a few s ig n s  a re  known, a  s t r u c t u r e  f a c t o r ,  E (H ), m igh t o n ly  b e  r e l a t e d  

to  one p a i r  o f  s ig n e d  s t r u c t u r e  f a c t o r s ,  E(K) and E(H-K). The Sigma-2 

e q u a t io n  i s  th e n  a p p l ie d  as  S(H) S[E(K )E(H-K )] ,  i d e n t i c a l  to  Eq. 25.

The sum m ation in  Eq. 28 w i l l  a l s o  c o n ta in  o n ly  one te rm . T h is  r e q u ir e s  

r a th e r  la rg e  | e | ' s  to  y i e l d  P^ (H) n e a r  0 o r  1 . As more s ig n s  become 

a v a i l a b l e ,  th e  summation o v er K may in c lu d e  s e v e r a l  te rm s . The s ig n s  o f 

s m a l le r  s t r u c t u r e  f a c t o r s ,  E (H ), can  th en  be d e te rm in ed  w ith  a  h ig h  p ro ­

b a b i l i t y  o f  b e in g  c o r r e c t .  The n e c e s s i ty  o f  h av in g  la rg e  E 's  i n  th e  e a r ly  

s ta g e s  s p e c i f i e s  t h a t  th e  o r ig in  d e f in in g  s t r u c t u r e  f a c t o r s ,  i n  a d d i t io n
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to  s a t i s f y i n g  th e  p a r i t y  re q u ire m e n ts , sh o u ld  be chosen from th e  l a r g e s t

few am p litu d es  in  th e  d a ta  s e t .  However, th e y  sh o u ld  a l s o  be in v o lv e d

in  as  many t r i p l e t s ,  o f th e  ty p e  H, K, H-K, as  p o s s ib le  so t h a t  s e v e ra l

new s ig n s  can be c a l c u la te d .  Once a s ig n  h as  been  o b ta in e d , th e  s ig n s

o f a l l  symmetry r e l a t e d  s t r u c t u r e  f a c to r s  w i l l  a u to m a tic a l ly  be  g iv en

and can a l s o  be used  to  g e n e ra te  a d d i t io n a l  s i g n s . F or th e  sp ace  group

P 2 ^ /c ,  f o r  exam ple, th e  s t r u c t u r e  f a c t o r  r e l a t i o n s h ip s  a re  summarized

26by th e  fo llo w in g  e q u a tio n s  :

F(hkJi) = F(hicji) ^ F (hkJl), F (hk£) = F (h k l)  f o r  k+1 ev en , (29)

F(hk£) = -F(hk&) f  F (hk& ), F(hk&) = -F(hk&) f o r  k+1 odd, (30)

F(hk&) = F(hk&) f o r  g e n e ra l  r e f l e c t i o n s .  (31)

The number o f  s ig n s  w hich can be c a lc u la te d  by E qs. 25 o r  26 i s  

r a th e r  l i m i t e d ,  how ever, when a tte m p tin g  to  s ig n  a l l  la r g e  s t r u c t u r e  

f a c to r s  f i r s t .  I t  i s  g e n e ra l ly  found th a t  a f t e r  a  few s ig n s  have been  

c a l c u la te d ,  no a d d i t io n a l  t r i p l e t s  o f  th e  ty p e  H, K, H-K e x i s t  w here two 

o f th e  in d ic e s  a re  th o se  o f  s ig n e d  E 's  and th e  rem ain in g  in d e x  b e lo n g s  

to  an  u n s ig n ed  s t r u c t u r e  f a c t o r .  T h is  o f te n  o ccu rs  a f t e r  o n ly  a  sm a ll 

f r a c t i o n  o f  th e  l a r g e s t  E 's  have been  s ig n e d . A symbol s ig n ,  e .g .  A, 

may be g iv e n  to  a  new, u n s ig n ed  s t r u c t u r e  f a c t o r  a t  t h i s  p o in t .  By 

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

t i o n a l  s ig n s  can be c a lc u la te d  in  te rm s o f  ±A. A f te r  a l l  p o s s ib le  s ig n s  

have a g a in  been c a l c u la te d ,  a new symbol s ig n ,  e . g .  B, can  be g iv e n  to  

a n o th e r  un sig n ed  E and s ig n s  i n  term s o f  ±B and ±AB can b e  c a lc u la te d .  

T h is  p ro c e s s  may be r e p e a te d  a  few t im e s ,  as  n eed ed . A l t e r a a t i v e ly ,  a
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few symbol s ig n s  may be a s s ig n e d  a t  th e  v e ry  b e g in n in g , a long  w ith  th e  

o r ig in - d e f in in g  s ig n s .  The p ro p e r  c h o ic e  o f s t r u c t u r e  f a c to r s  f o r  th e se  

assig n m en ts  a llow s th e  c a lc u la t io n  o f  s ig n s  f o r  m ost o f th e  la r g e r  

s t r u c t u r e  f a c t o r s .  A gain , many o f th e  s ig n s  w i l l  be  in  te rm s o f  symbols 

o r  com binations o f  sym bols. A f te r  a  s u f f i c i e n t  number o f  s ig n s  have been  

c a lc u la te d ,  th e  symbols can be  e v a lu a te d .  Most o f  th e  s ig n e d  s t r u c tu r e  

f a c to r s  w i l l  be in v o lv ed  in  s e v e r a l  t r i p l e t s .  For a  g iv en  s t r u c tu r e  

f a c t o r ,  E (H ), Eq. 25 may show S(H) to  be  e q u a l to  s e v e r a l  symbols when 

a p p lie d  to  d i f f e r e n t  t r i p l e t s .  Thus a  r e l a t io n s h ip  betw een symbols can 

be e s ta b l i s h e d .  By lo o k in g  a t  th e  s ig n s  o f  many s t r u c t u r e  f a c t o r s ,  

s e v e r a l  in d ep en d en t r e l a t io n s h ip s  can be  o b ta in e d . S im i la r ly ,  th e  sym bols 

may be e v a lu a te d  in  term s o f  + o r  A lthough d is c re p a n c ie s  w i l l  o ccu r 

when e v a lu a t in g  th e  sym bols, m ost o f te n  a  s i g n i f i c a n t l y  l a r g e r  number o f 

e q u a tio n s  w i l l  show a  symbol to  be e q u a l to  one s ig n  in s te a d  o f  th e  

o th e r .

Tlie sym bolic  a d d i t io n  method can  e a s i l y  be c a r r i e d  o u t by hand 

c a lc u la t io n s  once th e  n o rm alized  s t r u c t u r e  f a c to r s  and t r i p l e t  combina­

t io n s  have been  o b ta in e d . In  t h i s  c a s e ,  th e  p r o b a b i l i t y  e q u a t io n ,  Eq. 28 

i s  too  cumbersome to  u s e . Eq. 25 i s  used  d i r e c t l y ,  and any s ig n  c a lc u ­

la t e d  by t h i s  e q u a tio n  i s  a cc ep ted  as  long  as |E (H ) |,  | e ( K ) |,  and | e (H-K)| 

a re  la r g e .  The ch o ice  o f  minimum v a lu e s  o f  |E | ' s  to  be used  i s  somewhat 

a r b i t r a r y ,  a lth o u g h  in  p r a c t i c e  on ly  | e | ' s  > 2 .0  a re  o f te n  used  in  th e  

e a r ly  s ta g e s  and | e | ' s  z  3 .5  a re  a llo w ed  in  l a t e r  s ta g e s .  When a com­

p u te r  i s  employed to  c a lc u la te  s t r u c t u r e  f a c to r  s ig n s  by t h i s  m ethod, th e  

p r o b a b i l i t y  e q u a tio n  can be c o n v e n ie n tly  a p p lie d  in  c o n ju n c tio n  w ith  Eq. 26. 

C r i t e r i a  may be s e t  to  a llo w  a  s ig n  to  become a cc ep ted  o n ly  when th e
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p r o b a b i l i ty  th a t  i t  i s  c o r r e c t  exceeds a  s p e c i f i e d  minimum. These 

accep tan ce  l i m i t s  a re  a ls o  somewhat a r b i t r a r y .  I t  i s  v e ry  im p o rta n t 

th a t  th e  f i r s t  few s ig n s  a re  c a lc u la te d  c o r r e c t ly  s in c e  most o f  th e  

rem ain ing  s ig n s  w i l l  be o b ta in e d  in  te rm s o f th e s e  s ig n s .  T hus, p ro ­

b a b i l i t i e s  very  c lo s e  to  1 .0  must be  o b ta in e d  in  th e  e a r ly  s ta g e s .

As th e  p ro c e s s  c o n t in u e s ,  th e  l i m i t s  to  be  exceeded  can g ra d u a l ly  be 

low ered .

A f te r  a  s u f f i c i e n t  number o f  s t r u c t u r e  f a c to r s  have been  s ig n e d , 

10-15% o f  th e  d a t a ,  e l e c t r o n  d e n s ity  maps (E-maps) a r e  c a l c u la te d  which 

may y ie ld  th e  t r i a l  s t r u c t u r e  fo r  th e  compound.

A p p lic a tio n  o f  th e  Sym bolic A d d itio n  Method

27The s e r i e s  o f  f iv e  com puter p ro g ram s, w r i t t e n  by S . R. H a ll

28and re v is e d  by F. R. Ahmed, w ere u sed  f o r  th e  s t r u c t u r e  f a c t o r  s ig n

d e te rm in a tio n  o f  t h i s  s t r u c t u r e .  T hese program s employ th e  sym bolic

18a d d i t io n  method in  th e  manner d e s c r ib e d  by K a rle  and K a r le ,  u s in g

no rm alized  s t r u c t u r e  f a c to r s  and th e  Sigm a-2 e q u a tio n .

An o v e r a l l  i s o t r o p i c  te m p e ra tu re  f a c t o r ,  B, and s c a le  f a c t o r ,  K,

29w ere f i r s t  c a lc u la te d  by means o f a  W ilson p l o t .  T h is  y ie ld e d  B = 4 .6 3  

and K = 0 .1 4 3 7 . N orm alized  s t r u c t u r e  f a c t o r  am p litu d es  w ere th e n  c a l ­

c u la te d  f o r  a l l  r e f l e c t i o n s  by Eq. 32 ,

,2
V .BS

E ( H ) | -------— ---------- ^  |F ( H ) |.  (32)

The e x p e rim e n ta l s t r u c t u r e  f a c to r  a m p litu d e s ,  [F (H )[, a r e  p la c e d  on an 

a b s o lu te  s c a le  by means o f  K. A ll |E | ' s  k 1 .50  w ere r e ta in e d  f o r  u se  in



31

th e  s ig n  d e te rm in a tio n . T his y ie ld e d  230 in d e p en d en t s t r u c t u r e  f a c t o r s ,  

about 12% o f  th e  t o t a l  d a ta .

In  p r i n c i p l e ,  th e  d i s t r i b u t i o n  o f  | e | ' s in  a d a ta  s e t  i s  in d ep en ­

d en t o f th e  u n i t  c e l l  c o n te n t and depends o n ly  on th e  p re se n c e  o r  absen ce  

o f  a c e n te r  o f  symmetry. Such a  d i s t r i b u t i o n  can , th e r e f o r e ,  s e rv e  as  a 

s t a t i s t i c a l  method to  t e s t  f o r  a  c e n te r  o f  symmetry. The |E | s t a t i s t i c s

w ere c a lc u la te d  f o r  t h i s  s t r u c t u r e  and a re  compared w ith  t h e o r e t i c a l  

30d i s t r i b u t i o n s  in  T ab le  5 . Good agreem ent i s  found w ith  th e  t h e o r e t i c a l  

d i s t r i b u t i o n  f o r  cen tro sy m m etric  s t r u c t u r e s .

TABLE 5 

Ie I STATISTICS

T h e o r e t ic a l  

C en tro - N oncentro-

C a lc u la te d

Symmetric Symmetric

<1e |> 0 .798 0 .886 0.782

< |e |^> 1.000 1.000 0.975

< |e 1^-i > 0 .968 0 .736 0 .9 6 1

1e | > 3 0.3% 0.01% 0.21%

| e | > 2 5.0% 1.8% 4.6%

| e I > 1 32.0% 37iO% 30.0%

The 230 in d ep en d en t | e | ' s and t h e i r  sy m m e try -re la te d  s t r u c t u r e  

f a c to r s  w ere used  to  c a lc u la te  th e  t r i p l e t  com binations E (H ), E (K ), and 

E(H-K). T r i p l e t s  w ere c a lc u la te d  f o r  a l l  | e (H )| k 1 .50  b u t  u s in g  on ly
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[e (K )| and |E (H -K )| > 1 .8 0 . F or each  t r i p l e t ,  th e  v a lu e  o f o^Og % 

| e (H)E(K)E(H-K)I was a ls o  c a lc u la te d  f o r  u se  in  th e  p r o b a b i l i t y  e q u a t io n , 

Eq. 28.

The fo u r th  program  of t h i s  s e r i e s  i n i t i a t e d  th e  s ig n  d e te rm in a tio n . 

U sing | e (K)| and [E(H-K)[ > 1 .8 0 , s ig n s  w ere so u g h t on ly  f o r  |E (H )| k 1 .80  

in  t h i s  s t e p .  T h is  in v o lv e d  o n ly  th e  137 l a r g e s t  in d ep en d en t | E | ' s  and 

t h e i r  sy m m e try -re la te d  a m p litu d e s . The th r e e  o r ig in - d e f in in g  s t r u c t u r e  

f a c t o r s  w ere p ic k e d  from  th e  15 l a r g e s t  a m p litu d e s  a v a i la b le  and a s s ig n e d  

th e  phase  + 1 . These s ig n e d  s t r u c t u r e  f a c t o r s  w ere th e n  u sed  a s  E(K) and 

E(H-K) to  s ig n  new s t r u c t u r e  f a c t o r s ,  E (H ), by means o f S(H) = S(K)S(H-K) 

and th e  v a lu e  o f  ^^^ |E (H )|E (K )E (H -K ) was s to r e d .  For any s t r u c t u r e

f a c t o r ,  E (H ), in v o lv e d  in  more th a n  one t r i p l e t ,  th e  accum ula ted  sum

SUM(H) = I G _o_"3/2 |E (H )|E (K )E (H -K ) (33)
K  ̂ ^

was s to r e d .  Up to  fo u r  in d e p en d en t symbol s ig n s  w ere a llow ed  i n  t h i s  

program . Thus, ev ery  s t r u c t u r e  f a c to r  a c c ru e d  16 d i f f e r e n t  sums as  i n ­

d ic a to r s  o f  S(H) b e in g  ± , ± A, ± B, ± AB, ± C, ± AC, ± BC, + ABC, ± D,

± AD, ± BD, ± ABD, ± CD, ± ACD, ± BCD, and ± ABCD.

A c a lc u la te d  s t r u c t u r e  f a c t o r  s ig n  was n o t  used  to  c a l c u l a t e  ad­

d i t i o n a l  s ig n s  u n t i l  i t s  p r o b a b i l i t y  o f  b e in g  c o r r e c t ,  as c a lc u la te d  by 

Eq. 28 , exceeded s p e c i f i e d  acc e p ta n c e  l i m i t s .  The l i m i t s  u sed  f o r  t h i s  

c a l c u la t io n  a r e  g iven  in  T ab le  6 . S igns c a lc u la te d  from  th e  o r ig i n -  

d e f in in g  s ig n s  w ere t e s t e d  a g a in s t  l i m i t s  1 -3 ,  c o n s e c u t iv e ly ,  and on ly  

a c c e p te d  i f  t h e i r  accum ula ted  v a lu e  o f SUM(H) exceeded  th e  s p e c i f i e d  

l i m i t s .  When no a d d i t io n a l  s ig n s  cou ld  be c a l c u la te d ,  th e  sym bol A was 

chosen  as  th e  s ig n  o f one o f  th e  te n  l a r g e s t  rem ain in g  u n s ig n ed  s t r u c t u r e
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TABLE 6

ACCEPTANCE LIMITS FOR STRUCTURE FACTOR SIGNS

L im it SUM(H) . P+(H)

1 8 .0 ■ 1.00000

2 7 .5 1.00000

3 7 .0 1.00000

4 6 .5 1.00000

5 6 .0 0.99999

6 5 .5 0 .99999

7 5 .0 0.99996

8 4 .5 0 .99987

9 4 .0 0 .99967

10 3 .5 0 .99909

11 3 .0 0 .99752

12 2 .5 0.99330

13 2 .4 0 .99183

14 2 .2 0 .98787

15 2 .0 0 .98201

16 2 .0 0.98201
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f a c to r s  and l i m i t s  4-6  w ere made acc ep tan c e  l i r d t s .  T his p ro c e s s  was 

re p e a te d  by a s s ig n in g  th e  symbol s ig n s  B, C, and D, as n eed ed , and adding  

th r e e  l i m i t s  o f  T ab le 6 as acc ep tan c e  l i m i t s  a f t e r  each  symbol was a s s ig n e d . 

Any s t r u c t u r e  f a c to r  w hich had  accum ulated  a p p re c ia b le  v a lu e s  o f  SUM(H) 

in  more th an  one c o u n te r  was g iv en  th a t  s ig n  w hich co rresp o n d ed  to  i t s  

l a r g e s t  v a lu e  o f  SUM(H). A f te r  a l l  p o s s ib le  s ig n s  w ere c a l c u la te d ,  a l l  

c o u n te rs  w ere compared w ith  l i m i t  16 ( i d e n t i c a l  to  l i m i t  15 f o r  t h i s  c a l ­

c u l a t io n ) .  Of th e  137 | e | ' s k 1 .8 0 , o n ly  fo u r  s ig n s  w ere l e f t  u n d e te r ­

m ined, 17 w ere acc ep ted  as  + o r  - ,  and th e  rem a in in g  116 w ere in  term s o f 

sym bols and com binations o f  sym bols. Symbol s ig n s  w ere e v a lu a te d  by 

com paring a l l  a p p ro p r ia te  c o u n te rs  h av ing  SUM(H) z  2 .0  ( l im i t  1 6 ) . A 

symbol was c o n s id e re d  e v a lu a te d  i f  a t  l e a s t  th r e e  e q u a tio n s  w ere o b ta in e d  

f o r  i t  and a t  l e a s t  tw o - th i rd s  o f  th e se  in d ic a te d  t h a t  i t  was + o r  - .

These r e s u l t s  a re  shown in  T ab le  7 . In  p r a c t i c e ,  a  s t r u c tu r e  f a c to r  

s ig n  i s  n e v e r  a c c e p te d  i f  i t s  p r o b a b i l i t y  o f  b e in g  c o r r e c t ,  a s  g iv e n  by 

e q u a tio n  28, i s  below 0 .9 7 . In  th e  e a r ly  s t a g e s ,  t h i s  v a lu e  m ust be  much 

c lo s e r  to  1 .0 0 . The a c c e p ta n c e  l i m i t s  shown in  T ab le  6 r e f l e c t  t h i s  t r e n d .  

They w ere chosen somewhat a r b i t r a r i l y ,  s in c e  no f ix e d  c r i t e r i a  e x i s t  f o r  

making th e se  c h o ic e s , and a l s o  somewhat h ig h e r  th a n  u su a l w ith  l i m i t  16 

co rre sp o n d in g  to  P^(H) = 0 .9 8 2 . The d a ta  p re s e n te d  h e re  r e p r e s e n ts  th e  

f i r s t  a p p l ic a t io n  o f th e  sym bolic  a d d i t io n  method to  th i s  s t r u c t u r e .  Had 

th e  p ro c e ss  been  t o t a l l y  u n f r u i t f u l ,  su b se q u en t c a lc u la t io n s  w ould have 

been made w ith  le s s  s t r i n g e n t  acc ep tan c e  l i m i t s .

Seven o f  th e  f i f t e e n  symbol s ig n s  w ere e v a lu a te d  by th e  p ro ced u re  

d is c u s s e d  above, y ie ld in g  70 d e f i n i t e  s t r u c t u r e  f a c t o r  s ig n s  f o r  

| e | ’ s i  1 .8 0 . In  a d d i t io n ,  th e  r e l a t io n s h ip  B •  C = -D was a l s o  c l e a r ly
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TABLE 7 

EVALUATED SYMBOL SIGNS

Symbol

Number o f 
E q u a tio n s  

f o r  Symbol = +

Number o f  
E qu a tio n s  

f o r  Symbol = -

A ccepted 
S ign fo r  

Symbol

A 38 4 +

B 0 0

AB 0 0

C 0 0

AC 0 0

BC 27 0 +

ABC 22 3 +

D 0 0

AD 0 1

BD 0 5 -

ABD 1 3 -

CD 0 9 -

ACD 1 2 -

BCD 0 0

ABCD 0 0
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re v e a le d .  Comparison o f  th e s e  r e s u l t s  w ith  th e  most c o n s i s te n t  s e t  o f
g

s ig n s  c a lc u la te d  by hand showed e x c e l le n t  agreem ent (on ly  4 d is c re p a n c ie s  

f o r  th e  70 s ig n s )  and in  a d d i t io n  in d ic a te d  th e  r e l a t io n s h ip  B = C = -D = + . 

I f  th e  s p e c i f i c a t i o n  th a t  SUIi(H) f o r  a  s t r u c t u r e  f a c t o r  may n o t  be l e s s  

th a n  2 .0  in  a t  l e a s t  two c o u n te rs  b e fo re  a  s y m b o l- id e n ti fy in g  e q u a tio n  

cou ld  be e s ta b l i s h e d  had  been  low ered to  1 .7  (c o rre sp o n d in g  to  P^(H) = 

0 .9 6 7 ) ,  th e  same r e la t io n s h ip  would have been  o b ta in e d  and a l l  symbols 

w ould have been  e v a lu a te d .  However, th e  f a c t  th a t  n o t  a  s in g l e  e rro n eo u s  

s ig n  was o b ta in e d  by th e  method em ployed may be a j u s t i f i c a t i o n  f o r  u s in g  

such  h ig h  acc ep tan c e  l i m i t s .

The 70 s t r u c t u r e  f a c to r s  f o r  w hich d e f i n i t e  s ig n s  had been  o b ta in e d  

in  th e  p re v io u s  s ta g e  w ere th e n  used  to  c a l c u l a t e  s ig n s  o f  | e | ' s i n  th e  

ran g e  1 .5  ^ | e | < 1 .8 0  by d i r e c t  a p p l ic a t io n  o f  th e  Sigma-2 e q u a t io n . A ll 

c a lc u la te d  s ig n s  w ith  a  p r o b a b i l i t y  o f  b e in g  c o r r e c t  g r e a t e r  th a n  0 .970  

were a c c e p te d . T h is  p roduced  30 a d d i t io n a l  s ig n s .  The 100 s ig n e d  E*s 

th u s  o b ta in e d  ( r e f e r r e d  to  as C a lc u la t io n  I  i n  T ab le  8) w ere th e n  used 

to  c a l c u la t e  an E-map. S in ce  t h i s  c a l c u la t io n  em ployed o n ly  5.3% o f 

th e  t o t a l  d a ta ,  many s u p e r f lu o u s  peaks w ere o b ta in e d . However, 14 o f 

th e  32 l a r g e s t  peaks c l e a r ly  re v e a le d  th e  p o s i t io n s  o f  a l l  ca rb o n  and 

oxygen atoms as a t r i a l  s t r u c t u r e  w hich r e f in e d  r e a d i ly .  T h is  t r i a l  

s t r u c t u r e  was in  e x c e l le n t  agreem ent w ith  one o f  th e  p o s s ib le  m o le c u la r  

o r i e n t a t i o n s  deduced from th e  P a t te r s o n  a n a ly s i s .

For com parison , th e  l a s t  s ta g e  o f  th e  phase  d e te rm in in g  p ro c e s s  

was re p e a te d  th re e  t im e s . The 70 s ig n e d  E 's  and th e  65 rem a in in g  s t r u c ­

tu r e  f a c to r s  w ith  symbol s ig n s  and |E | i  1 .8 0  w ere u sed  tw ic e  to  c a lc u la te  

s ig n s  f o r  | e | > 1 .5 0 . The f i r s t  tim e th e  ass ignm en t B = C = -D = + was
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TABLE 8

FINAL SIGNS AND E-MAP RESULTS

C a lc u la t io n I I I I I I IV

S ta r t in g  s ig n s

D e f in i te 70 70 70 122

Symbol 0 65 65 0

Symbol A ssignm ent B=C=-D=+ B=C=-D=—

S igns c a lc u la te d 30 90 88 78

T o ta l  number o f  
s ig n e d  E 's 100 225 223 200

Peak h e ig h ts  a t  
a to m ic  p o s i t io n s * 8 .0 -1 5 .0 1 8 .8 -2 7 .5 -1 .3 7 -1 1 .0 1 2 .8 -2 7 .5

L a rg e s t  s u p e r f lu o u s  
peak 1 5 .0 9 .5 35 .0 1 1 .7

I n c o r r e c t  s ig n s* * 0 0 114 19

*U sing c o o rd in a te s  o f  t r i a l  s t r u c t u r e  o b ta in e d  from  C a lc u la t io n  I .

**Compared w ith  c a l c u la t e d  s t r u c t u r e  f a c t o r s  a f t e r  14 r e f in e m e n ts .



38

made, th e  r e l a t i o n s h ip  ex p ec ted  to  be  c o r r e c t ,  and f o r  th e  second c a lc u ­

l a t i o n  B = C = -D = -  was u sed . The f i n a l  c a l c u la t io n  used  122 s ig n s  

fo r  | e | ’ s  > 1 .8 0  c a lc u la te d  by hand^ as  s t a r t i n g  s ig n s .  These th r e e  

c a l c u la t io n s  a re  r e f e r r e d  to  as C a lc u la t io n  I I ,  I I I ,  and IV, r e s p e c ­

t i v e ly  in  T ab le  8. Each s e t  o f  s ig n s  o b ta in e d  was used  in  an E-map 

c a lc u la t io n  and th e  r e s u l t s  a re  shown in  T ab le  8. E-maps o f c a lc u la ­

t io n s  I ,  I I ,  and IV , y ie ld e d  i d e n t i c a l  t r i a l  s t r u c t u r e s  w h ile  th e  E-map 

b ased  on C a lc u la t io n  I I I  y ie ld e d  peaks w hich d id  n o t c o rre sp o n d  to  a 

m ean ing fu l m o le c u la r  s t r u c t u r e .  Of s p e c ia l  i n t e r e s t  a re  th e  r e s u l t s  

o f  c a l c u la t io n s  I I  and IV. Only abo u t 11% o f th e  s t r u c t u r e  f a c t o r  s ig n s  

have been  d e te rm in ed  h e r e ,  y e t  th e  s m a l le s t  peak  a t  an a tom ic p o s i t i o n  

i s  l a r g e r  th a n  th e  l a r g e s t  s u p e r f lu o u s  p eak . F in d in g  a t r i a l  s t r u c t u r e  

from such  a  map i s  t r i v i a l .



CHAPTER IV

REFINEMENT OF THE CRYSTAL STRUCTURE

C o o rd in a tes  o f  th e  tw elve  carbon  and two oxygen a to m s, tak en  

from th e  E-m aps, were r e f in e d  by th re e -d im e n s io n a l b lo c k -d ia g o n a l l e a s t -  

sq u a re s  u s in g  th e  w e ig h tin g  scheme

^  = |F o |/P  i f  |F o | ^ P

o r  = P / | F o |  i f  | F o |  > P

w ith  P = 1 6 .0 . The a tom ic  s c a t t e r i n g  f a c to r s  used  f o r  th e  c a lc u la t io n

o f s t r u c t u r e  f a c to r s  (F^) w ere in t e r p o la t e d  from th e  v a lu e s  o f  T ab le  9 . 

S ix  re f in e m e n ts  w ere f i r s t  c a r r i e d  o u t u s in g  th e  carbon  and oxygen co­

o rd in a te s  and i s o t r o p i c  te m p e ra tu re  f a c to r s  as p a ra m e te rs . D uring th e s e  

re f in e m e n ts ,  th e  r e s id u a l  in d ex

l | F o |  -  i F c l l
^  z |k F o |

dropped from as i n i t i a l  v a lu e  o f  0 .316  to  0 .1 6 9 . At t h i s  p o in t ,  a n is o ­

tr o p ic  tlie rm al p a ram e te rs  w ere in tro d u c e d  and f u r th e r  re f in e m e n ts  c a r r i e d  

o u t .  A d if f e r e n c e  F o u r ie r  was c a lc u la te d  a f t e r  R had dropped to  0 .1 3 4 . 

Twelve o f  th e  19 most p rom inen t peaks o b ta in e d  showed th e  ex p ec ted  

p o s i t io n s  o f  a l l  hydrogen atom s. F u r th e r  re f in e m e n ts  added th e  c o o rd i­

n a te s  and i s o t r o p i c  te m p e ra tu re  f a c to r s  o f  a l l  hydrogens as p a ra m e te rs .

39
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TABLE 9 

ATOMIC SCATTERING FACTORS

,0-1
s in  6 (A ) 

X f . , 0 fo,C ( * ) *o,H

0.00 8.000 6.000 1.000

0.05 7.796 5.760 0.992

0.10 7.250 5.126 0.854

0.15 6.482 4.358 0.712

0.20 5.634 3.581 0.566

0.25 4.814 2.976 0.439

0.30 4.094 2.506 0.330

0.35 3.492 2.165 0.248

0.40 3.010 1.950 0.184

0.50 2.338 1.685 0.104

0.50 1.944 1.536 0.060

0.70 1.714 1.426 0.038

0 .80 1.566 1.322 0.020

0.90 1.462 1.218 0.013

1.00 1.374 1.114 0.010

1.10 1.296 1.012 0.007

1.20 1.220 0.916 0.005

1.30 1.144 0.821 0.003
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S ig n i f i c a n t  s h i f t s  w ere i n i t i a l l y  o b ta in e d  f o r  th e  hydrogen  p a ra m e te rs . 

L e a s t- s q u a re s  re f in e m en t was c o n tin u e d  u n t i l  th e  s h i f t s  in  a l l  p a ra m e te rs  

were l e s s  th a n  1 /7  o f  t h e i r  e s t im a te d  s ta n d a rd  d e v ia t io n s .  At t h i s  p o in t  

R had dropped  to  0 .057  when in c lu d in g  a l l  r e f l e c t i o n s  and R = 0 .052  when 

u s in g  o b se rv ed  r e f l e c t i o n s  o n ly . A f i n a l  d i f f e r e n c e  F o u r ie r  map, u s in g  

th e  r e f in e d  c o o rd in a te s  o f  a l l  a to m s, showed no peaks ( p o s i t iv e  o r  n eg a ­

t i v e )  g r e a t e r  th an  0 .19  e / (X )^ .  A f i n a l  F o u r ie r  map was c a lc u la te d  and 

y ie ld e d  e l e c t r o n  d e n s i t i e s  a t  th e  a tom ic  p o s i t io n s  as  shown in  T ab le 10.

TABLE 10

ELECTRON DENSITIES AT THE ATOMIC POSITIONS

Atom (e/A ^) Atom (e/& ^)

c ( l ) 7 . 4 H ( l ) 0 . 8

C(2) 6 . 5 H(2) 0 . 9

C(3) 6 .5 H(3) 0 . 8

C(4) 6 . 1 H(4) 0 . 7  .

C(5) 6 .2 H(5) 0 . 8

C(6) , 7 . 0 H(6) 0 . 8

C(7) 6 . 4 H(7) 0 . 9

C(8) 6 . 3 H(8) 0 .9

C(9) 6 .1 H(9) 0 . 8

C(iO) 6 .5 11(10) 0 . 7

C ( l l ) 6 . 4 H ( l l ) 0 . 8

C(12) 7 .3 H(12) 0 . 8

0 ( 1 ) 7 .1

0 ( 2 ) 8 . 0



CHAPTER V

RESULTS AND DISCUSSION OF THE CRYSTAL STRUCTURE ANALYSIS

The accu racy  o f  a  c r y s t a l  s t r u c t u r e  may be a s s e s s e d  by th e  a g re e ­

ment betw een  observed  and 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 t  the  c o n c lu s io n  

o f  l e a s t  s q u a re s  r e f in e m e n t ,  t h e  m agnitude o f  r e s i d u a l  peaks i n  th e  

f i n a l  d i f f e r e n c e  F o u r ie r  map, th e  s ta n d a rd  d e v i a t i o n  o f  a tom ic  c o o rd i ­

n a t e s ,  bond l e n g t h s ,  and bond a n g l e s ,  and th e  agreem ent between c a lc u ­

l a t e d  bond le n g th s  and bond a n g le s  w i th  th o se  p r e v io u s ly  d e te rm ined  f o r  

s i m i l a r  s t r u c t u r e s .  The o v e r a l l  R v a lu e  o f  0 .057  a t  th e  end o f  r e f i n e ­

ment shows t h a t  an a c c e p ta b le  agreem ent betw een o b se rv ed  and 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  had been o b ta in e d .  The f l a t n e s s  o f  th e  f i n a l  d i f f e r ­

ence F o u r i e r  ( l a r g e s t  peaks  a r e  - 0 .1 9  and + 0 .1 8 )  shows t h a t  th e  e n t i r e  

u n i t  c e l l  c o n te n t  i s  acco u n ted  f o r  by fo u r  m o lecu le s  o f  *^22^12*^2' 

c o l l e c t i n g  i n t e n s i t y  d a t a  o u t  to  140° in  20, q u i t e  sm a l l  s ta n d a rd  d e v ia ­

t i o n s  w ere o b ta in e d  f o r  th e  a tom ic  c o o r d in a t e s ,  bond l e n g th s ,  and bond 

a n g le s .  The v e ry  sm a l l  s h i f t s  i n  a tom ic  p a ra m e te rs  a t  th e  end o f  r e ­

f in em en t show t h a t  th e se  v a lu e s  have p ro b ab ly  been  de te rm in ed  a s  a c c u r a t e l y  

as p o s s i b l e  w i th  th e  p r e s e n t  d a t a .

The f i n a l  a tom ic c o o r d in a te s  and t h e i r  e s t im a te d  s ta n d a rd  d e v ia ­

t i o n s  a r e  g iv en  i n  T ab le  11. The s ta n d a rd  d e v i a t i o n s  o f  carbon and oxy­

gen c o o r d in a te s  a re  ± 0 .002  X w h i le  th o s e  o f  hydrogen  atoms a r e  ± 0 .0 3  A

42
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TABLE 11

FRACTIONAL ATOMIC COORDINATES (xlO^) 

(E s t im a te d  S tan d a rd  D e v ia t io n s  a re  i n  P a re n th e s e s )

Atom x /a y /b z /c

c(i) 1295(2) 3860(2) 2293(2)
C(2) 2896(3) 2942(2) 2493(2)
C(3) 4342(3) 2839(2) 3748(2)
C(4) 3720(3) 2911(2) 4555(2)
C(5) 1566(3) 3096(2) 4261(2)
C(6) 530(2) 3937(2) 3246(2)
C(7) -1747(3) 3958(2) 2794(2)
C(8) -2746(3) 4660(2) 1712(2)
C(9) -2112(3 ) 4602(2) 914(2)
C(10) -  390(3) 3836(2) 1050(2)
C ( l l ) 2192(3) 5978(2) 2623(2)
C(12) 1413(3) 5158(2) 3553(2)
0 (1 ) 3094(2) 5703(1) 2283(1)
0 (2 ) 1399(2) 5884(1) 4203(1)
H ( l) 3515(27) 3160(16) 1983(17)
H(2) 2208(22) 2149(14) 2208(14)
H(3) 5860(21) 2648(14) 3942(14)
H(4) 4814(27) 2823(18) 5470(18)
H(5) 1487(26) 3422(15) 4937(15)
H(6) 686(24) 2341(17) 4023(16)
H(7) -1966(24) 4311(15) 3470(15)
H(8) -2153(26) 3090(16) 2641(16)
H(9) -3907(26) 5133(16) 1657(16)
H(10) -2836(25) 5071(16) 166(15)
11(11) 179(26) 4106(16) 486(15)
H(12) -  881(23) 2977(15) 849(15)
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o r  l e s s .  A n is o t ro p ic  te m p e ra tu re  f a c t o r s  o f  carbon and oxygen atoms and 

i s o t r o p i c  f a c t o r s  o f  hydrogen atoms a re  g iven  in  T ab les  12 and 13 , r e ­

s p e c t i v e l y .  The le n g th s  and d i r e c t i o n  c o s in e s  o f  th e  v i b r a t i o n a l  e l l i p s ­

o id s  o f  th e  a n i s o t r o p i c  atoms a r e  g iven  in  T ab le  14. As e x p e c te d ,  th e  

two b r id g e h e a d  c a rb o n s ,  C ( l)  and C (6 ) ,  show th e  l e a s t  th e rm a l m otion .

A l l  bond le n g th s  and a n g le s  a r e  g iven  in  T ab les  15-18 .

The m o le c u la r  con fo rm a tion  may be d e s c r ib e d  as a n e a r l y  p la n a r  

c y c lo b u ta d io n e  system  w ith  th e  two cyclohexene r in g s  i n  th e  b o a t  form , 

fo ld e d  toward th e  four-membered r i n g .  The m o le c u la r  symmetry i s  v e ry  

n e a r ly  tw o - fo ld  (C g) , o r  even mm (Cg^) a l th o u g h  s i g n i f i c a n t  d e v i a t io n s  

from b o th  o f  th e s e  sym m etries e x i s t  as can be seen  by exam ining th e  c a l ­

c u l a te d  bond d i s t a n c e s  and a n g le s  (Tables  1 5 -1 8 ) .  For th e  pu rp o se  o f  

d i s c u s s in g  and r e l a t i n g  bond le n g th s  and a n g l e s ,  mm symmetry w i l l  be 

assumed and av e rag e  v a lu e s  o f  s e t s  o f  bond le n g th s  and a n g le s ,  r e l a t e d  

by t h i s  assumed symmetry, a re  g iv e n  in  T ab les  19 and 20, r e s p e c t i v e l y .

The f o u r  bonds co nnec ted  t o  th e  cy c lo b u ta n e  r in g  ran g e  from 1 .5 2 8 (3 )
o o

to  1 .5 4 1 (3 )  A i n  l e n g th  and have  an average  v a lu e  o f  1 .534 A, i n  good

agreem ent w i th  th e  average  l e n g th  o f  a  norm al C-C s in g le  bond r e p o r te d

31 oby S u t to n  as  1 .537 ± 0 .005 A. The fo u r  bonds i n  th e  cyclohexene r i n g s

which a r e  a d j a c e n t  to  th e  doub le  bonds show th e  ex p ec ted  s h o r te n in g  from 

a s i n g l e  bond l e n g th .  They range  from 1 .4 9 0 (3 )  t o  1 .505(3 )  X and have 

an av e ra g e  l e n g th  o f  1 .499 X. The two double  bonds i n  th e  cyc lohexene  

r i n g s ,  w i th  l e n g th s  o f  1 .3 1 8 (3 )  and 1 .313 (3 )  A, a r e  i d e n t i c a l  w i th i n  ex ­

p e r im e n ta l  e r r o r ,  b u t  s l i g h t l y  s h o r t e r  th an  th e  average  v a lu e  o f  ca rb o n -

31carbon double  bonds o f  1 .335  ± 0 .005  A. The cy c lo b u tan e  r i n g  shows a  

sm a l l  in c r e a s e  i n  some bond l e n g t h s ,  compared t o  a  normal C-C s i n g l e  

bond, as  g e n e r a l ly  found f o r  four-membered r i n g s .  The lo n g e s t  bond in
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TABLE 12

ANISOTROPIC THERMAL PARAMETERS OF CARBON AND OXYGEN ATOMS (xlO^)

(Standard deviation of last digit in parentheses)

Atom " l l ^22 ^33 b i2 ^13 ^23

C (l) 203(4) 57(2) 63(2) -1 1 (5 ) 118(4) -8 8 (3 )

C(2) 241(5) 81(2) 92(2) 35(6) 154(5) -  1(3)

C(3) 218(5) 91(2) 101(2) 41(6) 103(5) 32(4)

C(4) 271(6) 98(2) 86(2) 30(6) 80(5) 43(4)

C(5) 324(6) 105(2) 76(2) 31(6) 176(6) 34(4)

C(6) 205(7) 63(2) 67(2) 8 (5 ) 129(5) 3(3)

C(7) 210(5) 96(2) 103(2) -3 1 (6 ) 168(5) -1 7 (4 )

C(8) 187(5) 92(2) 114(2) 6 (5 ) 90(5) -1 4 (4 )

C(9) 247(6) 88(2) 85(2) 1 (6 ) 55(5) 6(3)

C(10) 285(6) 86(2) 66(2) 32(6) 103(5) 6(3)

C ( l l ) 213(5) 71(2) 89(2) -2 3 (5 ) 135(5) 18(3)

C(12) 206(5) 76(2) 74(2) 24(5) 79(5) -2 8 (3 )

0(1) 453(5) 103(2) 173(2) -11 7 (5 ) 358(5) 20(3)

0(2) 366(4) 110(2) 124(2) -3 4 (5 ) 192(4) -100 (3 )

2 2 2 Tem perature f a c t o r  = exp - ( h  + k  + % b^^

+  h k b ^ 2  +  h & b ^ 2  +  k & b g g )
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TABLE 13

ISOTROPIC TEMPERATURE FACTORS OF HYDROGEN ATOMS 

(S tandard  d e v i a t i o n  o f  l a s t  d i g i t  i n  p a r e n th e s e s )

Atom B(A^)

H (l) 7 .4 (5 )

H(2) 5 .3 (4 )

H(3) 4 .9 (4 )

H(4) 8 .4 (6 )

H(5) 5 .9 (5 )

H(6) 7 .2 (5 )

H(7) 5 .8 (4 )

H(8) 6 .7 (5 )

H(9) 6 .4 (5 )

H(10) 6 .2 (5 )

H ( l l ) 6 .9 (5 )

H(12) 6 .1 (5 )
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TABLE 14

LENGTHS AND DIRECTION COSINES WITH RESPECT TO THE UNIT CELL AXES 

OF THE PRINCIPAL AXES OF THE THERMAL ELLIPSOIDS

Atom B^(A)^ Aj^(xlO^) &2(xlo3)

0(1) 3 .758 648 -220 369
3.044 -378 739 667
2.951 -622 -637 647

0(2) 4 .998 325 241 677
4 .717 -494 -781 560
3.434 -807 575 477

0(3) 6 .249 -338 440 896
4.914 639 756 -408
3.498 691 —484 176

0(4) 6 .601 -641 501 805
5 .463 706 683 -141
3.502 302 -532 576

0(5) 6 .340 498 699 240
5 .300 -754 641 206
3.243 -428 -316 949

0(6) 3.901 571 -079 481
3.410 -242 935 340
2 .841 -785 -346 808

0(7) 5.866 117 -548 691
4.832 -091 824 541
3.076 989 141 -479

0(8) 7 .031 -456 -208 979
4 .813 -051 977 209
3 .321 888 -050 017

0(9) 6 .531 -825 080 866
4.686 126 991 -016
3.689 550 -107 500

0(10) 5 .645 911 411 -366
4.414 -412 895 336
3.542 034 -173 868
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TABLE 14

(continued)

Atom Bi(A)2 £j^(xlO^) &3(xlo3)

C ( l l ) 5.047 -209 433 879
4.124 -659 600 -116
3.006 723 672 -463

C(12) 5.493 -593 -607 736
3.483 737 -145 267
3.219 -324 781 622

0 (1 ) 10.038 437 -114 608
7.750 -609 693 616
3.182 662 712 -502

0 (2 ) 9.055 -177 -654 738
6.488 966 028 -197
3.427 -188 756 646
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TABLE 15

C-C AND C-0 BOND LENGTHS

(Standard deviation of last digit in parentheses)

Bond Length  ( t ) *

C (l)  -  C(2) 1 .5 2 8 (3 )

C (l)  -  C(6) 1 .5 7 2 (3 )

C (l)  -  C(10) 1 .5 4 1 (3 )

C (l)  -  C ( l l ) 1 .5 3 4 (3 )

C(2) -  C(3) 1 .5 0 5 (3 )

C(3) -  C(4) 1 .3 1 8 (3 )

C(4) -  C(5) 1 .4 9 0 (3 )

C(5) -  C(6) 1 .5 3 8 (3 )

C(6) -  C(7) 1 .5 2 8 (3 )

C(6) -  C(12) 1 .5 3 1 (3 )

C(7) -  C(8) 1 .500(3 )

C(8) -  C(9) 1 .3 1 3 (3 )

C(9) -  C(10) 1 .5 0 1 (3 )

C ( l l )  -  C(12) 1 .5 5 1 (3 )

C ( l l )  -  0 (1 ) 1 .1 9 3 (2 )

C(12) -  0 (2 ) 1 .1 9 0 (2 )

*Not c o r r e c t e d  f o r  th e rm a l  m otion .
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TABLE 16 

C -  H BOND LENGTHS 

(S tan d ard  d e v i a t i o n  o f  l a s t  d i g i t  i n  p a r e n th e s e s )

Bond
o

Length (A)

C(2) -  H (l) 0 .9 9 (2 )

C(2) -  H(2) 1 .0 3 (2 )

C(3) -  H(3) 1 .0 7 (2 )

C(4) -  H(4) 1 .1 0 (2 )

C(5) -  H(3) 0 .9 8 (2 )

C(5) -  H(6) 1 .0 5 (2 )

C(7) -  H(7) 1 .0 4 (2 )

C(7) -  H(8) 1 .0 4 (2 )

C(8) -  H(9) 1 .0 0 (2 )

C(9) -  H(10) 1 .0 3 (2 )

C(10) -  H ( l l ) 1 .0 4 (2 )

C(10) -  H(12) 1 .0 5 (2 )



M

I
u i

010

1
0
1
o'so*
H*
§

00

S'
CO

1 .1 9 3 (2 )

1 .1 9 0 (2 )

1 .5 5 1 (3 )

1 .5 3 1 (3 )
1 .3 1 8 (3 )

1 .5 3 4 (3 )

1 .5 0 5 (3 )
1 .5 2 8 (3 )

1 .5 3 8 (3 )1 .5 7 2 (3 )

1 .5 4 1 (3 )
1 .5 2 8 (3 )

1 .5 0 0 (3 )

Ln

.490 (3 )

1 .5 0 1 (3 )

1 .3 1 3 (3 )
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TABLE 17

C-C-C AND C-C-0 BOND ANGLES

(Standard deviation of last digit in parentheses)

Atoms Angle ( )

C(2) - C(l) - C(6) 115.6(2)
C(2) - C(l) - c(10) 112.2(2)
C(2) - c(i) - c(ll) 112.2(2)
C(6) - C(l) - c(10) 114.2(1)
C(6) - C(l) - c(ll) 89.6(1)
C(10)- c(i) - c(ll) 111.1(2)
C(l) - C(2) - C(3) 111.7(2)
C(2) - C(3) - C(4) 121.1(2)
C(3) - C(4) - C(5) 121.4(2)
C(4) - C(5) - C(6) 112.6(2)
C(l) - C(6) - C(5) 114.6(2)
C(l) - C(6) - C(7) 115.1(2)
C(l) - C(6) - C(12) 89.6(1)
C(5) - C(6) - C(7) 112.9(2)
C(5) - C(6) - C(12) 111.3(2)
C(7) - C(6) - C(12) 111.1(2)
C(6) - C(7) - C(8) 112.0(2)
C(7) - C(8) - C(9) 120.3(2)
C(8) - C(9) - C(10) 121.4(2)
C(l) - C(10)- C(9) 111.8(2)
C(l) - C(ll)- C(12) 90.3(1)
CCD - C(ll)- 0(1) 134.2(2)
C(12)- C(ll)- 0(1) 135.5(2)
C(6) - C(12)- C(ll) 90.5(1)
C(6) - C(12)- 0(2) 134.0(2)
C(ll>- C(12)- 0(2) 135.4(2)
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TABLE 18

C-C-H AND H-C-H BOND ANGLES

(Standard deviation of last digit in parentheses)

Atoms Angle ( )

c ( l )  - C(2) - H (l) 106(1)
c ( l )  - C(2) - H(2) 109(1)
C(3) - C(2) - H (l) 115(1)
C(3) - C(2) - H(2) 109(1)
H (l)  - C(2) - H(2) 107(2)
C(2) - C(3) - H(3) 117(1)
C(4) - C(3) - H(3) 122(1)
C(3) - C(4) - H(4) 119(1)
C(5) - C(4) - H(4) 119(1)
C(4) - G(5) - H(5) 108(1)
C(4) - C(5) - H(6) 115(1)
C(6) - C(5) - H(5) 108(1)
C(6) - C(5) - H(6) 105(1)
H(5) - C(5) - H(6) 108(2)
C(6) - C(7) - H(7) 104(1)
C(6) - C(7) - H(8) 104(1)
C(8) - C(7) - H(7) 112(1)
C(8) - C(7) - H(8) 111 (1 )
H(7) - C(7) - H(8) 113(1)
C(7) - C(8) - H(9) 115(1)
C(9) - C(8) - H(9) 125(1)
C(8) - C(9) - H(10) 120(1)
C (10)- C(9) - H(10) 119(1)
C (l)  - C (10)- H ( l l ) 109(1)
C (l)  - C (10 )- H(12) 108(1)
C(9) - C (10)- H ( l l ) 109(1)
C(9) - C (1 0 )- H(12) 110(1)
H ( l l ) - C (10)- H(12) 108(1)



hd
H

I
ON

C/5(T>
(D*O
(0p.

??0
1
??0
o'
BPL

B(W
(D*
01

1 3 4 .0 (2 )
1 3 4 .2 (2 )

1 2 1 .1 (2 )  1 2 1 .4 (2 )

112. 6 ( 2)
1 1 1 .3 (2 )111.1 (2)

1 1 2 .9 (2 )

Ln
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TABLE 19

AVERAGE VALUES AND RANGES OF BOND LENGTHS RELATED 

BY ASSUMED mm SYMMETRY 

(S tandard  d e v i a t i o n  o f  l a s t  d i g i t  i n  p a r e n th e s e s )

Bonds*
o

Average Length (A) Range (X)

C (l)  -  C(2) 1 .534 (3 ) 1 .528(3 )  -  1 .541 (3 )

C(2) -  C(3) 1 .499 (3 ) 1 .4 9 0 (3 )  -  1 .505 (3 )

C(3) -  C(4) 1 .316 (3 ) 1 .313(3) -  1 .318 (3 )

C (l)  -  C ( l l ) 1 .532 (3 ) 1 .531 (3 )  -  1 .534(3 )

C ( l l ) -  0 (1 ) 1 .192 (2 ) 1 .190 (2 )  -  1 .1 9 3 (2 )

C(2) -  H ( l ) 1 .01  (2) 0 .98  (2) -  1 .04  (2)

C(2) -  H(2) 1.04  (2) 1.03 (2) -  1 .05  (2)

C(3) -  H(3) 1.05 (2) 1 .00  (2) -  1 .10  (2)

*Each bond shown i s  one o f  th e  sy m m e try -re la ted  s e t .
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TABLE 20

AVERAGE VALUES AND RANGES OF BOND ANGLES RELATED 

BY ASSUMED mm SYMMETRY 

(Standard deviation of last digit in parentheses)

Atoms* Average Angle (°) Range (°)

C(2) -  0(1) - 0 (6) 114 .9 (2 ) 114 .2 (1 ) - 115 .6 (2 )

C(2) -  0 (1) - 0(10) 112 .6 (2 ) 112 .2 (2 ) - 1 1 2 .9 (2 )

C(2) -  0 (1) - 0(11) 111 .4 (2 ) 111 .1 (2 ) - 112 .2 (2 )

C(6) -  0(1) - 0(11) 8 9 .6 (1 ) 8 9 .6 (1 ) - 8 9 .6 (1 )

c(i ) -  0 (2) - 0(3) 112 .0 (2 ) 111 .7 (2 ) - 112 .6 (2 )

C(2) -  0 (3 )  - 0 (4 ) 121 .0 (2 ) 120 .3 (2 ) - 1 2 1 .4 (2 )

0(1) -  0 (1 1 ) - 0(12) 9 0 .4 (1 ) 9 0 .3 (1 ) - 9 0 .5 (1 )

0(1) -  0 (1 1 ) - 0(1) 134 .1 (2 ) 134 .0 (2 ) - 134 .2 (2 )

0(12) -  0 (1 1 ) - 0(1) 135 .3 (2 ) 135 .4 (2 ) - 135 .5 (2 )

0(1) -  0(2)  - H (l) 107 (1) 104 (1) - 109 (1)

0(1) -  0(2)  - H(2) 106 (1) 104 (1) - 109 (1)

0(3) -  0 (2 )  - H (l) 111 (1) 108 (1) - 115 (1)

0(3) -  0 (2)  - H(2) 111 (1) 109 (1) - 115 (1)

0(2) -  0(3)  - H(3) 118 (1) 115 (1) - 119 (1)

0(4) -  0(3)  - H(3) 122 (1) 119 (1) - 125 (1)

H(l) -  0 (2)  - H(2) 109 (2) 107 (2) — 113 (1)
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t h i s  r in g  co n n ec ts  th e  b r id g e h e a d  carbon a tom s, C ( l)  and C (6 ),  and has a 
o

v a lu e  o f  1 .5 7 2 (3 )  A. The bond c o n n ec t in g  th e  ca rb o n y l  carbons i s  s h o r t ­

ened to  1 .5 5 1 (3 )  X. This s h o r te n in g  i s  ex p ec ted  th rough  n - e l e c t r o n  

i n t e r a c t i o n .  The s h o r t e s t  two bonds i n  th e  c y c lo b u ta n e  r i n g ,  however, 

a re  th e  C ( l )  -  C ( l l )  and C(6) -  C(12) bonds w i th  v a lu e s  o f  1 .5 3 4 (3 )  and

1 .5 3 1 (3 )  A, r e s p e c t i v e l y .  I n t e r a c t i o n s  between th e  n - e l e c t r o n s  o f  th e  

ca rbony l ca rbons  and th e  b r id g e h e a d  bonds o f  th e  cyclohexene  r in g s  may 

h e lp  to  keep th e s e  bonds c lo s e  to  th e  normal s i n g l e  bond d i s t a n c e .

F u r th e r  ev id en ce  o f  such i n t e r a c t i o n s  w i l l  be  g iv e n  in  a l a t e r  s e c t i o n .

The long  bond le n g th s  i n  th e  cy c lo b u ta n e  r i n g  a r e  n o t  u n u su a l .

They have been  found i n  v a r io u s  cy c lo b u tan e  r i n g s  f o r  b o th  p la n a r  and

32puckered  r i n g s .  G reenberg and P o s t  r e p o r t  bond le n g th s  o f  1 .5 4 7 (3 )
o  ̂ 33

and 1 .5 6 1 (3 )  A i n  th e  p l a n a r  r i n g  o f  t e t r a c y a n o c y c lo b u ta n e .  D unitz

has r e p o r te d  bond le n g th s  o f  1 .555 and 1 .5 8 5 (0 .0 2 0 )  f o r  th e  p l a n a r  r i n g

te t r a p h e n y lc y c lo b u ta n e .  The puckered  r in g  o f  t r a n s  - 1 . 2 -  c y c lo -

b u ta n e d ic a rb o x y l i c  a c id  has  bond le n g th s  r a n g in g  from 1.517 to  1 .553  A,^^

w h ile  v a lu e s  o f  1 .552 and 1 .5 6 7 (6 )  2  a re  r e p o r te d  f o r  th e  p la n a r  r i n g  o f

35t r a n s - l , 3 - c y c l o b u ta n e d i c a r b o x y l i c  a c i d .  The puckered  four-membered

r in g  in  t r a n s - B lcy c lo  4 . 2 .0  o c ty 1 - 1 - 3 , 5 -D in i t r o b e n z o a te  has  bond le n g th s
o 35

ra n g in g  from 1 .532 (4 )  to  1 .5 5 6 (4 )  A, a s  r e p o r t e d  by B a rn e t t  and D av is .

The c a rb o n y l  bond le n g th s  o f  1 .1 9 3 (2 )  and 1 .1 9 0 (2 )  A a re  i d e n t i c a l

w i th in  e x p e r im e n ta l  e r r o r .  T h is  v a lu e  i s  s l i g h t l y  s m a l l e r  than  th e  a v e r -
o

age c a rb o n y l  bond le n g th  r e p o r te d  by S u tto n  as 1 .215 ± 0 .005 A, b u t  i n  

agreem ent w i th  th e  ca rb o n y l  bond le n g th s  of th e  a - d ik e to n e s  g ly o x a l  

and d i a c e t y l ,  1 .20  ± 0 .0 1  and 1 .20  ± 0 .0 2  £ ,  r e s p e c t i v e l y . ^ ^  A l l  C-H 

bond le n g th s  f a l l  i n  th e  range  0 .9 8 -1 .1 0  X, w i th  s ta n d a r d  d e v ia t io n s  o f

0 .02  X. These v a lu e s  a re  o b ta in e d  by u s in g  th e  r e f i n e d  hydrogen co -
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o r d i n a t e s ,  and a re  in  good agreem ent w i th  C-H bond le n g th s  r e p o r te d  by 

v a r io u s  a u t h o r s .

Geometry o f  the  M olecule

The d e v ia t io n  o f  th e  m o le c u la r  symmetry from mm symmetry can be 

seen  from th e  th r e e  l e a s t - s q u a r e s  p la n e s  i n  T ab le  21. P lan e  1 was f i t t e d

to  th e  carbon  atoms in  th e  four-membered r i n g .  P lan e  2 was f i t t e d  to

0 ( 1 ) ,  0 ( 6 ) ,  and th e  e th y le n e  p o r t i o n s  o f  th e  two six-membered r i n g s .

P lane  3 was f i t t e d  to  th e  m id p o in ts  o f  th e  atom p a i r s  0(1) -  0 ( 6 ) ,  0 (2 )  -

0 ( 5 ) ,  0 (3 )  -  0 ( 4 ) ,  0(7) -  0 ( 1 0 ) ,  0 (8) -  0 ( 9 ) ,  0 (11) -  0 (1 2 ) ,  and 0 (1 )  -

0 ( 2 ) .  For mm symmetry, th e s e  th r e e  p la n e s  shou ld  be  m u tu a l ly  p e rp e n d ic u ­

l a r .  The c a l c u l a t e d  p la n e s  show t h a t  p la n e s  2 and 3 meet a t  9 0 .0 ° ,  b u t  

th e  a n g le s  between p la n e s  1 and 2 and p la n e s  1 and 3 a re  8 9 .2 °  and 8 9 .1 ° ,  

r e s p e c t i v e l y .  The double bond 0(8) -  0 (9) i s  s l i g h t l y  c l o s e r  to  th e  

c a rb o n y l carbons th a n . th e  0 (3 )  -  0 (4) bond and th e  two cyclohexene  r in g s  

a re  tw i s t e d  from mm symmetry by 0 .9 °  abou t a l i n e  b i s e c t i n g  th e  

0 (1) -  0 (6 )  and 0(11) -  0 (12) bonds.

The m o le c u le 's  d e v i a t i o n  from mm symmetry can a l s o  be  seen  from 

Table  22 and F ig u re s  7 and 8 . For th e s e  i l l u s t r a t i o n s ,  a tom ic  c o o rd in a te s  

were t ran s fo rm e d  to  o r th o g o n a l  C a r t e s i a n  c o o rd in a te s  w i th  d i s t a n c e s  mea­

s u re d  in  Angstroms. The m id p o in t  of th e  0 (1) -  0 (6 )  bond was p la c e d  a t  

the  o r i g i n  o f  the  c o o rd in a te  system  and th e  0 (1 )  -  0 (6) bond was used  to  

d e f in e  the  x - a x i s .  A l i n e  from th e  o r i g i n  to  th e  m idpo in t o f  th e  0 (11) -  

0 (12) bond i s  p e rp e n d ic u la r  t o  th e  x - a x is  and was used to  d e f in e  th e  

z - a x i s .  The y - a x i s  was g e n e ra te d  p e r p e n d ic u la r  to  th e  x and z a x e s .  The 

c o o rd in a te  axes thus  d e f in e  t h r e e  m u tua lly  p e r p e n d ic u la r  p la n e s  th rough  

the  m o lecu le .  The p e r p e n d ic u la r  d i s t a n c e  from ev ery  carbon and oxygen
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TABLE 21
LEAST-SQUARES PLANES THROUGH THE MOLECULE

Plane
Atoms to  which p lan e  

was f i t t e d E qua t ion  o f  P lane*

1 C (1 ) ,C (6 ) ,C (1 1 ) ,C (1 2 )  -0 .6 2 9 x + 0 .3 9 1 y -0 .6 7 2 z  = 0.166

2 0 ( 1 ) ,C (3 ) ,C (4 ) ,C (6 ) ,C (8 ) ,C (9 )  -0 .3 2 3 x -0 .9 1 3 y -0 .2 5 0 z  =-4 .495

3 M idpoin ts  o f  0 (1) -  0 ( 6 ) ,  0 . 702x -0 .053y-0 .710z  =-3.156

0 (2 ) -  0 ( 5 ) ,0 ( 3 )  -  0 ( 4 ) ,0 ( 7 )  -  0 (1 0 ) ,

0 (8) -  0 ( 9 ) ,0 ( 1 1 )  -  0 (1 2 ) ,0 (1 )  -  0 (2 )

D e v ia t io n  from

Atom P lan e  1(A) P lane  2(£) P lan e  3(X)

0(1) 0 .004 -0 .1 2 3 0.787

0(2) -1 .2 4 2 0 .438 1.434

0(3) -2 .4 9 3 0.067 0.658

0(4) -2 .5 1 0 0.055 -0 .6 6 0

0(5) -1 .2 9 5 0 .408 -1 .4 3 6

0 (6 ) -0 .0 0 4 -0 .1 2 1 -0 .7 8 5

0(7) 1.260 0 .451 -1 .4 2 1

0 (8 ) 2.499 0.065 -0 .6 6 1

0 (9 ) 2.512 0 .057 0.652

0(10) 1.305 0.436 1.431

0(11) -0 .0 0 4 -1 .6 5 8 0.775

0(12) 0.004 -1 .6 5 2 -0 .7 7 5

0(1 ) -0 .0 0 2 -2 .4 9 6 1.625

0 (2 ) 0 .065 -2 .4 8 3 -1 .6 2 4

*x, y , and z a re g iven  in  2 .
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atom to each o f  th e s e  p la n es  was c a l c u la te d  and th e  r e s u l t s  a re  shown 

i n  Table 22. For i d e a l  ram symmetry, th e  a b s o lu te  v a lu e s  of a l l  d i s t a n c e s  

from any p la n e  in  each  s e t  of atoms shown should  be i d e n t i c a l .

The n a tu r e  o f  the  cy c lo b u tad io n e  system  can be seen  from th e  

l e a s t - s q u a r e s  p la n e  1 in  Table 21. The d e v i a t io n  o f  each  o f  the  c y c lo -  

bu tane  carbons from t h i s  p la n e  i s  0 .004  S. This i s  tw ice  the  s ta n d a rd  

d e v i a t io n  o f  th e  c o o rd in a te s  and t h r e f o r e  very  n e a r  th e  l i m i t s  of a s i g ­

n i f i c a n t  d e v i a t io n  from p l a n a r i t y .  I t  may be n o te d  t h a t  0 (1 )  i s  removed 

by only 0 .002 A from t h i s  p la n e  w h ile  0 (2 )  i s  0 .065  R away. The l a t t e r  

d i s ta n c e  i s  a very  s i g n i f i c a n t  d e v i a t i o n ,  enough to  d e s t ro y  b o th  mm and 

tw o -fo ld  symmetry o f  th e  m o lecu le .  The d i s t a n c e s  o f  th e  rem ain ing  atoms 

from t h i s  p la n e  a l s o  show s i g n i f i c a n t  d e v ia t io n s  from mm and tw o -fo ld  

symmetry. The d ih e d r a l  ang le  f o r  th e  cyc lo b u tan e  r i n g  i s  1 79 .1° .

L e a s t - s q u a re s  p la n e s  th rough  th e  ca rb o n y l groups and bonded atoms 

a re  g iven  in  Table 23. The ca rb o n y l ca rb o n ,  C ( l l ) ,  e x i s t  in  a v i r t u a l l y  

p la n a r  env ironm en t,  d e v i a t in g  on ly  0 .004  A from th e  p la n e  f i t t e d  t o  C ( l ) , 

C ( l l ) , C (12),  and 0 ( 1 ) .  The su r ro u n d in g s  o f  th e  o th e r  ca rb o n y l c a rb o n ,  

C (12), i s  s i g n i f i c a n t l y  n o n p la n a r ,  w ith  C(12) abou t 0 .023  R removed 

from a p la n e  c o n ta in in g  C (6 ) ,  C ( l l ) , and 0 ( 2 ) .  The n o n - p l a n a r i t y  o f  

t h i s  group can a l s o  be  seen  i n  Table 21 by n o t in g  th e  d i s t a n c e  of 0 (2 )  

from P lan e  1. I t  i s  i n t e r e s t i n g  to  n o te  t h a t  0 (2 )  i s  b e n t  ou t  o f  th e  

p lan e  in  th e  d i r e c t i o n  o f  th e  cyclohexene r in g  which i s  c l o s e s t  to  th e  

carbony l g roups.

The m o lecu la r  pack ing  in  the  u n i t  c e l l  i s  shown in  F ig u re  10 and 

some in te r m o le c u la r  d i s t a n c e s  a re  g iven  in  Table  24. Of i n t e r e s t  i s  th e  

0 (2 )  -  H(12) d i s t a n c e  between m olecu les  r e l a t e d  by tw o -fo ld  screw a x e s .
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TABLE 22

DISTANCES OF ATOMS FROM IDEAL ram SYMMETRY PLANES

Set Atom

P lane

4

5

6

P lan e  4(A)

E qua tion  o f  P lane

X = 0 

y = 0 

z = 0 

D is ta n c e  from 

P lan e  5(X) P lane  6(R)

1 C(l) -0 .7 8 6 0.000 0.000
C(6) 0.786 0.000 0 .000

2 C(2) -1 .4 4 5 1.250 -0 .5 8 0
C(15) 1.425 1.287 -0 .5 4 7
0(7) 1.435 -1 .2 6 8 -0 .5 5 4
C(10) -1 .4 1 7 -1 .2 9 7 -0 .5 4 2

3 0(3) -0 .6 8 1 2.497 -0 .2 2 5
0(4) 0 .637 2.506 -0 .2 1 3
0(8) 0 .686 -2 .5 0 3 -0 .1 5 1
0(9) -0 .6 2 7 -2 .5 0 9 -0 .1 4 5

4 0(11) -0 .7 7 5 0.009 1 .534
0(12) 0 .775 -0 .0 0 9 1 .531

5 0(1) -1 .6 2 6 0 .011 2.372
0(2) 1 .624 -0 .0 7 4 2.364
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0(1) C(2)

C(IO)
C(3)

C(ll)C(l)
CO)

C(4)0.7
C(I2) 6 iC (6 )

C(8)
4.3“ 0(5)

0(7)

FIGURE 7. x -y  P r o j e c t i o n  d e p i c t i n g  d i s t o r t i o n  o f  th e  
m o lecu le  from mm symmetry.

0(0 0 (1)
0.1

4 .3

0(12) 0(11)

-0 .7 “

23.0
0(9)

0 (10) 0(4)
0 (8 )

0(3)0(7) 0 (2)

FIGURE 8. y - z  P r o j e c t i o n  d e p i c t i n g  d i s t o r t i o n  o f  th e  
m o lecu le  from mm symmetry.
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FIGURE 9 . S te r e o s c o p ic  v iew  o f  th e  m o lecu le  w i th  
th e rm a l  e l l i p s o i d s .
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TABLE 23

LEAST SQUARES PLANES THROUGH THE CARBONYL GROUPS

Plane

7

Atoms to  which p la n e  
was f i t t e d

0 (1 ) , 0 (11)

C ( 1 2 ) ,0 ( l )

E quation  o f  P lane*  

-0 .626x+ 0.3934y-0 .673z = 0 .174

8 C (6 ) ,C (1 1 ) ,  

0 ( 1 2 ) ,0 ( 2 )

—0 . 620x+0. 371y-0 .691z =-0 .018

Atom
D e v ia t io n  from 

P lane  7 (R) Atom
D e v ia t io n  from 

P lane  8 (R)

C (l) 0 .001 C(6) 0.005

C ( l l ) -0 .0 0 4 C ( l l ) 0 .005

C(12) 0.001 C(12) -0 .0 1 8

0 (1 ) 0 .002 0(2 ) 0 .008

*x, y ,  and z a re  g iven  i n  2 .



65

\J

N N

FIGURE 10. M olecu la r  packing



66

TABLE 24 

INTERMOLECULAR DISTANCES*

Atom A Atom B D is ta n c e  (&) Code**

C(8) 0(3) 3.821 a

C(3) 0(7) 3.850 b

0(2) 0(10) 3.472 a

C(3) 0 (2 ) 3.437 c

C(4) 0 (2 ) 3.541 c

0(1) 0(8) 3.686 b

0(1) H (8) 2 .854 a

0(2) H(2) 2.887 a

0 (2 ) H(12) 2.441 a

0 (2 ) H(7) 2 .858 d

0(1) H(9) 2.768 b

H(9) H(10) 2.537 e

H ( l l ) 11(11) 2.368 f

* D is tan ce s  a re  glyen 
and II -  H < 2 .6  A.

f o r  G -  C < 3 .90 %, C -  0 < 3. 70 X, 0 -  H < 2 .90  X,

**Atom A i s  a t  (x ,y , z) and atom B i s lo c a te d  by the fo l lo w in g  codes :

a = (-x,?5 + y,Î2- z )  , b = (1 + x , y , z ) , c = ( l - x , l - y , l - - z ) ,  d = ( - x , l - y , l - z )

= ( - l - x , l - y , - z ) , f  = ( - x , l - y , - z ) .
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These atoms a re  s e p a ra te d  by 2 .441  R, abou t 0 .16  ^  l e s s  than  the  sum of

37 38hydrogen and oxygen van d e r  Waals r a d iu s .  ’ 0 (2 )  i s  b e n t  ou t  o f  the

p la n e  of th e  four-membered r i n g  i n  th e  d i r e c t i o n  which s h o r te n s  t h i s

d i s t a n c e .  A p la n a r  d ione  sy s tem , how ever, would only  have in c r e a s e d  the

0(2) -  H(12) d i s t a n c e  by 0 .0 3  X. R eports  a re  found f o r  o th e r  c r y s t a l

s t r u c t u r e s  where th e  d i s t a n c e  between an a l k y l  hydrogen and an oxygen i s

c o n s id e ra b ly  s h o r t e r  th an  th e  sum o f  t h e i r  van d e r  Waals r a d i i ,  and th e

38 39p o s s i b i l i t y  o f  a C -  H 0 hydrogen bond has been  s u g g e s te d .  ’ For

m olecu les  w i th  a k e to  oxygen, a fa v o ra b le  geometry f o r  such a hydrogen
o

bond seems to  have a H 0 d i s t a n c e  o f  2 .27  A and a C -  H 0 an g le

of  164° .^^  D e v ia t io n  from th e s e  v a lu e s  e x i s t ,  o f  c o u rse .  The 0 ( 2 ) -------H(12)
o

s e p a r a t io n  o f  2 .441 A found i n  t h i s  s t r u c t u r e  i s  c o n s id e ra b ly  l a r g e r  than

th e  f a v o ra b le  hydrogen bond d i s t a n c e  and th e  C -  H 0 a n g le  o f  136° i s

28 degrees  l e s s  than  th e  most f a v o ra b le  bond a n g le .  Any e x i s t i n g  hydrogen 

bond i n t e r a c t i o n  in  t h i s  c r y s t a l  would have to  be c o n s id e re d  as  q u i t e  weak.
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APPENDIX B

DERIVATIONS OF SOME STRUCTURE FACTOR INEQUALITIES^^

The structure factor for a centrosymmetric crystal can be ex­

pressed as
N

F(H) = y f. COS 2ttHX.
j=l J

where H represents a set of crystallographic indices h,k,£, HX^ = hx^ + 

ky^ + £Zj, and f̂  is the temperature-corrected atomic scattering factor. 

The unitary structure factor is related to F(H) by

D(H) .
J ^

Defining a unitary scattering factor

f .

" j  Zf 
j ^

U(H) can be conveniently expressed as

U(I1) = E n. cos 2uHX..
j  ̂ ^

T t may also be noted that

Harker-Kasper inequalities can be obtained by using the Cauchy inequality
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N  ̂ N - N
I I  a .b  I ;  ( I  la  | 2 ) (  f  |b  l^)
j=l  ̂  ̂ j=l j j=l J

where a, and b. may be real or complex numbers. With a. = Æ T  and b.J ] 3 1 3
Æ T  cos 2irHX.,3 3

2 2 2 .
a. b.j = |e n. cos 2TTIIX. | = |U(H)| = U(H) .

3  ̂ 3 ^

Also,
Z a .  = Z n .  =1, and
3 ] 3 ^

2 .  
E jb . j  = E . (cos 2ttHX.)
3  ̂ 3  ̂ J

1/2 E n, (1 + cos 4ttHX.) 
3

1/2(2 n. + E n, cos [2tt(2H)x J) 
3 ^ 3 ^  ^

= 1/2[1 + U(2H)].

Therefore U(H)^ <1/2 1 + U(2H) .

Equation 17 of Chapter 3 can be derived by applying the Cauchy 

Inequality to the sum of two structure factors.

U(H) + U(K) = E n. (cos 2ttHX. + cos 2ttKX.)j 3 3 3

= E 2n. cos [tt(H + K)X.][cos 7r(H-K)Xj j 3 3 3
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D ef in in g  = /ZÏîT cos[tt(H + K)X^] and

b j = /2nT  cos[ it(H -  K )X j  ,

2 2 |Za.b.I = [U(H) + U(K)] and
j   ̂ ^

2 2 zla.I = E 2n. cos [ tt( H  + K)X,]
j J j j '

= En.d + cos[2Tr(H + K)X.])
j  ̂ ^

= 1 + U(H + K).

Similarly, E |b.| = 1 + U ( H - K ) ,  yielding
j ^

[U(H) + U(K)]^ < [1 + U(H + K)][l + U(H - K)]

For Eq. 18, consider the difference between two unitary structure

factors,
U(H) - U(K) = E n. (cos 2ttHX. - cos 2ïïKX.)j ] J J

= - E 2n sin [ tt( H  + K)X.] sin[r(H - K)X.] 
j J 2 2

With = /ZnT sin[m(H + K)Xj] and

bj = Æ i T  sin[n(H - K)X^] ,

2 2 
|e a. b. 1 = [U(H) - U(K)]^ and
j   ̂ ^
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2 ^
E I a. I = E 2n. sin [ii (11 + K)X . ] 
j  ̂ j  ̂ ^

= E n, (1 - cos[2tt(H + K)X.]
j  ̂ ^

= 1 - U(H + K).

2
Similarly, E |b.| = 1 - U(H - K)

j J

Thus from the Cauchy inequality,

[U(H) - U(K)]^ < [1 - U(H + K)][l - U(H - K)]



APPENDIX C 

THE SAYRE EQUATION^^’̂ °

The electron density in a crystal may be expressed by the Fourier

series

p(X) = i  Z F(H)e ZniHX _
H

2The square of the electron density, p (X), can be expressed by a similar 

equation but with different Fourier coefficients.

p^(X) = ^  E G(H)e"2*iHX _
H

F(H) and G(H) are structure factors for the two cases,

F(H) = E f. eZniHXj and
j J

G(H) = E g. .
1 ^

For a hypothetical crystal consisting only of equal atoms with their

electron densities completely resolved, all f^'s are identical and all
2gj's are also identical. In addition, peaks of p(X) and p (X) would 

coincide so that one may equate X̂  with X'. For such a collection of atoms,

F(H) = f E and
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G(H) = g Z .
.1

Tlius F (H) = ^ G (H) .

Sayre pointed out the property of Fourier series that when a function 

and the square of that function are both expressed by a series, the 

Fourier coefficients of the two series are related. For the series of 

p(X) and p^(X), F(H) and G(H) are related by

G(H) = A % F(K) F(H - K),
K

where A is a scaling constant. Thus

F(H) = —  Z F(H) F(H - K).
® K

This relationship between structure factor signs was first 

applied by Sayre to a hypothetical, one-dimensional array of eaual 

atoms with resolved electron densities. Although the equation is rigor­

ous for a system of equal, resolved atoms, Sayre extended it to real 

crystals as a probable equation,

F(H) = * Z F(K) F(H - K),
K

where 4» is a positive scaling constant when |f (H) | is reasonably large.
For centrosymmetric crystals, where the structure factors are real 

numbers, this equation can be used to determine structure factor signs.

Sayre showed that for a pair of structure factors F(K) and F(H - K) in 

the summation where both have reasonably large amplitudes, the product 
of these structure factors has the same sign as F(H). This yields the 

useful sign relationship between large structure factors, S(H) = S(K) S(H - K)



APPENDIX D

The following table shows a comparison of the observed and 

calculated structure factors. The numbers shown were placed on the 

calculated structure factor scale then multiplied by 9.5. Unobserved 

reflections are followed by an asterisk. All k indices are shown as 

positive numbers although intensities were measured for reflections 

with negative k indices only.
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TABLE 25 

STRUCTURE FACTOR LISTING
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PART I I

LONG-RANGE EFFECTS OF PI ELECTRONS ON 
n->TT* TRANSITIONS OF G ^  a-DIKETONES

CHAPTER I

INTRODUCTION

M olecules which c o n ta in  oxygen, n i t r o g e n ,  or s u l f u r  i n  an un­

s a t u r a t e d  group o f te n  p o sse ss  lo w - in t e n s i t y  a b s o rp t io n  bands w i th  m olar 

a b s o r p t io n  c o e f f i c i e n t s ,  e ,  i n  th e  range o f  10 -100 .^  These bands a re  

g e n e r a l ly  observed  a t  lo n g e r  w aveleng ths  th an  any o th e r  a b s o rp t io n
2

bands f o r  th e  m o lecu le .  They were f i r s t  den o ted  as R-bands by Burawoy

b u t  a re  now more commonly r e f e r r e d  to  as n-Mr* b an d s ,  a n o t a t i o n  i n t r o -  
3

duced by Kasha.

The l o w - in t e n s i ty  band f o r  a l i p h a t i c  k e to n e s  and a ldehydes  i s  

found a t  app rox im ate ly  300 my w ith  s'vlO.^ I t  was f i r s t  su g g es ted  by 

M ulliken^  t h a t  t h i s  band i s  due to  an e l e c t r o n i c  t r a n s i t i o n  from a 

l o n e - p a i r ,  non-bonding o r b i t a l  (n) c e n te re d  on th e  oxygen atom, to  a 

h ig h e r  energy  o r b i t a l .  McMurry^ showed t h a t  th e  i n t e n s i t y  o f  t h i s  band 

i s  f a r  to o  low to  be an a llow ed  n-»-o* t r a n s i t i o n ,  and i t  i s  t h e r e f o r e  

concluded  t h a t  th e  a c c e p t in g  o r b i t a l  i s  th e  a n t ib o n d in g  p i  m o le c u la r  

o r b i t a l  (MO) of the  ca rb o n y l  group and t h a t  th e  t r a n s i t i o n  i s  an n->ir* 

t r a n s i t i o n .  This  a b s o rp t io n  u s u a l ly  shows a  d i s t i n c t  s o lv e n t  dependence,

80
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moving to  s h o r t e r  w aveleng ths  w ith  in c r e a s in g  s o lv e n t  p o l a r i t y .  P a r t i ­

c u l a r ly  in  h y d ro x y lic  s o lv e n t s  the  lone  p a i r  o r b i t a l  may p a r t i c i p a t e  in  

hydrogen bonding w ith  th e  s o lv e n t  and th e reb y  be s t a b i l i z e d  w ith  r e s p e c t  

to  an i s o l a t e d  non-bonding  o r b i t a l ,  thus  r e s u l t i n g  i n  a b lu e  s h i f t e d  

n-^ïï* t r a n s i t i o n .

O ther a b s o rp t io n s  found f o r  s im ple  k e to n es  in c lu d e  a very  weak 

a b s o rp t io n  band due to  a t r i p l e t  n->iT* t r a n s i t i o n ,  a re a so n ab ly  i n t e n s e  

band f o r  th e  n->-a* t r a n s i t i o n ,  and an in t e n s e  band f o r  th e  ïï->7f’' t r a n s i t i o n .  

T y p ic a l  w aveleng ths  and i n t e n s i t i e s  of th e s e  bands a t  the  peak maxima a re  

shown in  Table 1 .^

TABLE 1

ABSORPTION BANDS IN ALIPHATIC KETONES

T r a n s i t io n I n t e n s i t y

-3.T r i p l e t  n->-rr* 400 Very weak (e ~ 10

S in g le t  n->-iT* 290 Weak (e 'v 10)

n->-0 * 180 Moderate -  S trong

ïï->ir* < 180 S trong

C onjuga tion  o f  a c a rb o n y l  w ith  a v in y l  group ex tends  the  p i - e l e c t r o n  

s t r u c t u r e  over fo u r  atom s. Of th e  fo u r  r e s u l t i n g  p i  m o lecu la r  o r b i t a l s ,  

the  h ig h e s t  occupied  and lo w es t  empty MO have e n e r g i e s  which a r e  r e s p e c t i v e l y  

h ig h e r  and low er than  the  e n e rg ie s  of th e  co rre sp o n d in g  MO's in  th e  i s o ­

l a t e d  ca rb o n y l group. With no a p p re c ia b le  change i n  e n e rg ie s  f o r  th e  non­

bonding and sigma o r b i t a l s  upon c o n ju g a t io n ,  a re d  s h i f t  i s  p r e d ic te d  f o r
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the  n->-rr* and ïï->7r* t r a n s i t i o n s  and l i t t l e  change f o r  the n->a* t r a n s i t i o n .  

Such a change i s  observed  f o r  a ,B - u n s a tu r a te d  k e to n e s .^  The s i n g l e t  

n-Mr* band ap p ea rs  a t  a p p ro x im a te ly  300-330 my and the  w-Mr* band a t  about 

230 my. The n-^a* band can g e n e r a l ly  n o t  be seen  due to  th e  new l o c a t io n  

of the  in t e n s e  t r a n s i t i o n .  The p re se n c e  of the  oxygen atom i n  the

p i system  a l s o  makes the  t r a n s i t i o n  assume some charge  t r a n s f e r

c h a r a c t e r i s t i c s .  The e x c i t a t i o n  in v o lv e s  th e  t r a n s f e r r a l  o f  e l e c t r o n  

d e n s i ty  from an MO c e n te re d  p r im a r i l y  on th e  v in y l  group to  an a n t i ­

bonding MO p red o m in an tly  c e n te r e d  on th e  c a rb o n y l  group.

When s t e r i c  h in d ra n c e  f o r c e s  the  v in y l  and ca rb o n y l  groups to  be 

n o n -p la n a r ,  c o n s id e ra b le  o v e r la p  may occur between th e  l o n e - p a i r  o r b i t a l  

o f  th e  oxygen and the  p i  system  o f  th e  v in y l  group. T h is  r e s u l t s  in  an 

in c r e a s e  i n  i n t e n s i t y  f o r  th e  t r a n s i t i o n  due to  i n t e n s i t y  borrow ing

from th e  îr- îr* t r a n s i t i o n .  The o s c i l l a t o r  s t r e n g t h  f o r  a  f o rb id d e n  t r a n ­

s i t i o n ,  such as th e  may be  r e l a t e d  to  th e  o s c i l l a t o r  s t r e n g t h  o f

the  t r a n s i t i o n  from which i n t e n s i t y  borrow ing o c c u r s ,  th e  Tr->iT* in  t h i s

SP 2c a s e ,  by f   ̂ . = f   ̂ , w here AE i s  th e  d i f f e r e n c e  betw een th e  twon- îr* TT-Mr* AE

t r a n s i t i o n  e n e r g i e s ,  S i s  th e  o v e r la p  i n t e g r a l  between th e  non-bonding  

o r b i t a l  and th e  v in y l  p i  sy s tem , and P i s  th e  m ixing  energy  f o r  u n i t  

o v e r la p .^

K etones which c o n ta in  a v in y l  group t h a t  i s  n o t  fo rm a l ly  con ju ­

ga ted  w ith  th e  ca rb o n y l group show an a b s o r p t io n  band which i s  n o t  c h a r ­

a c t e r i s t i c  o f  e i t h e r  group. In  a ,B - u n s a tu r a te d  k e to n es  t h i s  band appears  

in  th e  200-260 my reg io n  w i th  v a r i a b l e  i n t e n s i t y  and c o n s id e r a b le  charge 

t r a n s f e r ,  as  ev idenced  by s o lv e n t  e f f e c t s . ^  The spectrum  o f  b i c y c l o [ 2 . 2 .2 ]  

octenone in  cyclohexane has  been i n v e s t i g a t e d  and d i s c u s s e d  i n  d e t a i l  by
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8L a b h a r t  and W agniere. The charge  t r a n s f e r  band f o r  t h i s  compound appears

a t  202 my w ith  c = 3000 and i s  i d e n t i f i e d  as a ïï->-rr* band s i m i l a r  to  max

t h a t  o f  a , 3 - u n s a t u r a t e d  k e to n e s .  The s i n g l e t  n->-iT* t r a n s i t i o n  i s  found

a t  290 my, as f o r  a l i p h a t i c  k e to n es  i n  n o n p o la r  s o l v e n t s .  The i n t e n s i t y

o f  t h i s  band , how ever, i s  c o n s id e ra b ly  in c r e a s e d  w i th  e = 110. Themax

n o n p la n a r i ty  o f  th e  doub le  bonds a g a in  a l lo w s  f o r  o v e r la p  between th e  

nonbonding o r b i t a l ,  n ,  and th e  e th y le n e  p i  sy s tem , r e s u l t i n g  i n  i n t e n s i t y  

bo rrow ing  by th e  n+n* t r a n s i t i o n  from th e  charge  t r a n s f e r  7r-Mr* t r a n s i t i o n .

The energy  o f  an n-Mr* t r a n s i t i o n  may a l s o  be s l i g h t l y  a l t e r e d  by 

th e  p re se n c e  o f  a  n o n -co n ju g a te d  double  bond. L ab h a r t  and Wagniere show 

t h a t  a s m a l l  r e d  s h i f t  shou ld  be o b ta in e d  f o r  t h i s  band when o v e r la p  be­

tween the two p i  system s e x i s t s .  A n o ta b le  e x c e p t io n  to  t h i s ,  however,
9

i s  m entioned by Snyder and F ran zu s .  The a b s o r p t io n  maxima f o r  th e  band 

o f  7 -k e to n o rb o m e n e  and 7 -k e to n o rb o rn a n e  a r e  r e p o r te d  as 274 and 290 my, 

r e s p e c t i v e l y .  M o lecu la r  o r b i t a l  c a l c u l a t i o n s  by Snyder and Franzus a lso  

p r e d i c t  th e  o b se rv ed  b lu e  s h i f t  f o r  7 -k e to n o rb o rn e n e .

The s p e c t r a  o f  a -d ik e to n e s  may be  viewed i n  a s i m i l a r  manner to  

th o se  o f  a , 3 - u n s a t u r a t e d  k e to n e s  w i th  some n o ta b le  d i f f e r e n c e s .  The 

p i - e l e c t r o n  system  may ag a in  be d e s c r ib e d  by fo u r  p i  m o le c u la r  o r b i t a l s .  

Tlie e n e r g ie s  o f  th e s e  MO's, however, a r e  d i f f e r e n t  f o r  a - d ik e to n e s  and 

a ,3 - u n s a t u r a t e d  k e to n e s  as seen  i n  F ig u re  1, and may q u a l i t a t i v e l y  be 

d i s c u s s e d  on th e  b a s i s  of i n t e r a c t i o n  p a ra m e te rs  s u g g e s te d  by L ab h a r t
g

and W agniere. I g n o r in g  on ly  s m a l l  i n t e r a c t i o n s  betw een th e  non-bonding 

o r b i t a l s ,  due to  th e  l a r g e  s p a t i a l  s e p a r a t i o n ,  th e  e n e r g i e s  o f  th e  non-

bonding  o r b i t a l s  i n  th e  two system s may be ta k en  to  be th e  same. The

Tr  and tTr”bonding  and a n t ib o n d in g  MO's o f  an i s o l a t e d  k e to n e  (tt and ir ) a r e  about
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FIGURE 1. I n t e r a c t i o n s  o f  p i  MO’s in  a ,8 - u n s a t u r a t e d  k e to n es  
and a - d ik e to n e s  d e p i c t i n g  a red  s h i f t  o f  th e  n-^ïï* 
and a  b lu e  s h i f t  o f  th e  t r a n s i t i o n s  o f  th e  a -
d ik e to n e  r e l a t i v e  to  th o s e  o f  th e  a ,3 ~ u n s a tu r a te d  
k e to n e .
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2 .1  and 0 .5  eV, r e s p e c t i v e l y ,  low er than th e  co r resp o n d in g  MO's o f  an
* 3

e th y le n e  group (tt̂  and tig ) .  Less i n t e r a c t i o n  i s  expec ted  between the  

two a n t ib o n d in g  MO's o f  th e  u n s a tu r a t e d  k e to n e ,  due to  the  d i f f e r e n c e  in  

en e rg y ,  than  between the  two i d e n t i c a l  a n t ib o n d in g  MO's o f  the  a - d ik e to n e .  

This p la c e s  th e  low es t  empty MO of the  d ik e to n e  below th e  c o r r e ­

sponding  MO o f  th e  u n s a tu r a t e d  k e to n e  (tt̂ ) . S im i la r  i n t e r a c t i o n s  a re  

ex p ec ted  between the  bonding MO's o f  th e  sy s tem s .  The la rg e  energy  

d i f f e r e n c e  between and ir^, however, le a v e s  below ir^. The energy 

l e v e l s  o f  F ig u re  1 th u s  s u g g e s t  t h a t  the  lo w e s t-e n e rg y  t r a n s i t i o n

shou ld  be observed  a t  s h o r t e r  w aveleng ths  f o r  a -d ik e to n e s  than  f o r  

a ,3 - u n s a tu r a g e d  k e to n es  w h i le  th e  n-^ir* t r a n s i t i o n  should  be seen  a t  

lo n g e r  w ave leng ths  f o r  a -d ik e to n e s  than  f o r  a ,3 - u n s a t u r a t e d  k e to n e s .  As 

a r e s u l t  o f  th e  b l u e - s h i f t e d  TT->Tr* t r a n s i t i o n ,  a second n->-iT* band i s  a l s o  

u s u a l ly  seen  f o r  a - d ik e to n e s  due to  th e  t r a n s i t i o n  n-^ir^^ (F ig u re  1 ) .  This  

band o c c u rs  a t  s h o r t e r  w ave leng ths  than  th e  n -^g^  t r a n s i t i o n  and appears  

as e i t h e r  a d i s t i n c t  peak o r  as a sh o u ld e r  on th e  h igh  i n t e n s i t y  

o r  n-)-a* bands . S i n g l e t - t r i p l e t  t r a n s i t i o n s  (n->iTg^) a re  sometimes

a l s o  o b s e rv a b le  f o r  a - d ik e to n e s .  These a b s o rp t io n s  have been i d e n t i f i e d  

f o r  camphorquinone^^ and b i a c e t y l ^ ^ ’^^ w ith  u n u s u a l l y .l a r g e  m olar  ab so rp ­

t i o n  c o e f f i c i e n t s  f o r  such t r a n s i t i o n s ,  = 0 .12  (550 my) and 0 .07

(505 my) f o r  camphorquinone and b i a c e t y l ,  r e s p e c t i v e l y .

The e x t e n t  o f  i n t e r a c t i o n  between p i  MO's i n  a -d ik e to n e s  a l s o  

depends upon th e  d ih e d r a l  a n g le  between th e  ca rb o n y l  g roups . T h is  i n ­

t e r a c t i o n  sh o u ld  be m inim al f o r  a d ih e d ra l  a n g le  o f  90° and b e g in  to  

i n c r e a s e  as t r a n s - p l a n a r i t y  i s  approached , th e re b y  in c r e a s in g  th e  

energy  s p l i t t i n g  o f  th e  MO l e v e l s  and (F ig u re  1 ) .  The



86

transition energy of n^m^^ should thus decrease and that of n->-7r̂' should
i n c r e a s e  as c o p la n a r i t y  i s  approached . E xperim en ta l ev idence  o f  th e s e

13trends has been established by Leonard and Mader in their investigation 

of the visible-UV absorption spectra of a series of a-diketones with 

varying dihedral angles. Camphorquinone, a molecule expected to have a 

dihedral angle that is very close to zero, shows n->-ïï* bands at 460 and 

280 my for n-Mr̂ '' and , respectively.^^ The absorption spectra of

several homologs of camphorquinone in cyclohexane solvent have also been 
t a k e n . F o r  these compounds the carbonyl groups are also expected to 

be very nearly cis-coplanar. Absorption maxima for the long-wavelength 

absorption band are found in the range of 462-482 my with while
the second weak absorption band has peak maxima in the region of 272-293 my. 

From these, as well as other spectral studies of diketones^^it is evi­

dent that the long-wavelength n-̂ ir* absorption for most unsubstituted 

a-diketones, which are not further conjugated with other tt bonds, appears 
at approximately 480 my or less. A somewhat unusual exception to this 

has only recently been reported by de Groot^^ for the spectrum of 3,4- 

Di-t-butylbutane-dione which has an absorption peak at 536 my with e=64.

Conjugating a diketone with other double bonds in a molecule may 
lower the lowest antibonding MO, compared to that of an isolated diketone, 

and thus impart a red shift to the n->-ir* absorption band. Thus, the 

orthoquinones show n-̂ ir* bands at wavelengths greater than 480 my. For
o-benzoquinone and 1,2-naphthoquinone they are found at 610 and 540 my,

. 18 respectively.

The s p e c t r a l  f e a t u r e s  o f  k e to n e s  and d ik e to n e s , s a t u r a t e d  as w e l l  

as u n s a tu r a t e d ,  have been d i s c u s s e d  i n  terms o f  th e  energy  l e v e l s  o f  th e
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p i  m o lecu la r  o r b i t a l s  o n ly .  A v a l i d  s tudy  o f  th e se  s p e c t r a l  f e a tu r e s  r e ­

q u i r e s  a l s o  an assessm en t o f  th e  e x t e n t  to  which th e  nonbonding o r b i t a l s  

in a d lk e to n o  can i n t e r a c t ,  the  e f f e c t s  of d i f f e r e n t  m o lecu la r  s u b s t i t u e n t s  

on tiio energy of tlie nonbonding o r b i t a l s ,  and the  p a r t i c i p a t i o n  of sigma 

bonds i n  the  i n t e r a c t i o n  between m o le c u la r  fragm ents  which a r e  s e p a ra te d  

by s a t u r a t e d  bonds. C a lc u la t io n s  o f  th e  i n t e r a c t i o n s  between nonconju­

g a ted  e th y le n e  groups i n  m olecu les  have r e c e n t ly  been  made by Hoffmann,

19H e ilb ro n n e r  and G l e i t e r .  I t  was p o in te d  o u t  h e re  t h a t  n o t  on ly  the  

d i r e c t  o v e r la p  between th e  p i  system s b u t  a l s o  th e  i n t e r a c t i o n  through  

th e  i n t e r v e n in g  sigma bonds i s  n e c e s s a ry  f o r  s p e c t r a l  i n t e r p r e t a t i o n s .  

C a lc u la t io n s  p re s e n te d  i n  C hap ter I I I  w i l l  show th e  im portance  of th e s e  

e f f e c t s  on n- îr* t r a n s i t i o n  e n e rg ie s  i n  a - d ik e to n e s .

The n a tu re  of th e  v i s i b l e  s o l u t i o n  a b s o rp t io n  o f  th e  th r e e  d ik e to n e s ,  

t r i c y c l o [ 4 . 4 . 2 . 0 ^ ’^] d o d e c a - 3 ,8 - d ie n e - l l ,1 2 - d io n e  and i t s  d ihydro  and 

te t r a h y d r o  d e r i v a t i v e s ,  were i n v e s t i g a t e d  h e re  by t h e o r e t i c a l  methods.

These compounds w i l l  be r e f e r r e d  to  by a b b re v ia te d  names which conveni­

e n t ly  i n d i c a t e  th e  number o f  c a rb o n -ca rb o n  double  bonds .  Thus the  d ien e  

w i l l  be  c a l l e d  2DB, th e  d ihyd ro  d e r i v a t i v e  IDB, and th e  s a t u r a t e d ,  t e t r a ­

hydro d e r i v a t i v e  w i l l  be c a l l e d  ODB.

^  ^  ^
2 D B  I D B  ODB

The v i s i b l e  and near-UV a b s o rp t io n  s p e c t r a  o f  th e se  compounds i n

20cyclohexane solvent have been reported by Bloomfield and Moser and are
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rep ro d u ced  in  F ig u re  2. The s p e c t r a l  p a ra m e te rs  r e p o r t e d  f o r  the  long- 

w ave leng th  a b s o rp t io n  band o f  each compound a r e  shown in  Table 2. The

TABLE 2

SPECTRAL PARAMETERS FOR THE LONG-WAVELENGTH ABSORPTION 

BAND OF 2DB, IDB, AND ODB IN CYCLOHEXANE

Compound À (mu) emax max

2DB 537.5 71.7

IDB 532-535 32 .0

460-464 38 .8

ODB 461 73

m olar a b s o r p t i v i t i e s  and w ave leng th s  o f  th e  peak  maxima a r e  i n  th e  n e ig h ­

borhood o f  e and A v a lu e s  of n-^r* t r a n s i t i o n s  o f  a - d ik e to n e s .  I t  max max

may be  se e n  t h a t  IDB e x h i b i t s  two a b s o r p t io n  maxima w hich c o in c id e  v e ry  

c l o s e l y  w i th  th e  s i n g l e  a b s o r p t io n  maxima o f  2DB and ODB, and t h a t  th e  sum 

o f  th e  two m olar a b s o r p t i v i t i e s  o f  iDB a t  th e  peak  maxima i s  p r a c t i c a l l y  

e q u a l  to  o f  e i t h e r  o f  th e  two o th e r  compounds. V i r t u a l l y  no change

i s  o b ta in e d  in  th e  s p e c t r a  f o r  s o l u t i o n s  i n  e t h a n o l ,  m ix tu re s  o f  e th a n o l  

and cy c lo h ex an e ,  and in  th e  p re s e n c e  o f  b enzene ,  a c e t i c  a c i d ,  o r  t r i e t h y l -  

amine. No d e v ia t io n  from B e e r 's  law can be d e t e c t e d  f o r  any o f  th e s e  

s o l u t i o n s .

I t  was su g g es ted  by B loom fie ld  and Moser t h a t  th e  long -w av e len g th  

n-̂ TT* a b s o rp t io n s  f o r  th e s e  compounds may be e x p la in e d  when assuming a 

s ta g g e r e d  con fo rm a tion  f o r  th e  m o le c u le s ,  as  shown below . On t h i s  b a s i s .
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FIGURE 2. S o lu t io n  a b s o r p t io n  s p e c t r a  o f  2DB, IDB, and ODB i n  Cyclohexane.
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only one un ique  con fo rm a tio n  e x i s t s  f o r  2DB and ODB, con fo rm ations  1 and 3, 

r e s p e c t i v e l y ,  w h ile  IDB may have th e  double  bond down o r  up to  y i e l d  th e  

two d i s t i n c t  s p e c i e s ,  2a and 2b. I t  was f u r t h e r  su g g es ted  by B loom fie ld  

and Moser t h a t  i n t e r a c t i o n  between th e  double  bond and d ione  system  i s  

most f a v o ra b le  when th e  double  bond i s  up , as i n  1 and 2a , and t h a t  such 

a con fo rm a tio n  enhances re so n an ce  s t a b i l i z a t i o n  o f  th e  n->-rr* e x c i t e d  s t a t e  

and y i e l d s  r e d - s h i f t e d  n-»-ir* a b s o rp t io n  p e a k s .  Based on t h i s  argum ent,

IDB sh o u ld  show two a b s o r p t io n  maxima w h ile  2DB and ODB shou ld  each  have 

only one peak , i n  agreem ent w i th  th e  observed  s p e c t r a .

The e x i s t e n c e  o f  s ta g g e re d  con fo rm a tions  i n  s o l u t i o n ,  how ever, 

i s  s p e c u l a t i v e  and becomes q u e s t io n a b le  in  view of th e  c r y s t a l  s t r u c t u r e  

r e s u l t s  o b ta in e d  f o r  2DB. This  m olecu le  was found to  have b o th  c y c lo -  

hexene r in g s  fo ld e d  toward the  d ione  system  i n  th e  s o l i d  s t a t e  and may 

fa v o r  t h i s  con fo rm ation  i n  s o l u t i o n  a l s o .

This  i n v e s t i g a t i o n  employed v a r io u s  quantum m echan ica l c a l c u l a ­

t io n s  to  t e s t  th e  e f f e c t s  o f  n o n -co n ju g a te d  doub le  bonds on th e  lo n g -
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w aveleng th  n->-TT* t r a n s i t i o n  energy in  a -d ik e to n e s  and to  seek  the  mechanism 

whereby th e se  e f f e c t s  a re  t r a n s m i t t e d .  The most f a v o ra b le  ground s t a t e  

confo rm ations  f o r  th e  m olecu les  under c o n s id e r a t io n  were a l s o  in v e s t i g a t e d  

in  an a t tem p t to  e x p la in  th e  a b s o rp t io n  s p e c t r a .



CHAPTER II 

MOLECULAR ORBITAL METHODS

22The development of the molecular orbital (MO) method by Mulllken
23and Hund as a method of describing the electronic structure of diatomic 

molecules has been well documented. This procedure was first extended to 

organic molecules by HUckel^^ and has since then become a popular tool 

for the theoretical investigation of the properties of a large variety 

of chemical species. Several levels of sophistication have developed 
within the framework of the molecular orbital approach. These methods 

differ in the extent to which they attempt to describe the electronic struc­

ture of the molecule, the type of wave function representing the molecular 

states, and the manner in which parameters in the calculation are evalu­

ated.

One major division can readily be made for MO calculations on 

organic molecules. For planar, unsaturated molecules with conjugated 
double bonds, the simplifying pi-electron approximation is usually in­

voked when interest lies only in the properties of the pi-electrons. Only 

those atomic orbitals which contribute directly to the pi-electron struc­
ture of the molecule are treated explicitly. The remainder of the mole­
cule is viewed as merely supplying a constant potential field for the pi- 

electrons. The Hückel Molecular Orbital (HMO) method and the pi approxi­

mation of the Self-Consistent Field (SCF) method are two such approximations

92
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used i n  t h i s  work and w i l l  be  d is c u s s e d  i n  more d e t a i l  l a t e r  i n  t h i s  

c h a p te r .

More com plete  MO c a l c u l a t i o n s ,  a p p l i c a b l e  to  s a t u r a t e d  as w e l l  

as u n s a tu r a t e d  m o le c u le s ,  can be made by th e  s o - c a l l e d  a l l - v a l e n c e - s h e l l  

MO m ethods. In  th e se  m ethods, th e  atom ic o r b i t a l s  o f  a l l  v a le n c e  s h e l l  

e l e c t r o n s  a r e  e x p l i c i t l y  in c lu d e d  in  th e  c a l c u l a t i o n  and in fo rm a t io n  

about th e  s igm a, p i ,  and nonbonding o r b i t a l s  w i l l  t h e r e f o r e  be o b ta in e d .

The Extended Hückel M o lecu la r  O r b i t a l  (EHMO) method and th e  S e l f - C o n s i s t e n t  

F ie ld  method w ith  Complete N e g le c t  o f  D i f f e r e n t i a l  O verlap  (CNDO/2) were 

used f o r  c a l c u l a t i o n s  a t  t h i s  l e v e l  o f  a p p ro x im a tio n .

One common f e a t u r e  i s  found i n  th e  d i f f e r e n t  c a l c u l a t i o n a l  methods 

m entioned . An approx im ate  wave fu n c t io n  (ijj) i s  chosen  to  r e p r e s e n t  th e  

e l e c t r o n i c  s t r u c t u r e  of th e  m o lecu le .  T h is  f u n c t i o n  may be i n  th e  form 

o f an MO c o n s t r u c te d  from a  l i n e a r  com bination  o f  a tom ic  o r b i t a l s  (LCAO-MO) 

o r a S l a t e r  d e t e r m i n a n t ^ ^ b u i l t  from such MO's. The e x p e c ta t io n  energy  

f o r  th e  system  d e s c r ib e d  by ip i s  then  c a l c u l a t e d  as

E ~Jïj?ÇdT ’

where H i s  th e  H am ilton ian  f o r  th e  system . S in ce  th e  energy  c a l c u l a t e d  

in  t h i s  manner, by use  of an approx im ate  wave f u n c t i o n ,  i s  always to o  l a r g e ,  

a cc o rd in g  to  th e  v a r i a t i o n  p r i n c i p l e ,  E i s  m inim ized  w ith  r e s p e c t  to  a l l  

a d j u s t a b l e  p a ram e te rs  imbedded i n  th e  wave fu n c t io n  chosen . A c l e a r  p r e ­

s e n t a t i o n  o f  th e  well-known v a r i a t i o n  theorem  i s  g iven  in  th e  book by

27Eyring  W a l te r ,  and K im ball.  S o lu t io n  o f  th e  s im u l ta n e o u s  e q u a t io n s  

o b ta in e d  from th e  m in im iz a t io n  p ro ced u re  y i e l d s  d i s c r e t e  MO e n e r g i e s  and 

the  c o r re sp o n d in g  m o le c u la r  o r b i t a l s .
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P i - E l e c t r o n  MO Methods 

The p i - e l e c t r o n  app rox im ation  of th e  m o lecu la r  o r b i t a l  method 

a t te m p ts  to  d e s c r ib e  on ly  th e  p r o p e r t i e s  o f  th e  p i  e l e c t r o n s  in  an un­

s a t u r a t e d  m olecu le .  Such an approach may be deemed v a l i d  f o r  p l a n a r ,  

c o n ju g a te d  m olecu les  where th e  d i f f e r e n t  sym m etries  o f  sigma and p i  

o r b i t a l s  p r o h i b i t  s ig m a -p i  i n t e r a c t i o n s .  For n o n p la n a r  o r  noncon juga ted  

sy s te m s ,  th e  e f f e c t s  o f  sigma bonds on th e  p i  e l e c t r o n  s t r u c t u r e  can n o t  

be taken  i n t o  accoun t.  Any i n t e r a c t i o n  betw een s e p a r a t e  m o lecu la r  f r a g ­

ments can on ly  be r e v e a le d  as a consequence o f  d i r e c t ,  th ro u g h -sp ace  

i n t e r a c t i o n s .  Two types  o f  c a l c u l a t i o n s ,  r e s t r i c t e d  to  th e  frame work 

o f  th e  p i - e l e c t r o n  a p p ro x im a t io n ,  were u sed .  The approach  and e q u a t io n s  

u t i l i z e d  by th e se  methods w i l l  now be d i s c u s s e d .

The Hückel M olecu la r  O r b i t a l  (HMO) Method 

The p i - e l e c t r o n s  i n  an o rg a n ic  m o lecu le  a r e  c o n s id e re d  to  be f r e e  

to  move ov er  the  co n ju g a te d  p o r t i o n  o f  th e  m o lecu le .  To r e f l e c t  t h i s  

p r o p e r ty ,  th e  wave f u n c t io n  d e s c r ib in g  a p i  e l e c t r o n  i s  chosen as an MO 

in  th e  form o f  LCAO's as shown i n  Eq. 1.

♦ i  '  CijXj

ij) i s  c o n s id e re d  a o n e - e l e c t r o n  MO, %. i s  th e  2p a tom ic o r b i t a l  (AO) from
J

atom j  which c o n t r i b u t e s  to  th e  p i - e l e c t r o n  s t r u c t u r e ,  n i s  th e  number o f  

AO's ,  and th e  c o e f f i c i e n t s  a re  a d j u s t a b l e  p a ra m e te r s .  M inim izing th e  

e x p e c ta t io n  energy (E) o f  (|)

/  (j). *H(|). dT

G = (2)

w ith  r e s p e c t  to  the c o e f f i c i e n t s  C . . f o r  j = l  to  n y i e l d s  n s im u ltan eo u s  

e q u a t i o n s ,
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n
I  C (/x .*H x.dT  -  e/x-.*X.dT) = 0 (3)

j = l  •*- J J

f o r  i = l  to  n . The n o t a t i o n  may be s im p l i f i e d  by l e t t i n g

(4)

and

^ i j  "  /Xi*Xjdx (5)

i s  c a l l e d  a  coulomb i n t e g r a l  when i= j  and r e p r e s e n t s  th e  ene rgy  of 

an e l e c t r o n  i n  AO x^* When i  f  j , i s  c a l l e d  a resonance  i n t e g r a l .

i s  th e  o v e r la p  i n t e g r a l  between th e  two AO's x^ and xj • With t h i s  

n o t a t i o n ,  th e  s e c u l a r  e q u a t io n s  (3) may be e x p re s s e d  as 

n
^ -  e S . . )  = 0 f o r  i = l , n .  (6)

j = l

S o lu t io n s  to  th e s e  e q u a t io n s  can be o b ta in e d  by d ia g o n a l iz in g  th e  d e t e r ­

minant

| H , .  -  c S . j l  .  0 (7)

This  y i e l d s  n d i s t i n c t  v a lu e s  o f  e ,  which may now be c a l l e d  e ^ ,  f o r  i = l  

to  n ,  and th e  co rre sp o n d in g  c o e f f i c i e n t s  Each o f  th e  n a l low ed  energy

l e v e l s ,  E^, i s  a s s o c i a t e d  w i th  a unique MO, t() .̂ The p i - e l e c t r o n s  a re  

p la c e d  p a i r w i s e ,  w ith  opposing  s p i n s ,  i n t o  th e  lo w es t  a v a i l a b l e  MO's to  

form th e  e l e c t r o n i c  ground s t a t e .

The form o f  th e  H am ilton ian  (H) i s  n o t  s p e c i f i e d  e x p l i c i t l y  in  

t h i s  app ro x im atio n  b u t  t r e a t e d  as an e f f e c t i v e  o n e - e l e c t r o n  H am ilto n ian .

The i n t e g r a l s  H^^ in  e q u a t io n  7 a r e  th u s  e m p i r i c a l  pa ram ete rs  and th e  MO 

e n e r g i e s  a re  o b ta in e d  i n  te rm s o f  th e s e  p a ra m e te r s .  The HMO a p p ro x im a tio n ,  

a p p l ie d  to  p u re  h y d ro c a rb o n s ,  s e t s  a l l  coulomb i n t e g r a l s  e q u a l  t o  a
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common value, the standard coulomb integral, a. Resonance integrals 

between AO's centered on nuclei which are bonded to each other are all 

assigned a common value, the standard resonance integral, 6, while H^^'s 

between all other AO pairs are taken as zero. All overlap integrals 
are taken as zero when i?̂ j and set equal to one when i=j , thereby 

assuming an orthonormal set of basis functions.

A number of variations and additions have been introduced to the 

IIMO method so far described. Among these are the inclusion of overlap
28—33integrals and the use of variable coulomb and resonance integrals.

The latter variations allow the method to be applied to systems with 

heteroatoms and varying bond lengths. The HMO method was used here with 

some of these variations. All coulomb integrals of carbon atoms were 

taken as the standard coulomb integral, o, while those of oxygen atoms 
were expressed as

= a + h3 (8)

A summary of values of h which have been used by various authors for
33different heteroatoms systems is given by Streitwieser. The value h=l

seemed appropriate for carbonyl oxygens and was used here. All overlap
integrals were included and evaluated by the method of Mulliken, Rieke,

Orloff, and Orloff.^^ Resonance integrals were set proportional to
30 31overlap integrals, a procedure suggested by Mulliken, ’ and evaluated 

by
Hij -  3 ^  B (9)

With coulomb and resonance integrals expressed in this way, the solutions 

of the secular determinant still yields values of the energy levels in
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term s o f  the  two p a ra m e te r s ,  a and 3.

E l e c t r o n i c  t r a n s i t i o n  e n e rg ie s  a re  ta k e n  as th e  d i f f e r e n c e  in  o r ­

b i t a l  e n e rg ie s  between th e  le a v in g  and a c c e p t in g  MO's, th e reb y  n e g l e c t i n g  

any o th e r  e l e c t r o n  rea rran g e m en ts  upon t r a n s i t i o n ,  w h ile  the t o t a l  p i -  

e l e c t r o n  energy  o f  a m olecu le  i s  g iven  as th e  sum o f  th e  o n e - e l e c t r o n  

e n e r g i e s .  Due to  th e  e m p i r i c a l  n a tu re  o f  t h i s  method, l i t t l e  can be s a id  

about th e  a b s o lu te  MO e n e r g i e s  a l though  e x p e r im e n ta l ly  observed  t r e n d s  in  

th e  Tr-̂ -TT* t r a n s i t i o n  e n e r g i e s  f o r  s e r i e s  o f  s i m i l a r  compounds can r e a d i l y  

be c o r r e l a t e d  by th e  r e l a t i v e  MO s p a c in g s .

The S e l f - C o n s i s t e n t  F i e l d  M olecu lar  O r b i t a l  (SCF MO) Method

The p i - e l e c t r o n  app rox im a tion  o f  th e  s e l f - c o n s i s t e n t  f i e l d  method 

deve lops  a more r ig o ro u s  t r e a tm e n t  o f  the  e l e c t r o n i c  s t r u c t u r e  o f  mole­

cu le s  th a n  th e  HMO method. A more s a t i s f a c t o r y  fo rm u la t io n  i s  o b ta in e d  

by d e f in in g  th e  m o lecu la r  H am ilton ian  and a l s o  in c lu d in g  the  im p o r ta n t  

e l e c t r o n  r e p u l s io n  te rm s .  However, some em p ir ic ism  i s  u s u a l ly  employed 

in  t h i s  method.

The b a s i c  e q u a t io n s  o f  th e  SCF approach  were f i r s t  developed  by 

35H a r t r e e  f o r  th e  s tu d y  o f  a tom ic sy s tem s . The method was employed by 

36Fock f o r  system s where th e  wave fu n c t io n  i s  e x p r e s s ib l e  i n  th e  form

37of a S l a t e r  d e te rm in a n t  and shown by Roothaan to  be a p p l i c a b le  to

system s where th e  e lem en ts  o f  th e  S l a t e r  d e te rm in a n t  a re  LCAO's. The

e q u a t io n s  employed in  th e  sem ie m p ir ic a l  SCF MO approx im ation  f o r  c lo se d

38 39s h e l l  system s may be found in  s e v e r a l  te x tb o o k s  on quantum m echanics ’ 

as w e l l  as i n  th e  l i t e r a t u r e .  A summary o f  th e  n e c e s s a ry  e q u a t io n s

w i l l  be g iv en  h e r e .  For a  system  w ith  n AO's c o n t r i b u t i n g  to  th e  p i  

e l e c t r o n  s t r u c t u r e ,  MO's a r e  c o n s t ru c te d  as LCAO's, analogous to  Eq. 1 of
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the HMO method. A total wave function for a closed-shell configuration

♦ i  '  ?  ClpXpP=1 ' ^
(2 electrons in each MO) is then expressed by a single Slater determinant,

= -7̂  |*l(l)o(l)*i(2)8(2)*2(3)a(3)...*^y2(*)B(*)l' (ID

Each element of the determinant is a product of an orbital function ()> and 

a spin function a or 6. The subscripts here identify the MO's and the 
numbers in parentheses label the electrons associated with the respective 

MO. The determinant antisymmetrizes the total wave function, as is re­
quired by the Pauli principle. The Hamiltonian for the electronic energy 

of the system may be expressed as
n 2

11= I [T(u) + H^(u)] + I ^  (12)
U = 1  u>v uv

Tlie repulsion term between nuclei is left off here since this would only

add a constant term to the energy. T(u) in Eq. 12 represents the kinetic

energy of electron u, H (u) is the potential energy between electron u and
°the entire molecule after removing all pi-electrons, --- is the electron-

uv
electron repulsion term. Using the wave function and Hamiltonian given 
above yields the expectation energy for the configuration as

I

E = 2% E + I (2J - K ) (13)
i i,j ^

where the summations range over the n/2 occupied MO's. The molecular

integrals of Eq. 13 are defined as

= Core energy f o r  an e l e c t r o n  in

= f(p̂ *(u) [T(u) + H^(u)] (|)̂ (u)dT̂  (14)
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= coulomb integral

2
= //<f>j.*(u) *j*(v) 0^(u) *j(v) dx^ dx^ (15)

uv

= exchange integral
2

= /J<f'^*(u)'|) .*(v) <|)̂ (v) (f),(u) dx^ dx^ . (16)
uv

37Minimizing the total energy (E) leads to Roothaan's equations which

must be satisfied by the "best" MO's ((j)̂)

T c .  (F - S  E . )  = 0 for q=l to n. (17)^ ip pq pq 1

Solutions to these equations are obtained by solving the secular deter­

minant

iFpq -  Spq : i l  = 0 '  (18)

yielding n orbital energies (e^) and the corresponding MO coefficients

(C. ). The elements F of the above determinant are defined as ip pq

-  /X p 'fX qd t (19)

where F is the Hartree-Fock Hamiltonian operator. F may be divided into 

two parts, F=I + G, and thus

F = I + G . (20)
pq pq pq

I is the matrix element of the one-electron Hamiltonian (T + H ) and
pq o
G is the matrix element due to the other pi-electrons. To evaluate I ,
pq pq
the core potential (H^) may first be replaced by the contributions from 

the individual nuclei. With H^^ representing the contribution from 

mucleus t.
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I n t e r a c t i o n  e lem ents  w ith  o th e r  p i - e l e c t r o n s  (C ) an- ova 1 ua?, u

PM

n /2
= I 2 j x  *(u)({)  * ( v )  - r -  X,, ( u )  K  ( v ) ( l r

p q  j = 2  P  J  ^  ■'

n / 2  2
e

-  I  } x _ * ( u ) 0 . * ( v )  - —  x „ ( v ) 4>:j ( u ) d T  

j = l  P J uv ^ J

where j sums over the n/2 occupied MO's. Replacing the MO's bv their 

LCAO's, this yields

■ X  I C [2/x * ( u ) x / ( v )
j=l r,s  ̂ uv

2
-  Jx * ( u ) X j . * ( v )  X ( v ) X g ( u ) d T ] . (30)

quv

In the shortened notation defined above, 

n/2 n
= I I  C C [2(pq;rs) - (ps;qr)]. (31
j=l r,s

The total expression for the matrix elements can now be written as

n
F " -  I  [ ( t :pq )  + (pq;t t)]

^ P^ t^q

n/2 n
(32]+ 1 1  C C [2(pq;rs) - (ps;qr)l.

3 = 1  r , s

41To make this calculation feasible, the Pariser-Parr approximation of

neglect of differential overlap is made. Integrals such as
2

/x *(n)x *(v) ---  X (u)Xg(v)dT are taken as zero unless both p=r and
P ^uv

q=s. Thus only one-center (pp;pp) and two-center (pp;qq) repulsion 

integrals are retained. With these simplifications, diagonal elements 
of the F matrix are
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^ , and (21)
t= l

n
I„„  -  Jx„* (T + H +  I  H ^ )x  dT (22)

pq p q ‘  q

+Ipq - /*p* «  + Hq )XqdT + I X / t  (23)
t f q

+
S q  = \ ' p q  + j ,  Xp* “ t  Xq^T (24)

where i s  th e  i o n i z a t i o n  energy f o r  removing a p i - e l e c t r o n  from atom
4.

q. The rem ain ing  i n t e g r a l s  may be e v a lu a te d  by r e p l a c in g  by th e

G oeppert-M ayer and S k la r  p o t e n t i a l ^ ^

, + 2 
11̂  (u) = (u) -  /  X t* (v )X t(v )dT y . (25)

uv

T his  im p l ie s  t h a t  th e  p o t e n t i a l  by co re  t  on e l e c t r o n  u e q u a ls  th e  po­

t e n t i a l  due to  a n e u t r a l  atom (H^^) minus th e  r e p u l s i o n  o f  a  h y p o th e t i c a l  

e l e c t r o n  v .  Now

Jx*(u)H^’̂ (u )X q(u)dx  = /x* (u )H ^^(u )  Xq(u)dx

2
-  Ix *(u)x (u) Xt*(u)Xt(v)dT (2 6 )

uv

Jx*(u)H^’̂ (u)Xq(u)dT = - ( t : p q )  -  ( p q ; t t )  (27)

u s in g  th e  s h o r te n e d  n o t a t i o n  ( t : p q )  f o r  th e  p e n e t r a t i o n  i n t e g r a l  and 

( p q ; t t )  f o r  th e  th r e e  c e n t e r  a tom ic r e p u l s io n  i n t e g r a l .  The t o t a l  ex­

p r e s s io n  f o r  now becomes

n
Iqq = W S -  I (t:pq) + (pq;tt) . (28)pq q pq
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I n t e r a c t i o n  e lem en ts  w ith  o th e r  p i - e l e c t r o n s  (G^^) a re  e v a lu a te d  hy

n /2  2
K = I  2 /x  *(u)(}. * (v) ■—  x_(u)'l).(v)dT 

j = l  P J ^uv ^

n /2  2
-  I  I x _ * ( u ) * . * ( v )  x _ ( v ) 4 . ( u ) d r

j = l  P J uv  ̂ J

where j  sums o v er  th e  n /2  occup ied  MO's. R ep lac ing  th e  MO's by t h e i r  

LCAO's, t h i s  y i e l d s

n /2  n 2
G = I  I  C. C [2 /x  * (u )x  * (v )  (u )x  (v)dT

P'l j = l  r , s  P r  r ^ ^  q s

2
-  Jx_ * (u )x  * (v )  X _(v)x„(u)dx] . (30)

P =uv 9 s

In  th e  s h o r te n e d  n o t a t i o n  d e f in e d  above, 

n /2  n
G = I  I  C. C [2 (p q ;r s )  -  ( p s ; q r ) ] .  (31)

j = l  r , s  J"" J®

The t o t a l  e x p r e s s io n  f o r  th e  m a t r ix  e lem en ts  can now be w r i t t e n  as

n
F a "  ^a^na “ ^ t< t :p q )  + ( p q ; t t ) ]

^ P^ t#q

n /2  n
+ I  Z C. C [2 (p q ;r s )  -  ( p s ; q r ) ] .  (32)

j = l  r , s  J ’'

41To make t h i s  c a l c u l a t i o n  f e a s i b l e ,  th e  P a r i s e r - P a r r  ap p ro x im a tio n  o f

n e g l e c t  o f  d i f f e r e n t i a l  o v e r la p  i s  made. I n t e g r a l s  such  as 
2

/x *(u)x *(v) ------  X (u)Xg(v)dT a r e  ta k en  as ze ro  u n le s s  bo th  p=r and
P ^ uv

q= s .  Thus only  o n e - c e n te r  (pp ;pp)  and tw o -c e n te r  (pp ;qq )  r e p u l s io n  

i n t e g r a l s  a re  r e t a i n e d .  With th e s e  s i m p l i f i c a t i o n s ,  d ia g o n a l  e lem en ts  

o f  th e  F m a t r ix  a r e
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n
F = W -  I [ ( t : q q )  + ( q q ; t t ) ]

^ Wq

n /2  n „ n /2
+ l  I  C ( q q ; r r )  -  I c (qq;qq) (33)

j = l  r = l  J j = l

and o f f - d i a g o n a l  e lem en ts  a re

"pq ° V pq  - J ,  CjpCjq = ' » '’>

To ex ec u te  an SCF MO c a l c u l a t i o n ,  s t a r t i n g  MO's a r e  u s u a l l y  ob­

ta in e d  from an HMO c a l c u l a t i o n .  C o e f f i c i e n t s  o f  th e se  MO's a re  used 

i n  e q u a t io n s  33 and 34 to  c a l c u l a t e  th e  F m a t r ix .  D ia g o n a l iz a t io n  of 

t h i s  m a t r ix  y i e ld s  improved c o e f f i c i e n t s  and o r b i t a l  e n e r g i e s .  The 

new c o e f f i c i e n t s  a re  th en  r e in t r o d u c e d  i n t o  Eqs. 33 and 34. The p ro cess  

i s  r e p e a te d  u n t i l  on ly  n e g l i g i b l e  changes o c c u r .  O r b i t a l  e n e r g i e s ,  MO 

c o e f f i c i e n t s  o r  e lem en ts  o f  th e  bond o r d e r  and charge  d e n s i t y  m a t r ix ,  

d e f in e d  as

"pq " '  % % %
a r e  commonly used as m easures o f  convergence .

I t  must be n o te d  t h a t  each d ia g o n a l i z a t i o n  o f  th e  F m a tr ix  y i e ld s

c o e f f i c i e n t s  o f  n s e p a r a t e  MO's, y e t  th e  energy  m in im iz a t io n  u ses  a

S l a t e r  d e te rm in a n t  which h as  on ly  th e  n /2  MO's o f  low est energy  occup ied .

S t r i c t l y  speak in g  th e n ,  on ly  t h e  e n e rg ie s  and c o e f f i c i e n t s  o f  th e s e  MO's

a r e  improved by the  i t e r a t i v e  p ro c e d u re .  The rem ain ing  n /2  MO's a re

37term ed v i r t u a l  MO's. I t  was su g g es ted  by Roothaan t h a t  th e s e  MO's may 

be used f o r  th e  c o n s t r u c t io n  o f  e x c i t e d  e l e c t r o n i c  c o n f ig u r a t i o n s .  A
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more a c c u r a t e ,  b u t  a l so  a much more te d io u s ,w a y  o f  c o n s t r u c t in g  e x c i t e d  

c o n f ig u r a t io n s  u t i l i z e s  l i n e a r  com binations  o f  S l a t e r  d e te rm in a n ts .

S i n g l e t - s i n g l e t  and s i n g l e t - t r i p l e t  c o n f ig u r a t io n  t r a n s i t i o n  

e n e rg ie s  can be c a l c u l a t e d  from th e  o r b i t a l  e n e rg ie s  by e q u a t io n s  36 and 

37 r e s p e c t i v e l y .  For a o n e - e l e c t r o n  t r a n s i t i o n  from an o r b i t a l  to

o r b i t a l  4)̂  ,

^ ’^AE = e .  -  e. -  J . . + 2 K . . (36)
J 1 iJ

^ ’^AE = e . -  e .  -  J . . . (37)
1 1 1]

The m o le c u la r  i n t e g r a l s  and have p r e v io u s ly  been d e f in e d  by 

e q u a t io n s  18 and 19. The t o t a l  p i - e l e c t r o n  energy f o r  th e  m olecu le  can 

be found from Eq. 13 u s in g  th e  f i n a l  o r b i t a l  e n e rg ie s  and c o e f f i c i e n t s .

The m o le c u la r  i n t e g r a l s  in v o lv e d  h e re  can be  e v a lu a te d  by r e p la c in g  

th e  mo' s by t h e i r  LCAO's and n e g l e c t i n g  a l l  b u t  th e  o n e -c e n te r  and two- 

c e n t e r  a tom ic  r e p u ls io n  i n t e g r a l s .

The agreem ent between observed  and c a l c u l a t e d  t r a n s i t i o n  e n e r g i e s ,  

as c a lc u la te d ,  by Eqs. 36 o r  37, i s  g e n e r a l ly  improved by fo l lo w in g  an 

SCF MO c a l c u l a t i o n  by a  c o n f ig u r a t io n  i n t e r a c t i o n  ( C l ) . Such a  c a l c u l a ­

t i o n  c o n s t r u c t s  m o lecu la r  s t a t e  f u n c t io n s  from m o lecu la r  c o n f i g u r a t i o n s ,

Y = J  j j , k , l , . . .  (38)

k 1The fu n c t io n s  a re  term ed c o n f i g u r a t i o n a l  wave f u n c t i o n s .  They
1 > J J • • •

a re  s i n g l e  S l a t e r  d e te rm in a n ts  which r e p r e s e n t  e x c i t e d  e l e c t r o n i c  c o n f ig ­

u r a t i o n s  o b ta in e d  by moving one e l e c t r o n  from 4»̂  to  4>ĵ , a n o th e r  e l e c t r o n  

from 4>j to  4>2̂> e t c .  The A 's  a r e  mixing c o e f f i c i e n t s  and i s  a  s t a t e  

fu n c t io n .  In  th e o ry  the  summation may e x te n d  o v er  a l l  p o s s i b le  e x c i t e d
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c o n f ig u r a t io n s ,  a l th o u g h  in  p r a c t i c e  on ly  o n e - e l e c t r o n - e x c i t e d  co n f ig u ­

r a t i o n s  a r e  g e n e r a l ly  c o n s id e re d ,  and o f  th e s e  on ly  c o n f ig u r a t io n s  which 

a re  w i th in  a few e l e c t r o n  v o l t s  o f  th e  ground s t a t e  a re  used i n  th e

summation. No mixing can o ccu r  between th e  c l o s e d - s h e l l  ground s t a t e

Ic f Icand o n e - e l e c t r o n - e x c i t e d  c o n f ig u r a t io n s  ) ,  i . e . ,  a l l  dr = 0

where II i s  th e  H am ilton ian  g iven  by Eq. 12. A pplying th e  v a r i a t i o n

p r i n c i p l e  to  e q u a t io n  38 y i e l d s  the  Cl i n t e r a c t i o n  m a tr ix  whose e ig e n v a lu e s

a re  th e  e x c i t e d  s t a t e  e n e r g i e s  and th e  e ig e n v e c to r s  a re  th e  c o rre sp o n d in g

mixing c o e f f i c i e n t s .  The Cl m a tr ix  e lem en ts  f o r  s i n g l e t  e x c i t e d  s t a t e s

a re  o b ta in e d  from e q u a t io n s  39 and 40 .^^

-  e^) +  2 < i k | j l >  -  < i j | k l >  (39)

where 6 ' s  a r e  th e  K roenecker d e l t a s  and th e  m o le c u la r  i n t e g r a l s  a re  g iven  

by

< i k | j l >  = I I C^p C^p Cjq C^^ (pp;qq). (40)

E l e c t r o n i c  t r a n s i t i o n  e n e r g i e s  a re  th e n  o b ta in e d  from th e  d i f f e r e n c e s  

between e x c i t e d  s t a t e  e n e r g i e s  and th e  ground s t a t e  en e rg y .

A l l -V a le n c e -S h e l l  MO Methods 

The concep ts  deve loped  in  th e  p i - e l e c t r o n  MO methods can be ex­

tended  to  make th e  MO approach  s u i t a b l e  f o r  s a t u r a t e d  as  w e l l  as  u n s a t ­

u r a te d  m o le c u le s .  A t h e o r e t i c a l  d e s c r i p t i o n  o f  th e  e l e c t r o n i c  s t r u c t u r e

and th e  bonding  in  such m olecu les  can be o b ta in e d  by expanding  th e  MO

b a s i s  s e t  to  in c lu d e  th e  v a l e n c e - s h e l l  AO's o f  a l l  atoms i n  th e  m o lecu le .  

Thus th e  I s  AO of  hydrogen  and the  2s and th r e e  2p AO's o f  any atoms from 

th e  second  row of the  p e r i o d i c  t a b l e  would c o n t r i b u t e  as  b a s i s  f u n c t io n s
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and be t r e a t e d  e x p l i c i t l y  i n  th e s e  m ethods. The r e s u l t i n g  MO's show 

n o t  on ly  th e  p i - e l e c t r o n  s t r u c t u r e  b u t  a l s o  th e  sigma o r b i t a l s  and any 

nonbonding o r b i t a l s  which may e x i s t .  The ex ten d ed  b a s i s  s e t  a l lo w s  

mixing o f  sigma and p i  o r b i t a l s  in  n o n - p la n a r ,  u n s a tu r a t e d  m olecu les  

where th e s e  i n t e r a c t i o n s  a r e  n o t  symmetry fo rb id d e n  and i s  th e re b y  a l s o  

cap a b le  o f  showing th e  r o l e  o f  sigma bonds in  th e  i n t e r a c t i o n s  between 

n o n c o n ju g a te d ,  u n s a tu r a t e d  groups i n  such m o le c u le s .  The v a r i e t y  o f  

MO's o b ta in e d  a l low s  n o t  on ly  th e  c a l c u l a t i o n  o f  e l e c t r o n i c  t r a n s i ­

t i o n  e n e r g i e s  b u t  a l s o  th o se  in v o lv in g  any com bina tion  o f  o r b i t a l s ,  

p a r t i c u l a r l y  the  n-Mr* t r a n s i t i o n  e n e r g i e s .

Extended Hückel M o lecu la r  O r b i t a l  Method (EHMO)

An ex ten d ed  m o le c u la r  o r b i t a l  method has  r e c e n t ly  been d e s c r ib e d  

47by Hoffmann and a p p l ie d  to  a  wide range  o f  compounds. The method 

u se s  a l l  v a le n c e  o r b i t a l s  as a  b a s i s  s e t  and i s  t h e r e f o r e  a p p l i c a b l e  

to  a l i p h a t i c  as  w e l l  as a ro m a t ic  compounds. The mechanics o f  t h i s  method 

a r e  v e ry  s i m i l a r  t o  th e  s im p le  HMO method p r e v io u s l y  d e s c r ib e d .  MO's 

a re  e x p re s s e d  as l i n e a r  com bina tions  o f  a l l  v a le n c e  o r b i t a l s  and th e  MO 

energy  i s  m inim ized w ith  r e s p e c t  to  th e  a tom ic  o r b i t a l  c o e f f i c i e n t s  to  

y i e l d  th e  s e c u l a r  d e te rm in a n t

|H.. -  e S. .I = 0 (7)

where H i s  an u n s p e c i f i e d  o n e - e l e c t r o n  H a m il to n ia n .  A l l  o v e r la p  i n t e g r a l s

34a re  r e t a i n e d  i n  t h i s  method and e v a lu a te d  by th e  form ulas o f  M u ll ik e n ,  

e t  a l . ,  u s in g  S l a t e r  AO's as b a s i s  f u n c t i o n s .  Coulomb i n t e g r a l s ,  H^^, 

f o r  th e  v a r io u s  b a s i s  f u n c t io n s  a r e  ta k e n  as  th e  v a le n c e  s t a t e  i o n i z a t i o n  

p o t e n t i a l s .  E x ten s iv e  t a b u l a t i o n s  o f  v a le n c e  s t a t e  i o n i z a t i o n  p o t e n t i a l s
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a re  g iv en  by Sk inner  and P r i t c h a r d . R e s o n a n c e  i n t e g r a l s ,  

may be c a l c u l a t e d  by one o f  th e  th r e e  fo l lo w in g  methods:

H . . = 0 .5  K S . . (H . . + H . .)  (41)
i j  1] 11 JJ

H . , .  r S y  ( 4 2 )

H i .  .  K' S i .  ( H i i , l . j ) %  (43)

where th e  K 's  a re  s u i t a b l e  p r o p o r t i o n a l i t y  c o n s t a n t s .  T hese ,  and s i m i l a r

e q u a t io n s ,  have been used  by d i f f e r e n t  a u th o r s  t o  c a l c u l a t e  re so n an ce

i n t e g r a l s  i n  v a r io u s  methods o f  c a l c u l a t i o n s . More d e t a i l s  and r e f e r -

47ences  may be  found in  r e f e r e n c e  47. Hoffmann has  p r im a r i ly  used 

e q u a t io n s  41 and 42 to  o b ta in  resonance  i n t e g r a l s .  E qua tion  42 , w ith

K" = -21eV, was found to  be s a t i s f a c t o r y  f o r  co n fo rm a tio n a l  a n a ly s e s  of

o re  ai 

47,51

boron  h y d r id e s ^ ^  w h ile  e q u a t io n  41 w ith  K=1.75 seems more a p p l i c a b l e

to  a  w id e r  range  o f  h e te ro a to m s  and o rg a n ic  m o le c u le s .

E l e c t r o n i c  t r a n s i t i o n  e n e r g ie s  and t o t a l  ground s t a t e  e l e c t r o n i c

e n e r g i e s  a r e  c a l c u l a t e d  a s  i n  th e  HMO method. The EHMO method seems

q u i t e  u s e f u l  f o r  p r e d i c t i n g  m o le c u la r  g e o m e tr ie s  and con fo rm a tions

47a l th o u g h  i t  te n d s  to  overem phasize  s t e r i c  f a c t o r s .  E l e c t r o n i c  t r a n s i ­

t i o n  e n e r g i e s  a re  p o o r ly  p r e d i c t e d ,  w i th  c a l c u l a t e d  v a lu e s  g e n e r a l l y

47s m a l le r  th a n  th e  observed  t r a n s i t i o n  e n e r g i e s .  Q u a l i t a t i v e  t r e n d s  in  

t r a n s i t i o n  e n e r g i e s ,  how ever, can s t i l l  be  r e a s o n a b ly  w e l l  c o r r e l a t e d  

f o r  s e r i e s  o f  s i m i l a r  compounds.

The CNDO Methods 

The b road  a p p l i c a b i l i t y  of the  EHMO method has  prompted th e
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development o f  a l l - v a l e n c e - s h e l l  MO methods w i th in  the  SCF framework.

52-57S e v e ra l  such fo rm u la t io n s  have been in t ro d u c e d  and a re  c u r r e n t l y  in  u se .

52One o f  th e s e ,  due to  P o p le ,  S a n try ,  and Sega l u se s  th e  app rox im ation  o f  

com plete  n e g le c t  o f  d i f f e r e n t i a l  o v e r la p  and i s  hence term ed th e  CNDO 

method.

The fo rm u la t io n  o f  th e  CNDO method p a r a l l e l s  th e  SCF method 

p r e v io u s ly  d e s c r ib e d  w i th  th e  e x c e p t io n  t h a t  th e  b a s i s  s e t  has been ex­

panded to  in c lu d e  a l l  v a l e n c e - s h e l l  A O 's. T h is  i s  r e f l e c t e d  i n  the  

e lem en ts  o f  the  S l a t e r  d e te rm in a n t  (Eq. 1 1 ) .  The m o le c u la r  H am iltonian  

i s  a g a in  a m a n y -e le c t ro n  H am ilton ian  t h a t  in c lu d e s  e l e c t r o n  r e p u ls io n  

term s as in  Eq. 12,

n  2
H = I  [T(u) + H^(u)] + I  ^  

u = l  u<v uv

The ranges  of u and v a r e  now over  th e  n v a l e n c e - s h e l l  e l e c t r o n s  and

the  co re  p o t e n t i a l  term s H^fu) r e p r e s e n t  th e  p o t e n t i a l  energy  between

e l e c t r o n  u and th e  e n t i r e  m olecu le  a f t e r  a l l  v a l e n c e - s h e l l  e l e c t r o n s  have

been  removed. Elements o f  th e  H a r tre e -F o c k  m a t r ix ,  from which o r b i t a l

e n e r g i e s  and MO c o e f f i c i e n t s  a re  o b ta in e d ,  a re  e x p re ssed  i n  a form more

s u i t a b l e  to  th e  case  where one atom may dona te  more th a n  one AO to  th e  

53b a s i s  s e t .  For d ia g o n a l  e le m e n ts ,

« P  + Ap) + '  ‘ '■aA -  V  -  +

and o f f - d ia g o n a l  e lem en ts  a re

'■pq -  %<»A° + »B°)Spq '  ^AB '
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In  th e  n o t a t i o n  above, s u b s c r i p t s  A and B l a b e l  atom s, s u b s c r ip t  p l a b e l s

an AO from atom A and q l a b e l s  an AO from atom B. P and P a repp pq

e lem en ts  o f  th e  b o n d -o rd e r  c h a rg e -d e n s i ty  m a t r ix  d e f in e d  as

n /2
P = 2 y C. C. (46)
pq ^ 2  ip iq

w h ile  i s  the  t o t a l  charge on atom A, c a l c u l a t e d  by

n(A)

where n(A) eq u a ls  th e  number o f  AO's used  from atom A. i s  the

charge on co re  atom A and i s  a r e p u l s io n  i n t e g r a l  t h a t  r e p r e s e n t s  

th e  average  i n t e r a c t i o n  energy  between one e l e c t r o n  in  any v a le n c e  o r ­

b i t a l  o f  atom A w ith  a n o th e r  e l e c t r o n  i n  any v a le n c e  o r b i t a l  o f  atom B.

i s  th e  o v e r la p  i n t e g r a l  and 3 ° 's  a re  e m p i r i c a l  p a ram e te rs  which 

depend on ly  on th e  ty p e  o f  atom from which th e  AO o r i g i n a t e s .  C o n t r i ­

b u t in g  term s o f  th e  d ia g o n a l  m a tr ix  e lem ent may aga in  be grouped 

i n t o  two p a r t s ,  a  te rm  which shows th e  energy  o f  an e l e c t r o n  in  a tom ic  

o r b i t a l  p under th e  in f l u e n c e  o f  i t s  own a tom ic  co re  on ly  ( t h i s  i s  th e  

te rm  W i n  Eq. 36) and term s which show th e  a t t r a c t i o n s  and r e p u l s i o n s  

betw een t h i s  e l e c t r o n  and th e  rem ain ing  a tom ic  c o re s  and v a len ce  

e l e c t r o n s ,  r e s p e c t i v e l y .  To a llow  the  th e o ry  t o  r e f l e c t  an MO's 

tendency  to  e i t h e r  g a in  o r  lo s e  an e l e c t r o n ,  W i s  r e l a t e d  h e re  t o  th e  

i o n i z a t i o n  p o t e n t i a l  ( I )  and th e  e l e c t r o n  a f f i n i t y  (A) o f  th e  atom.

For an AO p on atom A,

'  “ p +

■ “p + " a ^AA ■ (W )
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The average  v a lu e  o f  can now be used  as

“p -  - “S (Ip  + Ap) -  2*  I M  + I m  <“ >

The rem ain ing  term s i n  e q u a t io n  47,

“ ^pp^^AA  “ ^B^^AB

in c lu d e  th e  i n t e r a c t i o n s  between a tom ic  o r b i t a l  p w ith  th e  rem ain ing  

a tom ic co res  and a l l  e l e c t r o n  r e p u l s i o n s . The one- and tw o -c e n te r

58
r e p u l s io n  i n t e g r a l s  (y^  and Y ^ )  a r e  c a l c u l a t e d  by R o o th a an 's  fo rm u las .

C a lc u la t in g  th e  e lem en ts  o f  th e  H a r tre e -F o c k  m a tr ix  i n  th e  manner above

53r e f l e c t s  some m o d i f ic a t io n s  o f  th e  i n i t i a l  CNDO fo rm u la t io n  by Pople  

and i s  r e f e r r e d  to  as  th e  CNDO/2 method i n  th e  l i t e r a t u r e .  I t e r a t i o n s  

may be i n i t i a t e d  by f i r s t  c a r ry in g  o u t  a s im p le  H iicke l- type  c a l c u l a t i o n  

w i th  m a t r ix  e lem ents

Fpp -  ->^<Ip + Ap) (51)

and

V  ■ + «B°)Spq. (52)

The approx im ate  MO c o e f f i c i e n t s  o b ta in e d  h e r e  a re  used  to  c a l c u l a t e  th e

com plete  m a tr ix  e le m e n ts ,  Eqs. 47 and 48, and sub seq u en t c y c le s  u t i l i z e

th e s e  e q u a t io n s  u n t i l  s e l f - c o n s i s t e n c e  has been  a t t a i n e d .  C a lc u la t io n s

o f  g r o u n d - s t a t e  e n e r g ie s  and e l e c t r o n i c  t r a n s i t i o n  e n e r g i e s ,  p a r a l l e l

th e  methods d e s c r ib e d  f o r  th e  p i - e l e c t r o n  SCF MO c a l c u l a t i o n s .

The CNDO/2 method o u t l in e d  has  met c o n s id e r a b le  su c c e s s  in

th e  c a l c u l a t i o n  o f  m o le c u la r  ground s t a t e  p r o p e r t i e s .  C a lc u la t io n s  o f

e l e c t r o n i c  t r a n s i t i o n  e n e r g i e s ,  however, were o f t e n  c o n s id e ra b ly  im-

54proved  w ith  th e  m o d i f ic a t io n s  In tro d u c e d  by Del Bene and J a f f é .  One-
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c e n t e r  coulomb r e p u l s io n  i n t e g r a l s  were e v a lu a te d  s e m ie ra p ir ic a l ly  as 

th e  d i f f e r e n c e  between th e  i o n i z a t i o n  p o t e n t i a l  and th e  e l e c t r o n  a f f i n i t y  

and tw o -c e n te r  r e p u l s i o n  i n t e g r a l s  were d e te rm in e d  by th e  e x t r a p o l a t i o n  

te c h n iq u e  developed by P a r i s e r  and F a r r . ^ ^  The o th e r  change in  p a r a ­

m e t e r i z a t i o n  in v o lv e s  th e  resonance  i n t e g r a l  p o r t i o n  o f  Eq. 45,

«pq * + »B°)Spq- <” >

For AO's p and q in v o lv e d  in  sigma o v e r la p ,  Eq. 53 i s  u sed  as th e  le a d in g  

term f o r  When p and q a re  inv o lv ed  in  p i  o v e r la p ,

%  -  + GB°)Spq <54)

i s  used  where k i s  an e m p i r i c a l  p a ra m e te r .  Reasonably  c o n s i s t e n t  sp ec ­

t r o s c o p i c  d a t a  i s  o b ta in e d  w ith  th e s e  changes i n  p a r a m e te r i z a t i o n  when 

u s in g  k=0 .585 . The a d d i t i o n  o f  c o n f ig u r a t io n  i n t e r a c t i o n  to  th e  CNDO/2 

fo rm u la t io n  has y e i ld e d  q u i t e  s a t i s f a c t o r y  r e s u l t s  f o r  -n-yn* and n-Mr* 

(where a p p l i c a b l e )  t r a n s i t i o n  e n e rg ie s  f o r  v a r io u s  o rg a n ic  compounds.



CHAPTER I I I

CALCULATIONS AND RESULTS

The fo u r  m o lecu la r  o r b i t a l  methods d i s c u s s e d  in  th e  p r e v io u s  

c h a p te r  were used f o r  a t h e o r e t i c a l  s tu d y  o f  th e  th r e e  t r i c y c l i c  d ik e ­

tones  shown below. The m ajor g o a ls  of th e s e  c a l c u l a t i o n s  were to  t e s t

th e  e f f e c t s  o f  th e  p i  e l e c t r o n s  i n  th e  cyc lohexene  r in g s  on th e  low- 

energy  n->-TT* t r a n s i t i o n  o f  th e  d ik e to n e s ,  d e te rm in e  th e  most f a v o ra b le  

co n fo rm a tio n s  f o r  th e s e  m o le c u le s , and th e re b y  a t te m p t  to  c o r r e l a t e  th e  

c a l c u l a t e d  n-Hr* t r a n s i t i o n  e n e rg ie s  w i th  th e  s o l u t i o n  s p e c t r a  o f  F ig u re  2. 

The mechanism o f  i n t e r a c t i o n  between th e  cyc lohexene  and d ik e to n e  p i  

system s was a l s o  o f  i n t e r e s t .  Were th e s e  i n t e r a c t i o n s  p r im a r i ly  due to  

s p a t i a l  o v e r la p  o f  th e  p i  system s o r  do th e  i n t e r v e n in g  sigma bonds e x e r t  

a s t r o n g  in f lu e n c e ?

The c a l c u l a t i o n s  c a r r i e d  ou t t r e a t  th e  m o lecu le s  above a t  t h r e e  

l e v e l s  o f  com p lex ity ,  as (1) i n t e r a c t i n g  p i - e l e c t r o n  sy s tem s ,  (2) i n t e r -

111
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a c t in g  m o le c u la r  a g g re g a te s ,  where the  d ik e to n e  segment and th e  u n sa tu ­

r a te d  p o r t i o n s  o f  the  six-membered r in g s  a re  r e p la c e d  by g ly o x a l  and 

e th y le n e  m o le c u le s ,  r e s p e c t i v e l y ,  b u t  r e t a i n  th e  bond d i s ta n c e s  and 

an g les  d e te rm in e d  in  th e  c r y s t a l  s t r u c t u r e  o f  2DB, and (3) whole mole­

c u l e s .  The f i r s t  two methods a re  capab le  o f  showing th e  th ro u g h -sp ace  

i n t e r a c t i o n s  i n  th e  system s w h ile  the  l a s t  approach  a l s o  in c lu d e s  th e  

th rough-bond  e f f e c t s .

The a tom ic  c o o rd in a te s  o f  2DB in  th e  c r y s t a l  s t r u c t u r e  w ere sym­

m e tr iz e d  to  symmetry and used  as a gu ide  f o r  d e te rm in in g  c o o rd in a te s  

f o r  th e  v a r io u s  system s c o n s id e re d .  S ince  no c r y s t a l  d a ta  i s  y e t  a v a i l ­

a b le  on ODB and IDB, th e  c y c lo b u ta d io n e  segments o f  th e s e  m olecu les  were 

m a in ta in ed  a s  i n  2DB and th e  s a t u r a t e d  six-membered r in g s  were c o n s t ru c te d  

w ith  C-C bond le n g th  o f  1 .54  X and t e t r a h e d r a l  bond a n g le s .

P i  E l e c t r o n  I n t e r a c t i o n s

The p i - e l e c t r o n  s t r u c t u r e s  o f  th e  th r e e  d ik e to n e s  were d e s c r ib e d  

by means o f  th e  m o lecu la r  f ragm en ts  shown i n  F ig u re  3 ,  u s ing  th e  c o o rd i ­

n a te s  o f  T ab le  3. T h is  i s  b a s i c a l l y  th e  p i  s t r u c t u r e  of a c i s - g l y o x a l  

m olecu le  and two e th y le n e  m o lecu les  b u t  w i th  bond d i s t a n c e s  and an g le s  

e q u a l  to  th o s e  found f o r  2DB i n  th e  s o l i d  s t a t e .  For convenience of 

i d e n t i f y i n g  MO's, th e  m o lecu la r^ frag m en ts  a r e  a l s o  l a b e l e d  by A, B, and 

C as shown i n  F ig u re  3. B r e p r e s e n t s  the  u n s a tu r a t e d  p o r t i o n  o f  ODB, B 

and C ( to  be c a l l e d  EC) r e p r e s e n t s  IDB, and th e  t h r e e  segments shown 

(ABC) c o n s t i t u t e  th e  p i - e l e c t r o n  s t r u c t u r e  o f  2DB. For th e  pu rpose  o f  

e v a lu a t in g  o v e r la p  i n t e g r a l s ,  th e  o r i e n t a t i o n s  o f  th e  2p AO b a s i s  func­

t i o n s  were chosen i n  th e  manner d i c t a t e d  by th e  m o le c u la r  confo rm ation  

found f o r  2DB i n  th e  s o l i d  s t a t e .  A y - z  p r o j e c t i o n  o f  th e s e  o r b i t a l s  

i s  shown i n  F ig u re  4. The HMO and p i - e l e c t r o n  SCF-MO methods were employed
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FIGURE 3. M olecu la r  fragm ents  used f o r  HMO and p i - e l e c t r o n  
SCF MO c a l c u l a t i o n s .

TABLE 3

ATOMIC COORDINATES OF MOLECULES USED FOR HMO AND PI-ELECTRON

SCF MO CALCULATIONS

Atom x(X) y (A) z ( l )

0(1) -1 .6 2 5 0 .0 2 .368
C(2) -0 .7 7 5 0 .0 1 .533
C(3) 0.775 0 .0 1 .533
0(4 ) 1.625 0 .0 2 .368
C(5) -0 .6 5 8 2.504 -0 .1 8 4
C(6) 0 .658 2.504 -0 .1 8 4
C(7) -0 .6 5 8 -2 .5 0 4 -0 .1 8 4
C(8) 0 .658 -2 .5 0 4 -0 .1 8 4
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FIGURE 4. O r ie n ta t io n s  o f  b a s i s  f u n c t io n s  f o r  HMD and p i - e l e c t r o n  
SCF MO c a l c u l a t i o n s  a re  i l l u s t r a t e d  i n  t h i s  y -z  p r o j e c ­
t i o n  of th e  o r b i t a l s .

f o r  th e s e  c a l c u l a t i o n s .  The system s B, C, EC, AC, and ABC were con­

s i d e r e d ,  th e re b y  showing th e  MO's and MO e n e rg ie s  o f  th e  in d i v id u a l  as  

w e l l  as th e  i n t e r a c t i n g  sy s tem s .  The atom numbering scheme in  F ig u re  3 

i d e n t i f i e s  th e  b a s i s  f u n c t io n s  in  subsequen t MO's.

HMO C a lc u la t io n s  

The HMO method was used w i th  h e te ro a to m  p a ra m e te r  h = l (Eq. 8) 

and n e g l e c t  o f  o v e r la p .  S ince  w e a k ly - i n t e r a c t i n g  system s were c o n s id e re d ,  

the  s ta n d a rd  HMO fo rm u la t io n  was s l i g h t l y  m od if ied  by u s in g  n on -ze ro  r e s o ­

nance i n t e g r a l s  between any AO's where a p p r e c ia b le  i n t e r a c t i o n  i s  p o s s i b l e .

These i n t e g r a l s  were s e t  p r o p o r t i o n a l  t o  o v e r la p  i n t e g r a l s  and e v a lu a te d  

^ i ias H i.  = -T—'-g (Eq. 9 ) ,  w h i le  H. , = 3 was used  f o r  th e  C-0 resonance  
i j  b i j

i n t e g r a l s §3 The C (5)-C (6 ) bond o f  F ig u re  3 was used  as the  r e f e r e n c e  bond

to  d e f in e  S^. A ll  o v e r la p  i n t e g r a l s  were c a l c u l a t e d  by th e  method o f  

M u ll ik e n ,  e t  a l . ^ ^  f o r  S l a t e r  a tom ic o r b i t a l s .  N um erical v a lu e s  of th e
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o v e r la p  and re so n an ce  i n t e g r a l s  c a l c u l a t e d  f o r  a l l  un ique  AO p a i r s  a re  

shown in  Table  4. MO e n e r g ie s  c a l c u l a t e d  f o r  th e  system s a r e  shown in

TABLE 4

OVERLAP AND RESONANCE INTEGRALS FOR WEAKLY-INTERACTING P I SYSTEMS

S y  H, J (S)

1 3 0 .013 0.045
1 4 0 .0 0 .0
1 5 0 .007 0 .006
1 6 0 .0 0 .0
2 3 0 .184 0 .641
2 5 0.036 0.126
2 6 0 .014 0 .049
5 6 0 .287 1 .000
5 7 0 .0 0 .0
5 8 0 .0 0 .0

F ig u re  5 ,  and non redundan t NO c o e f f i c i e n t s  a r e  shown i n  T a b le s  5 and 6 

f o r  th e  p i  MO's o f  ODB and IDB, r e s p e c t i v e l y .

The i n t e r a c t i o n s  between th e  p i  e l e c t r o n s  i n  th e  cyc lohexene  

r in g  (C) and th e  p i  system s o f  th e  d ik e to n e  (B) of IDB can be s een  from
Q

F ig u re  5. The bonding  o r b i t a l  o f  C, a t  energy  a+3, i n t e r a c t s  weakly

w ith  th e  low es t  empty m o le c u la r  o r b i t a l  (LEMO) o f  system  B, a t  energy

n -  0 .2 4 0 3 , and e l e v a t e s  i t  to  th e  l e v e l  shown f o r  th e  com posite  system  BC, 

BPTî  a t  energy  a  -  0 .2533 . The a n t ib o n d in g  MO of C, a t  energy  a - 3 ,  i n t e r ­

a c t s  more s t r o n g ly  w i th  th e  h ig h e s t  energy  MO o f  B, a t  energy  a -  1 .0803.

C BThe s t r o n g e r  i n t e r a c t i o n  i s  ex p e c te d  s in c e  ^2 and ir^ were i n i t i a l l y  

alm ost d e g e n e ra te .  A weak i n t e r a c t i o n  i s  a l s o  c a l c u l a t e d  betw een  the  

bonding  MO o f  C and th e  lo w es t  energy  MO o f  B. The i n t e r e s t i n g  f e a t u r e ,  

however, ap p ea rs  i n  th e  r e s u l t s  o f  th e  f i r s t  i n t e r a c t i o n  m en tio n ed ,  th e
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FIGURE 5. Glyoxal-ethylene pi-MO interactions by the HMO method.
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TABLE 5

PI MO'S AND ENERGIES FOR ODB BY THE HMO METHOD

MO B
" l

B
"2

B
^3

B

Energy a+1.8813 a+1.4383 a -0 .2 4 0 3 a -1 .0 8 0 3

C^^ Symmetry ^2 ^2 %2 *2

Ĉ  Symmetry* A' k " A' A "

C o e f f i c i e n t

0 (1 ) 0.5406 0.6426 0.4557 0.2950
C(2) 0.4557 0.2950 -0 .5 4 0 6 -0 .6426

*Cg p la n e  p e r p e n d ic u la r  to  th e  C-C bond.

TABLE 6

FI MO’S Aîro ENERGIES FOR IDB BY THE HMO METHOD

BC BC BC BC BC BCMO " l ■̂2 ^3 "4 "5

Energy a+1.8973 a+1.4393 a+0.9983 a-0 .2 5 3 3 a -0 .9 6 2 3 a-1 .1183

C_̂ Symmetry A' A " A' A' A " A "

C o e f f i c i e n t s
0(1) 0.5324 0.6424 0.1179 0.4502 0.1558 0.2511
C(2) 0.4561 0.2953 0.0040 -0 .5 4 0 3 -0 .3 1 6 0 -0 .5594
C(5) 0.0926 0.0110 -0 .6972 -0 .0 7 3 0 -0 .6 1 3 1 -0 .3521
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f a c t  t h a t  i s  a t  a h ig h e r  energy  than These a re  the  LEMO's f o r

system s BC and B, r e s p e c t i v e l y ,  and a re  tlic a c c e p t in g  MO's fo r  tlie low-

BCenergy n>ir* t r a n s i t i o n s .  T ab le  6 shows th a t  i s  an MO t h a t  i s  p r im a r i ly

c e n te re d  on the  d ik e to n e  w ith  only  sm a ll  c o n t r i b u t i o n s  from th e  e th y le n e  

p i  system . In s p e c t io n  o f  th e  c o e f f i c i e n t s  shows t h a t  a node e x i s t s  b e ­

tween th e  b a s i s  fu n c t io n s  from th e  carbony l ca rbons  and th o se  from th e  

e th y le n e  group. T h is  a n t ib o n d in g  i n t e r a c t i o n  g iv e s  r i s e  to  th e  d e s t a b i ­

l i z a t i o n  of th e  LEMO.

The HMO method employed h e re  allow s no assessm en t o f  th e  e f f e c t s  

o f  the  e th y le n e  p i  o r b i t a l s  on th e  nonbonding o r b i t a l s  of th e  d ik e to n e  

system . I f  one assumes t h a t  no s i g n i f i c a n t  i n t e r a c t i o n  occurs  between 

th e se  o r b i t a l s ,  th en  th e  r e s u l t s  p r e s e n te d  h e re  p r e d i c t  a h ig h e r  n->-iT* 

t r a n s i t i o n  energy  f o r  IDB than  f o r  ODB, c o n t ra r y  t o  what i s  a n t i c i p a t e d

from th e  s o l u t i o n  s p e c t r a  o f  th e s e  compounds. The energy d i f f e r e n c e  of

0 .0133 c a l c u l a t e d  between th e  two LEMO’s i s  n o t  a v e ry  l a r g e  e f f e c t ,

59however. Using an approx im ate  v a lu e  o f  2.38eV f o r  3 , t h i s  amounts to  

an energy  d i f f e r e n c e  o f  O.OSleV o r  an a b s o rp t io n  maximum s h i f t  o f  4 my.

The assum ption  t h a t  th e  p i  o r b i t a l s  o f  sy stem  C have no a p p r e c i ­

a b le  e f f e c t  on th e  nonbonding o r b i t a l s  o f  B as  a  r e s u l t  o f  a th ro u g h -  

space  i n t e r a c t i o n  was t e s t e d  q u a l i t a t i v e l y  by an HMO-type c a l c u l a t i o n  

w ith  p a ram e te rs  e v a lu a te d  as  f o r  th e  p i  i n t e r a c t i o n s .  L o n e -p a ir  o r b i t a l s  

o f  the  oxygen atoms were r e p r e s e n te d  by 2p o r b i t a l s  p la c e d  p e r p e n d ic u la r  

to  tlie C-0 bonds and in  th e  p la n e  o f  system  C. An HMO c a l c u l a t i o n  f o r  

t h i s  t w o - o r b i t a l  case  was fo llo w ed  by one w hich in c lu d e d  th e  b a s i s  func­

t io n s  from system  C. The e n e r g ie s  o f  the  l o n e - p a i r  MO's were on ly  a l t e r e d

by 0 .0013 when in c lu d in g  th e  p i  MO’s o f  system  C, a sm a l l  change compared 

to  the  0 .0133 change o f  th e  LEMO o f  th e  p i  system  o f  B. This  d im in ish ed
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i n t e r a c t i o n  i s  due to  the  very  s m a l l  o v e r la p  between th e  chosen l o n e - p a i r  

o r b i t a l s  an oxygen and the  e th y le n e  p i  o r b i t a l s .  S = 0 .001  between a 2p 

o r b i t a l  on C(5) and a 2p o r b i t a l  on 0 ( 1 ) ,  w h ile  a much s t r o n g e r  o v e r lap  

e x i s t s  f o r  p i  i n t e r a c t i o n s ,  w i th  S = 0 .036 f o r  2p o r b i t a l s  on C(2) and 

C (5).

The e f f e c t s  o f  th e  two e th y le n e  groups (A and C) on the  d ik e to n e

system  (B) a r e  shown in  F ig u re  6- The a l t e r a t i o n  o f  MO e n e rg ie s  i s  s i m i l a r

to  the  changes seen  in  F ig u re  5. Of i n t e r e s t  a g a in  i s  th e  change in  the

LEMO, TT^ .̂ T h is  o r b i t a l  i s  r a i s e d  i n  energy from a -0 .2 4 0 3  to  a -0 .2673  

ABC(tt̂  ) ,  abou t tw ice  th e  e f f e c t s  produced by j u s t  one e th y le n e  system .

The c o e f f i c i e n t s  o f  t h i s  o r b i t a l  (Table 7) show t h a t  th e  p i  system o f  the  

d ik e to n e  i s  coupled to  bo th  e th y le n e  p i  system s i n  an a n t ib o n d in g  manner 

w i th  n o d a l  s u r f a c e s  between th e  ca rb o n y l carbon  b a s i s  fu n c t io n s  and bo th  

s e t s  o f  e th y le n e  b a s i s  f u n c t i o n s .  Thus, when c o n s id e r in g  th e  e f f e c t s  o f  

p i  e l e c t r o n s  o n ly ,  2DB shou ld  have th e  h ig h e s t  n->iT* t r a n s i t i o n  energy  f o r  

th e  th r e e  compounds c o n s id e re d ,  c o n t ra ry  to  th e  t r e n d s  observed  e x p e r i ­

m e n ta l ly .  A c a l c u l a t i o n  o f  th e  t o t a l  p i - e l e c t r o n  e n e rg y ,  as a sum o f 

occup ied  o r b i t a l  e n e r g i e s ,  shows t h a t  s t a b i l i z a t i o n  i s  o b ta in e d  when th e  

i s o l a t e d  system s a re  a llow ed  to  i n t e r a c t  (Table 8 ) .

T lirough-space i n t e r a c t i o n s  between th e  p i  system s based  on mole­

c u l a r  co n fo rm a tions  w ith  th e  six-membered r in g s  i n  th e  b o a t  form b u t  

fo ld e d  away from th e  d ik e to n e  system  were found to  be  n e g l i g i b l e .  Over­

la p  i n t e g r a l s  dropped to  i n s i g n i f i c a n t  v a lu e s  and th e  MO e n e rg ie s  c a lc u ­

l a t e d  were e s s e n t i a l l y  th o se  o f  n o n in t e r a c t in g  p i  sy s tem s . No r e s u l t s  

a re  t h e r e f o r e  shown f o r  p i  system s based  on th e s e  co n fo rm a tio n s .

The p i - e l e c t r o n  s t a b i l i z a t i o n  e n e rg ie s  c a l c u l a t e d  h e re  would 

p r e d i c t  t h a t  the  most s t a b l e  con fo rm a tions  o f  th e s e  compounds would have
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FIGURE 6. Glyoxal-2 ethylene pi-MO interactions by the HMO method.
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i n t e r a c t i o n  i s  due to  the  very  sm all o v e r la p  between the  chosen l o n e - p a i r  

o r b i t a l s  an oxygen and the  e th y le n e  p i  o r b i t a l s .  S = 0 .001 between a 2p 

o r b i t a l  on C(5) and a 2p o r b i t a l  on 0 ( 1 ) ,  w h ile  a much s t r o n g e r  o v e r lap  

e x i s t s  f o r  p i  i n t e r a c t i o n s ,  w ith  S = 0 .036  fo r  2p o r b i t a l s  on C(2) and 

C (5 ).

T ie  e f f e c t s  o f  the  two e th y le n e  groups (A and C) on th e  d ik e to n e  

system  (E) a re  siiown in F igu re  6 . The a l t e r a t i o n  o f  MO e n e rg ie s  i s  s im i l a r  

to  the changes seen in  F igure  5. Of i n t e r e s t  a g a in  i s  th e  change in  the
p

LEMO, IT2 . This  o r b i t a l  i s  r a i s e d  in  energy  from a-0 .2403  to  a -0 .2673  

ABC(iT  ̂ ) ,  about tw ice  th e  e f f e c t s  produced by j u s t  one e th y le n e  system .

The c o e f f i c i e n t s  o f  t h i s  o r b i t a l  (Table 7) show t h a t  the  p i  system  of the  

d ik e to n e  is  coupled to  bo th  e th y le n e  p i  system s in  an a n t ib o n d in g  manner 

w i th  noda l  s u r f a c e s  between th e  ca rbony l carbon  b a s i s  f u n c t io n s  and both  

s e t s  o f  e th y le n e  b a s i s  fu n c t io n s -  Thus, when c o n s id e r in g  th e  e f f e c t s  of 

p i  e l e c t r o n s  o n ly ,  2DB shou ld  have th e  h ig h e s t  n-Mr* t r a n s i t i o n  energy fo r  

th e  th ree  compounds c o n s id e r e d ,  c o n t ra ry  to  th e  t r e n d s  observed  e x p e r i ­

m e n ta l ly .  A c a l c u l a t i o n  o f  th e  t o t a l  p i - e l e c t r o n  ene rg y ,  as  a sum of 

occup ied  o r b i t a l  e n e r g i e s ,  shows t h a t  s t a b i l i z a t i o n  i s  o b ta in e d  when the  

i s o l a t e d  systems a re  a l low ed  to  i n t e r a c t  (Table  8 ) .

'I lirough-space i n t e r a c t i o n s  between th e  p i  system s based  on mole­

c u l a r  conform ations  w i th  th e  six-membered r in g s  i n  th e  b o a t  form b u t  

fo ld e d  away from th e  d ik e to n e  system  were found to  be n e g l i g i b l e .  Over­

la p  i n t e g r a l s  dropped to  i n s i g n i f i c a n t  v a lu e s  and the  MO e n e rg ie s  c a lc u ­

l a t e d  were e s s e n t i a ] l y  th o se  o f  n o n in t e r a c t in g  p i  sy s tem s .  No r e s u l t s  

a r e  tiier* fo re  shown f o r  p i  system s based  on th e s e  co n fo rm a tio n s .

The p i - e l e c t r o n  s t a b i l i z a t i o n  e n e r g ie s  c a l c u l a t e d  h e r e  would 

p r e d i c t  t h a t  the most s t a b l e  confo rm ations  o f  th e s e  compounds would have



TABLE 7
P I  MO'S AND ENERGIES FOR 2DB BY THE HMO METHOD

ABC ABC ABC ABC ABC ABC ABC ABCMO "1 ^2 ^3 ^4 T"5 ^6 ^8

Energy a+1.9123 a + 1 .4403 a + 1 .0006 a+0.9966 a - O .2676 a -O .9376 a -1 .0 0 0 6 a - 1 . 1446

Symmetry ^2 *2 4 "2 ^2 *2 ®1 H

C o e f f i c i e n t s

0 (1 ) 0.5245 0.6422 0 .0 0 .1643 0.4449 0.1765 0 .0 0.2376
C(2) 0.4564 0,2955 0 .0 0 .0052 -0 .5 4 0 0 -0 .3 5 2 5 0 .0 -0 .5 3 2 0
C(5) 0 .0911 0.0110 0.5000 0 .4864 0.0723 -0 .4 1 5 1 0 .5000 0.2786
C(7) -0 .0 9 1 1 -0 .0 1 1 0 0.5000 0.4864 -0 .0 7 2 3 0 .4151 0.5000 -0 .2 7 8 6

N3M
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TABLE 8

TOTAL GROUND-STATE ENERGIES FOR PI SYSTEMS STUDIED BY THE HMO METHOD

System Energy Stabilization energy

C 2a+2.000e
B 4a+6.6383
BC 6 a + 8 .6683 0.0303
ABC 80+10.6963 0.0583

the unsaturated rings folded toward the diketone. This is in agreement 
with the conformation found for 2DB in the solid state.

Pi-Electron SCF MO Calculations 

The calculations discussed above were next repeated by a series 

of pi-electron SCF MO calculations for identical systems. The closed- 

shell SCF program by Bloor and Gilson^^’̂ ^’̂ ^ was employed for this pur­

pose. This program used the SCF formalism with neglect of differential 

overlap as shown in the previous chapter. Elements of the Hartree-Fock 

matrix were calculated by Eqs. 33 and 34 with one change, the neglect

of penetration integrals (t:qq). One-center repulsion integrals were
46set proportional to the Slater effective nuclear charge as

(pp;pp) = 3.294 Zp eV. (55)

Two-center repulsion integrals were calculated by the formula of Mataga 
62and Nishimoto,

(pp,qq) = —  eV, (56)
pq pq
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where r  i s  tlie d i s t a n c e  in  Angstroms be tw een  n u c l e i  p and q ,  and a
pq ]>q

i s  c a l c u l a t e d  by

- - 28.794 ( S , )
pq (pp;pp) + (qq;qq)

Valence state ionization energies (Ŵ ) for carbon and oxygen were taken 

as 11.16 and 17.70eV, respectively. The elements of the bond-order charge- 

density matrix (P^^) were used as criteria of self-consistence. When 

every element of ciianged by less than 0.001 between successive in­
teractions, self-consistence was deemed achieved. The final molecular 

orbitals and MO energies obtained for the pi systems of ODB, IDB and 2DB 

are shown in Tables 9-i I , respectively. Tl; is evident that the SCF MO 
energy levels obtained here parallel the energy pattern obtained by the 

ilMO method. Of interest again are the energies of LEMO's for B,3C, and

ABC. The pattern n^^(-3.265eV) <- (-g.iggeV) < (-3.132eV)

follows the trend obtained by the HMO methods showing a destabilization 

of the LEMO of the diketone upon interaction with the ethylene systems.

The destabilization of LEMO's calculated here is almost exactly twice as 

large as the values obtained by the HMO method with P = 2.38eV.

Interactions between Molecules 

The next level of approximation again considered the effects 
of I:lie pi electrons in the cyclohexene rings on the electronic structure 

of the dike tone system by the direct, through-space mechanism. In these 

calculations, however, the all-valence-shell MO methods, EHMO and CNDO/2, 
described in the previous chapter were utilized. These methods can more
satisfactorily show the changes in the nonbonding as well as the pi orbi­

t a l s  in th e  d ik e to n e  upon i n t e r a c t i o n  wi th t he  e th y le n e  o r b i t a l s  s in c e
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TABLE 9

PI MO'S AND ENERGIES FOR ODB BY THE SCF MO METHOD

MO B
" l

B
"2

B
"3

B

Energy (eV) -1 4 .5 8 1 -13 .036 -3 .2 6 5 -0 .2 0 5

Cg^ Symmetry %2 *2 "2 *2

C  ̂ Symmetry A' A " A" A "

C o e ff i d e n t s

0 ( 1 ) 0 .5205 0.6261 0.4777 0.3299
C(2) 0.4769 0.3311 -0 .5 2 1 9 -0 .6 2 4 9

*C^ p la n e  p e rp e n d ic u la r  to  th e  C-C bond.

TABLE 10

PI MO'S AND ENERGIES FOR IDB BY THE SCF MO METHOD

MO BC
" l

BC
TT2

BC
"3

BC
"4

BC BC

Energy (eV) -1 4 .5 8 0 -1 2 .9 8 8 -1 1 .0 2 9 -3 .1 9 9 -0 .8 2 4 -0 .0 8 6

C Symmetry A' A " A" A' A " A "

C o e f f ic ie n ts

0 ( 1 )
0 ( 2 )
0 (5 )

0.5140
0.4774
0.0811

0.6256
0.3313
0.0086

0.1017
0.0089

-0 .6 9 9 6

0.4740
-0 .5 2 1 5
-0 .0 6 2 2

0.1207
-0 .2106
-0 .6642

0.3077
-0 .5 8 8 2

0.2428



TABLE 11
P I MO'S AND ENERGIES FOR 2DB BY THE SCF MO METHOD

MO _ ABC 
"1

,^ABC .  abc
3

ABC
4

%,ASC

Energy (eV) -1 4 .5 8 0 -1 2 .9 4 1 -1 1 .0 1 8 -1 1 .0 0 7 -3 .1 3 2 -0 .8 6 9 -0 .7 1 6 0 .014

CgySymmetry ^2 Al «2 A2 Bl ^2

C o e f f ic ie n ts

0 ( 1)
C(2)
C(5)
C(7)

0.5075
0.4776
0 .0808

-0 .0 8 0 6

0.6252
0 .3318
0.0087

-0 .0 0 9 3

0.0573
0.0055

-0 .6547
-0.2606

0.1312
0 .0 1 2 2

-0 .2 4 6 7
0 .6494

0.4704
-0 .5211
0.0613

-0 .0618

0 .1484
-0 .2 5 6 1
-0 .4 8 2 1

0 .4240

0.0104
-0 .0 1 8 3

0.4742
0.5241

0.2959
-0 .5 6 9 3

0.2069
-0 .2 1 2 7

N)Ln
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th e  nonbonding o r b i t a l s  a re  now more co m p le te ly  d e sc r ib e d  as p a r t  o f  th e  

d ik e to n e  e l e c t r o n i c  s t r u c t u r e .

The m o lecu les shown in  F ig u re  7, w ith  atom ic c o o rd in a te s  g iv en  in  

T ab le  12, w ere used to  c o n s tru c t  th e  u n s a tu ra te d  segm ents o f ODB, IDB, 

and 2DB f o r  th e se  c a l c u la t io n s .  The c o o rd in a te s  o f  carbon  and oxygen 

atoms as w e ll  as th o se  o f  H (5 ), H(6 ) , H (9 ), and H(10) a re  Cg^-symmetry 

av erag es  o f th e  c o o rd in a te s  o b ta in e d  from th e  c r y s t a l  s t r u c t u r e  o f  2DB. 

The rem ain ing  hydrogen atoms in  F ig u re  7 w ere in tro d u c e d  in t o  th e  m ole­

c u la r  fragm en ts  to  m a in ta in  th e  h y b r id iz a t io n  o f  th e  carbon  atoms in  th e
o

o r ig i n a l  sy stem s. These hydrogens w ere p la c e d  1 .040  A from  th e  carbon 

atom to  w hich th ey  a r e  shown bonded and in  th e  d i r e c t i o n  d ic ta t e d  by th e  

a p p ro p r ia te  C-C bond in  th e  c r y s t a l  s t r u c t u r e  o f 2DB. The atom -num bering 

scheme in  F ig u re  7 w i l l  la b e l  AO b a s is  fu n c tio n s  i n  th e  fo llo w in g  c a lc u ­

l a t i o n s .

Extended HUckel M o lecu la r O r b i ta l  (EHMO) C a lc u la t io n s  

EHMO c a l c u la t io n s ,  as d e s c r ib e d  in  C hap ter 2 , w ere c a r r i e d  o u t 

w ith  Hoffmann’s com puter p r o g r a m . S l a t e r  a tom ic o r b i t a l s  w ere used 

as b a s is  fu n c tio n s  w ith  S l a t e r  exponen ts  o f  1 .3 0 0 , 1 .6 2 5 , 2 .275 fo r  

hydrogen ( I s ) ,  carbon (2s and 2p ) , and oxygen ( 2s and 2p) o r b i t a l s ,  

r e s p e c t iv e ly .  Coulomb i n t e g r a l s  (H_^) w ere ta k en  from th e  v a le n c e  s t a t e  

io n iz a t io n  p o te n t i a l s  o f  S k in n er and P r i t c h a r d ^ ^ ’^^ and a re  shown in  

T ab le  13. Resonance in t e g r a l s  w ere c a lc u la te d  by Eq. 41 as H^^ = 0 .5  

KS. . (H .. + H . .)  w ith  K = 1 .7 5 .

C a lc u la t io n s  w ere c a r r i e d  o u t f o r  th e  s p e c ie s  B and C, and f o r  

th e  com posite system s AC, BC, and ABC. F or c l a r i t y  o f  r e p r e s e n ta t io n ,  

the  fo llo w in g  ta b le s  and in t e r a c t io n  diagram s on ly  show d a ta  f o r  th o se
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FIGURE 7. M olecu les used  f o r  in te r m o le c u la r  in t e r a c t io n  
s tu d ie s  by th e  EHMO and CNDO/2 m ethods.
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TABLE 12

ATOMIC COORDINATES OF MOLECULES USED FOR INTERMOLECULAR INTERACTION 

STUDIES BY THE EHMO AND CNDO/2 METHODS

Atom x(%) y ( h 2 (A)

0 ( 1 ) -1 .6 2 6 0 . 0 2.368
C(2) -0 .7 7 5 0 .0 1.533
C(3) 0.775 0 . 0 1.533
0 (4 ) 1.626 0 . 0 2.368
C(5) -0 .6 5 8 2.504 -0 .1 8 4
C(6 ) 0 .658 2.504 -0 .1 8 4
0(7 ) -0 .6 5 8 -2 .5 0 4 -0 .1 8 4
0 ( 8 ) 0 .658 -2 .5 0 4 -0 .1 8 4
H (I) -0 .7 8 2 0 . 0 0.493
H(2) 0.782 0 . 0 0.493
H(3) - I . 194 1 . 651 -0 .4 4 2
H(4) 1 . 194 1 .651 -0 .4 4 2
H(5) - I . 201 3.352 0.073
H(6 ) 1 . 201 3.352 0.073
H(7) - I . 194 - I . 651 -0 .4 4 2
H(8 ) 1 .194 - I . 651 -0 .4 4 2
H(9) - I . 201 -3 .3 5 2 0.073
11( 1 0 ) 1 . 201 -3 .3 5 2 0.073

TABLE 13

COULOMB INTEGRALS FOR EHMO CALCULATIONS

Orbi t a l U -.(eV )

H (Is)
C (2s)
C(2p)
0 ( 2s )
0 ( 2p)

-1 3 .6 0
-2 1 .4 0
-1 1 .4 0
-3 2 .3 0
-1 4 .8 0
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o r b i t a l s  which were i d e n t i f i e d  as p i  MO's. The h ig h e s t  occup ied  mole­

c u la r  o r b i t a l  (HOMO) i s  a ls o  shown fo r  th o se  system s w hich c o n ta in  th e  

d ik e to n e . T h is MO was always i d e n t i f i e d  as th e  sym m etric com bination  

o f  two lo n e -p a ir  o r b i t a l s  from th e  oxygen atom s, d e lo c a l iz e d  somewhat 

o v e r n e ig h b o rin g  atom s. I t  i s  t h i s  com bination  o f  lo n e - p a i r  A O 's, 

i d e n t i f i e d  as MO n , w hich can g iv e  r i s e  to  th e  sym m etry-allow ed n-Mr* 

t r a n s i t i o n  f o r  th e  system s s tu d ie d .  The MO c o e f f i c ie n t s  a re  i d e n t i f i e d  

by th e  atom symbol and numbers a s s ig n e d  in  F ig u re  7 and a ls o  th e  AO's fo r  

th e  case  o f carbon  and oxygen atom s. Here s ,  x , y , and z s ta n d  f o r  th e  

2 s , 2p^, 2py, and 2p^ A O 's, r e s p e c t iv e ly .

The LEMO f o r  each  of th e  th r e e  system s B, BC, and ABC 

BC ABC, and TT̂  , r e s p e c t iv e ly )  i s  a  p i  MO c e n te re d  on th e  d ik e to n e . The 

BC ABCMO's and ir^ a ls o  show s i g n i f i c a n t  c o n tr ib u t io n s  from th o se  b a s is

fu n c tio n s  w hich b u i ld  th e  p i  MO's o f  th e  e th y le n e  g ro u p s , C (5 ,y ) and 

C (5 ,z )  and t h e i r  sy m m e try -re la te d  b a s i s  f u n c t io n s ,  w ith  s m a l le r  c o n t r i ­

b u tio n s  from th o se  b a s i s  fu n c tio n s  w hich b u i ld  th e  sigm a s t r u c t u r e  o f th e  

e th y le n e s .  The i n t e r a c t i o n  betw een th e  p i  system s o f  th e  d ik e to n e  and 

th e  e th y le n e s  r e s u l t s  in  a d e s t a b i l i z a t i o n  o f th e  LEMO's and

compared to  th e  LEMO o f th e  i s o l a t e d  d ik e to n e ,  (T able 2 1 ) . The in ­

t e r a c t i o n  i s  a g a in  o f  an an tib o n d in g  n a tu r e ,  as c a lc u la te d  by th e  HMO 

m ethod, w ith  nodes betw een th e  n e a re s t-a p p ro a c h in g  b a s i s  fu n c tio n s  from 

th e  s e p a ra te  sy stem s.

B BCThe h ig h e s t  occup ied  o r b i t a l  in  each  c a s e , la b e le d  n , n  , and 

nABC i t s  m ajor c o n t r ib u t io n s  from  th e  2p^ and 2p^ AO's o f  th e  two 

oxygen atom s. The c o e f f i c i e n t s  o f  th e s e  AO's a re  such  t h a t  th e  r e s u l t in g  

c o n t r ib u t in g  o r b i t a l  from  each oxygen i s  n e a r ly  p e rp e n d ic u la r  to  th e  ca rb o n y l
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TABLE 14

PI MO'S AND ENERGIES FOR ETHYLENE BY THE EHMO METHOD

MO

Energy (eV) -1 3 .2 7 6  -8 .0 5 8

Cg Symmetry* k '  A

C o effic ien ts '* '

0 ( 5 ,z) 0 .8339 0.6247

*C^ p la n e  i s  p e rp e n d ic u la r  to  th e  C-C bond. 

^The m o le c u la r  p la n e  i s  th e  xy p la n e .

TABLE 15

PI MO'S AND ENERGIES FOR ETHYLENE-ETHYLENE BY THE EHMO METHOD

MD ^̂ ^AC ^^AC ^^AC

Energy (eV) -1 3 .2 7 7  -1 3 .2 7 4  -8 .0 5 8  -8 .0 5 7

Cg,  ̂ Symmetry Â B„ B, A„

C o e f f ic ie n ts

C (5 ,y ) 0 .1275 0 .1289 0 .1709  0 .1713
C (5 ,z )  -0 .4 2 2 0  -0 .4 2 3 5  -0 .5 6 4 5  -0 .5 6 4 1
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TABLE 16

P I and n MO'S AND ENERGIES FOR GLYOXAL BY THE EHMO METHOD

B B B B BMO " l "2 n ^3

Energy (eV) -15 .659 -1 5 .3 5 8 -12 .657 -1 0 .9 9 4 -7 .5 2 1

Cg Symmetry* A' A " A" A" A "

Symmetry h h 4 ®2 ^2

C o e f f ic ie n ts

H (l) 0 .0 0 . 0 -0 .2 2 4 2 0 . 0 0 . 0
0 ( 1 , s ) 0 . 0 0 . 0 -0 .0 0 3 8 0 . 0 0 . 0
C (2 ,s ) 0 . 0 0 . 0 0.1042 0 . 0 0 . 0
0 (1 , x) 0 . 0 0 . 0 -0 .4639 0 . 0 0 .0
C (2 ,x ) 0 .0 0 . 0 0.3653 0 . 0 0 . 0
0 (1 ,y ) 0.7515 0.6345 0 . 0 0.4450 0.3584
C (2 ,y ) 0.2847 0.2162 0 . 0 -0 .6 0 0 4 -0 .7 7 9 3
0 (1 , z) 0 . 0 0 . 0 -0 .2 7 2 0 0 . 0
C (2 ,z ) 0 . 0 0 . 0 0.1970 0 . 0 0 . 0

p la n e  i s  p e rp e n d ic u la r  to  th e  C-C bond.



TABLE 17
P I AND n MO'S AND ENERGIES FOR GLYOXAL--ETHYLENE BY THE EHMO1 METHOD

MO

Energy (eV) 

Cg Symmetry

-1 5 .6 5 2

A"

BC
^2

-1 5 .3 5 9

k "

BC
^3

-1 3 .2 7 3

k '

BCn

-1 2 .6 2 6

k '

-1 0 .9 1 4

k '

. 3-

-8 .1 6 9 8

k "

BC
"6

-7 .3 5 3

k "

C o e f f ic ie n t s

H (l) -0 .0 0 2 9 0 .0 1 1 0 0 .0072 0 .2265 -0 .0 0 8 2 0.0187 - 0 .0 1 0 0
H(3) 0 .0273 -0 .0 1 6 2 -0 .0 0 0 9 -0 .0 2 2 3 0 .0 2 1 2 0 .0059 0 .0155
H(5) -0 .0 2 6 6 0 .0230 0.0006 -0 .0 0 1 4 0 .0 0 0 1 -0 .0 0 0 9 -0 .0 0 5 3
0 ( 1 , s ) 0 .0019 0 .0054 0.0037 0 .0046 - 0 .0 0 1 0 0.0015 -0 .0 0 0 7
C (2 ,s ) -0 .0 0 1 7 -0 .0 0 1 8 0 .0153 - 0 .1 0 1 0 -0 .0 0 1 5 0 .0041 -0 .0 0 3 2
0 ( 5 , s ) 0 .0077 0 .0031 -0 .0 0 0 3 -0 .0 0 8 5 0 .0106 0 .0 0 1 1 0.0056
0 ( 1 , x) 0 .0126 -0 .0 6 2 5 -0 .0 3 9 0 0 .4579 -0 .0 0 6 3 0 .0050 -0 .0 0 3 0
0 ( 2 , x) 0 .0 1 1 2 -0 .0 0 6 7 0 .0307 -0 .3 6 3 1 0 .0057 -0 .0 0 6 9 0 .0048
0 ( 5 ,x) 0 .0124 -0 .0 0 3 8 0.0015 0 .0320 - 0 .0 0 1 2 -0 .0 0 4 0 -0 .0 1 5 8
0 ( 1 , y) -0 .5 6 8 6 -0 .6 2 9 7 0.0825 0 .0164 0.4374 0.1528 0 .3237
0 ( 2 , y) -0 .2 8 0 9 -0 .2 1 5 1 -0 .0 4 7 8 -0 .0 1 3 5 -0 .6 0 0 2 -0 .3 0 9 4 -0 .7 1 5 9
0 ( 5 ,y) -0 .0 3 0 5 0 .0209 0 .1805 0 .0449 -0 .0 4 7 7 0 .2148 -0 .1 2 0 7
0 ( 1 , z) 0 .0296 -0 .0 1 4 4 - 0 .0 1 2 0 0 .2718 -0 .0 0 5 9 0.0059 -0 .0 0 4 0
0 ( 2 , z) 0 .0086 - 0 .0 2 0 2 -0 .0 0 2 7 - 0 .2 0 2 2 0.0099 -0 .0 1 6 9 0 .0116
0 ( 5 , z) -0 .0 3 6 1 0 .0 0 1 0 -0 .5 9 0 1 -0 .0 2 6 6 0 .0816 -0 .7 2 4 5 0 .3228

MWN>



TABLE 18
PI AND n MO'S AND ENERGIES FOR GLYOXAL-2 ETHYLENE BY THE EHMO METHOD

MO

Energy (eV)

ABC ABC ABC
'1 "2 "3 \  “  "5 "6

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

ABC ABCn ABC ABC ABC
"7

-8 .024

ABC
^A

-7.232

Symmetry *2 4 «2 4 4 *2 ^2 »1 &2

j e f f i c i e n t s

H (l) 0 . 0 0 . 0 0 . 0 0 .0 0 7 1 0 .2292 0 . 0 0 . 0 0 .0303 0 . 0
H(3) 0 .0258 0 . 0 2 2 0 0 .0024 -0 .0 0 3 3 -0 .0 2 3 1 -0 .0 2 0 3 -0 .0 0 8 0 -0 .0 0 1 7 0.0144
H(5) -0 .0 2 4 6 -0 .0 2 9 6 -0 .0 0 0 4 0 .0013 - 0 . 0 0 1 1 -0 .0 0 0 3 0 .0025 0 . 0 0 2 0 -0 .0 0 4 5
0 ( 1 , s ) 0 . 0 0 . 0 0 . 0 0 .0053 0 .0056 0 . 0 0 . 0 0 .0024 0 . 0
C (2 ,s ) 0 . 0 0 . 0 0 . 0 0 .0239 -0 .0 9 7 2 0 . 0 0 . 0 0 .0075 0 . 0
C (5 ,s ) 0 .0072 -0 .0 0 3 9 0.0009 -0 .0 0 1 3 -0 .0 0 9 0 - 0 .0 1 0 1 -0 .0 0 2 5 -0 .0 0 1 7 0.0049
0 ( 1 , x) 0 . 0 0 . 0 0 . 0 -0 .0 6 3 7 0 .4 5 0 8 0 . 0 0 . 0 0 .0082 0 . 0
C (2 ,x ) 0 . 0 0 . 0 0 . 0 0 .0496 -0 .3 6 0 2 0 . 0 0 . 0 -0 .0 1 1 8 0 . 0
C (5 ,x ) 0 .0114 0 .0047 0 .0 0 0 1 0 .0013 0 .0318 0 .0005 0 .0067 0 .0031 -0 .0 1 4 4
0 ( l , y ) -0 .5 6 8 0 0 .6299 0 .1130 0 . 0 0 . 0 -0 .4 3 1 1 -0 .1 7 5 9 0 . 0 0 .3114
C (2 ,y ) -0 .2 7 8 6 0 .2161 -0 .0 6 3 8 0 . 0 0 . 0 0 .6008 0 .3518 0 . 0 -0 .6 9 6 8
C (5 ,y ) -0 .0 2 8 2 -0 .0 2 7 1 0 .1236 0 .1312 0 .0485 0 .0452 -0 .1 4 1 3 0 .1755 0 .0998
0 (1 , z) 0 . 0 0 . 0 0 . 0 -0 .0 2 1 3 0 .2714 0 . 0 0 . 0 0 .0 1 0 2 0 . 0
C (2 ,z ) 0 . 0 0 . 0 0 . 0 -0 .0 0 1 7 -0 .2 0 7 5 0 . 0 0 . 0 -0 .0 2 9 0 0 . 0
C (5 ,z ) -0 .0 3 4 5 -0 .0 0 2 4 =0.4151 -0 .4 1 9 3 -0 .0 3 5 2 -0 .0 7 8 1 0.4955 -0 .5 6 2 8 0.2705

w
03
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FIGURE 8. Glyoxal-ethylene through-space interactions by
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EHMO method.
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bond and c o p la n a r  w ith  th e  d ik e to n e . S ig n i f i c a n t  c o n t r ib u t io n s  to  th i s  

MO a re  a ls o  o b ta in e d  from  th e  2p^ and 2p^ AO's o f  th e  ca rb o n y l carbons 

w h ile  s m a l le r  c o n t r ib u t io n s  a r i s e  from  s e v e r a l  o th e r  b a s i s  fu n c tio n s .

T h is  o r b i t a l  i s  i n t e r p r e te d  to  be a  m o le c u la r  o r b i t a l  a r i s i n g  from th e  

i n t e r a c t i o n  o f two lo n e - p a i r  2p AO's o f th e  oxygens th ro u g h  th e  C-C 

bond o f  th e  ca rb o n y l ca rbons w ith  a d d i t io n a l  d e l o c a l i z a t i o n  o v er o th e r  

p a r t s  o f  th e  m o lecu le . A lthough i t  no lo n g e r  h as  th e  ap p ea ran ce  of an 

i s o l a t e d  nonbonding a tom ic  o r b i t a l ,  i t  w i l l  be  r e f e r r e d  to  as a  nonbond­

in g  o r b i t a l .  A l l - v a le n c e - s h e l l  as w e ll  as ab i n i t i o  c a lc u la t io n s  of 

o th e r  m o le c u la r  system s have  a ls o  shown th e  l i b e r a l  d e lo c a l i z a t i o n  o f 

lo n e - p a i r  o r b i t a l s .

The in t e r a c t io n  o f  t h i s  o r b i t a l  w ith  th e  e th y le n e  MO's a ls o  r e ­

s u l t s  i n  a d e s t a b i l i z a t i o n  r e l a t i v e  to  th e  co rre sp o n d in g  o r b i t a l  in  th e  

i s o l a t e d  d ik e to n e . The e f f e c t s  in  t h i s  c a s e ,  how ever, a r e  o f s m a lle r  

m agnitude th an  th o se  o b ta in e d  f o r  th e  LEMO's.

An e le c t r o n i c  t r a n s i t i o n  from  th e  HOMO to  th e  LEMO in  each  o f 

th e  th r e e  ca se s  co rresp o n d s  to  an n->ïï* t r a n s i t i o n  th a t  i s  symmetry 

a llow ed  and has  a  p o l a r i z a t i o n  p e rp e n d ic u la r  to  th e  p la n e  o f  th e  d ik e to n e . 

The n-»-ir* t r a n s i t i o n  e n e r g ie s ,  summarized i n  T ab le  21 , a r e  a l l  to o  low in  

m agnitude compared to  th e  o b se rv ed  s o lu t io n  s p e c t r a .  As i n  th e  s im p le r  

HMO and th e  SCF MO c a l c u l a t i o n s , th e  c a lc u la t io n s  by th e  EHMO method 

ag a in  p r e d ic t s  a b lu e - s h i f t e d  n->Tr* t r a n s i t i o n  as th e  r e s u l t  o f  i n t e r ­

a c t in g  th e  d ik e to n e  w ith  th e  e th y le n e  g roup .

S ince  th e  e f f e c t s  o f  a l l  v a l e n c e - s h e l l  e le c t r o n s  can  be u t i l i z e d  

in  th e s e  c a l c u la t io n s ,  a g ly o x a l-e th a n e  a g g re g a te  was a ls o  t r e a t e d  by th e  . 

EHMO method to  t e s t  th e  e f f e c t s  o f  a  s a tu r a t e d  group in  c lo s e  p ro x im ity  

to  th e  d ik e to n e  on th e  n ^ *  t r a n s i t i o n  e n e rg y . The atom -num bering



137

scheme and a tom ic  c o o rd in a te s  used  f o r  t h i s  c a l c u la t io n  a re  shown in  

F ig u re  10 and T ab le  19, r e s p e c t iv e ly .

0(1)
I I

P ( 2 )

0(4): / L
C G )
IH(2)

H(3) y»H(5)

/
C (6 )

H(4)-
'H(8) X

FIGURE 10. G ly o x a l-e th a n e  a g g re g a te  f o r  a l l - v a l e n c e - s h e l l  MO c a lc u la t io n s ,

TABLE 19

ATOMIC COORDINATES FOR GLYOXAL-ETHANE CALCULATIONS

Atom x(A)
o

y (A) z(A)

0 (1 ) -1 .6 2 6 0 . 0 2.370
C(2) -0 .7 7 5 0 . 0 1.533
C(3) 0.775 0 . 0 1.533
0 (4 ) 1.626 0 . 0 2.370
0(5 ) -0 .7 7 0 2 .508 0.082
C(6 ) 0 .770 2 .508 0.082
H (l) -0 .7 8 2 0 . 0 0.493
H(2) 0.782 0 . 0 0.493
H(3) -1 .1 7 7 1.676 -0 .3 9 0
H(4) 1.177 1.676 -0 .3 9 0
H(5) - 1.100 2.522 1.068
H(6 ) 1 .100 2 .522 1 .068
H(7) - 1 .100 3.362 -0 .4 1 2
H(8) 1 .100 3.362 -0 .4 1 2



TABLE 20

PI AND n MO'S AND ENERGIES FOR GLYOXAL-ETHANE BY THE EHMO METHOD

MO

Energy (eV)

"1

-15.587

"2

-1 5 .3 7 5

n

-1 2 .6 2 7

"3

-10.903

"4

■7.456

. symmetry k ' k " A" k ' k "

( e f f i c i e n t s

H (l) 0 .0081 -0 .0 1 5 8 -0 .2 2 6 0 -0 .0 0 8 2 -0 .0 0 4 2
H(3) -0 .0 3 4 8 -0 .0 0 8 7 0 .0236 0 .0277 0 .0194
H(5) -0 .0 6 8 0 0 .0 5 6 3 0 .0030 0 .0282 0 .0204
H(7) 0 .0992 -0 .0 5 7 3 -0 .0 0 4 5 -0 .0 2 9 7 -0 .0 2 9 9
0 ( 1 , s ) -0 .0 0 8 2 -0 .0 0 7 0 -0 .0 0 4 5 -0 .0 0 1 4 -0 .0 0 0 4
C (2 ,s ) 0 .0067 0 .0 0 2 0 0.1015 -0 .0 0 1 4 -0 .0 0 1 8
C (5 ,s ) -0 .0 1 2 4 -0 .0 0 6 5 0 .0060 0.0173 0 .0109
0 (1 , x) -0 .0 1 0 7 0 .0727 -0 .4 5 8 8 -0 .0 0 6 2 - 0 .0 0 1 2
C (2 ,x ) -0 .0 3 0 0 0 .0082 0 .3642 0 .0054 0 .0 0 2 0
C (5 ,x ) -0 .0 1 3 3 0 .0060 -0 .0 2 3 9 - 0 .0 0 2 2 -0 .0 3 3 0
0 (1 , y) 0 .5505 0 .6179 -0 .0 1 1 7 0.4386 0 .3561
0 ( 2 , y) 0 .2561 0 .2138 0 .0095 -0 .6 0 4 6 -0 .7 8 0 2
0 ( 5 ,y) 0 .0877 -0 .0 3 0 0 -0 .0 3 8 3 -0 .0 2 4 8 -0 .0 1 6 4
0 ( 1 , z) -0 .0 9 0 5 0 .0 1 6 3 -0 .2 7 2 0 -0 .0 0 5 1 -0 .0 0 1 8
0 ( 2 , z) -0 .0 1 5 6 0 .0244 0 .2 0 2 0 0.0095 0 .0053
0 ( 5 , z) -0 .0 8 2 4 0 .0 5 6 4 -0 .0 2 2 9 0 .0263 0.0236

woo



139
The e th an e  m olecu le  was p la c e d  a t  t h a t  p o s i t i o n  w hich th e  o u te r  segment 

o f  a cyclohexane r in g  o f  ODB would occupy when in  th e  b o a t  form and fo ld e d  

tow ard  th e  d ik e to n e . T h is  p la c e s  th e  e th a n e  m olecu le  s l i g h t l y  c lo s e r  

to  th e  d ik e to n e  th a n  e th y le n e  in  p re v io u s  c a lc u la t io n s  due to  th e  d i f f e r ­

ence in  bond d is ta n c e s  and an g le s  in  cyc lohexane  and cyc lohexene  r in g s .

In s p e c t io n  o f  T ab le  21 shows t h a t  f o r  th e  o r i e n t a t i o n s  chosen , 

th e  e f f e c t s  o f  an e th y le n e  o r  an e th an e  m o lecu le  on th e  nonbonding o r b i t a l  

o f g ly o x a l a re  i d e n t i c a l .  For each c a s e ,  t h i s  o r b i t a l  i s  d e s ta b i l i z e d  by 

0 .030  eV, from  -1 2 .6 5 7  eV to  -1 2 .6 2 7  eV. The e f f e c t s  on th e  LEMO, how ever, 

a re  s l i g h t l y  d i f f e r e n t .  E th y len e  d e s t a b i l i z e s  th e  LEMO o f  g ly o x a l by 

0 .0 8 0  eV w h ile  e th a n e  d e s t a b i l i z e s  t h i s  MO by 0 .091  eV. A lthough t h i s  

i s  n o t  a la rg e  energy  d i f f e r e n c e ,  i t  does p r e d ic t  a  s m a l le r  n-Mr* t r a n s i ­

t i o n  en erg y  f o r  a  g ly o x a l-e th y le n e  th a n  f o r  g ly o x a l-e th a n e  a g g re g a te .

The t o t a l  e l e c t r o n i c  g ro u n d -s ta te  e n e rg ie s  o f  th e  a g g re g a te s ,  

c a lc u la te d  as sums o f o n e -e le c tro n  o r b i t a l  e n e r g ie s ,  show n e t  d e s t a b i l i ­

z a t io n  f o r  b o th  g ly o x a l- e th y le n e  and g ly o x a l-e th a n e  a g g re g a te s  when com­

p a re d  to  th e  i s o l a t e d  n o n in te r a c t in g  sy stem s (T able 2 2 ) . However, a 

s m a l le r  d e s t a b i l i z a t i o n  i s  c a lc u la te d  f o r  g ly o x a l-e th y le n e  th a n  g ly o x a l-  

e th a n e .

CNDO/2 C a lc u la t io n s

The m o le c u la r  s p e c ie s  o f  F ig u re s  7 and 10 w ere n e x t used  f o r  a

s e r i e s  o f  CNDO/2 c a l c u la t io n s .  M o lecu la r a g g re g a te s  w ere formed in  th e

same m anner a s  f o r  th e  EHMO c a l c u la t io n s  w ith  th e  a tom ic  c o o rd in a te s  o f

54 55
T a b le s  12 and 19. The CNDO/2 fo rm u la tio n  o f  D el Bene and J a f f é ,  ’ 

d e s c r ib e d  in  C h ap te r I I ,  and a  CNDO/2 com puter program  k in d ly  p ro v id ed  by 

D r. H. H. J a f f é ^ ^  w ere employed f o r  t h i s  p u rp o se . These c a lc u la t io n s  a re
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TABLE 21

TRANSITION ENERGIES FOR MOLECULAR AGGREGATES STUDIED 

BY THE EHMO METHOD

System LEMO(eV) HOMO(eV) AE(eV) X(my)

G lyoxal -1 0 .9 9 4 -1 2 .6 5 7 1.663 746

G ly o x a l-E th y len e -1 0 .9 1 4 -1 2 .6 2 7 1.713 723

G lyoxal-E thane -1 0 .9 0 3 -1 2 .6 2 7 1.724 718

G lyoxal-2  E th y len e -1 0 .8 3 9 -1 2 .5 9 3 1.756 707

TABLE 22

TOTAL GROUND-STATE ELECTRONIC ENERGIES FOR MOLECULAR AGGREGATES 

STUDIED BY THE EHMO METHOD

System Energy(eV) S ta b i l iz a t io n * (e V )

G lyoxal -429 .147
E th y len e -213 .228
E thane -248 .656
E th y len e -E th y len e -426 .536 -0 .0 8 0
G ly o x a l-E th y len e -642 .096 +0.279
G lyoxal-E thane -677 .333 +0.470
G lyoxal-2  E thy lene -855 .026 + 0 .577
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ex p ec ted  to  p ro v id e  th e  m ost s e n s i t i v e  t e s t s  o f  th e  e f f e c t s  o f th ro u g h - 

sp ace  i n t e r a c t io n s  on th e  n-^ir* t r a n s i t i o n  e n e rg ie s  o f th e  d ik e to n e s .  As

in  th e  EHMO m ethod, p i  and lo n e - p a i r  o r b i t a l  e n e rg ie s  a re  o b ta in e d  

e x p l i c i t l y  by t h i s  a l l - v a l e n c e - s h e l l  c a l c u la t io n  b u t  now e le c t r o n  

r e p u ls io n  term s a re  a ls o  in c lu d e d  in  th e  c a l c u la t io n  o f  o r b i t a l  e n e r­

g ie s  and c o n f ig u ra tio n  t r a n s i t i o n  e n e rg ie s .  In  a d d i t io n ,  th e  method 

a ls o  a llo w s n-^tr* t r a n s i t i o n  e n e rg ie s  to  be c a lc u la te d  a f t e r  c o n f ig u ra ­

t io n  in t e r a c t i o n  (C l) . In  t h i s  w ork, a l l  s t a t e - t r a n s i t i o n  e n e rg ie s  

a re  b a sed  on Cl c a lc u la t io n s  w hich u t i l i z e  th e  f o r ty  lo w es t o n e -e le c t ro n -  

e x c i te d  c o n f ig u ra t io n s .

B asis  fu n c tio n s  f o r  th e  CNDO/2 method a re  S l a t e r  a tom ic  o r b i t a l s

f o r  w hich o v e rla p  i n t e g r a l s  a r e  c a lc u la b le  by th e  method o f M u llik e n ,

34e t  a l .  The S l a t e r  e x p o n e n ts , as w e ll  as o th e r  p a ram e te rs  used  h e re  a re

shown in  T able 23. These p a ra m e te rs  a re  th e  optimum v a lu e s  found by

TABLE 23

PARAMETERS FOR CNDO/2 CALCULATIONS

P aram eter H C 0

S la t e r  exponent
Core i n t e g r a l  o f  s o r b i t a l  (eV) 
Core i n t e g r a l  o f  p o r b i t a l  (eV) 
O n e -c e n te r  r e p u ls io n  i n t e g r a l  (eV) 
R esonance i n t e g r a l  te rm , 3°(eV )

1 .2 0 0
-1 4 .3 5 2

12.85
- 1 2 .0 0

1.625
-2 8 .1 0 2
-1 1 .1 4 4

1 1 .1 1
-1 7 .0 0

2.275
-5 0 .7 8 0
-1 8 .2 2 2

13.00
-4 5 .0 0

54 55D el Bene and J a f f ë  ’ f o r  p r e d ic t in g  s p e c t r a l  d a ta  m ost c o n s i s te n t ly

f o r  a  range  o f  o rg a n ic  compounds. Resonance i n t e g r a l s  w ere c a lc u la te d

by Eq. 54 , as S = 0 .5 k (3 ?  + 3n)S w ith  k= 1 .0  f o r  s ig m a -o v e rlap  c o n t r i -  pq A JJ pq
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b u tio n s  to  w h ile  k=0.585 f o r  p i - o v e r la p  c o n t r ib u t io n s  as su g g es ted

by Del Bene and J a f f ë .  T w o -cen te r r e p u ls io n  i n t e g r a l s  w ere e v a lu a te d

42by th e  e x t r a p o la t io n  method o f  P a r i s e r  and P a r r .  O r b i ta l  e n e rg ie s  

w ere used  as th e  c r i t e r i o n  o f  s e l f - c o n s i s t e n c e ,  i n t e r a c t i o n s  w ere te rm i­

n a te d  when ev ery  MO energy  changed by l e s s  th a n  0 .0001  h a r t r e e .  The 

e n e rg ie s  and c o e f f i c i e n t s  o f  th e  p i  MO's and th e  nonbonding  MO in  s y s ­

tems in v o lv in g  th e  d ik e to n e  a r e  shown in  T ab les  2 4 -2 9 . The HOMO f o r  

each sy stem  w hich c o n ta in s  th e  d ik e to n e  i s  th e  nonbonding o r b i t a l  o f  

th e  d ic a rb o n y l g roup . I t  i s  q u i t e  s im i la r  in  form  to  th e  co rre sp o n d in g  

HOMO o b ta in e d  by th e  EHMO m ethod, a  sym m etric co m b in a tio n  o f  two lo n e -  

p a i r  o r b i t a l s  from  th e  oxygens w ith  l e s s e r  c o n t r ib u t io n s  from  n e ig h b o rin g -  

atom A O 's. The LEMO f o r  each  sy stem  c o n ta in in g  th e  d ik e to n e  i s  an a n t i ­

bonding p i  MO c e n te re d  p r im a r i ly  on th e  d ik e to n e .

The i n t e r a c t io n s  betw een  th e  MO's o f  g ly o x a l and th e  e th y le n e s  

p roduce r e s u l t s  (F ig u re s  11 and 12) w hich a re  q u i t e  s im i l a r  to  th o se  

c a lc u la te d  by th e  EHMO m ethod. The LEMO and HOMO o f  g ly o x a l a r e  b o th  

d e s ta b i l i z e d  upon a g g re g a te  fo rm a tio n . For a g g re g a te s  o f  g ly o x a l and

TABLE 24

P I  MO'S AND ENERGIES FOR ETHYLENE BY THE CNDO/2 METHOD

MO

Energy (eV) -1 1 .9 4 1  1 .281

Cg symmetiry* k '

C o e f f ic ie n ts
C (5 ,y ) -0 .1 9 2 5  -0 .1 9 2 4
C (5 ,z )  0 .6802 0 .6802

*Cg p la n e  p e rp e n d ic u la r  to  th e  C-C bond.
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TABLE 25

P I MO’ S AND ENERGIES FOR ETHYLENE-ETHYLENE BY THE CNDO/2 METHOD

MO AC AC AC AC
" l "2 '"3 "4

Energy (eV) -1 1 .9 4 2 -1 1 .9 3 6 1.282 1.283

Symmetry 4 «2 ®1 ^2

C o e f f ic ie n ts
C (5 ,y )
C (5 ,z )

-0 .1 3 5 2
0 .4801

-0 .1 3 7 0
0 .4818

-0 .1 3 4 5
0.4760

-0 .1 3 7 6
0.4879

TABLE 26

PI AND n  MO'S AND ENERGIES FOR GLYOXAL BY THE CNDO/2 METHOD

B B B B BMO " l ^2 n "3 "4
Energy (eV) -1 7 .0 2 0 -1 5 .0 5 2 -1 0 .9 7 4 -0 .1 7 0 2.077

Cg Symmetry* k ' k " k ' k ' k "
Cg^ Symmetry \ ^2 \ ^2

C o e f f ic ie n ts
H (l) 0 . 0 0 . 0 -0 .2 2 6 3 0 . 0 0 . 0
0 ( 1 , s ) 0 . 0 0 . 0 0.0086 0 . 0 0 . 0
C (2 ,s ) 0 . 0 0 . 0 0.1170 0 . 0 0 . 0
0 ( 1 , x) 0 . 0 0 . 0 -0 .4 4 4 5 0 . 0 0 . 0
C (2 ,x ) 0 . 0 0 . 0 0.3110 0 . 0 0 . 0
0 ( 1 , y) 0 .5202 0.5933 0 . 0 0.4790 0.3847
0 ( 2 , y) 0 .4790 0.3847 0 . 0 -0 .5 2 0 1 -0 ,5 9 3 3
0 ( 1 , z) 0 . 0 0 . 0 -0 .3 4 4 2 0 . 0 0 . 0
0 (2 , z) 0 . 0 0 . 0 0.1490 0 . 0 0 . 0

*Cg p la n e  p e rp e n d ic u la r  to  C-C bond.
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PI AND u MO'S AND ENERGIES FOR GLYOXAL-ETHYLENE BY THE CNDO/2 METHOD

BC BC BC BC BC BC BCMO " l ^2 "3 n ^5 "6
Energy (eV) -1 6 .8 5 2 -1 4 .8 5 7 -1 2 .2 7 3 -1 0 .8 2 1 -0 .0 3 7 0 .772 2 .204

Cg symmetry k ' k " k ' k ' k ' k " k "

C o e f f ic ie n t s

H ( l) 0 .0123 -0 .0 0 1 5 0 .0060 -0 .2 2 9 6 0 .0064 0 .0130 -0 .0 0 4 5
H(3) -0 .1 6 6 0 -0 .1 5 8 5 -0 .0 0 8 2 0 .0231 -0 .0 1 5 1 0 .0 0 8 1 0 .0045
H(5) -0 .0 9 3 5 0 .1 3 9 8 0 .0014 -0 .0 0 6 6 0.0106 0 .0082 - 0 .0 1 1 0
0 ( 1 , s ) 0 .0049 0 .0015 0 .0052 0 .0078 0 .0003 0 .0007 0 . 0 0 0 1
C (2 ,s ) 0 .0094 0 .0024 0 .0314 0 .1 1 1 2 0 .0014 0.0079 -0 .0 0 5 2
C (5 ,s ) 0 .0005 -0 .0 1 2 7 - 0 . 0 1 1 1 0 .0180 -0 .0 1 9 3 -0 .0 1 3 5 0.0186
0 (1 , x) -0 .0 3 2 1 -0 .0 7 6 0 -0 .0 5 9 8 -0 .4 3 8 2 0 .0047 0 .0017 -0 .0 0 0 8
C (2 ,x ) -0 .0 0 8 4 -0 .0 1 6 0 0 .0375 0 .3077 -0 .0 0 4 1 -0 .0 0 3 1 -0 .0 0 1 8
0 ( 5 ,x) 0 .2993 0 .0099 0.0190 -0 .0 2 4 9 0.0066 0 .0048 -0 .0 0 9 5
0 (1 , y ) 0 .4423 0 .5388 0 .1091 -0 .0 2 1 6 -0 .4 7 3 3 0.0836 0 .3747
C (2 ,y ) 0 .4026 0.3409 0 .0333 0 .0034 0.5220 -0 .1 0 5 4 -0 .5 8 4 0
0 ( 5 ,y ) 0 .0256 0 .1803 0 .1960 -0 .0 4 9 5 0 .0262 0 .1891 -0 .0 4 7 2
0 (1 , z) - 0 .0 2 2 0 -0 .0 7 2 3 -0 .0 3 7 4 -0 .3 4 1 6 0 .0048 0 .0 0 2 2 -0 .0 0 2 6
0 ( 2 , z) -0 .0 2 4 8 - 0 . 0 2 2 1 -0 .0 1 0 5 0 .1540 -0 .0 0 6 2 -0 .0 1 2 5 0.0035
0 ( 5 , z) 0 .1155 0 .0649 -0 .6 6 3 7 0.0576 -0 .0 4 3 8 -0 .6 6 7 4 0 .1251



TABLE 28
PI AND n MO'S AND ENERGIES FOR GLYOXAL-2-ETHYLENE BY THE CNDO/2 METHOD

MO

Energy (eV) 

Symmetry

ABC
" l

-1 6 .7 5 1

«2

ABC
"2

-1 4 .7 1 8

*2

ABC
"3

-1 2 .2 6 3

*2

ABC
"4

-1 2 .2 5 8

4

ABCn

-1 0 .6 7 8

ABC
^̂ 5
0 .089

%2

ABC
*6
0 .7 3 3

ABC
"7
0 .8 4 4

B l

ABC
"8
2 .319

^2

C o e f f ic ie n t s

H (l) 0 . 0 0 . 0 0 . 0 0 0 2 0 .0096 -0 .2 3 3 1 0 . 0 0 . 0 0 .0195 0 . 0
H(3) 0 .1252 -0 .1 2 6 9 0 .0053 -0 .0 0 6 4 0 .0233 0 .0148 -0 .0 0 6 6 0 .0047 -0 .0 0 4 3
H(5) 0 .0602 0.1095 -0 .0 0 0 4 0.0016 -0 .0 0 7 0 -0 .0 1 0 4 -0 .0 0 4 3 0 .0076 0.0106
0 ( 1 , s ) 0 . 0 0 . 0 0 .0 0 0 1 0 .0076 0 .0070 0 . 0 0 . 0 0 .0 0 1 0 0 . 0
C (2 ,s ) 0 . 0 0 . 0 0 .0007 0 .0444 0 .1053 0 . 0 0 . 0 0 .0124 0 . 0
0 (5 ,8 ) 0 .0044 -0 .0 1 2 3 0 .0073 -0 .0 0 8 5 0 .0185 0 .0188 0.0070 -0 .0 1 2 7 -0 .0 1 7 9
0 ( 1 , x) 0 . 0 0 . 0 -0 .0 0 1 3 -0 .0 8 4 3 -0 .4 3 2 1 0 . 0 0 . 0 0 .0028 0 . 0
0 ( 2 , x) 0 . 0 0 . 0 0 .0008 0.0527 0 .3044 0 . 0 0 . 0 -0 .0 0 4 0 0 . 0
0 ( 5 ,x) -0 .2 0 8 8 0 .0095 -0 .0 1 3 5 0 .0134 -0 .0 2 4 6 -0 .0 0 6 3 - 0 .0 0 2 0 0 .0051 0 .0091
0 ( l , y ) -0 .4 3 8 7 0 .5351 -0 .1 5 4 4 0 .0024 0 . 0 0 .4681 -0 .1 0 8 2 0 . 0 -0 .3 6 7 6
0 ( 2 , y) -0 .3 9 7 3 0.3326 -0 .0 4 7 5 0 .0 0 0 8 0 . 0 -0 .5 2 3 9 0 .1343 0 . 0 0 .5783
0 (5 ,y ) - 0 .0 2 2 0 0.1427 -0 .1 3 4 8 0 .1424 -0 .0 5 0 0 -0 .0 2 5 1 -0 .1 3 0 0 0 .1387 0.0433
0 (1 , z) 0 . 0 0 . 0 -0 .0 0 0 8 -0 .0 5 2 2 -0 .3 3 9 0 0 . 0 0 . 0 0 .0040 0 . 0
0 ( 2 , z) 0 . 0 0 . 0 - 0 . 0 0 0 2 -0 .0 1 5 7 0 .1594 0 . 0 0 . 0 -0 .0 1 8 6 0 . 0
0 ( 5 , z) -0 .1 0 6 8 0 .0533 0 .4593 -0 .4 7 9 1 0 .0581 0.0427 0 .4668 -0 .4 7 9 9 -0 .1 1 3 3

Ul
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TABLE 29

P I AND n  MO'S AND ENERGIES FOR GLYOXAL-ETHANE BY THE CNDO/2 METHOD

MO

Energy (eV) 

C

"1
-1 6 .5 4 7

■ÏÏ2
-14.530

n

-1 0 .8 2 8
"3

-0 .0 4 2

TT4
2.151

Symmetry A" k " A" A' A "

^ e f f i c i e n t s

H (l) 0 .0183 -0 .0 0 1 8 -0 .2 2 6 0 0.0068 -0 .0 0 3 9
H(3) 0 .0235 -0 .0 5 3 0 0 .0241 -0 .0 2 0 4 0.0108
H(5) 0.0116 -0 .1 7 3 0 0 .0 022 -0 .0 1 7 2 0.0085
H(7) 0 .1784 0.2030 - 0 .0 1 2 0 0.0398 -0 .0 2 8 9
0 (1 , 8 ) 0 .0125 0 .0012 0.0081 0.0006 0.0005
C (2 ,s ) 0 .0 1 2 0 0.0009 0 .1124 0.0014 -0 .0 0 4 1
C (5 ,s ) -0 .0 7 6 4 -0 .0 2 1 5 0 .0138 -0 .0 3 2 0 0.0240
0 (1 , x) -0 .0 2 4 9 -0 .0 7 5 5 -0 .4 4 1 8 0.0047 -0 .0 0 0 7
C (2 ,x ) 0 .0165 -0 .0 1 9 6 0.3097 -0 .0 0 3 9 -0 .0 0 1 8
0 ( 5 ,x) -0 .3 4 3 7 0.0141 -0 .0 1 4 5 0.0075 -0 .0 1 4 3
0 (1 , y) 0 .4280 0.4980 -0 .0 1 4 1 -0 .4 7 2 1 0.3817
0 ( 2 ,y) 0 .3699 0.3016 0 .0040 0.5229 -0 .5 9 3 6
0 ( 5 ,y) 0 .1239 0.1726 -0 .0 3 4 2 0.0096 -0 .0 0 5 3
0 (1 , z) 0 .0142 -0 .0 8 7 1 -0 .3 4 4 3 0.0043 -0 .0 0 2 4
0 ( 2 , z) -0 .0 2 1 4 -0 .0 1 5 1 0 .1541 -0 .0 0 5 9 0 .0 0 2 1
0 ( 5 , z) -0 .0 7 7 1 -0 .2 0 6 8 -0 .0 1 5 7 -0 .0 1 2 8 0.0087
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FIGURE 11. Glyoxal-ethylene through-space interactions by the
CNDO/2 method.



148

Energy
(eV)

ABC

ABC
AC

ABC \

-10 ABC

AC
ABC

-12
AC

ABC

-14 ABC

-16 ABC

FIGURE 12. Glyoxal-2 ethylene through-space interactions by the
CNDO/2 method.
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e th y le n e s ,  th e  d e s t a b i l i z a t i o n  o f  b o th  o r b i t a l s  I s  a lm ost e x c lu s iv e ly  due 

to  th e  bond ing  p i  MO's o f  th e  e th y le n e s .  A CNDO/2 c a lc u la t io n  was a ls o  

made f o r  a  g ly o x a l-e th a n e  a g g re g a te  f o r  com parison . A d e s t a b i l i z a t i o n  

was a ls o  c a lc u la te d  h e re  f o r  b o th  th e  HOMO and th e  LEMO o f th e  d lk e to n e . 

T h is  I s  a t t r i b u t a b l e  to  th e  n e a r e s t  ly in g  sigm a o r b i t a l  o f e th a n e  w ith  

k ' sym m etry, an o r b i t a l  a t  -1 6 .1 2 6  eV t h a t  I s  s t r o n g ly  C-C bond ing  w ith  

c o n s id e ra b le  C-H b o n d in g , In v o lv in g  hydrogens 3 ,4 ,5 ,  and 6 . The e th y ­

le n e  and e th a n e  m o lecu le s  a re  n e a r ly  e q u a l ly  e f f e c t i v e  In  t h i s  th ro u g h -  

sp ace  I n t e r a c t i o n ,  d e s t a b i l i z i n g  th e  LEMO by 0 .1 3  eV and th e  HOMO by 

0 .15  eV (T ab le  3 0 ). T h is  f a c t  In  I t s e l f  seems to  c l e a r ly  I n d ic a te  t h a t  

a c o n s id e ra t io n  o f th e  th ro u g h -sp a c e  I n t e r a c t i o n  betw een th e  p i  system s 

a lo n e  can n o t  be u sed  to  e x p la in  th e  a b s o rp t io n  s p e c t r a  o f  th e  t r i c y c l i c  

compounds c o n s id e re d .

W ith th e  In c lu s io n  o f e l e c t r o n  r e p u ls io n ,  t r a n s i t i o n  e n e rg ie s  

a re  p ro p e r ly  c a lc u la te d  by Eq. 36 as c o n f ig u r a t io n  t r a n s i t i o n  e n e rg ie s  

and Im proved by c o n f ig u ra t io n  I n te r a c t i o n  to  y i e ld  s t a t e  t r a n s i t i o n  

e n e r g ie s .  V alues o f  th e  n-Mr* t r a n s i t i o n  e n e rg ie s  f o r  th e  m o le c u la r  

a g g re g a te s  c o n s id e re d  a r e  shown In  T ab le  30 . F o r a l l  c a s e s ,  a  l a r g e r  

n-MT* t r a n s i t i o n  en erg y  I s  c a lc u la te d  f o r  th e  m o le c u la r  a g g re g a te s  th a n  

f o r  g ly o x a l a lo n e . G ly o x a l-e th y le n e  and g ly o x a l-e th a n e  show n e a r ly  

I d e n t i c a l  v a lu e s ,  p a r t i c u l a r l y  a f t e r  c o n f ig u r a t io n  I n t e r a c t i o n ,  w ith  p re ­

d ic te d  a b s o rp tio n  maxima a t  484 and 485 my, r e s p e c t iv e ly .  The p re se n c e  

o f two e th y le n e  m o lecu le s  shows a  l a r g e r  b l u e - s h l f t .  The p eak  maximum 

f o r  g ly o x a l- 2  e th y le n e  I s  c a lc u la te d  a t  457 my, compared to  494 my f o r  

g ly o x a l a lo n e . I t  may be  n o te d  th a t  th e  o b se rv ed  n+ir* t r a n s i t i o n  e n e rg ie s  

a re  much c lo s e r  to  th e  C l e n e rg ie s  w hich w ere c a lc u la te d  h e re  th a n  to  th e  

t r a n s i t i o n  e n e rg ie s  c a l c u la te d  by th e  EHMO m ethod.
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TABLE 30

n->ïï* TRANSITION ENERGIES FOR MOLECULAR AGGREGATES 

STUDIED BY THE CNDO/2 METHOD

n-»-TT* T ra n s i t io n
LEMO HOMO C o n fig u ra tio n S ta te

System (eV) (eV) AE(eV) X(my) AE(eV) X(mp)

G lyoxal -0 .1 7 0 -10 .974 3.132 396 2.508 494
G ly o x a l-E th y len e -0 .0 3 7 -1 0 .8 2 1 3.202 387 2.562 484
G lyoxal-E thane -0 .0 4 2 -1 0 .8 2 8 3.165 392 2.545 485
G lyo x a l-2  E th y len e 0 .089 -1 0 .6 7 3 3.263 380 2.712 457

TABLE 31

TOTAL GROUND-STATE ELECTRONIC ENERGIES FOR MOLECULAR AGGREGATES 

STUDIED BY THE CNDO/2 METHOD

System Energy S ta b i l i z a t io n *  (eV)

G lyoxal
E th y len e
Ethane
E th y 1e n e -E th y le n e  
G ly o x a l-E th y le n e  
G lyoxal-E thane  
G ly o x a l-2  E th y len e

-759 .825
-246 .244
-270 .133
-482 .567
-962 .341
-962 .208

-1154.937

+ 9 .921
+43.728
+67.750
+97.376

*Compared to  n o n in te r a c t in g  system s, 
d e s t a b i l i z a t i o n .

P o s i t iv e  v a lu e s  in d ic a te
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The t o t a l  e l e c t r o n i c  g ro u n d -s ta te  en erg y  f o r  a l l  m o le c u la r  ag g re­

g a te s  form ed shows a  la rg e  d e s t a b i l i z a t i o n  compared to  th e  i s o l a t e d  non­

i n t e r a c t i n g  sy stem s. These e f f e c t s  a re  much l a r g e r  th an  th o se  c a lc u la te d  

by th e  EHMO m ethod, as  e x p e c te d , s in c e  e l e c t r o n  r e p u ls io n  te rm s a re  in ­

c luded  i n  th e  CNDO/2 fo rm u la tio n . The g ly o x a l-e th a n e  system  ag a in  

shows a l a r g e r  d e s t a b i l i z a t i o n  than  g ly o x a l- e th y le n e .  But th e  sm a ll energy  

d i f f e r e n c e  i n f e r s  t h a t  th e  th ro u g h -sp ace  i n t e r a c t i o n  o f  th e  s a tu r a te d  o r  

u n s a tu r a te d  sp e c ie s  i n  th e  six-m em bered r in g s  w ith  th e  g ly o x a l m o ie ty  i s  

n o t  v e ry  la rg e  and can n o t be used  to  e x p la in  th e  v a r i a t io n  o f  th e  n->ir* 

t r a n s i t i o n  in  th e  s e r i e s .

In tr a m o le c u la r  I n te r a c t i o n s

The above s tu d ie s  o f  th ro u g h -sp ace  in t e r a c t io n s  betw een m o lecu les 

has c l e a r l y  f a i l e d  to  show a  r e d - s h i f t e d  n-Mr* t r a n s i t i o n  f o r  th e  d ik e to n e  

when a llo w ed  to  i n t e r a c t  w ith  one o r  two e th y le n e  m o le c u le s . In d eed , a  

b lu e - s h i f t e d  t r a n s i t i o n  was c a lc u la te d  f o r  th e  i n t e r a c t in g  sy s tem s . C al­

c u la t io n s  p re s e n te d  h e re  a re  b ased  on w hole m o lecu le s  w hich in c lu d e  th e  

segm ents p re v io u s ly  c o n s id e re d . E le c t ro n ic  i n t e r a c t io n s  can p ro ceed  

n o t  o n ly  th ro u g h  s p a t i a l  o v e r la p  b u t a l s o  th ro u g h  th e  in te rv e n in g  bonds 

o f th e  m o lecu le  w hich a re  now in c lu d e d . The l i k e l y  im p o rtan ce  o f  t h i s  

in c lu s io n  can  be  seen  by exam ining th e  o v e r la p s  o f  th e  p i  system s w ith  

th e  sigm a bonds now p r e s e n t  i n  th e  m odel. The t o t a l  e f f e c t  i s  r e f l e c t e d  

in  th e  r e s u l t i n g  MO e n e r g ie s .

The fo u r te e n  s p e c ie s  shown in  F ig u re  13 w ere used f o r  th e s e  c a lc u ­

l a t i o n s .  These r e p r e s e n t  th e  nonredundan t g e o m e tric  c o n f ig u ra t io n s  o f 

f iv e  d i f f e r e n t  m o lecu les w ith  th e  six-m em bered r in g s  always in  th e  b o a t 

form . The a tom ic c o o rd in a te s  o f  th e  fo u r te e n  s p e c ie s  used  in  th e se
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FIGURE 13. C o n f ig u ra tio n  o f  th e  f iv e  m o lecu les  c o n s id e re d  in  th e  
in v e s t ig a t io n  o f  in t r a m o le c u la r  i n t e r a c t i o n s .
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c a l c u la t io n s  a re  shown in  A ppendix A. C o o rd in a te s  o f V a re  th e  

sym m etrized  v a lu e s  o f  th e  c o o rd in a te s  o b ta in e d  from th e  c r y s t a l  s t r u c ­

tu r e  o f  t h i s  m o lecu le . For VI and V II ,  th e  cyc lohexene r in g s  w ere fo ld ed  

away from  th e  d ik e to n e  system  i n  such  a  way t h a t  a l l  bond le n g th s  and 

a n g le s  rem ained unchanged from  th e  c o rre sp o n d in g  v a lu e s  in  V. The s a tu ­

r a te d  six-m em bered r in g s  i n  V III-X IV  w ere c o n s tru c te d  by k eep in g  th e  

geom etry a t  th e  b r id g e -h e a d  carb o n s v e ry  c lo s e  to  t h a t  o f  V and making 

a l l  o th e r  C-C-C, C-C-H, and H-C-H a n g le s  t e t r a h e d r a l .  Bond le n g th s  

f o r  C-C and C-H w ere ta k en  a t  1 .540  and 1 .040  X, r e s p e c t iv e ly .  C oordi­

n a te s  o f  th e  six-m em bered r in g s  in  I - IV  a re  i d e n t i c a l  to  th o s e  o f  th e  

t r i c y c l i c  a n a lo g s . Two hydrogen  atoms w ere in tro d u c e d  in t o  th e s e  sp e c ie s  

to  m a in ta in  th e  h y b r id iz a t io n  o f  th e  b r id g e -h e a d  carbons th e  same as in  

th e  t r i c y c l i c  s p e c ie s .  They w ere p la c e d  a t  1 .0 4 0  X from  th e  carbon  atom 

to  w hich th e y  a re  bonded in  th e  d i r e c t io n  o f  th e  carbon  atom s th e y  r e ­

p la c e  in  th e  t r i c y c l i c  a n a lo g s . The four-m em bered r in g  and th e  two 

oxygen atoms a re  k e p t c o p la n a r  f o r  a l l  s p e c i e s , u s in g  th e  bond le n g th s  

and a n g le s  from  th e  c r y s t a l  s t r u c t u r e  o f  V.

A common atom -num bering scheme f o r  th e  i d e n t i f i c a t i o n  o f  a tom ic 

c o o rd in a te s  and AO b a s i s  fu n c t io n s  i s  u sed  h e re  f o r  a l l  s p e c ie s ,  a lth o u g h  

o n ly  XII-XIV  p o sse ss  a l l  th e  atoms shown in  F ig u re  14. F or V II I -X I , H(15) 

and H(16) a re  d e le te d ,  w h ile  f o r  V -V II, H(13) and H(14) a re  a ls o  d e le te d .  

Removal o f  th e s e  hydrogens and th e  fo rm a tio n  o f  double bonds a l t e r s  th e  

c o o rd in a te s  o f  n ea rb y  a tom s, as  seen  in  A ppendix A. The two in tro d u c e d  

hydrogens in  I-IV  a r e  la b e le d  H(17) and H (1 8 ), w h ile  th e  rem a in in g  atoms 

have th e  l a b e l s  o f  th e  co rre sp o n d in g  atoms in  th e  t r i c y c l i c  a n a lo g s . The 

EHMO and CNDO/2 m ethods w ere u sed  h e re  w ith  a l l  p a ra m e te rs  unchanged
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FIGURE 14. Atom-numbering scheme f o r  th e  in t r a m o le c u la r  i n t e r a c t io n  
s tu d ie s .



155

from th o se  used  i n  th e  p re v io u s  c a l c u la t io n s  d e s c r ib e d  (T ab les 13 and 2 3 ).

EHMO C a lc u la t io n s

The e n e rg ie s  o f  a l l  p i  MO's and th e  HOMO (n) f o r  th e  fo u r te e n  s p e c ie s  

o f  F ig u re  13 a re  shown in  T able 32. The co rre sp o n d in g  v a lu e s  f o r  g ly o x a l,  

p r e v io u s ly  d is c u s s e d , a re  a ls o  in c lu d e d  h e re  f o r  r e f e r e n c e .  The la b e l s  

chosen f o r  th e  p i  MO's r e f l e c t  th e  bonding  and a n tib o n d in g  c h a r a c t e r i s t i c s  

o f  th e s e  o r b i t a l s  as w e l l  as th e  m ajo r c o n t r ib u t in g  b a s i s  fu n c t io n s .  T hus, 

TT (̂CO) and ng^CO) a re  th e  lo w est and seco n d -lo w es t bond ing  p i  MO's w hich 

have t h e i r  m ajor c o n t r ib u t io n s  from  b a s is  fu n c tio n s  o f  th e  d ic a rb o n y l 

segm ent o f  th e  m o lecu le s  and m^*(CO) and ïï2*(C0 ) a re  th e  a n tib o n d in g  o r b i ­

t a l s  c e n te re d  on t h i s  p a r t  o f  th e  m o lecu le . F o r th e  u n s a tu ra te d  d ik e to n e s ,  

th e  p i  MO's w hich a re  c e n te re d  on th e  C-C double  bonds a re  la b e le d  n^(CC) 

and VgCCC) f o r  bond ing  MO's and ïï^*(CC) and ir2*(CC) f o r  th e  an tib o n d in g  

o r b i t a l s .  The o r b i t a l  la b e le d  n  c o n ta in s  th e  sym m etric com bination  o f  

th e  oxygen lo n e - p a i r  o r b i t a l s  and was found to  be  th e  HOMO f o r  each  o f 

th e  m o lecu le s  s tu d ie d .  The LEMO f o r  each  m o lecu le  was found to  be  th e  

o r b i t a l  la b e le d  ir^*(CO), th e  lo w e s t-e n e rg y  a n tib o n d in g  p i  MO c e n te re d  on 

th e  d ik e to n e  p a r t  o f  th e  m o lecu le . The c o e f f i c i e n t s  o f  th e  HOMO and LEMO 

o f a l l  m o lecu les a re  ta b u la te d  in  Appendix B.

The e f f e c t s  o f  th e  six-m em bered r in g s  on th e  e n e rg ie s  o f  th e  HOMO 

and LEMO can be seen  in  F ig u re  15 and T ab le  32. One six-m em bered r in g  

e le v a te s  b o th  th e  HOMO and th e  LEMO by ap p ro x im ate ly  0 .4  eV w h ile  two 

r in g s  r a i s e  th e  energy  o f  th e se  MO's by av erag e  v a lu e s  o f  0 .6  and 0 .5  eV, 

r e s p e c t iv e ly ,  compared to  th e  c o rre sp o n d in g  MO's o f  g ly o x a l.  These 

e f f e c t s  a re  5-10 tim es  as  la rg e  as th e  co rre sp o n d in g  energy  l e v e l  changes 

c a lc u la te d  f o r  th e  th ro u g h -sp a c e  in t e r a c t io n s  (T ab le  2 1 ). D e f in i te



TABLE 32
ENERGIES OF PI AND n MO’S OF GLYOXAL AND I-XIV BY THE EHMO METHOD

MO

Cg Symmetry 

Symmetry

TTj^(CO)

A '

B„

MgCCO)

k "

Ao

TT (̂CC)

A"

A,

ngCCC)

k '

Bo

n

k '
A,

ir^*(CO) n^*(CC) tt2*(CC) tt2*(C0 )

k '
B„

A'

B,

k'
A„

k "

h .

M olecu le P o in t
Group Energy (eV)

G ly o x a l S v -1 5 .6 5 9 -1 5 .3 5 8 -1 2 .6 5 7 -1 0 .9 9 4 -7 .5 2 1

I C
s

Cg

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

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

I I I Cs -1 5 .5 6 7 -1 5 .3 0 7 -1 2 .2 3 4 -1 0 .5 8 0 -7 .2 0 2

IV Cs -1 5 .6 1 0 -1 5 .3 6 7 -1 2 .2 1 7 -1 0 .5 8 3 - 7 .2 1 1

V ^ 2v -1 5 .9 1 1 -1 5 .4 6 7 -1 2 .8 8 4 -1 2 .5 1 7 - 1 2 .0 0 1 -1 0 .5 3 1 -7 .7 2 4 -7 .5 1 2 -7 .1 5 8

VI -1 5 .7 9 0 -1 5 .2 7 2 -1 2 .8 2 7 -1 2 .5 0 4 -1 2 .0 1 9 -1 0 .5 0 2 -7 .7 2 5 -7 .5 3 8 -7 .1 0 4

V II ^ 2v -1 5 .7 2 8 -1 5 .4 0 2 -1 2 .8 6 7 -1 2 .4 1 4 -1 2 .0 5 1 -1 0 .4 7 6 -7 .7 3 2 -7 .5 4 7 -7 .0 5 2

V III Cg -1 5 .6 3 8 -1 5 .2 1 7 -1 2 .7 1 1 -1 2 .0 4 8 -1 0 .5 2 2 -7 .6 1 6 -7 .1 5 8

IX Cg -1 5 .7 4 0 -1 5 .4 2 2 -1 2 .6 9 7 -1 2 .0 2 8 -1 0 .5 2 7 -7 .6 1 4 -7 .1 6 7

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

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

X II ^2v -1 5 .5 3 6 -1 5 .2 0 8 - 12 .1 2 2 -1 0 .5 1 3 -7 .1 5 6

X III Cg -1 5 .5 8 5 -1 5 .2 8 3 -1 2 .1 0 4 -1 0 .5 1 8 -7 .1 6 5

XIV C2v -1 5 .6 3 4 -1 5 .3 8 3 -1 2 .0 8 5 -1 0 .5 2 3 -7 .1 7 5

MUlo\
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FIGURE 15. LEMO and HOMO e n e r g ie s  o f  I-X IV  by th e  EHMO m ethod.
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t r e n d s  can a ls o  be seen  in  th e  MO e n e rg ie s  w hich depend b o th  on th e  

n a tu re  o f  th e  six-m em bered r in g s  and t h e i r  c o n fo rm a tio n s . A cyclohexene 

r in g  w hich i s  fo ld e d  tow ard  th e  d ik e to n e  d e s ta b i l i z e s  th e  HOMO more and 

th e  LEMO le s s  th a n  when such a r in g  i s  fo ld e d  away from  th e  d ik e to n e .

The d e s t a b i l i z in g  e f f e c t s  p roduced  by  a  s a tu r a te d  six-m em bered r in g  a re  

e x a c t ly  o p p o s ite  i n  n a tu re  and o f  somewhat s m a lle r  m a g n itu d es . T h is 

p a t t e r n  h o ld s  f o r  th e  t r i c y c l i c  as w e ll  as  th e  b i c y c l i c  m o lecu les  s tu d ie d .

To u n d e rs ta n d  t h i s  p a t t e r n  o f  MO e n e r g ie s ,  s e v e r a l  im p o rta n t 

f e a tu r e s  must be  c o n s id e re d . The HOMO and LEMO o f  each  system  i s  much 

c lo s e r  in  energy  to  lo w er, o ccu p ied  MO’s th a n  to  h ig h e r ,  unoccupied  MO's 

w ith  th e  p ro p e r  symmetry f o r  m ix in g . The o r b i t a l s  n  th ro u g h  %2*(C0) in  

T ab le  32 a re  a l l  c o n se c u tiv e  l e v e l s  w ith  th e  n e x t ,  h ig h e r  l e v e l  abou t 7 eV 

rem oved. The MO's w^*(CC), it2*(C C ), and ?2*(C0) a re  o f  d i f f e r e n t  sym m etries 

th a n  n and and a re  th e r e f o r e  n o t  m ixed w ith  th e s e  o r b i t a l s .  The

n e a r e s t  h ig h e r-e n e rg y  MO's to  n and r^*(CO) a re  th u s  10-12 eV removed.

The occup ied  o r b i t a l s ,  how ever, a r e  much c lo s e r  in  en e rg y  to  n and n^*(CO). 

Not on ly  a re  ir^(CC) and 1:2 (00 ) ( f o r  m o lecu le s  w here th e y  e x i s t )  l e s s  th a n  

one e l e c t r o n - v o l t  below  n ,  b u t  th e  th r e e  e l e c t r o n - v o l t  gaps betw een n and 

TTĵ (OO) c o n ta in  4-5  sigm a o r b i t a l s ,  f o r  b i c y c l i c  s p e c ie s ,  and 7 -8  sigm a 

o r b i t a l s ,  fo r  th e  t r i c y c l i c  s p e c ie s ,  w hich have th e  p ro p e r  sym m etries f o r  

m ix ing  w ith  n o r  n^*(CO). Due to  th e  p re se n c e  o f  th e s e  n ea rb y  energy  

l e v e l s ,  any i n t e r a c t i o n  betw een an i s o l a t e d  o r b i t a l  n^* (00 ) o r  an i s o l a t e d  

n o r b i t a l  w ith  MO's in  th e  r in g s  r e s u l t s  i n  th e  d e s t a b i l i z a t i o n  o f  n^*(CO) 

o r  n ,  s in c e  when two i s o l a t e d  sy stem s a re  a llow ed  to  i n t e r a c t ,  th e  l e v e l  

o f  h ig h e r  energy  i s  d e s t a b i l i z e d  and th e  l e v e l  o f  lo w er en erg y  i s  s t a ­

b i l i z e d .  The r e s u l t  o f  such  in t e r a c t io n s  i s  e v id e n t i n  F ig u re  15 w here
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th e  e n e rg ie s  o f  n and n^*(CO) f o r  I-XIV a re  alw ays h ig h e r  th an  th e  e n e rg ie s  

o f  th e  c o rre sp o n d in g  MO's i n  g ly o x a l.

The tre n d s  in  th e  en erg y  le v e l s  shown in  F ig u re  15 can be e x p la in e d  

by n o t in g  th e  o r ie n t a t i o n s  o f  th e  o r b i t a l s  w hich can b e s t  mix w ith  n and 

iT^*(CO). S p ec ies  I - IV  s u f f i c e  f o r  t h i s  p u rp o se  (F ig u re  1 6 ) . The e th y le n e  

p i  sy stem  m ixes b e s t  w ith  th e  HOMO when fo ld e d  tow ard  th e  d ik e to n e  g ro u p , 

as in  I ,  and b e s t  w ith  th e  LEMO when fo ld e d  away from th e  d ik e to n e ,  as 

in  I I ,  th e re b y  ca u s in g  maximum d e s t a b i l i z a t i o n  o f  th e s e  M O's. P a r t i c i p a ­

t io n  by th e  in te rv e n in g  sigm a o r b i t a l s  i s  r e q u ir e d  f o r  b o th  c a s e s .  For 

I I I  and IV , w here on ly  sigm a o r b i t a l s  a re  a v a i la b le  f o r  m ixing w ith  n 

and 77^*(CO), th e  o p p o s ite  t r e n d  i s  e x p e c te d . A sigm a o r b i t a l  in  th e  s ix -  

membered r in g s  d e s t a b i l i z e s  ir^*(GO) more when fo ld e d  tow ard th e  d ik e to n e  

( I I I )  and h as  a  l a r g e r  e f f e c t  on n when fo ld e d  away (IV ). The a c tu a l  

co m p o sitio n s  o f  th e  c a lc u la te d  HOMO' s and LEMO' s can be deduced from  th e  

MO c o e f f i c i e n t s  i n  Appendix B. The MO's i n  th e  t r i c y c l i c  sy stem s a re  

s im i la r  e x c e p t th a t  b a s i s  fu n c t io n s  from  b o th  six-m em bered r in g s  c o n t r i ­

b u te .

The f a c t  t h a t  a  change in  th e  c o n fo rm a tio n  o f  a  cyc lohexene  r in g  

in d u c es  a  l a r g e r  change in  th e  e n e rg ie s  o f  n and %^*(C0) th a n  when th e  

co n fo rm a tio n  o f a  cyc lo h ex an e  r in g  i s  a l t e r e d  can  be a t t r i b u t e d  to  two 

f a c t o r s .  F i r s t ,  th e  ir(CC) o r b i t a l s  a r e  h ig h e r  i n  en erg y  th a n  m ost o f  th e  

sigm a o r b i t a l s  w ith  th e  same symmetry and can in d u c e  more s i g n i f i c a n t  

changes in  th e  e n e rg ie s  o f  n  and n^*(C 0). For I ,  I I ,  X, and X I, ^^(CC) 

i s  th e  c l o s e s t  MO to  n w ith  k '  sym m etry, w h ile  f o r  V III  and IX one sigm a MO 

l i e s  l e s s  th a n  0 .1  eV above x^(C C ). F o r V -V II, 172(00 ) i s  alw ays c l o s e s t  

to  n  w ith  one sigm a o r b i t a l  betw een t7^(C0) and Mg/OO). Second, th e  i7(C0)
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o r b i t a l s  do n o t have sigm a an a lo g s o f com parable energy  in  th e  s a tu r a te d  

r in g s .  Thus I ,  I I ,  and V-XI have more n ea rb y  MO's w hich can mix w ith  

n and n^*(CO) and a co n fo rm a tio n a l change in  th e  six-m em bered r in g s  can , 

th e r e f o r e ,  a l t e r  th e  e n e rg ie s  o f  th e  l a t t e r  MO's more d r a s t i c a l l y  in  th e se  

s p e c ie s .

The o v e r a l l  e f f e c t s  o f  changing th e  m o le c u la r  co n fo rm a tio n s  on th e  

n-+ir* t r a n s i t i o n  e n e rg ie s  and th e  t o t a l  e l e c t r o n i c  g ro u n d -s ta te  e n e rg ie s  

can be seen  from T ab le  33. A lthough th e  c a lc u la te d  t r a n s i t i o n  e n e rg ie s  

a re  alw ays too  s m a ll ,  s e v e r a l  i n t e r e s t i n g  tr e n d s  can be se e n . A la r g e r  

d i f f e r e n c e  in  t r a n s i t i o n  e n e rg ie s  and t o t a l  g ro u n d -s ta te  e n e rg ie s  i s  c a l ­

c u la te d  betw een two s p e c ie s  w here a  cyclohexene  r in g  h as  changed co n fo r­

m ation  th a n  when a s a tu r a t e d  r in g  has been  a l t e r e d .  Only one e x c e p tio n  

to  t h i s  t r e n d  i s  s e e n , XIV i s  n e a r ly  one e l e c t r o n  v o l t  l e s s  s t a b l e  th an

X II. XIV r e q u ire s  H(13) and H(16) as w a ll  as  H(14) and H(15) to  be about 
o

1 .5  A a p a r t ,  a s e p a r a t io n  l e s s  th an  two hydrogen  van d e r  W aals ' r a d i i .

For th e  b i c y c l i c  s p e c ie s ,  I  i s  0 .059 eV more s t a b l e  th a n  I I  and has an

n-^ir* t r a n s i t i o n  energy  t h a t  i s  n e a r ly  0 .1  eV s m a lle r  th a n  t h a t  o f  I I .

The o p p o s ite  e f f e c t s  a re  seen  f o r  th e  s a tu r a t e d  an a lo g s  o f I  and I I .

IV i s  0 .0 4 8  eV more s t a b l e  th a n  I I I  and a ls o  has  th e  s m a l le r  t r a n s i t i o n  

e n e rg y , b u t  on ly  a  0 .0 2  eV d i f f e r e n c e .  The same tre n d s  in  t r a n s i t i o n  

e n e rg ie s  fo llo w  in  th e  t r i c y c l i c  s p e c ie s ,  a  cyclohexene r in g  fo ld e d  to ­

ward th e  d ik e to n e  in d u c es  a  re d  s h i f t  w h ile  a cyclohexane r in g  fo ld e d  

tow ard th e  d ik e to n e  in d u c es  a  b lu e  s h i f t  to  th e  n-Mr* t r a n s i t i o n .  The 

t o t a l  g ro u n d -s ta te  e n e rg ie s  o f  th e  t r i c y c l i c  s p e c ie s  a re  alw ays c a lc u ­

l a te d  to  be  most s t a b l e  when b o th  r in g s  a re  fo ld e d  tow ard th e  d ik e to n e

and l e a s t  s ta b le  when b o th  r in g s  a re  fo ld e d  away.
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TABLE 33

n-^ir* TRANSITION ENERGIES AND TOTAL ELECTRONIC GROUND-STATE ENERGIES 

FOR GLYOXAL AND I-XIV BY THE EHMO METHOD

M olecule
n-^ir* T r a n s i t io n  

AE(eV) X(my)
T o ta l  Ground- 

S ta te  Energy (eV) A(eV)* N**

G lyoxal 1.663 746 -429 .147

I 1.552 799 -958 .142

I I 1.643 755 -9 5 8 .0 8 3 0.059 0.100

I I I 1.654 750 -993 .550 0 .048 0.154

IV 1.634 759 -993 .598

V 1.470 844 -1310 .080

VI 1.517 818 -1309 .972 0 .108 0.030

V II 1.575 788 -1309 .843 0 .237 0.000

V III 1.526 813 -1345 .459

IX 1.501 826 -1345 .453 0.006 0.792

X 1.595 778 -1 345 .373 0.086 0 .035

XI 1.567 792 -1345 .342 0 .117 0.009

X II 1.609 771 -1380 .865

X III 1.586 782 -1 3 8 0 .8 3 8 0 .027 0.699

XIV 1.562 794 -1379 .933 0.932 0 .000

*Ground-• s ta te  energy above th a t o f  th e  m ost s t a b l e  co n fo rm a tio n .

**Number o f m olecu les i n  th e  s t a t e d  co n fo rm atio n  p e r  m o lecu le  o f  th e  m ost 
s t a b l e  co n fo rm ation  as p r e d ic te d  by a  Boltzmann d i s t r i b u t i o n  a t  25 C.
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An i n t e r p r e t a t i o n  o f  th e  s o lu t io n  s p e c t r a  o f  th e  th r e e  t r i c y c l i c  

d ik e to n e s  i s  p o s s ib le  on th e  b a s i s  o f  th e s e  c a l c u l a t i o n s .  T h is  was no t 

p o s s ib le  w ith  th e  m o le c u la r  a g g re g a te  s tu d ie s  d is c u s s e d  e a r l i e r .  The 

s a tu r a t e d  m o lecu le  (ODB) may be ex p ec ted  to  e x i s t  p r im a r i ly  as X II and

X I I I .  The c a lc u la te d  n-Mr* t r a n s i t i o n  e n e rg ie s  o f th e s e  con fo rm atio n s

XII Xlll

d i f f e r  by on ly  0 .0 2 4  eV, and a  s i n g l e ,  b ro a d  a b s o rp t io n  peak  may be 

e x p e c te d  from a m ix tu re  o f  X II and X I I I .  The d ie n e  (2DB) i s  p r e d ic te d  

to  e x i s t  p r im a r i ly  as  V w ith  s u c c e s s iv e ly  s m a l le r  c o n t r ib u t io n s  from  

th e  co n fo rm a tio n s VI and V II . Such an i n t e r p r e t a t i o n  i s  c o n s is te n t  w ith

VI

th e  s o lu t io n  a b s o rp t io n  spec trum  o f  t h i s  compound w hich shows a  b ro a d ,
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unsym m etric a b so rp tio n  peak w ith  a d im in ish in g  abso rbance tow ard th e  h ig h -  

en erg y  s id e .  T h is  cou ld  co rresp o n d  to  th e  s m a lle r  c o n c e n tr a t io n s  o f  VI 

and V II f o r  w hich h ig h e r  t r a n s i t i o n  e n e rg ie s  a re  c a l c u la te d ,  compared to  V.

The t o t a l  g ro u n d - s ta te  e n e rg ie s  c a lc u la te d  f o r  th e  fo u r  conform a­

t io n s  o f IDB (V III-X I) d i f f e r  by l e s s  th a n  0 .12  eV and s i g n i f i c a n t  concen-

VIII

t r a t i o n s  o f  a l l  s p e c ie s  may th u s  be ex p ec ted  in  s o lu t io n .  S p ec ies  X, 

w hich i s  o n ly  0.086 eV l e s s  s t a b l e  th a n  th e  m ost s t a b l e  co n fo rm a tio n  

( V I I I ) ,  has th e  l a r g e s t  t r a n s i t i o n  en e rg y  o f  th e  fo u r  s p e c ie s .  The 

v a lu e  o f  1 .595 eV i s  p r a c t i c a l l y  th e  av e ra g e  v a lu e  o f  th e  t r a n s i t i o n  

e n e rg ie s  o f  th e  s a tu r a te d  s p e c ie s  X II and X I I I .  An a b s o rp tio n  due to  

X sh o u ld  th u s  be seen  a t  th e  same w av e len g th  as th e  peak  o f  ODB. One 

o f  th e  two peak maxima o f  IDB does in d e e d  ap p ea r a t  t h i s  w a v e le n g th .

The c a lc u la te d  t r a n s i t i o n  e n e rg ie s  o f  V III  and IX a re  n o t  to o  f a r  rémoved 

from  th a t  o f  V. A b so rp tio n  due to  th e s e  co n fo rm a tio n s can g iv e  r i s e  to  

th e  long -w av e len g th  a b s o rp tio n  peak o f  IDB w hich i s  c lo s e d  to  th e  peak 

maximum o f  th e  2DB a b s o rp t io n  band . The r e l a t i v e  i n t e n s i t i e s  o f  th e  

two a b s o rp tio n  peaks o f  IDB a re  n o t w e l l  e x p la in e d , how ever. On th e  

b a s i s  o f  th e s e  c a l c u l a t i o n s ,  th e  p redom inan t s p e c ie s  o f  IDB sh o u ld  be 

V III  and IX and b o th  o f  th e s e  co n fo rm a tio n s  w ere a s s ig n e d  as  c o n t r ib u to r s  

to  th e  lo n g -w aveleng th  peak in  th e  sp ec tru m . Y et th e  i n t e n s i t y  o f  th e
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-1 -1 -1sh o r t-w a v e le n g th  peak  i s  s l i g h t l y  l a r g e r .  A p lo t  o f e(M cm ) v s .  9(cm ) 

o f  th e  IDB sp ec tru m  was re so lv e d  in t o  two s e p a ra te  peaks and th e  peak a re a s  

w ere m easured w ith  a  p la n im e te r .  The in t e g r a te d  i n t e n s i t y  o f  th e  s h o r t -  

w aveleng th  band was de term ined  to  be abo u t 2 .5  tim es as la rg e  as th a t  o f 

th e  second band .

CNDO/2 C a lc u la t io n s  

The co m p u ter-tim e  req u ire m en ts  o f  t h i s  method d id  n o t  make i t  

f e a s ib l e  to  a llo w  CNDO/2 c a lc u la t io n s  on th e  t r i c y c l i c  s p e c ie s  (V-XIV) 

o f  F ig u re  13. Thus o ttly  th e  b i c y c l i c  s p e c ie s  ( I-IV ) w ere t r e a t e d  h e re  

b o th  f o r  com parison w ith  th e  EHMO r e s u l t s  and th e  CNDO/2 in te rm o le c u la r  

i n t e r a c t io n  s t u d i e s .  The CNDO/2 p a ra m e te rs  used  h e re  a re  th e  same as 

th o se  employed e a r l i e r  (T ab le  2 3 ) . The atom -num bering schem e, atom ic 

c o o rd in a te s  (A ppendix A ), and MO la b e l s  a re  i d e n t i c a l  w ith  th o se  used 

f o r  I - IV  w ith  th e  EHMO c a l c u la t io n s .

The o r b i t a l  e n e rg ie s  o f  th e  p i  MO’s  and th e  o r b i t a l  n a re  shown 

in  T ab le  34. The co rre sp o n d in g  v a lu e s  f o r  c i s - g ly o x a l  a re  a l s o  in c lu d e d  

h e re  f o r  r e f e r e n c e .  Some c lo se  s i m i l a r i t i e s  w ere found betw een th e se  

and th e  EHMO r e s u l t s .  Again th e  o r b i t a l  n i s  th e  HOMO w h ile  n^*(CO) i s  

th e  LEMO f o r  each  c a se  ( c o e f f i c ie n t s  f o r  th e s e  MO's a re  i n  Appendix B ) .

The energy  d i f f e r e n c e s  betw een th e  LEMO’s and HOMO’s fo llo w  th e  same 

p a t t e r n  as th e  EHMO r e s u l t s ,  th e  energy  gap in c re a s e s  in  th e  o rd e r  I ,  I I ,  

IV , I I I ,  g ly o x a l .  The e f f e c t s  o f  th e  in te rv e n in g  sigm a bonds on th e  

i n t e r a c t i o n  betw een th e  e th y le n e  p i  sy stem  and th e  o r b i t a l s  n^*(CO) and n 

can b e  a s s e s se d  by com paring th e  LEMO and HOMO e n e rg ie s  o f  I  w ith  th e  

g ly o x a l- e th y le n e  a g g re g a te  p re v io u s ly  d e s c r ib e d  (T able 3 0 ) . The energy



TABLE 34
ENERGIES OF P I AND n  MO'S OF GLYOXAL AND I - IV  BY THE CNDO/2 METHOD

MO

Cg Symmetry

Tr^(CO)

A '

ngCCO)

k "

T7^(CC)

k '

n

A"

ir^*(CO)

k '

^ ^ * ( 0 0

k "

tt2*(C0)

k "

E[TT^*(GO)]-E[n

M olecule Energy (eV)
G lyoxal -1 7 .0 2 0 -1 5 .0 5 2 -1 0 .9 7 4 0 .1 7 0 2 .077 10 .804

I -1 5 .4 8 9 -1 4 .4 7 5 -1 1 .2 6 4 -1 0 .2 0 4 0 .3 0 4 0 .9 9 8 2 .421 1 0 .5 0 8
I I -1 5 .3 4 4 -1 3 .7 3 6 -1 1 .2 1 1 -1 0 .2 6 2 0 .2 6 0 1 .004 2 .371 10 .522
I I I -1 5 .2 3 4 -1 4 .5 0 1 -1 0 .2 6 4 0 .3 0 8 2 .413 10 .572
IV -1 5 .4 9 1 -1 4 .7 9 5 -1 0 .2 4 2 0 .2 9 7 2 .416 10 .539

ONo\
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o f n^*(CO) in  I  i s  0 .341  eV h ig h e r  th a n  t h a t  o f  th e  a g g re g a te  w h ile  n i s

0 .617  eV h ig h e r  in  I  th a n  in  th e  a g g re g a te .  The in c lu s io n  o f  sigm a bonds

has th u s  d ec re a se d  th e  en erg y  gap by 0 .276  eV. A s im i la r  com parison o f 

MO e n e rg ie s  c a lc u la te d  by th e  EHMO method (T ab les  17 and 32) shows th a t  

ir^*(CO) o f  I  i s  0 .325 eV h ig h e r  th an  th a t  o f  th e  a g g re g a te  w h ile  n i s

0 .485  eV h ig h e r  in  I  th a n  in  th e  a g g re g a te .  I n c lu s io n  o f th e  in te rv e n in g  

sigm a bonds in  th i s  method h as  red u ced  th e  LEMO-HOMO energy  gap by 0 .160  eV.

E le c tr o n ic  t r a n s i t i o n  e n e r g ie s ,  o f  c o u r s e ,  a re  n o t  ta k e n  as s im p le  

o r b i ta l - e n e rg y  d if f e r e n c e s  i n  t h i s  ap p ro x im atio n  b u t a r e  e v a lu a te d  by 

E q u a tio n  36 and im proved by a c o n f ig u ra t io n  i n t e r a c t i o n .  The c a lc u la te d  

n->-iT* t r a n s i t i o n  e n e rg ie s  as w e ll  as th e  t o t a l  g ro u n d -s ta te  e n e rg ie s  f o r

g ly o x a l and I-IV  a re  shown in  T ab le  35. The r e s u l t s  h e re  a re  q u i t e  d i f -

TABLE 35

n->TT* TRANSITION ENERGIES AND TOTAL ELECTRONIC GROUND-STATE ENERGIES 

FOR GLYOXAL AND I-IV  BY THE CNDO/2 METHOD

C o n fig u ra tio n
T ra n s i t io n

S ta te
T ra n s i t io n

T o ta l  Ground- 
S ta te  Energy

M olecule AE(eV) l(m y) AE(eV) X(my) (eV) A(eV)*

G lyoxal 3 .123 396 2.508 494 -7 59 .825
I 3.341 371 2.753 450 -1179 .301 6.497
I I 3 .228 384 2 .753 450 -1185 .798
I I I 3.182 390 2.605 476 -1174 .762 15.469
IV 3.159 392 2.640 470 -1 190 .231

*Ground- S ta te  energy above th a t  o f  th e more s t a b l e c o n fo rm a tio n .

f e r e n t  from th e  EHMO r e s u l t s .  A f te r  C l, th e  n-»-Tr* t r a n s i t i o n  e n e rg ie s  a re  

n o t v ery  dependent upon th e  con fo rm atio n s  o f  th e  six-m em bered r in g s .  For 

I  and I I ,  t h i s  v a lu e  i s  2 .753  eV w h ile  f o r  I I I  and IV , v a lu e s  o f  2.605
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and 2 .640  eV, r e s p e c t iv e ly ,  a re  c a l c u la te d .  Lower t r a n s i t i o n  e n e rg ie s  

a re  o b ta in e d  f o r  th e  s a tu r a t e d  s p e c ie s  th a n  f o r  I  and I I ,  in  c o n f l i c t  

w ith  th e  EHMO r e s u l t s  w here I  had th e  lo w e s t t r a n s i t i o n  energy  fo llo w ed  

by IV , I I ,  and I I I  in  o rd e r  o f  in c r e a s in g  t r a n s i t i o n  e n e rg ie s .

The t o t a l  g ro u n d -s ta te  e n e rg ie s  show a s tro n g  dependence on th e  

co n fo rm a tio n s o f  th e  six-m em bered r i n g s .  In  each  c a s e ,  th e  con fo rm ation  

w ith  th e  six-m em bered r in g  fo ld e d  away from th e  d ik e to n e  system  i s  th e  

more s t a b l e  c o n fo rm a tio n . EHMO c a l c u la t io n s  a ls o  show IV to  be more 

s t a b l e  th an  I I I ,  b u t f o r  th e  u n s a tu r a te d  s p e c ie s ,  I  was c a lc u la te d  as 

more s t a b l e  th a n  I I .  The c o n fo rm a tio n a l en erg y  d i f f e r e n c e s  a re  a ls o  

c o n s id e ra b ly  s m a l le r  by th e  EHMO m ethod th an  by th e  CNDO/2 m ethod.



CHAPTER IV

CONCLUSIONS

The e f f e c t s  o f in c lu d in g  a l l  in te rv e n in g  sigm a bonds on th e  

in t e r a c t io n s  betw een w eak ly -c o u p led  system s have been  te s t e d  f o r  a  s e r i e s  

o f compounds by fo u r  m o le c u la r  o r b i t a l  m ethods. A m o le c u la r  a g g re g a te  

o f a c i s - g ly o x a l and an e th y le n e  m o lecu le , u sed  f o r  th e  th ro u g h -sp a c e  

i n t e r a c t i o n  s tu d i e s ,  showed by th e  fo u r  MO m ethods t h a t  th e  p i  sy stem  

o f e th y le n e  d e s t a b i l i z e s  th e  LEMO o f  g ly o x a l ,  an a n tib o n d in g  p i  MO. The 

a l l - v a l e n c e - s h e l l  c a l c u la t io n s  a ls o  showed t h a t  e th y le n e  a ls o  d e s ta b i ­

l i z e s  th e  HOMO o f g ly o x a l .  The combined e f f e c t s  w ere such  t h a t  a l l  MO 

m ethods p re d ic te d  a  l a r g e r  n-Mr* t r a n s i t i o n  en e rg y  f o r  th e  a g g re g a te  

th an  f o r  th e  i s o l a t e d  g ly o x a l m o lecu le . An a g g re g a te  form ed from  one 

g ly o x a l and two e th y le n e  m o lecu le s  showed even a  l a r g e r  n-Mr* t r a n s i t i o n  

e n e rg y .

A l l - v a le n c e - s h e l l  c a l c u la t io n s  on b i c y c l i c  and t r i c y c l i c  d i ­

k e to n e s ,  whose u n s a tu ra te d  segm ents th e  m o le c u la r  a g g re g a te  s tu d ie s  

ap p ro x im ated , showed th e  p a r t i c i p a t i o n  o f  in te r v e n in g  sigm a bonds in  

th e  p i - e l e c t r o n  in t e r a c t i o n s .  EHMO c a l c u la t io n s  showed th a t  th e  p i  

system  in  a  six-m em bered r in g  a c tu a l ly  d e s t a b i l i z e d  th e  LEMO in  th e  

d ik e to n e  system  more when th e  s e p a r a t io n  betw een  th e  c e n te r s  in c re a s e d  

to  d is ta n c e s  w here th e  o r b i t a l  o v e rla p  becomes n e g l ig ib l e  b u t  th e
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o r ie n t a t i o n s  became fa v o ra b le  f o r  bo th  p i  system s to  mix w ith  th e  i n t e r ­

v en in g  sigm a o r b i t a l s .  T hus, f o r  th e  m o lecu le s  s tu d ie d ,  th e  in t e r a c t io n  

betw een th e  p i  system s was p r im a r i ly  t r a n s m it te d  th ro u g h  th e  sigm a bonds. 

The i n t e r a c t i o n  betw een th e  nonbonding o r b i t a l  o f  th e  d ik e to n e  and th e  

e th y le n e  p i  MO i s  even more s t ro n g ly  d ependen t upon th e  m o le c u la r  co n fo r­

m a tio n s , w ith  maximum e f f e c t s  ag a in  c a lc u la te d  f o r  th o se  g eo m etrie s  

w here b o th  o r b i t a l s  co u ld  mix most e f f e c t i v e l y  w ith  th e  in te rv e n in g  sigma 

bonds.

The tre n d s  in  n-Mr* t r a n s i t i o n  e n e rg ie s  e s ta b l i s h e d  by th e  m olecu­

l a r  a g g re g a te  s tu d ie s  can be com ple te ly  r e v e rs e d  by th e  EHMO w hole- 

m o lecu le  c a l c u la t io n s .  R ep lac in g  a cyc lohexane  r in g  by a  cyclohexene 

r in g  can  r e s u l t  in  a  low er n->-Tr* t r a n s i t i o n  e n e rg y , a lth o u g h  th e  r e s u l t  i s  

d ependen t on th e  m o le c u la r  co n fo rm ation  (T ab le  3 3 ) . I t  was a ls o  seen  

th a t  o n ly  th e  w ho le -m o lecu le  EHMO c a lc u la t io n s  y ie ld e d  n-Mr* t r a n s i t i o n  

e n e rg ie s  w hich a re  in  q u a l i t a t i v e  agreem ent w ith  th e  s o lu t io n  a b s o rp tio n  

s p e c t r a  o f  th e  t r i c y c l i c  d ik e to n e s .

The d is c re p a n c ie s  betw een th e  EHMO and CNDO/2 r e s u l t s  f o r  th e

67c a l c u la t io n s  on s p e c ie s  I - IV  w ere n o t co m p le te ly  u n ex p ec ted . H oyland, 

in  a  r e c e n t  rev iew  a r t i c l e  o f  s e m ie m p iric a l MO m ethods c i t e s  s e v e r a l  

exam ples w here c o n fo rm a tio n a l an a ly se s  by th e s e  two m ethods have y ie ld e d  

d iv e r s e  r e s u l t s .  He co n c lu d es  th a t  th e  EHMO m ethod seems to  be  more 

s a t i s f a c t o r y  th a n  th e  CNDO/2 method f o r  p r e d ic t in g  m o le c u la r  co n fo rm a tio n s , 

a lth o u g h  i t  s t i l l  le a v e s  much to  be d e s i r e d ,  and t h a t  th e  e n t i r e  a re a  o f  

p r e d ic t in g  m o lecu la r co n fo rm a tio n s  by s e m ie m p iric a l m ethods h as  n o t y e t  

reac h ed  a v e ry  s a t i s f a c t o r y  l e v e l .

C onclusions ab o u t fa v o re d  co n fo rm atio n s o f  th e  t r i c y c l i c  mole­

c u le s ,  b a se d  on c a l c u l a t i o n s ,  may be drawn from  th e  r e s u l t s  o f  th e  EHMO
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c a lc u la t io n s  which t r e a te d  th e  w hole m o lecu les e x p l i c i t l y .  For a l l  mole­

c u le s ,  th e  con fo rm ations w ith  b o th  six-m em bered r in g s  fo ld e d  tow ard th e  

four-m em bered r in g  (V, V I I I ,  and X II) y ie ld e d  th e  lo w e s t g ro u n d -s ta te  

en e rg y , and con fo rm atio n s w ith  b o th  six-m em bered r in g s  fo ld e d  away from 

th e  four-m em bered r in g  (V II , X I, and XIV) had th e  h ig h e s t  g ro u n d -s ta te  

en e rg y . The two s ta g g e re d  co n fo rm a tio n s o f IDB showed a  low er ground- 

s t a t e  energy  f o r  IX , th e  s p e c ie s  w ith  th e  ca rb o n -ca rb o n  double bond c lo s e s t  

to  th e  four-m em bered r in g .  I t  m ust be  em phasized th a t  th e  c o o rd in a te s  

used to  c o n s tru c t  th e  v a r io u s  co n fo rm atio n s w ere n o t th e  r e s u l t  o f  a 

minimum-energy s e a r c h ,  b u t w ere b ased  on th e  c r y s t a l  s t r u c t u r e  o f  th e  

d ie n e . The cy c lo b u ta d io n e  segm ents o f  a l l  m o lecu les  w ere k e p t p la n a r  

and th e  six-m em bered r in g s  w ere k e p t in  th e  b o a t form . C onfo rm ational 

changes i n  th e  six-m em bered r in g s  w ere always made su ch  th a t  no changes 

in  bond d is ta n c e s  o r  bond a n g le s  o c c u re d , th u s  no a d d i t i o n a l  bond s t r a i n  

was in tro d u c e d .

A v a ila b le  e x p e rim e n ta l d a ta ,  i n  a d d i t io n  to  th e  s o lu t io n  ab so rp ­

t i o n  s p e c t r a ,  may be u sed  to  t e s t  th e  v a l i d i t y  o f  th e  c a l c u la t io n s .

Powder r e f l e c t i o n  s p e c t r a  in  th e  v i s i b l e  re g io n  w ere re c o rd e d  f o r  th e  

th re e  t r i c y c l i c  d ik e to n e s .  The two u n s a tu ra te d  s p e c ie s  showed q u i te  

s im i la r  s p e c t r a ,  each had  a b ro a d , s in g le  peak w ith  a t  about 520-530

mp. The s a tu r a te d  d ik e to n e  showed a  s in g le  peak  w ith  X a t  abo u t 450 my.® max

The co n fo rm atio n  o f  th e  d ie n e  i s  c e r t a in l y  ex p ec ted  to  be  th e  same in  

powder form  as in  s in g le  c r y s t a l s  u sed  f o r  th e  x - ra y  s tu d y ,  co n fo rm ation  V. 

The c lo s e  s im i l a r i t y  betw een th e  powder r e f l e c t i o n  s p e c t r a  o f  2DB and IDB 

in d ic a te s  th a t  th e  co n fo rm atio n  o f  th e  d ihy d ro  d e r iv a t iv e  in  th e  s o l id  

s t a t e  i s  p ro b ab ly  V III  o r  IX (o r  b o th ) ,  s in c e  th e  c a lc u la te d  n-Mr* t r a n s i t i o n
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V I I I

e n e rg ie s  f o r  th e se  co n fo rm a tio n s  a re  c lo s e  to  th e  c a lc u la te d  v a lu e  fo r  

co n fo rm a tio n  V o f th e  d ie n e . EHMO c a lc u la t io n s  a ls o  showed th a t  V III  

and IX a re  th e  two m ost s t a b l e  co n fo rm a tio n s o f IDB. L i t t l e  can be 

s a id  abo u t th e  co n fo rm a tio n  o f  th e  s a tu r a t e d  d ik e to n e  in  th e  s o l id  s t a t e  

from th e s e  s p e c t r a  s in c e  th e  c a lc u la te d  n->ir* t r a n s i t i o n  e n e rg ie s  o f  th e  

th r e e  con fo rm ations  em ployed d i f f e r  by l e s s  th an  0 .0 5  eV.

More e x te n s iv e  s p e c t r a l  s tu d ie s  have been made o f  th e s e  com- 

68pounds by J .  J .  Freeman u s in g  d i f f e r e n t  m edia and v a r ia b le  tem pera­

t u r e s .  V is ib le  s p e c t r a  w ere ta k en  o f  th e  s a tu r a te d  d ik e to n e  in  o rg a n ic  

s o lv e n t  from room te m p e ra tu re  to  -191°C . The s in g le  a b s o rp tio n  band o f  

t h i s  compound showed o n ly  a  sm ooth , co n tin u o u s  i n t e n s i t y  in c re a s e  w ith  

te m p e ra tu re  lo w e rin g , due to  s o lv e n t  c o n t r a c t io n ,  and a  s h i f t  in  th e  

peak maximum from 463 mp a t  room te m p e ra tu re  to  471 mp a t  -191°C . No 

s i g n i f i c a n t  f in e  s t r u c t u r e  was o b ta in e d  f o r  t h i s  band even a t  th e  lo w est 

te m p e ra tu re . The sm a ll s h i f t  in  th e  peak  maximum may be a t t r i b u t e d  to  

enhanced s o lv e n t  e f f e c t s  a t  th e  low er te m p e ra tu re  o r  to  a co n fo rm a tio n a l 

change. EHMO c a lc u la t io n s  would p r e d ic t  a  b lu e - s h i f t e d  band w ith  low er 

te m p e ra tu re  s in c e  th e  l a r g e s t  n-Mr* t r a n s i t i o n  energy  was c a lc u la te d  f o r  

th e  m ost s t a b l e  co n fo rm a tio n . S ince  l e s s  th an  a  0 .0 3  eV en erg y  d i f f e r ­

ence was c a lc u la te d  f o r  th e  n -^*  t r a n s i t i o n  e n e rg ie s  and t o t a l  g round -
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s t a t e  e n e rg ie s  o f X II and X I I I ,  no d e f i n i t e  c o n c lu s io n s  can be  drawn 

about th e  fav o red  co n fo rm a tio n .

The v i s i b l e  a b s o rp t io n  sp ec tru m  o f th e  d ie n e  was ta k e n  by Freeman 

in  o rg a n ic  s o lv e n t and as a p o ly c r y s t a l l i n e  th in  f i lm  o v er th e  tem pera­

tu r e  range  m entioned  above. The two s p e c t r a  a re  q u i t e  s im i l a r  in  ap p ea r­

an ce , th u s  in d ic a t in g  th a t  th e  same co n fo rm atio n  p red o m in a te s  i n  s o lu ­

t io n  as in  th e  s o l id  s t a t e .  A te m p e ra tu re  d e c re a se  a g a in  showed an in ­

t e n s i t y  in c re a s e  and a sm a ll re d  s h i f t .  More s i g n i f i c a n t l y ,  th e  un- 

sym m etric s o lu t io n  a b s o rp tio n  band o f  t h i s  compound s p l i t s  in t o  s ix  c l e a r ly  

re s o lv e d  v ib ro n ic  bands a t  row er te m p e ra tu re s  w ith  peaks ra n g in g  from 

550 to  485 mp. The v ib r o n ic  s p l i t t i n g s  ran g e  from 212 to  863 cm ^ and 

a re  in  th e  range o f  IR -a c t iv e  d e fo rm a tio n  modes a s s o c ia te d  w ith  a lk e n e s .

The b ro ad  n a tu re  o f  t h i s  a b s o rp t io n  band th u s  seems to  be due to  one 

co n fo rm a tio n  and v ib ro n ic  s t r u c t u r e  in s te a d  o f  a  m ix tu re  o f  c o n fo rm a tio n s . 

Based on th e  s t r u c t u r e  found f o r  th e  d ie n e  by x - ra y  d i f f r a c t i o n  and th e  

s i m i l a r i t y  betw een s o lu t io n  and s o l i d  s t a t e  s p e c t r a ,  V a p p e a rs  to  be 

th e  p redom inan t s p e c ie s  in  s o lu t i o n .  T h is  i s  a l s o  su p p o r te d  by th e  EHMO

c a lc u la t io n s  w hich show V to  be  0 .1 1  and 0 .2 4  eV more s t a b l e  th a n  VI and 

and V II ,  r e s p e c t iv e ly .

S p e c tra  w ere ta k e n  o f  th e  d ihy d ro  d e r iv a t iv e  in  o rg a n ic  s o lv e n t ,  

as a p o ly c r y s t a l l i n e  th i n  f i lm ,  and as a m olten  f i lm . The sp ec tru m  o f
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th e  p o ly c r y s t a l l i n e  m a te r ia l  i s  s im i la r  to  th e  s o l id  s t a t e  spec trum  of 

th e  d ie n e . I t  showed on ly  one band w ith  peak maximum a t  540-550 my and 

le a d s  to  th e  same c o n c lu s io n s  abou t p r e f e r r e d  co n fo rm a tio n s in  th e  s o l id  

s t a t e  as th o se  b ased  on powder r e f l e c t i o n  s p e c t r a  p re v io u s ly  m entioned . 

The sp ec tru m  o f IDB in  th e  m o lten  s t a t e  i s  s im i la r  to  i t s  s o lu t io n  spec­

trum . I t  shows two a b s o rp tio n  bands w ith  peak maxima a t  470 and 540 my. 

A v a r i a b le  te m p era tu re  s tu d y  o f  th e  s o lu t io n  spec trum  a l s o  showed th a t  

th e  i n t e n s i t y  o f  th e  h ig h -e n e rg y  band in c re a s e s  w h ile  th e  i n t e n s i t y  o f 

th e  low -energy  band d e c re a se s  as th e  te m p e ra tu re  i s  low ered  from 110 to  

-190°C . T h is  i s  in  c o n f l i c t  w ith  th e  EHMO c a lc u la t io n s  w hich p r e d ic t  

t h a t  th e  two m ost s t a b l e  co n fo rm a tio n s  o f  IDB (V III and IX) have n-»iT* 

t r a n s i t i o n s  w hich c o n t r ib u te  to  th e  low -energy  band in  th e  spectrum  

and t h a t  t h i s  band sh o u ld  in c re a s e  i n  i n t e n s i t y  a t  low er te m p e ra tu re s .

V a r ia b le - te m p e ra tu re  s tu d ie s  o f  th e  in f r a r e d  c a rb o n y l ab so rp ­

t io n s  o f  th e  th r e e  compounds w ere a l s o  made by Freem an. S p e c tra  w ere 

ta k en  o f  th e  p o ly c r y s t a l l i n e  m a te r ia l  i n  KBr p e l l e t s  and a l s o  o f  s o lu ­

t io n s  u s in g  m e th y lc y c lo h e x a n e -iso p ro p a n o l s o lv e n t  in  a  7 :3  volume r a t i o  

from room te m p e ra tu re  to  ab o u t -196°C  a t  20°C i n t e r v a l s .  W ith one ex­

c e p t io n ,  he ob serv ed  no s i g n i f i c a n t  d i f f e r e n c e s  in  th e  ca rb o n y l bands 

w ith  changes in  te m p e ra tu re  o r  i n  th e  m a tr ix .  The e x c e p tio n  was ob­

se rv e d  f o r  th e  d ihy d ro  d e r iv a t iv e  i n  th e  o rg a n ic  m a tr ix .  A b ro a d , 

s t r u c t u r e l e s s  peak  a t  5 .60y a t  room te m p e ra tu re  s p l i t s  i n t o  a d o u b le t 

(5 .5 8  and 5 .6 5 y ) a t  abou t -90°C . At low er te m p e ra tu re s  th e  5 .65y band 

w eakens w h ile  th e  5 .58y band becomes more in te n s e .  T h is  a g a in  in d ic a te s  

th a t  a t  l e a s t  two co n fo rm a tio n s e x i s t  i n  s o lu t io n  a t  room te m p e ra tu re .

E le c tro n  s p in  re so n an ce  s p e c t r a  o f  compounds s im i l a r  to  th e  t r i ­

c y c l ic  d ik e to n e s  d is c u s s e d  h e re  have been  r e p o r te d ,  n o ta b ly  th e  s p e c tr a
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o f t r i c y c l o [ 4 .4 .2 .0 ^ ’^ ]d o d e c a -3 ,8 -d ie n e - l l ,1 2 - s e m id io n e  and th e  d i -  and 

te tr a h y d ro  d e r iv a t iv e s .^ ^  Only th e  spectrum  o f  th e  d ie n e  has been i n t e r ­

p re te d  w ith  th e  c o n c lu s io n  t h a t  th e  s ta g g e re d  co n fo rm a tio n , ana lagous to  

V I, i s  o f lo w est e n e rg y , w ith  a  h a l f - l i f e  o f  a t  l e a s t  10 ^ seconds and a 

r a t e  o f  in te rc o n v e r s io n  w ith  o th e r  con fo rm ations  l e s s  th a n  10^ p e r  second 

a t  room te m p e ra tu re . The d i f f e r e n c e  betw een th e  m ost s t a b l e  co n fo rm ation  

deduced f o r  t h i s  compound and f o r  2DB must be a t t r i b u t a b l e  to  th e  d i f ­

f e r e n t  p i  system s in  a sem id ione  as compared to  a d ik e to n e .

The EHMO method has  th u s  y ie ld e d  r e s u l t s  w hich a re  c o n s is te n t  

w ith  o th e r  d a ta .  I t  h as  p r e d ic te d  th e  m ost s t a b l e  co n fo rm a tio n  o f  2DB 

as th a t  found in  th e  s o l id  s t a t e .  For t h i s  c o n fo rm a tio n , i t  has a lso  

shown a low er n-Mr* t r a n s i t i o n  en erg y  th an  f o r  any e x p e c te d  con fo rm ation  

o f  th e  s a tu r a t e d  d ik e to n e ,  i n  agreem ent w ith  th e  s o lu t io n  a b so rp tio n  

s p e c t r a .
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APPENDIX A 

ATOMIC COORDINATES

The fo l lo w in g  t a b l e s  l i s t  th e  atom ic c o o rd in a te s  used  fo r  

m o lecu le s  I-XIV f o r  th e  a l l - v a l e n c e - s h e l l  c a l c u l a t i o n s .  The atom 

numbers a r e  w i th  r e f e r e n c e  to  F ig u re  14. D is ta n c e s  a r e  ex p re ssed  

i n  angs trom s.
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TABLE 36

ATOMIC COORDINATES FOR MOLECULE I

Atom X Y Z

C( 1) -0.786 0.000 0.000
C( 2) -1.431 1.276 -0.556
C( 3) -0.658 2.504 -0.184
C( 4) 0.658 2.504 -0.184
C( 5) 1.431 1.276 -0.556
C( 6) 0.786 0.000 0.000
C(ll) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -2.395 1.358 -0.177
H( 2) -1.473 1.206 -1.593
H( 3) -1.201 3.352 0.073
H( 4) 1.201 3.352 0.073
H( 5) 2.395 1.358 -0.177
H( 6) 1.473 1.206 -1.593
H(17) -1.223 -0.865 -0.377
H(18) 1.223 -0.865 -0.377
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TABLE 37
ATOMIC COORDINATES FOR MOLECULE II

Atom X Y . z

C( 1) -0.786 0.000 0.000
C( 2) -1.431 1.276 -0.556
C( 3) -0.658 1.838 -1.710
C( 4) 0.658 1.838 -1.710
C( 5) 1.431 1.276 -0.556
C( 6) 0.786 0.000 0.000
.C(ll) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -1.473 1.988 0.200
H( 2) -2.395 1.053 -0.874
H( 3) -1.201 2.227 -2.506
H( 4) 1.201 2.227 -2.506
H( 5) 1.473 1.988 0.200
H( 6) 2.395 1.053 -0.874
H(17) -1.223 -0.865 -0.377
11(18) 1.223 -0.865 -0.377
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TABLE 38

ATOMIC COORDINATES FOR MOLECULE III

Atom X Y Z

C( I) -0.786 0.000 0.000
C( 2) -1.373 1.276 -0.617
C( 3) -0.770 2.508 0.082
C( 4) 0.770 2.508 0.082
C( 5) 1.373 1.276 -0.617
C( 6) 0.786 0.000 0.000
C(II) -0.775 0.000 1.533
C(I2) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( I) -2.405 1.277 -0.493
H( 2) -I.145 1.307 -I.631
H( 3) -I.100 2.522 1.068
H( 4) 1.100 2.522 1.068
H( 5) 2.405 1.277 -0.493
H( 6) 1.145 1.307 -I.631
H(I3) -I.100 3.362 -0.412
H(I4) 1.100 3.362 -0.412
II (17) -1.223 -0.865 -0.377
11(18) 1.223 -0.865 -0.377
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TABLE 39

ATOMIC COORDINATES FOR MOLECULE IV

Atom X Y Z

C( 1) -0.786 0.000 0.000
C( 2) -1.373 1.276 -0.617
C( 3) -0.770 1.493 -2.018
C(4) 0.770 1.493 -2.018
C( 5) 1.373 1.276 -0.617
C(6) 0.786 0.000 0.000
C(ll) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -1.145 2.090 -0.012
H( 2) -2.405 1.179 -0.696
H( 3) -1.100 2.410 -2.380
H( 4) 1.100 2.410 -2.380
H( 5) 1.145 2.090 -0.012
H( 6) 2.405 1.179 -0.696
11(13) -1.100 0.728 -2.641
H(14) 1.100 0.728 -2.641
H(17) -1.223 -0.865 -0.377
11(18) 1.223 -0.865 -0.377



185

TABLE 40

ATOMIC COORDINATES FOR MOLECULE V

Atom X Y Z

C( 1) -0.786 0.000 0.000
C( 2) -1.431 1.276 -0.556
C( 3) -0.658 2.504 -0.184
C( 4) 0.658 2.504 -0.184
c( 5) 1.431 1.276 -0.556
C( 6) 0.786 0.000 0.000
C( 7) 1.431 -1.276 -0.556
C( 8) 0.658 -2.504 -0.184
C( 9) -0.658 -2.504 -0.184
C(10) -1.431 -1.276 -0.556
C ( l l ) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -2.395 1.357 -0.177
H( 2) -1.473 1.206 -1.593
H( 3) -1.201 3.352 0.073
H( 4) 1.201 3.352 0.073
H( 5) 2.395 1.357 -0.177
H( 6) 1.473 1.206 -1.593
H( 7) 2.395 -1.357 -0.177
U( 8) 1.473 -1.206 -1.593
H( 9) 1.201 -3.352 0.073
H(10) -1.201 -3.352 0.073
11(11) -2.395 -1.357 -0.177
H(12) -1.473 -1.206 -1.593
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TABLE 41

ATOMIC COORDINATES FOR MOLECULE VI

Atom X Y Z

C( 1) -0.786 0.000 0.000
C( 2) -1.431 1.276 -0.556
C( 3) -0.658 2.504 -0.184
C( 4) 0.658 2.504 -0.184
C( 5) 1.431 1.276 -0.556
C(6) 0.786 0.000 0.000
C( 7) 1.431 -1.276 -0.556
C( 8) 0.658 -1.838 -1.710
C( 9) -0.658 -1.838 -1.710
C(10) -1.431 -1.276 -0.556
C(ll) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -2.395 1.358 -0.177
H( 2) -1.473 1.206 -1.593
H( 3) -1.201 3.352 0.Ü73
Il( 4) 1.201 3.352 0.073
H( 5) 2.395 1.358 -0.177
H( 6) 1.473 1.206 -1.593
H( 7) 1.473 -1.988 0.200
H( 8) 2.395 -1.053 -0.874
H( 9) 1.201 -2.227 -2.506
11(10) -1.201 -2.227 -2.506
11(11) -1.473 -1.988 0.200
11(12) -2.395 -1.053 -0.874
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TABLE 42

ATOMIC COORDINATES FOR MOLECULE VII

Atom X Y Z

C( 1) -0.786 0.000 0.000
C( 2) -1.431 1.276 -0.556
c(:% -0.658 1.838 -1.710
C(4) 0.658 1.838 -1.710
c( 5) 1.431 1.276 -0.556
C(6) 0.786 0.000 0.000
C( 7) 1.431 -1.276 -0.556
c(fO 0.658 -1.838 -1.710
c( 9) -0.658 -1.838 -1.710
C(10) -1.431 -1.276 -0.556
C(l l ) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -1.473 1.988 0.200
H( 2) -2.395 1.053 -0.874
H( 3) -1.201 2.227 -2.506
H( 4) 1.201 2.227 -2.506
H( 5) 1.473 1.988 0.200
ll( 6) 2.395 1.053 -0.874
H( 7) 1.473 -1.988 0.200
H( 8) 2.395 -1.053 -0.874
H( 9) 1.201 -2.227 -2.506
H(10) -1.201 -2.227 -2.506
H(ll) -1.473 -1.988 0.200
11(12) -2.395 -1.053 -0.874
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TABLE 43

ATOMIC COORDINATES FOR MOLECULE VIII

Atom X Y Z

C( 1) -0.786 0.000 0.000
C( 2) -1.373 1.276 -0.617
C( 3) -0.770 2.508 0.082
C( 4) 0.770 2.508 0.082
C( 5) 1.373 ! 1.276 -0.617
C( 6) 0.786 0.000 0.000
C( 7) 1.431 -1.276 -0.556
C( 8) 0.658 -2.504 -0.184
C( 9) -0.658 -2.504 -0.184
C(10) -1.431 -1.276 -0.556
C(ll) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -2.405 1.277 -0.493
H( 2) -1.145 1.307 -1.631
H( 3) -1.100 2.522 1.068
H( 4) 1.100 2.522 1.068
H( 5) 2.405 1.277 -0.493
ll( 6) 1.145 1.307 -1.631
H( 7) 2.395 -1.358 -0.177
H( 8) 1.473 -1.206 -1.593
II( 9) 1.201 -3.352 0.073
11(10) -1.201 -3.352 0.073
H(ll) -2.395 -1.358 -0.177
H(12) -1.473 -1.206 -1.593
H(13) -1.100 3.362 -0.412
11(14) 1.100 3.362 -0.412
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TABLE 44

ATOMIC COORDINATES FOR MOLECULE IX

Atom X Y Z

C 1) -0.786 0.000 0.000
C 2) -1.373 1.276 -0.617
C 3) -0.770 1.493 -2.018
C 4) 0.770 1.493 -2.018
C 5) 1.373 • 1.276 -0.617
C 6) 0.786 0.000 0.000
C 7) 1.431 -1.276 -0.556
C 8) 0.658 -2.504 -0.184
c 9) -0.658 -2.504 -0.184
c 10) -1.431 -1.276 -0.556
c 11) -0.775 0.000 1.533
c 12) 0.775 0.000 1.533
0 13) -1.262 0.000 2.368
0 14) 1.626 0.000 2.368
H 1) -1.145 2.090 -0.012
U 2) -2.405 1.179 -0.696
H 3) -1.100 2.410 -2.380
H 4) 1.100 2.410 -2.380
H 5) 1.145 2.090 -0.012
H 6) 2.405 1.179 -0.696
H 7) 2.395 -1.358 -0.177
H 8) 1.473 -1.206 -1.593
11 9) 1.201 -3.352 0.073
H 10) -1.201 -3.352 0.073
H 11) -2.395 -1.358 -0.177
H 12) -1.473 -1.206 -1.593
H 13) -1.100 0.728 -2.641
11 14) 1.100 0.728 -2.641
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TABLE 45

ATOMIC COORDINATES FOR MOLECULE X

Atom X Y Z

C( 1) -0.786 0.000 0.000
C(2) -1.373 1.276 -0.617
C(3) -0.770 2.508 0.082
C(4) 0.770 2.508 0.082
C( 5) 1.373 1.276 -0.617
C( 6) 0.786 0.000 0.000
c( n 1.431 -1.276 -0.556
c( 0.658 -1.838 -1.710
C(9) -0.658 -1.838 -1.710
c(10) -1.431 -1.276 -0.556
c(ll) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -2.405 1.277 -0.493
H( 2) -1.145 1.307 -1.631
H( 3) -1.100 2.522 1.068
H( 4) 1.100 2.522 1.068
H( 5) 2.405 1.277 -0.493
H( 6) 1.145 1.307 -1.631
H( 7) 1.473 -1.988 0.200
Il( 8) 2.395 -1.053 -0.874
!l( 9) 1.201 -2.227 -2.506
11(10) -1.201 -2.227 -2.506
11(11) -1.473 -1.988 0.200
H(12) -2.395 -1.053 -0.874
11(13) -1.100 3.362 -0.412
11(14) 1.100 3.362 -0.412
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TABLE 46

ATOMIC COORDINATES FOR MOLECULE XI

Atom X Y Z

C( 1) -0.786 0.000 0.000
C( 2) -1.373 1.276 -0.617
c( -0.770 1.493 -2.018
c( 0.770 1.493 -2.018
C( 5) 1.373 1.276 -0.617
C( 6) 0.786 0.000 0.000
C( 7) 1.431 -1.276 -0.556
C( 8) 0.658 -1.838 -1.710
C( 9) -0.658 -1.838 -1.710
C(10) -1.431 -1.276 -0.556
0(11) -0.775 0.000 1.533
0(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -1.145 2.090 -0.012
H( 2) -2.405 1.179 -0.696
H( 3) -1.100 2.410 -2.380
H( 4) 1.100 2.410 -2.380
H( 5) 1.145 2.090 -0.012
H( 6) 2.405 1.179 -0.696
H( 7) 1.473 -1.988 0.200
H( 8) 2.395 -1.053 -0.874
H( 9) 1.201 -2.227 -2.506
H(10) -1.201 -2.227 -2.506
H(ll) -1.473 -1.988 0.200
H(12) -2.395 -1.053 -0.874
H(13) -1.100 0.728 -2.641
H(14) 1.100 0.728 -2.641
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TABLE 47

ATOMIC COORDINATES FOR MOLECULE XII

Atom X Y Z

C( 1) -0.786 0.000 0.000
C ( 2 ) -1.373 1.276 -0.617
c( 3) -0.770 2.508 0.082
C( 4) 0.770 2.508 0.082
C( 5) 1.373 1.276 -0.617
C ( 6 ) 0.786 0.000 0.000
C( 7) 1.373 -1.276 -0.617
C( 8) 0.770 -2.508 0.082
C( 9) -0.770 -2.508 0.082
C(10) -1.373 -1.276 -0.617
C(ll) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -2.405 1.277 -0.493
H( 2) -1.145 1.307 -1.631
H( 3) -1.100 2.522 1.068
H( 4) 1.100 2.522 1.068
H( 5) 2.405 1.277 -0.493
H( 6) 1.145 1.307 -1.631
H( 7) 2.405 -1.277 -0.493
U( 8) 1.145 -1.307 -1.631
H( 9) 1.100 -2 .5 2 2 1.068
H(10) -1.100 -2.522 1.068
H(ll) -2.405 -1.277 -0.493
H(12) -1.145 -1.307 -1.631
H(13) -1.100 3.362 -0.412
H(14) 1.100 3.362 -0.412
H(15) -1.100 -3.362 -0.412
H(16) 1.100 -3.362 -0.412
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TABLE 48

ATOMIC COORDINATES FOR MOLECULE XIII

Atom X Y Z

C( 1) -0.786 0.000 0.000
c(:ü -1.373 1.276 -0.617
C( 3) -0.770 2.508 0.082
C(4) 0.770 2.508 0.082
C( 5) 1.373 1.276 -0.617
C(6) 0.786 0.000 0.000
C( 7) 1.373 -1.276 -0.617
C( % 0.770 -1.493 -2.018
C( 9) -0.770 -1.493 -2.018
C(10) -1.373 -1.276 -0.617
C(ll) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
H( 1) -2.405 1.277 -0.493
Il( 2) -1.145 1.307 -1.631
11( 3) -1.100 2.522 1.068
H( 4) 1.100 2.522 1.068
H( 5) 2.405 1.277 -0.493
H( 6) 1.145 1.307 -1.631
H( 7) 1.145 -2.090 -0.012
H( 8) 2.405 -1.179 -0.696
H( 9) 1.100 -2.410 -2.380
U(10) -1.100 -2.410 -2.380
H(ll) -1.145 -2.090 -0.012
11(12) -2.405 -1.179 -0.696
11(13) -1.100 3.362 -0.412
11(14) 1.100 3.362 -0.412
H(15) 1.100 -0.728 -2.641
H(16) -1.100 -0.728 -2.641
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TABLE 49

ATOMIC COORDINATES FOR MOLECULE XIV

Atom X Y Z

C( 1) -0.786 0.000 0.000
C(2) -1.373 1.276 -0.617
C( ^ -0.770 1.493 -2.018
C( 4) 0.770 1.493 -2.018
C( 5) 1.373 1.276 -0.617
C(6) 0.786 0.000 0.000
C( 7) 1.373 -1.276 -0.617
C( 0.770 -1.493 -2.018
C(9) -0.770 -1.493 -2.018
C(10) -1.373 -1.276 -0.617
C(I1) -0.775 0.000 1.533
C(12) 0.775 0.000 1.533
0(13) -1.626 0.000 2.368
0(14) 1.626 0.000 2.368
II ( 1) -1.145 2.090 -0.012
H( 2) -2.405 1.179 -0.696
H( 3) -1.100 2.410 -2.380
H( 4) 1.100 2.410 -2.380
H( 5) 1.145 2.090 -0.012
H( 6) 2.405 1.179 -0.696
II( 7) 1.145 -2.090 -0.012
11 ( 8) 2.405 -1.179 -0.696
11 ( 9) 1.100 -2.410 -2.380
H(10) -1.100 -2.410 -2.380
H(ll) -1.145 -2.090 -0.012
11(12) -2.405 -1.179 -0.696
11(13) -1.100 0.728 -2.641
11(14) 1.100 0.728 -2.641
11(15) 1.100 -0.728 -2.641
11(16) -1.100 -0.728 -2.641



APPENDIX B

MO COEFFICIENTS FROM EIÎMO AND CNDO/2 CALCULATIONS

The following Tables list the coefficients of the highest occupied 

molecular orbital, identified as n, and the lowest empty molecular orbital, 

identified as 7r^*(C0). Coefficients are given for I-XIV from the EHMO cal­

culations and for I-IV from the CNDO/2 calculations. The atom numbers are 

with reference to Figure 14.
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TABLE 51

MO COEFFICIENTS OF n AND ir^*(CO) ORBITALS FOR I I I  AND IV

BY THE EHMO METHOD

M olecu le

MO

Energy (eV) 

C^ Symmetry

I I I

n

-12 .234

A"

%1*(C0)

-1 0 .5 8 0

A'

IV

-12 .217

A'

%j*(CO)

- 1 0 .5 8 3

A'

C o e f f i c i e n t s
H (I ) 0 .0196 0 .0 0 1 8 -0 .0 4 0 9 0 .0 1 0 5
H(2) 0 .0779 - 0 .0 2 0 2 0 .0 3 0 5 - 0 .0 0 5 1
H(3) 0 .0082 0 .0 1 7 6 - 0 .0 3 3 7 0 .0 2 8 0
H (I3 ) -0 .0 2 3 8 0 .0 0 6 6 0 .0 0 3 8 0 .0 0 1 3
H (I7 ) - 0 .0 8 1 9 - 0 .1 0 7 5 - 0 .0 8 0 4 - 0 .1 0 5 5
C ( I , s ) 0 .0580 0 .0 0 1 0 0 .0 5 3 6 0 .0 0 3 8
C ( 2 ,s ) -0 .0 2 1 2 0 .0 3 6 8 - 0 .0 1 4 4 0 .0 3 7 4
C ( 3 ,s ) -0 .0 0 4 7 0 .0059 0 .0 2 4 7 -0 .0 1 4 7
C ( I I , s ) - 0 .0 8 4 2 0 .0 0 2 1 - 0 .0 7 9 9 0 .0 0 1 7
0 ( 1 3 , s ) O .OII8 - 0 .0 0 1 5 0 . 0 I I 6 - 0 .0 0 1 3
C ( I ,x ) 0 .0876 - 0 . 0 I 7 I 0 .0 7 3 4 - 0 .0 1 6 8
C (2 ,x ) -0 .0 4 4 2 0 .0 6 0 3 - 0 .0 3 3 3 0 .0 5 7 7
C (3 ,x ) 0 .0460 - 0 .0 1 9 8 0 .0 0 1 8 - 0 .0 1 5 9
C ( I I , x ) -0 .3 5 3 9 0 .0 0 6 9 -0 .3 5 0 5 0 . 0 I 3 I
0 ( 1 3 , x) 0 .4012 - 0 .0 0 6 7 0 .3 9 5 8 - 0 . 0 I I 2
c(i,y) - 0 .0 1 5 6 0 .0 6 4 6 -0 .0 1 9 5 0 . 0 7 I I
C (2 ,y ) 0 .0513 - 0 .0 9 8 3 0 .0 6 2 6 - 0 .0 9 9 8
C (3 ,y ) 0 .0276 0 .0 0 4 2 - 0 .0 2 8 0 O.OIIO
C ( I I , y ) - 0 .0 1 9 6 -0 .6 0 6 9 -0 .0 3 3 5 - 0 .6 0 4 7
0 ( 1 3 , y) 0 .0201 0 .4136 0 .0 3 5 0 0 .4 1 2 9
C ( I , z ) 0 .2581 - 0 .0 0 9 7 0 .2649 - 0 .0 1 6 4
C (2 ,z ) -0 .0 8 0 2 0 .0 6 6 5 - 0 .0 8 1 3 .0 .0 7 8 0
C (3 ,z ) 0 .0342 0 .0 2 8 9 0 .0 7 8 5 -0 .0 3 7 5
C ( I I , z ) -0 .2 2 9 2 0 .0055 - 0 .2 3 3 0 0 .0 1 2 0
C ( I 3 , z ) 0 .2440 - 0 .0 0 1 5 0 .2 4 6 8 -0 .0 0 6 5
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TABLE 52

MO COEFFICIENTS OF n AND tt̂ * (0 0 )  ORBITALS FOR 

BY THE EHMO METHOD

V-VII

M olecu le V VI V II

MO n ir^*(00) n TT^*(00) n TT^*(00)

Energy (eV) -1 2 .0 0 1 - 1 0 .5 3 1 - 1 2 .0 1 9 - 1 0 .5 0 2 - 1 2 .0 5 1 - 1 0 .4 7 6

Cg Symmetry A ' A"

Symmetry 4 %2 4 ^2

C o e f f i c i e n t s
H ( l) 0 .0081 0 .0 1 4 0 -0 .0 1 8 6 0 .0 1 1 9 0 .0337 - 0 .0 0 4 8
11(2) - 0 .1 1 1 3 -0 .0 2 6 7 0 .1243 -0 .0 2 3 6 - 0 .0 4 1 0 0.0029.
H (3) 0 .0208 0 .0 2 4 7 - 0 .0 1 9 8 0 .0 2 4 0 0 .0265 - 0 .0 2 5 9
H(10) -0 .0 2 6 9 - 0 .0 2 6 7
H (11) -0 .0 3 5 6 -0 .0 0 7 6
H(12) 0.0467 0 .0 0 3 2
C ( l , s ) -0 .0 2 7 8 0 .0 0 .0295 - 0 .0 0 3 1 -0 .0 3 2 7 0 .0
C ( 2 ,s ) 0 .0237 0 .0 3 5 0 -0 .0 2 4 2 0 .0 3 4 3 0 .0208 - 0 .0 3 7 3
C ( 3 ,s ) 0 .0044 -0 .0 0 5 0 -0 .0 0 3 5 - 0 .0 0 5 2 -0 .0 2 1 6 0 .0 1 5 8
C ( 9 ,s ) 0 .0186 0 .0 1 6 7
C ( 1 0 ,s ) - 0 .0 1 9 8 - 0 .0 3 8 0
0 ( 1 1 , s ) 0 .0722 0 .0 -0 .0 7 0 5 0 .0 0 1 3 0 .0699 0 .0
0 ( 1 3 , s ) - 0 .0 1 2 9 0 .0 0 .0130 0 .0 0 0 1 - 0 .0 1 3 1 0 .0
0 ( 1 , x) -0 .1 2 5 9 0 .0 0 .01089 - 0 .0 0 3 3 -0 .0 9 1 2 0 .0
C (2 ,x ) 0 .0570 0 .0 5 7 8 -0 .0 5 2 8 0 .0 5 6 8 0 .0455 -0 .0 5 1 9
0 ( 3 , x) -0 .0 4 3 2 -0 .0 0 5 3 0 .0387 - 0 .0 0 4 6 0 .0 0 3 7 0 .0 0 4 0
0 ( 9 , x) 0 .0050 0 .0 0 3 2
0 ( 1 0 , x) -0 .0 4 9 4 - 0 .0 5 3 0
0 ( 1 1 , x ) 0 .3247 0 .0 -0 .3 2 9 0 - 0 .0 0 6 7 0 .3382 0 .0
0 ( 1 3 , x) -0 .3 4 3 8 0 .0 0 .3510 0 .0 0 5 3 -0 .3 6 5 5 0 .0
c(i,y) 0 .0 0 .0839 -0 .0 1 7 9 0 .0 9 0 0 0 .0 - 0 .0 9 6 4
C (2 ,y ) - 0 .0 6 3 3 - 0 .0 9 7 3 0 .0690 - 0 .0 9 4 8 -0 .0 7 7 7 0 .0 9 2 1
c(3,y) 0 .0168 0 .0 0 4 0 - 0 .0 2 7 6 0 .0 0 4 5 0 .1028 -0 .0 4 3 9
C (9 ,y ) 0 .0800 0 .0 4 5 2
0 ( 1 0 .y) - 0 .0 6 8 7 -0 .0 9 4 4
0 ( 1 1 , y) 0 .0 -0 .6 0 4 9 0 .0105 -0 .6 0 4 8 0 .0 0 .6 0 5 0
0 ( 1 3 , y) 0 .0 0 .4 0 8 6 -0 .0 1 0 2 0 .4 0 6 4 0 .0 -0 .4 0 4 6
0 ( 1 , z) -0 .2 5 7 3 0 .0 0 .2675 0 .0 1 0 8 - 0 .2 8 2 3 0 .0
C ( 2 ,z ) 0 .0951 0 .0 5 7 2 - 0 .1 0 7 1 0 .0546 0 .0 7 1 1 - 0 .0 7 1 7
0 ( 3 , z) -0 .1 4 6 0 0 .0 0 8 6 0 .1691 0 .0 1 0 1 - 0 .0 1 1 8 0 .0 1 0 0
0 ( 9 , z) 0 .0118 0 .0 1 1 6
0 ( 1 0 , z) - 0 .0 6 5 1 - 0 .0 7 4 3
0 ( 1 1 , z) 0 .2197 0 .0 - 0 .2 2 7 5 - 0 .0 0 8 9 0 .2389 0 .0
0 ( 1 3 , z) -0 .2 0 9 0 0 .0 0 .2185 0 .0 0 6 1 - 0 .2 3 3 4 0 .0
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TABLE 53

MO COEFFICIENTS OF n AND ir̂ *(CO) ORBITALS FOR VIII AND IX

BY THE EHMO METHOD

M olecule V III IX

MO n Wl*(00) n 1T^*(00)

Energy (eV) -1 2 .0 4 1 -0 .5 2 2 -12 .028 -10 .527

Symmetry A" k ' A- A'

C o e f f i c i e n t s
H ( l) 0.0285 -0 .0 0 4 4 -0 .0514 0.0050
H(2) 0.0646 0.0179 0.0433 -0 .0 0 0 8
H(3) 0.0000 -0 .0163 -0 .0313 0.0263
H (10) -0 .0 2 2 4 0.0244 -0 .0209 -0 .0239
H (11) -0 .0 1 0 5 0.0154 -0 .0164 -0 .0 1 4 8
H(12) 0 .1233 -0 .0 2 7 4 0.1255 0.0260
H(13) -0 .0 2 0 0 -0 .0059 -0 .0 0 5 7 0.0004
C ( l , s ) 0.0360 0.0025 0.0324 0.0002
C (2 ,s ) -0 .0 2 3 8 -0 .0 3 5 1 -0 .0179 0.0360
C (3 ,s ) -0 .0072 -0 .0 0 4 8 0.0209 -0 .0 1 4 2
C (9 ,s ) -0 .0 0 1 8 -0 .0046 -0 .0 0 2 4 0.0050
C (1 0 ,s ) -0 .0 2 5 3 0.0345 -0 .0247 -0 .0 3 4 0
0 ( 1 1 , s) -0 .0 7 4 8 -0 .0 0 0 6 -0 .0709 0.0002
0 ( 1 3 , s) 0.0131 0.0003 0.0130 -0 .0 0 0 1
0 ( 1 , x) 0.1296 0.0049 0.1143 -0 .0 0 4 8
0 ( 2 , x) -0 .0 5 5 2 -0 .0 5 5 8 -0 .0474 0.0534
0 ( 3 , x) 0.0491 0.0169 0.0219 -0 .0 1 3 0
0 ( 9 , x) 0.0419 -0 .0053 0.0391 0.0045
0 ( 1 0 ,x) -0 .0 5 8 9 0.0569 -0 .0 5 5 0 -0 .0 5 5 9
C ( l l , x ) -0 .3 2 7 6 0.0044 -0 .3263 0.0017
0 ( 1 3 ,x) 0.3524 -0 .0028 0.3495 -0 .0016
0 ( 1 , y) 0.0367 -0 .0787 0.0306 0.0850
0 (2 ,y ) 0.0532 0.0939 0.0626 -0 .0 9 5 6
0 ( 3 , y) 0.0363 -0 .0082 -0 .0 1 3 8 0.0122
0 ( 9 , y) 0.0355 -0 .0028 0.0335 0.0040
0 ( 1 0 ,y) -0 .0 7 5 5 0.0955 -0 .0 7 3 3 -0 .0 9 4 3
0 ( 1 1 ,y) 0.0133 0.6060 -0 .0 0 0 4 -0 .6 0 4 3
0 (1 3 ,y ) -0 .0136 -0 .4 0 8 3 0.0000 0.4081
C ( l , z ) 0.2520 -0 .0054 0.2599 -0 .0 0 1 1
0 ( 2 , z) -0 .0 7 4 7 -0 .0630 -0 .0 7 6 8 0.0739
0 ( 3 , z) 0.0328 -0 .0313 0.0724 -0 .0 3 3 9
0 ( 9 , z) 0.1844 0.0098 0.1797 -0 .0 1 0 0
0 ( 1 0 , z) -0 .1 0 7 8 0.0563 -0 .1 0 9 8 -0 .0553
0 ( 1 1 , z) -0 .2 1 8 9 0.0049 -0 .2243 0.0016
0 ( 1 3 , z) 0.2215 -0 .0038 0.2158 -0 .0 0 1 1
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TABLE 54

MO COEFFICIENTS OF n 

. BY

AND

THE

n]*(CO) ORBITALS 

EHMO METHOD

FOR X AND XI

M olecule X XI
MO n TTl*(CO) n %1*(C0)
Energy (eV) -12 .087 -10 .492 -12 .065 -10 .498
Cg Symmetry A ' k ' k ' k '

C o e f f i c i e n t s
H (l) 0 .0253 -0 .0032 0.0520 0.0024
H(2) 0.0742 0.0152 -0.0379 -0 .0012
H(3) 0.0021 -0 .0159 0.0330 0.0259
H(10) -0 .0289 0.0265 0.0270 -0 .0260
H ( l l ) -0 .0177 0.0095 0.0235 -0 .0072
H(12) 0.0438 -0 .0029 -0 .0395 0.0021
H(13) -0 .0217 -0 .0054 0.0026 0.0001
C ( l , s ) 0 .0413 0.0054 -0 .0369 -0 .0 0 2 8
C (2 ,s ) -0 .0 2 5 5 -0 .0343 0.0188 0.0353
C (3 ,s ) -0 .0075 -0 .0 0 4 4 -0 .0236 -0 .0136
C (9 ,s ) 0 .0203 -0.0169 -0 .0216 0.0167
C (1 0 ,s ) -0 .0226 0.0375 0.0218 -0 .0370
C ( l l , s ) -0 .0760 -0 .0020 0.0709 0.0016
0 (1 3 ,8 ) 0.0134 0.0002 -0 .0132 0.0000
C ( l ,x ) 0.1185 0.0083 -0 .0971 -0 .0082
C (2 ,x) -0 .0543 -0 .0 5 4 8 0.0431 0.0523
C (3 ,x ) 0.0497 0.0159 -0 .0109 -0 .0136
C (9 ,x ) 0.0045 -0 .0037 0.0018 0.0029
C (10,x) -0 .0 5 4 8 0.0519 0.0486 -0 .0509
C ( l l , x ) -0 .3 3 9 6 0.0109 0.3375 -0 ,0049
C (13,x) 0.3709 -0 .0080 -0 .3669 0.0037
0 ( 1 , y) 0.0236 -0 .0 8 5 4 -0 .0175 0.0919
C (2 ,y) 0.0584 0.0914 -0 .0683 -0 .0932
C (3 ,y) 0.0360 -0 .0096 0.0196 0.0122
C (9 ,y ) 0 .1184 -0 .0443 -0 .1171 0.0456
C(10,y) -0 .0899 0.0923 0.0861 -0 .0915
C ( l l , y ) 0 .0263 0.6057 -0 .0127 -0 .6042
0 ( 1 3 ,y) -0 .0 2 6 4 -0 .4 0 5 8 0.0127 0.4059
C ( l , z ) 0.2659 -0 .0158 -0 .2750 0.0096
C (2 ,z ) -0 .0 8 3 0 -0 .0 6 0 8 0.0862 0.0714
C (3 ,z ) 0.0336 -0 .0320 -0 .0820 -0 .0304
C (9 ,z ) -0 .0016 -0 .0127 -0 .0040 0.0116
C (10 ,z ) -0 .0653 0.0745 0.0688 -0 .0730
C ( l l , z ) -0 .2304 0.0137 0.2367 -0 .0073
0 ( 1 3 , z) 0.2268 -0 .0 0 9 8 -0 .2322 0.0051
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TAULE 55

MO COEFFICIENTS OF n AND ii *(C0) ORBITALS FOR XII-XIV
1

BY THE EHMO METHOD

M olecule XII X II I XIV
MO n TT,*(C0) n TTi*(C0) n ni*(CO)
Energy (eV) -1 2 .1 2 2 -1 0 .5 1 3 -1 2 .1 0 4 -10 .518 -12 .085 -10 .523
C Symmetry k ' k '
Cg^ Symmetry Al %2 Al %2

C o e f f i c i e n t s
H (l) -0 .0356 0.0058 -0 .0282 0.0056 0.0451 0.0045
H(2) -0 .0689 -0 .0188 -0 .0 7 3 4 -0 .0177 -0 .0 3 8 4 0.0002
n (3 ) -0 .0 0 3 2 0.0166 -0 .0035 0.0162 0.0346 0.0265
H (10) 0.0360 -0 .0260
H ( l l ) 0.0439 -0 .0065
H (12) -0 .0460 0.0000
11(13) 0.0271 0.0053 0.0251 0.0052 0.0008 -0 .0002
11(16) 0.0023 -0 .0006
C ( l , ê ) -0 .0 5 1 2 0 .0 -0 .0 4 7 3 -0 .0027 -0 .0427 0 .0
C (2 ,s ) 0 .0273 0.0346 0.0268 0.0341 0.0201 0.0350
C (3 ,s ) 0.0044 0.0056 0.0055 0.0048 -0 .0 2 4 1 -0 .0143
C (9 ,s ) -0 .0 2 2 8 0.0144
C (1 0 ,s ) 0 .0208 -0 .0355
C ( l l , s ) 0.0830 0 .0 0.0781 0.0004 0.0727 0 .0
0 ( 1 3 , s ) -0 .0 1 4 2 0 .0 -0 .0139 -0 .0002 -0 .0 1 3 5 0 .0
C ( l ,x ) -0 .1 4 7 7 0 .0 -0 .1259 0.0 -0 .1 0 2 4 0 .0
C (2 ,x ) 0.0620 0.0551 0.0570 0.0541 0.0452 0.0517
C (3 ,x ) -0 .0 5 4 4 -0 .0168 -0 .0506 -0 .0161 -0 .0 1 0 7 -0 .0134
C (9 ,x ) -0 .0 1 9 3 0.0131
C (10 ,x) 0.0513 -0 .0528
0 ( 1 1 , x) 0.3442 0 .0 0.3425 -0 .0060 0.3402 0 .0
0 ( 1 3 , x) -0 .3 8 0 0 0 .0 -0 .3766 0.0043 -0 .3725 0.0
0 ( 1 , y) 0 .0 0.0735 -0 .0049 0.0801 0 .0 0.0867
0 ( 2 , y) -0 .0691 -0 .0919 -0 .0667 -0 .0909 -0 .0 7 5 7 -0 .0925
0 ( 3 , y) -0 .0 2 8 8 0.0071 -0 .0300 0.0085 0.0237 0.0120
0 ( 9 , y) -0 .0207 0.0117
0 ( 1 0 ,y) 0.0783 -0 .0936
0 ( 1 1 ,y) 0 .0 -0 .6071 -0 .0 1 4 2 -0 .6052 0 .0 -0 .6035
0 ( 1 3 , y) 0 .0 0.4081 0.0143 0.4077 0 .0 0.4075
0 ( 1 , y) -0 .2 5 1 3 0 .0 -0 .2604 0.0064 -0 .2 6 9 8 0.0
0 ( 2 , z) 0.0836 0.0625 0.0851 0.0615 0.0865 0.0725
0 ( 3 ,2 ) -0 .0336 0.0310 -0 .0327 0.0316 -0 .0 7 8 5 -0 .0338
0 ( 9 , z) -0 .0749 0.0353
0 ( 1 0 , z) 0.0839 -0 .0737
0 (1 1 ,2 ) 0.2236 0 .0 0.2303 -0 .0065 0.2370 0.0
0 (1 3 ,2 ) -0 .2 2 1 1 0 .0 -0 .2 2 7 3 0.0048 -0 .2335 0 .0
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TABLE 56

MO COEFFICIENTS OF n AND "^^*(00) ORBITALS 

BY THE CNDO/2 METHOD

FOR I AND I I

M olecule I I I
MO n ni*(C 0) n %1*(C0)
Energy (eV) -10 .2 0 4 0 .304 -10 .262 0.260
Cg Symmetry A' A' A' A'

C o e f f i c i e n t s
H (l) -0 .0 3 2 8 -0 .0045 -0 .0137 0.0057
H(2) 0 .0882 0 .0311 0.0100 -0 .0 1 5 7
H(3) -0 .0 0 1 5 -0 .0 0 2 5 -0 .0217 0.0117
H(17) -0 .0 4 1 1 0.0632 -0 .0435 -0 .0639
C ( l , s ) 0.0626 0.0009 0.0664 0.0006
C (2 ,s ) -0 .0 1 4 8 -0 .0 4 7 8 -0 .0147 0.0540
C (3 ,s ) -0 .0 0 3 8 -0 .0 0 0 2 0.0238 -0 .0196
C ( l l , s ) -0 .0 9 0 1 -0 .0 0 0 8 -0 .0902 0.0006
0 ( 1 3 , s ) -0 .0 0 3 8 0.0004 -0 .0038 -0 .0 0 0 4
C ( l ,x ) 0 .0083 0.0015 0.0057 0.0002
C (2,x) -0 .0 1 2 8 -0 .0 2 9 8 -0 .0157 0.0245
C (3 ,x) 0 .0092 -0 .0 0 4 3 -0 .0055 0.0116
C ( l l , x ) -0 .3035 -0 .0 0 2 8 -0 .2067 0.0054
0 ( 1 3 ,x) 0 .4071 0.0035 0.4172 -0 .0059
c(i,y) -0 .0219 -0 .0 3 2 2 -0 .0198 0.0337
C (2 ,y) 0.0352 0.0360 0.0512 -0 .0 3 1 3
C (3 ,y) -0 .0 3 7 3 0.0046 -0 .1 1 8 4 0.0110
C ( l l , y ) -0 .0 0 2 7 0 .5267 -0 .0056 -0 .5261
0 (1 3 ,y ) 0.0081 -0 .4 5 9 0 0.0223 0.4590
C ( l , z ) 0 .2284 0.0050 0.2335 -0 .0 0 8 6
C (2 ,z ) -0 .0 9 2 3 -0 .0 1 9 0 -0 .0470 0.0358
C (3 ,z ) 0.1482 -0 .0 3 1 4 -0 .0146 -0 .0 1 6 4
C ( l l , z ) -0 .1 7 1 4 -0 .0030 -0 .1751 0.0057
0 ( 1 3 , z) 0 .3222 0.0025 0.3324 -0 .0049
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TAULE 57

MO COEFFICIENTS OF n AND n^*(CO) ORBITALS FOR III AND IV

BY THE CNDO/2 METHOD

Molecule
MO
Energy (eV) 
Cg Symmetry

n
-10.264

k '

I I I
TTi*(CO)

0.308
k '

n
-10.242

A'

IV
ïïi*(CO)

0 .297
A '

C o e f f i c i e n t s
H (l) -0 .0078 0.0023 -0 .0270 0 .0000
H(2) 0.0573 0.0286 0.0069 0.0084
H(3) 0.0102 -0 .0139 -0 .0297 -0 .0085
H(13) -0 .0053 0.0263 0.0016 -0 .0039
H(17) -0 .0511 0.0629 -0 .0 5 0 4 0.0632
C ( l , s ) 0.0809 0.0035 0.0771 0.0015
C (2 ,s ) -0 .0171 -0 .0501 -0 .0137 -0 .0534
C (3 ,s ) -0 .0092 -0 .0176 0.0282 0.0195
C ( l l , s ) -0 .0947 -0 .0012 -0 .0926 -0 .0012
0 ( 1 3 , s ) -0 .0046 0.0004 -0 .0042 0.0002
0 ( 1 , x) 0.0057 0.0013 0.0047 0.0016
0 ( 2 , x) -0 .0119 -0 .0300 -0 .0 1 3 2 -0 .0286
0 ( 3 , x) 0.0101 0.0040 0.0003 -0 .0 0 7 1
0 ( l l , x ) -0 .3107 -0 .0009 -0 .3 1 0 1 -0 .0 0 3 2
0 ( 1 3 ,x) 0.4254 0.0021 0.4231 0.0039
0 ( l , y ) -0 .0001 -0 .0300 -0 .0050 -0 .0 3 1 8
C (2 ,y) 0.0266 0.0354 0.0344 0 .0331
C (3 ,y) 0.0132 -0 .0100 -0 .0233 -0 .0046
0 (1 1 ,y) -0 .0020 0.5269 -0 .0033 0.5256
0 ( 1 3 ,y) 0.0069 -0 .4578 0.0154 -0 .4599
0 ( 1 , x) 0.2267 0.0030 0.2304 0.0044
0 ( 2 , z) -0 .0636 -0 .0 2 6 8 -0 .0624 -0 .0 3 2 6
0 ( 3 , z) 0.0199 -0 .0199 0.0466 0.0268
0 ( 1 1 ,z) -0 .1722 -0 .0005 -0 .1 7 5 1 -0 .0 0 2 7
0 ( 1 3 ,z) 0.3372 0.0007 0.3363 0.0029


