
I n p r e s e n t i n g t h e d i s s e r t a t i o n as a p a r t i a l f u l f i l l m e n t o f 
t h e r e q u i r e m e n t s f o r an advanced d e g r e e from t h e G e o r g i a 
I n s t i t u t e o f T e c h n o l o g y , I a g r e e t h a t t h e L i b r a r y o f t h e 
I n s t i t u t e s h a l l make i t a v a i l a b l e f o r i n s p e c t i o n and 
c i r c u l a t i o n i n a c c o r d a n c e w i t h i t s r e g u l a t i o n s g o v e r n i n g 
m a t e r i a l s o f t h i s t y p e . I a g r e e t h a t p e r m i s s i o n t o copy 
f rom, o r t o p u b l i s h f rom, t h i s d i s s e r t a t i o n may be g r a n t e d 
by t h e p r o f e s s o r under whose d i r e c t i o n i t was w r i t t e n , o r , 
i n h i s a b s e n c e , by t h e Dean o f t h e Gradua te D i v i s i o n when 
such c o p y i n g or p u b l i c a t i o n i s s o l e l y f o r s c h o l a r l y p u r p o s e s 
and does n o t i n v o l v e p o t e n t i a l f i n a n c i a l g a i n . I t i s u n d e r ­
s t o o d t h a t any c o p y i n g f rom, o r p u b l i c a t i o n o f , t h i s d i s ­
s e r t a t i o n wh ich i n v o l v e s p o t e n t i a l f i n a n c i a l g a i n w i l l n o t 
be a l l o w e d w i t h o u t w r i t t e n p e r m i s s i o n . 

7/25/6Q 
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SUMMARY 

The electronic structure of square-planar copper (IE) and nickel(II) complexes 

has been studied using spectral and magnetic methods. The study has concentrated 

attention on complexes using a simple saturated amine, 1, 5-diazocyclooctane, as 

the ligand and then the results have been related to more complicated systems. 

2 
The bis (DACO)copper(II) perchlorate dihydrate was found to have a 

2 2 2 ground state. The excited states, B n , E , and A , , are found to be at 18.2, 2g' g' l g ' 

20.8, and 23. 8 kK above the ground state. This order corresponds to the d orbitals 

having an energy order d 2_ 2 > d > d , d >d 2 just as predicted by crystal 
"x. y ^ ^ y - X z y ^ ^ 

field theory for complexes with no z axis interaction. 

The bis(DACO)nickel(II) perchlorate dihydrate complex is found to have a 

^A . ground state. The excited states ^B., , "̂ A^ , and *E excited states are 
l g l g 2g' g 

found to be 23.7, 22.3, and 21. 6 kK above the ground state. Ligand field calcula­

tions indicate that the three excited states are of very nearly the same energy. 

Because of the resemblance of solution and solid state spectra of other square-

planar amine complexes, the electronic structure of these complexes must be 

very nearly the same as that assigned above. The one absorption band observed 

in the visible spectra of these complexes must therefore correspond to electronic 

transitions f rom the ground state to the three excited states. 

Several other conclusions were made. Because of the order of the levels 

and the relatively small shift of the absorption band in various solvents, the 



ix 

electron-electron interaction must be very important in the nickel(II) complexes. 

Because of the relatively high temperature independent paramagnetism of the 

nickel(II) complexes, there must be considerable mixing between triplet and 

singlet states. The best description of the square-planar complexes is that 

there is a relatively strong interaction with the d ^ ^2 and the other levels 

are only influenced by the electrostatics of the field. 



C H A P T E R I 

I N T R O D U C T I O N 

The n a t u r e o f the e l e c t r o n i c s t r u c t u r e o f o c t a h e d r a l c o m p l e x e s o f t r a n s i t i o n 

m e t a l c o m p l e x e s i s now f a i r l y w e l l u n d e r s t o o d . On the o t h e r hand , the a n a l y s i s 

i s l e s s c o m p l e t e f o r s q u a r e - p l a n a r o r h i g h l y t e t r a g o n a l c o m p l e x e s . 

The t h e o r e t i c a l a n a l y s i s o f the s q u a r e - p l a n a r c o m p l e x e s has been a l o n g 

the l i n e s o f the l i g a n d f i e l d (1) and m o l e c u l a r o r b i t a l (2) a p p r o a c h e s . G r a y (2) 

has used the m o l e c u l a r o r b i t a l a p p r o a c h to d e r i v e a g e n e r a l e n e r g y l e v e l d i a g r a m 

f o r the s q u a r e - p l a n a r t r a n s i t i o n a l m e t a l c o m p l e x e s . The c r y s t a l f i e l d a p p r o a c h 

b y M a k i (1) i s s p e c i f i c a l l y f o r the nickel(n) i o n . The c r y s t a l f i e l d a p p r o a c h f o r 

the c o p p e r ( I I ) i o n i s not c o m p l i c a t e d and has been g i v e n b y m a n y a u t h o r s ( 3 , 4 ) . 

L e t us b r i e f l y e x a m i n e the r e s u l t s o f the above m e n t i o n e d w o r k . The c o n ­

v e n t i o n o f G r a y (2) t h a t the m e t a l i o n i s p o s i t i o n e d at the c e n t e r o f the c a r t e s i a n 

c o o r d i n a t e s y s t e m w i l l be u s e d . The f o u r l i g a n d d o n o r a t o m s i n the x y p lane a r e 

l o c a t e d o n the x and y_ axes as shown i n F i g u r e 1 . 

I n the c r y s t a l f i e l d a p p r o a c h , the l i g a n d s a r e c o n s i d e r e d t o be p o i n t c h a r g e s 

o r d i p o l e s . The l i g a n d f i e l d due to the p o i n t c h a r g e s o r d i p o l e s s p l i t s the d e g e n e ­

r a t e s u b s h e l l i n t o f o u r s t a t e s . I n l i g a n d f i e l d s o f D ^ s y m m e t r y the d 2 2 o r b i t a l 

o f b s y m m e t r y has i t s lobes d i r e c t e d t o w a r d s the l i g a n d s and i s l e s s s tab le because 

o f the e l e c t r o s t a t i c e f f e c t s . The d o r b i t a l o f b s y m m e t r y has i t s l o b e s i n the 

same p lane but be tween the l i g a n d s , w h i l e the d and d o r b i t a l s o f e s y m m e t r y 
x z y z ^ 



2 

F i g u r e 1. The D e f i n i t i o n o f the G e o m e t r y of Square P l a n a r C o m p l e x e s . 

a r e l o c a t e d above and b e l o w the p l a n e . The d z 2 o r b i t a l o f a s y m m e t r y has i t s 

l a r g e lobe d i r e c t e d a l o n g the z a x i s w i t h a s m a l l e r lobe i n the x y p l a n e . On the 

b a s i s of p u r e l y e l e c t r o s t a t i c i n t e r a c t i o n s the o r d e r of the e n e r g y l e v e l s i s D ^ g > 

b „ > e w i t h the a„ l e v e l b e i n g l o w e r t h a n the b „ but i t s p o s i t i o n r e l a t i v e t o 
2g g l g l g 

the b and e l e v e l s b e i n g u n c e r t a i n . I f the i n t e r a c t i o n w i t h the lobe i n the x y 

p lane i s s m a l l t h e n the a l e v e l shou ld be o f l o w e s t e n e r g y . 

D i v a l e n t c o p p e r has the e l e c t r o n i c c o n f i g u r a t i o n of the a r g o n s u b s h e l l p l u s 

2 

n ine 3 d e l e c t r o n s . The f r e e i o n has a D g round s t a t e . I m p o s i n g an e l e c t r o s t a t i c 

f i e l d c o m p o s e d of n e g a t i v e i o n s o r d i p o l e s w i t h n e g a t i v e ends p o i n t i n g a t the c e n t r a l 

m e t a l a t o m a l l o f whose o r b i t a l s e x c e p t one a r e f i l l e d i s e q u i v a l e n t t o the case 

w h e r e one p o s i t r o n o c c u p i e s the same o r b i t a l s . T h r o u g h t h i s t h e s i s , the c o n v e n t i o n 
8 9 

w i l l be u s e d t h a t the d and d s u b s h e l l w i l l be t r e a t e d as the m u c h s i m p l e r t w o and 
one p o s i t r o n c a s e . The a r g u m e n t s made above f o r the d o r b i t a l s a r e e n t i r e l y 

2 
analogous t o those f o r the D s ta te ( 4 ) . T h e n depend ing u p o n t h e d e g r e e o f 



3 

2 
e l e c t r o s t a t i c i n t e r a c t i o n w i t h the A s ta te the f o l l o w i n g p o s s i b l e e n e r g y s ta te 

sequences of the c o p p e r ( I I ) i o n m a y a r i s e : 

2 2 A 2 2 
a) B 1 < A < B < E 

I g i g 2g g 

2 2 2 A 2 
b) B 1 < B Q < A 1 < E 

I g 2g l g g 

2 2 2 2 
c) B < B < E < A 1 l g a 2 g g l g 

8 3 

D i v a l e n t n i c k e l has the e l e c t r o n i c c o n f i g u r a t i o n o f [ A ] (3d) and has a F 

1 1 1 3 
g r o u n d sta te w i t h D, G, S and P e x c i t e d s t a t e s . I m p o s i n g a s q u a r e - p l a n a r f i e l d 
on the c e n t r a l i o n w i l l r e m o v e some of the d e g e n e r a c y o f the f r e e i o n s t a t e s . 

3 
A c c o r d i n g to the "weak f i e l d " a p p r o a c h (1) the F g r o u n d sta te w i l l be s p l i t i n t o 

3 3 3 3 1 1 1 1 
A 0 , B., , B n and t w o E s t a t e s ; the D s ta te i n t o A., , B., , E , and 

2 g ' l g ' 2g g l g ' l g g ' 
1 3 3 3 1 1 1 

B n s t a t e s ; the P i n t o A 0 and E ; the G i n t o t w o A., s t a t e s , t w o E s t a t e s , 
2g 2g g l g g 

one * A _ s t a t e , one "'"B- s ta te and one ^"Bn s ta te w h i l e the *S w i l l be u n s p l i t . 
2g l g 2g 

The c a l c u l a t i o n o f the e n e r g y of these l e v e l s r e l a t i v e t o the f r e e i o n g r o u n d sta te 

was m a d e u s i n g the e f f e c t i v e i n t e r e l e c t r o n d i s t a n c e , d i p o l e m o m e n t and p o i n t 

c h a r g e s as p a r a m e t e r s . The i n t e r e l e c t r o n d i s t a n c e i s d e f i n e d as the d i s t a n c e 

f r o m the e f f e c t i v e l o c a t i o n of the e l e c t r o n p a i r of the l i g a n d to the e f f e c t i v e l o c a ­

t i o n of the d s u b s h e l l . The r e s u l t s r e v e a l t h a t a t r e l a t i v e l y s h o r t i n t e r e l e c t r o n 

d i s t a n c e s , h i g h d i p o l e m o m e n t s and p o i n t c h a r g e s , the g r o u n d sta te b e c o m e s a 

s i n g l e t g r o u n d s t a t e , but no c o n c l u s i o n s c o u l d be r e a c h e d as t o the e n e r g y of the 

e x c i t e d s i n g l e t s t a t e s . T h i s i s t r u e because the e n e r g y of the e x c i t e d s ta tes r e l a ­

t i v e t o the g r o u n d sta te i s h i g h l y dependent o n the v a l u e s of the p a r a m e t e r s . 
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A n o t h e r t h e o r e t i c a l a p p r o a c h t o t h e e l e c t r o n i c s t r u c t u r e i s t h e m o l e c u l a r 

o r b i t a l a p p r o a c h a s o u t l i n e d b y G r a y ( 2 ) . E a c h l i g a n d i s a s s u m e d t o h a v e a v a l ­

e n c e o r b i t a l d i r e c t e d t o w a r d s t h e m e t a l . T h e l i g a n d m a y a l s o h a v e t w o e q u i v a l e n t 

v a l e n c e o r b i t a l s w h i c h a r e p a r a l l e l (77^ o r b i t a l ) a n d p e r p e n d i c u l a r (ir_^ o r b i t a l ) t o 

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

t a l s ; f i v e 3 d f s , o n e 4 s , a n d t h r e e 4 p ' s . T h e m e t a l o r b i t a l s u s e d i n f o r m i n g a 

m o l e c u l a r o r b i t a l s a r e t h e 3 d 2 2 , 4 p , 4 p a n d a c o m b i n a t i o n o f t h e 3 d 2 a n d 

- y -^x —z 

4 s . T h e m e t a l o r b i t a l s u s e d i n TT b o n d i n g a r e d i v i d e d i n t o t h r e e g r o u p s . T h e " i n -

p l a n e " TRBONDING o c c u r s t h r o u g h t h e d a n d f o u r 77 LIGAND o r b i t a l s , t h e " t r a n s " 

ir b o n d i n g o c c u r s t h r o u g h t h e 3 d a n d 3 d w i t h t h e TT l i g a n d o r b i t a l s a n d t h e " r i n g " 

"**!xz y ^ 
TT s y s t e m b o n d s t h r o u g h t h e 4 p o r b i t a l w i t h t h e f o u r 77 l i g a n d o r b i t a l s . I n a d d i t i o n 

—z 
t o t h e t h r e e m a j o r tt s y s t e m s , t h e 4 p a n d 4 p o r b i t a l s e a c h i n t e r a c t w i t h t w o TT 

—x —y 

o r b i t a l s . T h e e n e r g y l e v e l s c h e m e a c c o r d i n g t o G r a y i s g i v e n i n F i g u r e 2 . T h e 

s t a b l e l e v e l s w i l l b e m a i n l y l o c a t e d o n t h e LIGAND a n d t h e s e a r e t h e a a n d TRBONDING 

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

h i g h e r e n e r g y . T h e e x a c t o r d e r i n g o f t h e s e l e v e l s i s n o t k n o w n a n d t h e o r d e r g i v e n 

r e f l e c t s t h e v i e w s o f G r a y (2 ) c o n c e r n i n g t h e s q u a r e - p l a n a r h a l i d e s a n d c y a n i d e s . 

T h e m o l e c u l a r o r b i t a l d i a g r a m s h o w n i n F i g u r e 2 i s a g e n e r a l d i a g r a m f o r 

s q u a r e - p l a n a r c o m p l e x e s o f t r a n s i t i o n m e t a l c o m p l e x e s . I n t h e c a s e o f n i c k e l ( I I ) 

t h e g r o u n d s t a t e h a s a l l l e v e l s f i l l e d u n t i l t h e d 2 2 w h e r e o n e e l e c t r o n r e s i d e s . 

- x - y 

A c c o r d i n g t o t h i s d i a g r a m t h r e e t y p e s o f t r a n s i t i o n s t o e x c i t e d s t a t e s m a y o c c u r ; 

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

l o w i n t e n s i t y ; a n d t h e L a p o r t e a l l o w e d " c h a r g e t r a n s f e r " t r a n s i t i o n s w h i c h m a y b e 

f r o m t h e l i g a n d b o n d i n g o r b i t a l s t o t h e d o r b i t a l s o r f r o m t h e d o r b i t a l s t o t h e 
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METAL 
ORBITALS 

MOLECULAR 
ORBITALS 

LIGAND 
ORBITALS 

S t r o n g l y 
A n t i ^ o n d i n g 

TT 

A 

B o n d i n g , 
Nonbondlng 

TT 

Bonding 

F i g u r e 2 . S imp le Energy L e v e l Soheme f o r S q u a r e - p l a n a r 
Complexes • (The d iag ram i s o n l y an a t t e m p t t o 
show t h e t y p e s o f t r a n s i t i o n s t h a t may o c c u r * 
The b roken l i n e s a r e an a t t e m p t t o c o r r e l a t e 
t h e m o l e c u l a r o r b i t a l s t o t h e o r g i n o f t h e i r 
dominate o h a r a o t e r . The d x 2 . y 2 m o l e c u l a r o r b i t a l 
i s r e a l l y a o r b i t a l , w h i l e a l l o f t h e o t h e r 
d o r b i t a l s may be r r* # ) 
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l i g a n d a n t i b o n d i n g o r b i t a l s ( 4 ) . T h e r e a s o n t h a t o n e s p e a k s o f t h e m o l e c u l a r 

o r b i t a l s a s b e i n g e i t h e r l i g a n d o r m e t a l o r b i t a l s i s t h a t a g r e a t d e a l o f m i x i n g o f 

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

e x a m i n i n g t h e e l e c t r o n e u t r a l i t y p r i n c i p l e . I f o n e s t a r t s w i t h a f r e e m e t a l i o n o f 

c h a r g e 2 + o n e e x p e c t s t h a t t h e l i g a n d s y s t e m w o u l d t r a n s f e r t w o e l e c t r o n s t o t h e 

m e t a l i o n . I f a s e t o f c r - t y p e b o n d m o l e c u l a r o r b i t a l s c o n t a i n m o r e t h a n 2 5 p e r 

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

b e c o m e n e g a t i v e . C o n s e q u e n t l y t h e m e t a l o r b i t a l s r e m a i n m o s t l y m e t a l o r b i t a l s , 

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

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

p l a n a r c o m p l e x e s i s t o s t a r t w i t h t h e m o s t s i m p l e c a s e s a n d t h e n m a k e e x t e n s i o n s 

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

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

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

by one. F r o m the molecular orbital approach w e see that there are severa l ways 

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

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

t a l s i n t h e c o m p l e x . F u r t h e r m o r e , i f l i g a n d s y s t e m s a r e u s e d w h i c h h a v e n o a t o m i c 

* 

o r b i t a l s o r m o l e c u l a r o r b i t a l s c a p a b i l e o f f o r m i n g TTor 77 t y p e m o l e c u l a r o r b i t a l s 

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

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

f i e l d t h e o r y k n o w n a s l i g a n d f i e l d t h e o r y . 

A t t h e t i m e o f t h e u n d e r t a k i n g o f t h i s s t u d y t h e r e w e r e n o l i g a n d s y s t e m s 
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known which met the above descr ip t ion . The square -p lanar complexes of s a l i c y l a l d -

iminate (5, 6) anion could cer ta in ly not be c l a s s i f i e d as having D ^ s y m m e t r y . The 

four coordinate sys tems containing phosphorous (7) and sulfur (8) a re compl icated 

by the fact that there may be mixing with the low-ly ing empty d l eve ls of the l igands . 

Quinoline and pyridine heterocycl ic r ing sys tems often y ie ld complexes of square -

planar structure (9) but these sys tems are compl icated by possible interact ion with 

the Trelectron s y s t e m s . Porphyr ins (10) and phthalocyanines (11) have a high de ­

gree of conjugation and are a lso undesirable for the same r e a s o n . 

Square -p lanar complexes composed of saturated amine l igands where there 

i s no conjugation or resonance are ideal s y s t e m s for our study. The problem, 

though, i s that coordination with most amines does not stop at four but proceeds 

to octahedral or s ix coordinat ion. L imi t ing the rat io of amine to metal in the r e ­

action solution to the proper rat io for four coordination may produce a product that 

has the cor rec t amine to metal rat io , but then the other two posit ions of the octa ­

hedron or distorted octahedron may be occupied by solvent mo lecu les , anions or 

coordinated metal atom (that i s , a metal to metal interaction). The way that in te r ­

action along the z ax is i s prevented i s by blocking the z ax ia l posit ions with non-

coordinating methyl or methylene group of saturated a m i n e s . We must requi re 

that nonbonding interact ion of these groups with s i m i l a r groups within the l igand 

or other l igands coordinated to the centra l metal ion be m i n i m a l . If such an in ter ­

action i s great i n our models , then the complexes are expected not to be stable or 

to undergo some type of distort ion and lower the l igand f ield symmet ry f rom 

The model studies revealed that a sat isfactory sys tem i s that of b i s ( l , 5-
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diazacyclooctane) nickel(II) and copper(II) perchlorate. The perchlorate anion 

was chosen since it is known to have very little tendency to coordinate as compared 

to the halides and nitrates. At the time of undertaking of this study the above men­

tioned complexes had not been reported. Musker and Hussian (9) published the 

preparation and some of the characteristics of these compounds several months 

after we began work on the preparation and their work confirmed our predictions 

of a square-planar structure. 

In our study the following approach was used. First a series of complexes 

which are believed to be four coordinate were prepared. These were characterized 

using standard chemical, spectral, and magnetic analyses. The solution and solid 

spectra of these complexes were investigated in hopes that shifts in bands indicative 

of solvent interaction would be observed. Single crystal polarized spectra were 

investigated with the hope that additional assignments could be made. Finally, the 

magnetic properties were examined as a function of temperature with the hope that 

the nature of the ground state might be understood. 

Another portion of the study outlined in Chaper IV is concerned with a ligand 

field calculation for the square-planar nickel(H) complex. In this calculation Maki's 

(1) crystal field approach is modified by making allowance for some covalent bond­

ing and that the parameters are related to the observed spectra of the copper(II) 

complex. In Chapter V the phases of the studies are organized and conclusions 

are made as to the nature of the electronic structures of the square-planar nickel(II) 

and copper(II) complexes. 
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C H A P T E R I I 

E X P E R I M E N T A L 

P r e p a r a t i o n o f C o m p l e x e s 

1 , 5 - D i a z o c y c l o o c t a n e 

T w o m e t h o d s f o r the p r e p a r a t i o n o f 1 , 5 - d i a z a c y c l o o c t a n e (DACO) have 

been r e p o r t e d i n the l i t e r a t u r e (13, 14) . 

T e r e n t ' e v , K o s t , and C h u r s i n a have p r e p a r e d D A C O by the r e a c t i o n o f 

1 , 3 - p r o p a n e d i a m i n e w i t h a c r y l o n i t r i l e f o l l o w e d by r e d u c t i o n . A c r y l o n i t r i l e (53 . Og) 

was s l o w l y added to 76 . 0 g o f 1 , 3 - p r o p a n e d i a m i n e . The t e m p e r a t u r e was m a i n t a i n e d 

a t 40 to 4 5 ° d u r i n g the a d d i t i o n and the s o l u t i o n was then hea ted f o r t w o h o u r s at 

1 0 0 ° . The s o l u t i o n was r a p i d l y d i s t i l l e d u n d e r r e d u c e d p r e s s u r e ( a p p r o x i m a t e l y 

25 m m ) and the f r a c t i o n c o n t a i n i n g H N ( C H ) N H - C H C H C N b o i l i n g a t 115° C 
Li Li O Ll Li 

was c o l l e c t e d . T h i s f r a c t i o n was r e d u c e d w i t h a s o l u t i o n o f 75 g o f s o d i u m i n 1250 

m i s o f n - b u t y l a l c o h o l . S team d i s t i l l a t i o n p r o d u c e d a m i x t u r e o f w a t e r , n - b u t y l 

a l c o h o l , and D A C O . A d d i t i o n o f h y d r o c h l o r i c a c i d and d r y i n g by m e a n s o f a r o t a ­

t o r y v a c u u m s y s t e m p r o d u c e i m p u r e D A C O - 2 H C 1 i n l o w y i e l d . 

B u h l e , M o o r e , and W i s e l o g e (14) r e p o r t t ha t D A C O can be p r e p a r e d by the 

r e a c t i o n o f h y d r a z i n e and 1 , 3 - d i b r o m o p r o p a n e i n an 95% e thano l s o l u t i o n f o l l o w e d 

by r e d u c t i o n . A 3 3 . 4 g s a m p l e o f 95% h y d r a z i n e and 250 m l o f 95% e thano l w e r e 

p l a ce d i n a 2 l i t e r , 3 necked f l a s k p r o v i d e d w i t h a m e c h a n i c a l s t i r r e r , r e f l u x c o n ­

d e n s e r and d r o p p i n g f u n n e l . A 101 g p o r t i o n o f 1 , 3 - d i b r o m o p r o p a n e was added t o 
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t h e g e n t l y r e f l u x i n g s o l u t i o n o v e r a p e r i o d o f 2 . 5 h o u r s . T h e m i x t u r e w a s c o o l e d 

a t 0 ° f o r s e v e r a l h o u r s a n d t h e c r y s t a l l i n e h y d r a z i n e m o n o h y d r o b r o m i d e w a s 

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

5 0 m l o f b e n z a l d e h y d e . T h e c r y s t a l l i n e b e n z a l d a z i n e w a s f i l t e r e d a n d t h e filtrate, 

d i l u t e d w i t h 2 0 0 m i s o f w a t e r , w a s e x t r a c t e d w i t h 2 0 0 m i s o f e t h e r . R e m o v a l o f 

t h e s o l v e n t f r o m t h e a q u e o u s l a y e r l e f t a r e s i d u e o f s a l t . D i g e s t i o n w i t h a b s o l u t e 

a l c o h o l l e f t t h e D A C O - 2 H B r . 

W e a t t e m p t e d t o u s e t h e m e t h o d o f T e r e n t ' e v , K o s t , a n d C h u r s i n a ( 1 3 ) , b u t 

f o u n d t h a t t h e y i e l d w a s e x t r e m e l y l o w . A l t h o u g h t h e m e t h o d o f B u h l e , M o o r e , a n d 

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

d i d n o t r e q u i r e a n y r e d u c t i o n u s i n g s o d i u m m e t a l . H e n c e t h e l a t t e r m e t h o d w a s 

u s e d t o p r e p a r e a l a r g e p e r c e n t a g e o f t h e D A C O H B r u s e d . T h e p u r e a m i n e w a s 

p r o d u c e d b y t h e t r e a t m e n t o f a s a t u r a t e d s o l u t i o n o f D A C O » 2 H B r w i t h s o d i u m 

h y d r o x i d e . T h e D A C O l a y e r w a s r e m o v e d a n d d i s t i l l e d u n d e r v a c u u m . T h e d e c o m ­

posit ion point of D A C 0 2 H C 1 agreed with the one reported b y T e r e n t ' e v , K o s t and 

C h u r s i n e ( 2 5 0 ° a s c o m p a r e d t o a r e p o r t e d v a l u e o f 2 7 0 ° ) . 

B i s ( 1 , 5 - D i a z o c y l o o c t a n e ) N i c k e l ( I I ) a n d C o p p e r ( I I ) P e r c h l o r a t e 

T h e h y d r a t e d c o m p l e x e s w e r e p r e p a r e d b y m i x i n g 9 5 % e t h a n o l s o l u t i o n s 

c o n t a i n i n g 2 : 1 s t o i c h i o m e t r i c q u a n t i t i e s o f t h e a m i n e a n d t h e m e t a l p e r c h l o r a t e . 

T h e p r e c i p i t a t e d c o m p l e x e s w e r e i s o l a t e d b y f i l t r a t i o n , w a s h e d w i t h 9 5 % e t h a n o l , 

r e c r y s t a l l i z e d f r o m 9 5 % e t h a n o l , a n d d r i e d i n a d e s i c c a t o r . T h e a n h y d r o u s c o m ­

p l e x e s w e r e p r e p a r e d b y h e a t i n g h y d r o u s c o m p l e x e s a t 1 0 0 ° u n d e r a h i g h v a c u u m . 

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



1 1 

M u s k e r a n d H u s s a i n ( 1 2 ) . 

T h e g r a v i m e t r i c a n a l y s i s o f [ N i ( D A C O ) ( H 0 ] ( C I O ) u s i n g d i m e t h y l -

g l y o x i m e i n d i c a t e s 1 1 . 5 % n i c k e l a s c o m p a r e d t o a c a l c u l a t e d v a l u e o f 1 1 . 3 % . 

E l e c t r o l y s i s o f a c i d s o l u t i o n s o f t h e c o p p e r c o m p l e x i n d i c a t e s 1 2 . 4 % c o p p e r a s 

c o m p a r e d t o a c a l c u l a t e d v a l u e o f 1 2 . 1 % . 

1 , 5 , 9 . 1 3 - T e t r a a z a - 2 , 4 , 4 , 1 0 , 1 2 , 1 2 - h e x a m e t h y l c y c l o h e x a d e c a - 1 , 9 - d i e n e n i c k e l ( I I ) 

P e r c h l o r a t e ( N i T A H D ( C 1 0 ) ) 

T h e p r o c e d u r e f o l l o w e d w a s o n e o u t l i n e d b y C u r t i s a n d c o w o r k e r s ( 1 5 ) . 

T r i s - ( 1 , 3 - p r o p a n e d i a m i n e ) n i c k e l ( I I ) p e r c h l o r a t e ( 2 0 g ) w a s d i s s o l v e d i n a c e t o n e 

( 1 0 0 m i s ) a n d a l l o w e d t o s t a n d a t r o o m t e m p e r a t u r e i n a s t o p p e r e d f l a s k . A f t e r 

s e v e r a l d a y s , o r a n g e c r y s t a l s o f [ N i ( T A H D ) ] ( C 1 0 ) w e r e f o r m e d o n t h e w a l l s o f 

t h e f l a s k . A f t e r a w e e k , t h e s o l u t i o n w a s d e c a n t e d a n d t h e s o l i d w a s w a s h e d w i t h 

h o t e t h a n o l . R e c r y s t a l l i z a t i o n f r o m h o t w a t e r g a v e o r a n g e c r y s t a l s o f [ N i ( T A H D ) ] 

( C l O ^ w h i c h w e r e d r i e d i n a v a c u u m d e s i c c a t o r . A n a l y s i s o f t h e c o m p l e x i n d i ­

c a t e d 9 . 9 % n i c k e l a s c o m p a r e d t o c a l c u l a t e d 1 0 . 4 % . T h e v i s i b l e a n d u l t r a v i o l e t 

s p e c t r a a g r e e w i t h t h o s e r e p o r t e d b y H o u s e a n d C u r t i s ( 1 6 ) . T h e i n f r a r e d s p e c t r a 

i n d i c a t e s t h e a b s e n c e o f t h e b r o a d t r a n s i t i o n c h a r a c t e r i s t i c o f w a t e r a n d t h e p r e ­

s e n c e o f a b s o r b a n c e i n d i c a t i v e o f p e r c h l o r a t e s w i t h T ^ s y m m e t r y ( 1 7 ) . T h i s i n d i ­

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

1 , 5 , 9 , 1 3 - T e t r a a z a - 2 , 4 , 4 , 1 0 , 1 2 , 1 2 - h e x a m e t h y l c y c l o h e x a d e c a n e n i c k e l ( I I ) P e r c h l o r a t e 

( N i ( T A H ) ( C 1 0 4 ) 2 ) 

A p p r o x i m a t e l y 10 g o f N i ( T A H D ) ( C 1 0 ) a n d 0 . 3 g o f p l a t i n u m o x i d e ( A d a m ' s 

~ r /L 
c a t a l y s t ) w e r e s u s p e n d e d i n w a t e r . T h e s u s p e n s i o n w a s t r e a t e d w i t h h y d r o g e n i n 
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a n a u t o c l a v e a t 5 , 0 0 0 l b s / i n a t r o o m t e m p e r a t u r e . T h e s u s p e n s i o n w a s r e m o v e d 

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

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

T h e i n f r a r e d a b s o r p t i o n s p e c t r a i n d i c a t e s t h e a b s e n c e o f w a t e r a n d c o o r d i n a t i n g 

p e r c h l o r a t e a n i o n s . E l e m e n t a l a n a l y s i s a g r e e s w i t h t h e s t o i c h i o m e t r y N i ( T A H ) 

( C I O ) . C a l c u l a t e d : N i , 1 0 . 3 0 % ; C , 3 8 . 0 5 % ; H , 6 . 4 7 % ; N , 9 . 8 6 % . F o u n d : N i , 

1 0 . 3 0 % ; C , 3 8 . 0 4 % ; H , 6 . 7 9 % ; N , 9 . 6 3 % . 

5 , 5 , 7 , 1 2 , 1 2 , 1 4 , H e x a m e t h y l - 1 , 4 , 8 , 1 1 - t e t r a a z o c y c l o t e t r a d e c a - 1 , 8 - d i e n e -

nicke l (n) P e r c h l o r a t e ( N i ( C T A ) ( C 1 0 4 ) 2 ) a n d 5 , 7 , 7 , 1 2 , 1 4 , 1 4 - H e x a m e t h y l - 1 , 4 , 8 , 

1 1 - t e t r a z o c y c l o t e t r a d e c a - 1 , 5 - d i e n e n i c k e l ( n ) P e r c h l o r a t e ( N i ( C T B ) ( C 1 0 4 ) 2 ) 

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

a n d c o w o r k e r s ( 1 5 ) . O n e h u n d r e d g r a m s o f t r i s d i a m i n o e t h a n e n i c k e l ( I I ) p e r c h l o r a t e 

w a s d i s s o l v e d i n 5 0 0 m i s o f a c e t o n e a n d a l l o w e d t o r e a c t i n a s t o p p e r e d f l a s k o v e r 

a t w o w e e k p e r i o d . T h e t a r r y l i q u i d w a s d e c a n t e d f r o m t h e o r a n g e s o l i d a n d t h e 

s o l i d w a s w a s h e d s e v e r a l t i m e s w i t h h o t e t h a n o l . T h e t w o i s o m e r s w e r e s e p a r a t e d 

b y t a k i n g a d v a n t a g e o f t h e g r e a t e r s o l u b i l i t y o f N i ( C T A ) ( C 1 0 ) i n h o t w a t e r . P u r i t y 

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

r e p o r t e d b y C u r t i s a n d c o w o r k e r s ( 1 5 ) . 

5 , 7 , 7 , 1 2 , 1 4 , 1 4 - H e x a m e t h y l - 1 , 4 , 8 , 1 1 - t e t r a a z o c y c l o t e t r a d e c a n e n i c k e l ( n ) 

P e r c h l o r a t e ( N i ( H T T A ) C 1 0 4 ) 2 ) 

T h e p r e p a r a t i o n o f N i ( C T A ) ( C 1 0 ) h a s b e e n r e p o r t e d i n t h e l i t e r a t u r e b y 
~k Li 

C u r t i s ( 1 5 ) . F i v e g r a m s o f N i ( C T A ) ( C 1 0 ) a n d 0 . 1 g o f A d a m s c a t a l y s t w e r e s u s -

p e n d e d i n 1 5 0 m i s o f w a t e r . T h e s u s p e n s i o n w a s t r e a t e d i n a n a u t o c l a v e w i t h 
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hydrogen at 5000 lbs/in for three days. The suspension was removed from the 

autoclave and heated to boiling. The catalyst was filtered off while the solution 

was hot and then the Ni (HTTA)(C10 ) was allowed to precipitate while the solution 

cooled. The solid was filtered off and dried under vacuum. The infrared spectra 

indicated that no water is present, the C=N bonds have been completely hydro-

genated and that perchlorate groups are not coordinating. The visible spectra and 

magnetic data are in agreement with Curtis's (15) data. 

5, 7, 7,12, 12, 14 - Hexamethyl - 1,4, 8, ll-tetraazocyclotetradecanenickel(II) 

Perchlorate (Ni(HTTB)(C10 ) ) 

The method of preparation for Ni(HTTB)(C10 ) is essentially the same as 

for Ni(HTTA)(C10 ) except that Ni(CTB)(C10 ) was substituted for Ni(CTA) 

(cio 4) 2. 

Bi s- ac ety lac etonatec opper (II) 

The complex was prepared by treating an aqueous solution of copper(II) 

chloride with an excess of 2,4-pentanedione0 The steel blue precipitate was fil­

tered off, washed with ethanol and then recrystallized from hot ethanol. Visible 

spectra of solutions agreed with those reported by Belford, Calvin, and Belford (18). 

Spectra 

Infrared Spectra 

All infrared spectra were obtained using nujol mulls with sodium chloride 

plates. The instruments used were the Perkin Elmer Infracord or 457. 
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V i s i b l e , N e a r I n f r a r e d a n d U l t r a v i o l e t S o l u t i o n S p e c t r a 

T h e v i s i b l e s p e c t r a w e r e r e c o r d e d u s i n g a C a r y 1 4 o r a B e c k m a n D K - 1 . 

T h e m a j o r i t y o f s o l u t i o n s p e c t r a f o r t h e c o p p e r ( H ) c o m p l e x w e r e o b t a i n e d o n t h e 

D K b e c a u s e t h e r a n g e o f i n t e r e s t c o u l d b e o b t a i n e d w i t h o u t c h a n g i n g d e t e c t o r s o r 

t h e l i g h t s o u r c e . O n t h e o t h e r h a n d , t h e s o l u t i o n s p e c t r a f o r t h e n i c k e l ( I I ) c o m ­

p l e x e s w e r e o b t a i n e d u s i n g t h e C a r y 1 4 f o r t h e s a m e r e a s o n . T h e t w o i n s t r u m e n t s 

p r o d u c e d s p e c t r a l d a t a t h a t a g r e e d v e r y w e l l . T h e U V s p e c t r a w e r e o b t a i n e d u s i n g 

t h e i n s t r u m e n t s i n d i s c r i m i n a t e l y . 

O n e - c e n t i m e t e r m a t c h e d q u a r t z c e l l s w e r e u s e d i n a l l c a s e s . T h e b a s e 

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

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

a b s o r p t i o n d u e t o t h e c o m p l e x i o n s . C a r e w a s t a k e n t o a v o i d f r e q u e n c i e s a t w h i c h 

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

s h o w n i n F i g u r e s 3 t h r o u g h 8. 

S i n g l e C r y s t a l V i s i b l e S p e c t r a 

W i t h t h e e x c e p t i o n o f b i s j ( a c e t y l a c e t o n a t e ) c o p p e r ( n ) , s i n g l e c r y s t a l s o f a l l 

c o m p l e x e s p r e p a r e d w e r e v i s u a l l y e x a m i n e d u s i n g a m i c r o s c o p e e q u i p p e d w i t h a n 

o p t i c a l p o l a r i z e r . O f a l l t h o s e e x a m i n e d , o n l y b i s ( D A C O ) n i c k e l ( I I ) a n d b i s ( D A C O ) 

c o p p e r ( I I ) p e r c h l o r a t e s d i h y d r a t e s a p p e a r e d t o b e d i c h r o i c . F u r t h e r m o r e , t h e 

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

p l e x e s . T h e c r y s t a l l i n e h a b i t s o f b o t h o f t h e s e c o m p l e x e s a r e o r t h o r h o m b i c w i t h 

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

t o b e p a r a l l e l t o t h e r e c t a n g u l a r e d g e s . T h e r e c t a n g u l a r f a c e s o f t h e c r y s t a l s 
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F i g u r e k. The Speo t i r am o f 1 , 5 , 9 t l 3 - * « t r a a z a - 2 , 4 , 4 , 1 0 , 1 2 f l a - h e x a m e t h y l o y o l o -

h e x a d e o a - l ^ - d i e n e n l o l w K l I ) P e r c h l o r a t e ( t h e b r o k e n l i n e ) a n d 
1 , 5 , 9 , 1 3 - T e t r a a z a - 2 , ^ , 4 , 1 0 , 1 2 , 1 2 - h e x a m e t h y l c y o l o h e x a d e c a n e n l o k e l ( I I ) S 
P e r o h l o r a t e ( t h e s o l i d l i n e ) I n DMSO. 
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F i g u r e 5. The S p e c t r u m o f o l g ( t h e b r o k e n l i n e ) a n d t r a n s ( t h e s o l i d 
l i n e ) I s o m e r s o f T e x a m e t h y l - 1 , ^ , 8 , 1 1 - t e t r a a z a o y o l o t e t r a -
d e o a d l e n e n l o k e l ( I I ) P e r o h l o r a t e l n W a t e r . 
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Pigure 6 . The Spectra o f l , 5 , 9 » 1 3 - T e t r a a z a - 2 , 4 , 4 , 1 0 , 1 2 , 

12-hexaaethy loyo lohexadeoanen lcke l ( I I ) P e r c h l o r a t e 
I n Water. { - . - . - 11 °C ; 39°C; 63°C) 
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F i g u r e 7 . The S p e c t r u m o f o l s ( b r o k e n l i n e ) a n d t r a n s ( s o l i d l i n e ) 
H e x a m e t h T l t e t r a a z a o y o l o t e t r a d e o a n e n l o k e l ( I I ) C o m p l e x e s # 
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Figure 8. The Solution Spectra of bis (1,5 Dlazaoyclooctane)ooi>per(II) 
Perohlorate. (-•-•-• pyridine; — — - , water; , single 
crystal). 
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a l w a y s h a v e t h e l o w e s t i n t e n s i t y o f a b s o r p t i o n w h e n t h e l i g h t i s p o l a r i z e d p a r a l l e l 

t o t h e l o n g e r d i r e c t i o n o f t h e f a c e . S e v e r a l c r y s t a l s w e r e c h o s e n o n t h e b a s i s o f 

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

w a s m o u n t e d o n a p o r t i o n o f a m i c r o s c o p e s l i d e b y c a r e f u l l y p l a c i n g P V C e l e c t r i ­

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

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

T h e m o u n t e d c r y s t a l w a s a d j u s t e d i n t h e s a m p l e b e a m o f t h e B e c k m a n D K s p e c t r o ­

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

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

w a s t a p e d w i t h P V C t a p e s o t h a t a w i n d o w o f e q u i v a l e n t s i z e t o t h e s a m p l e w a s 

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

m e t e r . W h e n p o l a r i z e d s p e c t r a w e r e o b t a i n e d , a s h e e t P o l a r o i d t y p e H N 3 8 w a s 

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

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

to be used in the Beckman D K . Th is was indicated by either the automatic adjust­

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

e n e r g y . L a r g e r c r y s t a l s o f t h e b i s ( D A C O ) n i c k e l ( I I ) p e r c h l o r a t e w e r e g r o w n i n 8 0 % 

e t h a n o l s o l u t i o n s b y f o r m i n g a s a t u r a t e d s o l u t i o n a t 3 0 ° C , a n d a l l o w i n g c r y s t a l s 

t o f o r m o v e r a t h r e e w e e k p e r i o d i n a w a t e r b a t h a t 2 8 ° C . E t h a n o l i c s o l u t i o n s o f 

b i s - ( D A C O ) c o p p e r ( I I ) p e r c h l o r a t e w e r e f o u n d t o u n d e r g o s o m e d e c o m p o s i t i o n o v e r 

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

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

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

T h e s p e c t r u m o f a c r y s t a l o f e a c h o f t h e n i c k e l ( I I ) a n d c o p p e r ( I I ) c o m p o u n d s w a s 

2 

d e t e r m i n e d . E a c h c r y s t a l h a d a n a r e a o f a b o u t 0 . 3 m m a n d a t h i c k n e s s o f 0 . 05 

t o 0 . 1 0 m m . 

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

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

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

e n c e b e a m b e c a u s e o f d i f f e r e n c e s i n s i z e o f t h e w i n d o w s f o r m e d b y t h e PVC t a p e , 

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

a n d s l i d e s . E x a m i n a t i o n o f t h e a b s o r b a n c e o f a s l i d e t a p e d i n a s i m i l a r m a n n e r 

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

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

f r e q u e n c y . T h i s i n d i c a t e s t h a t i f s c a t t e r i n g i s n o t a n i m p o r t a n t f a c t o r , t h e b a s e 

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

c o n s i d e r e d . A l t h o u g h l i g h t s c a t t e r i n g i s known t o increase w i t h t h e frequency ( 1 9 ) , 

s c a t t e r i n g b y t h e c r y s t a l i s n o t e x p e c t e d t o b e g r e a t s i n c e w e a r e d e a l i n g w i t h a 

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

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

t h e w i n d o w i n t h e s a m p l e t o t h a t o f t h e r e f e r e n c e b e a m . I n t h e c a s e o f t h e b i s (DACO) 

n i c k e l ( I I ) c o m p l e x t h i s w a s e a s i l y d o n e s i n c e t h e r a n g e s c a n n e d c o v e r e d p o r t i o n s 

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

s o m e e x t r a p o l a t i o n o f t h e a b s o r p t i o n c u r v e s w a s n e c e s s a r y t o o b t a i n t h e b a s e l i n e . 

T h e c u r v e o f h i g h a b s o r b a n c e w h i c h c o r r e s p o n d s t o t h e l i g h t b e i n g p o l a r i z e d 
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F i g u r e 9. The P o l a r i z e d S i n g l e C r y s t a l S p e c t r a o f b i s ( 1 , 5 D i a z a c y c l o ­
o c t a n e ) c o p p e r ( I I ) P e r c h l o r a t e . ( - • - • - , " d i r e c t i o n o n e " ; 
— , u n p o l a r i z e d ; — — , " d i r e c t i o n t w o " ) . 
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F i g u r e 10. The P o l a r i z e d S i n g l e C r y s t a l S p e o t r a o f TplS 
(1,5 D i a z a o y o l o o c t a n « ) n l c k e l { I I ) P e r c h l o r a t e 
D i h y d r a t e , (The l l n « « a r e d e f i n e d a s I n F i g u r e 9.) 
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p a r a l l e l t o t h e l o n g e r d i r e c t i o n o f t h e r e c t a n g u l a r c r y s t a l s w i l l b e k n o w n a s " d i r e c ­

t i o n o n e " a n d a r o t a t i o n o f t h e p o l a r i z e r 9 0 ° t o t h i s d i r e c t i o n w i l l b e k n o w n a s 

" d i r e c t i o n t w o . " D u e t o t h e n a t u r e o f t h e s p e c t r o p h o t o m e t e r a n d p o l a r i z e r s , t h e 

l o w e s t e n e r g y o b t a i n a b l e c o r r e s p o n d e d t o 1 6 . 6 k K a n d d u e t o t h e a b s o r b a n c e o f t h e 

p o l a r i z e r s t h e m a x i m u m e n e r g y o b t a i n a b l e c o r r e s p o n d s t o 2 4 . 6 k K . I f t h e p o l a r i ­

z e r s a r e r e m o v e d , t h e r a n g e o b t a i n a b l e i s f r o m 1 6 . 6 t o 2 8 . 5 k K . 

M a g n e t i c S u s c e p t i b i l i t y D e t e r m i n a t i o n 

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

a t u r e w e r e m e a s u r e d u s i n g t h e G o u y m e t h o d . A c o m p u t e r p r o g r a m w r i t t e n b y 

P l y m a l e ( 2 0 ) w a s u s e d t o c a l c u l a t e t h e r e s u l t s g i v e n i n T a b l e 1 . T h e g r a m s u s c e p ­

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

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

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

c a l c u l a t e d u s i n g t h e e q u a t i o n 

[i> ~ 2. 84 ( * m

T ) 1 / / 2 

w h e r e T i s t h e a b s o l u t e t e m p e r a t u r e . T h e d e v i a t i o n s h o w n i n T a b l e 1 r e f l e c t s t h e 

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

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

t e m p e r a t u r e . I n t h e F a r a d a y m e t h o d ( 2 1 ) t h e f o r c e d e v e l o p e d b y a s m a l l s a m p l e 

s u s p e n d e d i n a m a g n e t i c f i e l d o f c o n s t a n t H ^ / d z i s m e a s u r e d . T h e f i e l d w a s 

d e v e l o p e d u s i n g a n A l p h a M o d e l 4 0 - 5 O A c u r r e n t r e g u l a t e d p o w e r s u p p l y c o u p l e d 
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Table 1. Magnetic Data Using the Gouy Method 

Complex x x 1 q 6 

g 
X x 10 6 

* m 

C u ( D A C O ) 2 ( C 1 0 4 ) 2 2 H 2 0 2.47+ 0.07 1563+ 37 1.91 + 0.03 

N i ( D A C O ) 2 ( C 1 0 4 ) 2 . 2 H 2 0 -0 .247+ 0.015 122+ 8 0.54+ 0. 02 

N i ( T A H D ) ( C 1 0 4 ) 2 -0 .293+ 0.027 129+ 15 0.56+ 0.04 

N i ( T A H ) ( C 1 0 4 ) 2 -0 .36Of 0.037 119+ 21 0.53+ 0. 05 

N i ( H T T A ) ( C 1 0 4 ) 2 -0 .319+ 0.079 129+ 38 0.56+ 0.08 

N i ( H T T B ) ( C 1 0 4 ) 2 -0 .386 + 0.049 93+ 26 0.47+ 0.05 

to an Alpha Model 9500 Elect romagnet fitted with Heyding pole t ips . F o r c e on 

the sample was measured using a Cahn R . G . Automatic Elect robalance coupled 

to a Leeds and Northrup galvanometer„ The torsion a rm, the sample and s u s ­

pension sys tem were enclosed in a chamber so that a l l measurements of the force 

on the sample may be made in vacuum. The suspension system consisted of a thin 

copper wire fastened direct ly to the sample or in the case of powders, to the 

sample wrapped with a minimum of polyvinylchloride f i lm . 

The field of the magnet was determined using the equation 

H d H / dz = A m / x, m 

a 

where A m i s the force of the field on the standard and the copper support, x i s 
a 

the g r a m susceptibil i ty of the standard and m_ i s the m a s s of the standard. The 
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s t a n d a r d c h o s e n w a s a p l a t i n u m s a m p l e w i t h a w e i g h t o f 1. 0853 g a n d x = 0.971 
a 6 d H 

x 10~ C . G . S . u n i t s . T h e p o s i t i o n o f m a x i m u m H / d z w a s d e t e r m i n e d a n d u s e d 

c o n s i s t e n t l y i n a l l m e a s u r e m e n t s . T h e v a l u e o f H ^ ^ / t i z w a s d e t e r m i n e d u s i n g s i x 

c u r r e n t s e t t i n g s . 

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

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

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

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

f a c e s . 

T h e r e s u l t s o f t h e c a l c u l a t i o n s a r e g i v e n i n T a b l e 2. A l l v a l u e s o f x m
n a v e 

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

c h l o r i d e f i l m u s i n g P a s c a l ' s c o n s t a n t s (21). T h e c o n s t a n t s w e r e a s s u m e d n o t t o 

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

T a b l e 2. M a g n e t i c D a t a U s i n g t h e F a r a d a y M e t h o d 

N i ( D A C O ) 2 ( C 1 0 4 ) 2 . 2 H 2 0 

T 195°K 2 9 7 ° K 

X 
m 

u n c o r r e c t e d -148 + 17 -141 + 6 -141+ 11 

X. 
m 

c o r r e c t e d 103 + 17 110 + 6 110 + 11 

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

o f t h e c o p p e r s u p p o r t i s c o n s i d e r e d n e g l i g i b l e . A n a p p r o x i m a t e c a l c u l a t i o n s h o w s 
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t h a t t h i s a s s u m p t i o n i s j u s t i f i e d . T h e c o p p e r s u p p o r t w e i g h s 0 . 1 g a n d e x t e n d s 

o v e r a d i s t a n c e o f 6 1 c m . O n l y a s m a l l p o r t i o n o f t h i s s u p p o r t i s i n t h e r e g i o n o f 

d H 

m a x i m u m H / d z , b u t i n o u r a p p r o x i m a t i o n w e w i l l a s s u m e t h a t t h e e n t i r e m a s s 

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

l a t e d a t 9 a m p s i s 5 . 4 2 7 C . G . S . u n i t s . U s i n g t h i s f i e l d a n d t h e v a l u e o f x = - 8 . 5 8 
- 8 - 8 

x 1 0 f o r c o p p e r , t h e f o r c e d u e t o t h e c o p p e r s u p p o r t A m = - 4 . 6 x 1 0 g . T h e 
— 6 

o b s e r v e d f o r c e o n t h e p l a t i n u m a n d s u p p o r t i n t h i s f i e l d i s 5 . 7 2 4 x 1 0 g . H e n c e , 

i g n o r i n g t h e f o r c e o f t h e s u p p o r t c o u l d i n f l u e n c e t h e f i e l d o n l y b y 0 . 8 % . T h e m i n i ­

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

— 6 

f i e l d i s 1 . 1 5 x 1 0 g . H e r e t h e m a x i m u m e r r o r i s 4 . 0 % . H e n c e , t h e t o t a l m a x i ­

m u m e r r o r i s 4 . 8 % a n d t h i s i s w e l l w i t h i n t h e e x p e r i m e n t a l u n c e r t a i n t y o f 1 0 % . 

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

p r o d u c e r e s u l t s s l i g h t l y l o w e r t h a n t h e t r u e v a l u e s . 
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C H A P T E R m 

T H E R E S O L U T I O N O F S P E C T R A L D A T A I N T O 

C O M P O N E N T T R A N S I T I O N S 

The C o m p u t e r P r o g r a m 

The b r o a d a b s o r p t i o n bands o f the e l e c t r o n i c t r a n s i t i o n s o f c o m p l e x e s 

a p p r o x i m a t e the shape o f Gauss ian e r r o r c u r v e s when p l o t t e d as a f u n c t i o n o f 

e n e r g y (3 , 22 ) . O f ten a r e g i o n o f the s p e c t r u m can be s u c c e s s f u l l y r e p r e s e n t e d 

as a l i n e a r c o m b i n a t i o n of two o r m o r e such Gauss ian c u r v e s . F o r m a n y y e a r s 

the f i t t i n g of e n e r g y d i s t r i b u t i o n c u r v e s has been done by l a b o r i o u s hand c o m p u ­

t a t i o n s and p l o t t i n g s . Because o f the t r i a l and e r r o r n a t u r e o f the f i t t i n g p r o c e ­

d u r e , the t i m e r e q u i r e d to ob ta in a r e a s o n a b l y a c c u r a t e f i t i s so g r e a t t ha t the 

m e t h o d w i l l n e v e r be app l i ed to the r e d u c t i o n o f l a r g e amoun ts of d a t a . A n ana log 

c o m p u t e r capab le o f speed ing the t r i a l and e r r o r m e t h o d i s c o m m e r c i a l l y a v a i l a b l e , 

but t h i s m e t h o d i s s t i l l t ed ious and not v e r y a c c u r a t e f o r c o m p l e x s p e c t r a . 

The g e n e r a l shape of a Gauss ian e r r o r c u r v e i s shown i n F i g u r e 1 1 . The 

equa t i on d e f i n i n g such a c u r v e i s 

E = P h i ( l ) e x p ( - ( X - P h i ( 2 ) / ( P h i ( 3 ) 2 ) ) 

w h e r e P h i ( l ) i s the m a x i m u m peak he igh t at Ph i (2 ) and Ph i (3 ) i s the w i d t h n e a r o n e -

h a l f P h i ( l ) . A n a b s o r p t i o n c u r v e h a v i n g a s ing le Gauss ian componen t w i l l have 

t h i s f o r m , w h e r e E i s the absorbance and X i s the f r e q u e n c y . A n a b s o r p t i o n c u r v e 
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h a v i n g n G a u s s i a n c o m p o n e n t s w i l l h a v e t h e g e n e r a l f o r m 

F x = E + E 0 + + E 
1 2 n 

w h e r e F x i s t h e a b s o r b a n c e . A l t h o u g h s p e c t r a l d a t a a r e o b t a i n e d a s a c o n t i n u o u s 

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

f i x e d f r e q u e n c i e s . F o r a s p e c i f i c f r e q u e n c y X ( i ) t h e a p p r o p r i a t e e q u a t i o n s a r e 

E x ( i ) = E 1 ( i ) + E 2 ( i ) + . . . + E n ( i ) 

E 1 ( i ) = P h i ( l ) e x p - ( P h i ( 2 ) - X ( i ) ) 2 / ( P h i ( 3 ) ) 2 

E 2 ( i ) - P h i ( 4 ) e x p - ( P h i ( 5 ) - X ( i ) ) 2 / ( P h i ( 6 ) ) 2 

E ( i ) = P h i ( l + 3 ( n - l ) ) e x p - ( P h i ( 2 + 3 ( n - l ) ) - X ( i ) ) 2 / 

( P h i ( 3 + 3 ( x - l ) ) ) 2 

a n d 

F x ( i ) = E 1 ( i ) + E 2 ( i ) + . . . + E n ( i ) . 

T h e m e t h o d u s e d i n r e s o l v i n g t h e e x p e r i m e n t a l a b s o r p t i o n c u r v e s i n t o G a u s s i a n 

c o m p o n e n t s i s a l e a s t - s q u a r e s t e c h n i q u e u s i n g a h i g h s p e e d d i g i t a l c o m p u t e r . T h e 

f u n c t i o n 

2 

S = Z ( Y ( i ) - F x ( i ) ) 
i = l 
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i s t o b e m i n i m i z e d w h e r e n i s t h e n u m b e r o f d a t a p o i n t s c o n s i d e r e d , Y ( i ) i s t h e 

e x p e r i m e n t a l a b s o r b a n c e a t X ( i ) . T h e f u n c t i o n S f r o m t h i s p o i n t o n w i l l b e k n o w n 

a s t h e o b j e c t i v e f u n c t i o n . 

S i n c e t h e o b j e c t i v e f u n c t i o n i s u s e d a s a b a s i s f o r t h e c o m p a r i s o n o f t h e 

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

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

o f d a t a p o i n t s . T h e c o m p u t e r i s a s k e d t o m a k e a c o m p a r i s o n o f f i t t o a n e x p e r i ­

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

f u n c t i o n w h i c h c o n s i d e r s t h e i n f l u e n c e o f t h e n u m b e r o f d a t a p o i n t s . A m o r e c o m ­

m o n m e a n s o f e s t i m a t i n g t h e " g o o d n e s s o f f i t " i s t h a t o f t h e s t a n d a r d e r r o r o f 

e s t i m a t e o r t h e r o o t m e a n s q u a r e o f t h e a b s o r b a n c e d e v i a t i o n a b o u t t h e f i t t e d 

c u r v e . 

Consider a curve fitted with Gauss ian components having a value of the standard 

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

o f F . H e n c e w e h a v e 

I f t h e s c a l e i s d e c r e a s e d b y a f a c t o r F , t h e n t h e d e v i a t i o n f r o m a n y p o i n t m u s t b e 

d e c r e a s e d b y F a l s o . H e n c e 

E = ( S / n ) 
1 / 2 

E ' = ( S ' / n ) 
1 / 2 

n 2 2 n 2 
( F X d i ) = F S ( d i ) 

i = l i = l 
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w h e r e 

a n d 

H e n c e 

d i = Y ( i ) - F x ( i ) 

2 
S = S ( d i ) 

i = l 

E ' = ( F 2 S ( d i ) 2 / n ) 1 / 2 

i = l 

n 2 1 / 2 
E = ( S ( d i ) / n ) 

i = l 

o r E ' = F E . 

T o m a k e t h e s t a n d a r d e r r o r o f e s t i m a t e q u a n t a t i v e , t h e c u r v e s s h o u l d b e 

n o r m a l i z e d . B u t o n w h a t b a s i s s h o u l d t h e y b e n o r m a l i z e d ? I f o n e c h o o s e s t h e 

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

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

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

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

e r r o r o f e s t i m a t e b e c o m e s d i f f i c u l t t o o b t a i n , a n d o n c e o b t a i n e d , t o r e l a t e t o u n c e r ­

t a i n t y i n t h e e x p e r i m e n t a n d t h e a s s u m p t i o n s . I n t h e r e s o l v e d s o l u t i o n s p e c t r a , t h e 

e x t i n c t i o n c o e f f i c i e n t s h a v e v a l u e s b e t w e e n 5 0 a n d 1 0 0 u n i t s . T h i s m e a n s t h a t i f 

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

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

o r t w o . S i n c e t h e c u r v e s w i t h t h e l o w e s t e x t i n c t i o n c o e f f i c i e n t c o r r e s p o n d t o t h o s e 
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with the most diffused components, normalizat ion on the bas i s of a rea wil l not 

change the values great ly . Therefore , the standard e r ro r wil l not be complicated 

by normal iza t ion. The pr ice that must be paid for this s implic i ty i s that i f the fit 

of different cu rves i s compared on the bas i s of the standard e r ror of es t imate , no 

signif icance may be attached to any differences l e s s than a factor of two or three . 

Single c rys ta l spectra were normal ized to the extent that the values obtained from 

the re la t ive absorption sca le were multiplied by one hundred so as to be of re la t ively 

the same sca le as the mola r extinction coefficients of the solution spect ra . 

A s in a l l curve fitting procedures , the fitting p rocess actually converges 

to a min imum. If the actual min imum i s required an infinite number of i terat ions 

are required. In real i ty , only a re la t ively sma l l number of i terat ions are required 

to be within the l imi t s of the framework of the assumptions and experimental e r r o r . 

The search operation was terminated when the change of the parameters by 0.002 

no longer produced an improvement . Th i s value i s well beyond the experimental 

accuracy of the instruments used . 

Spectral data are usually experimental ly obtained as a continuous function 

of either wave length or wave number. Since the computer p rogram deals with a 

finite number of points , a choice of an interval between points must be made . The 

points must be c lose enough to define the features of the experimental curve and 

the Gauss ian components. Exper ience has shown that data points at in tervals of 

approximately 0.2 k K are sufficient. Since some curves are broader than others , 

between 33 and 61 points were used. 
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R e s o l u t i o n o f S o l u t i o n S p e c t r a o f C o p p e r ( I I ) A c e t y l a c e t o n a t e 

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

s p e c t r a o f t h e c o p p e r ( I I ) a c e t y l a c e t o n a t e c o m p l e x w a s r e e v a l u a t e d . B e l f o r d , 

C a l v i n a n d B e l f o r d ( 1 8 ) u s i n g c r y s t a l f i e l d a r g u m e n t s p r e d i c t e d t h a t t h e v i s i b l e 

s p e c t r u m s h o u l d c o n t a i n t h r e e t r a n s i t i o n s , d 2 2 - * d , d ; d 2 2 - > d : a n d 

—x - y —kz —yz —x - y - x y 

d^2 ^ 2 _ d ^ . A s t h e b a s i c i t y o f t h e l i g a n d s a d d e d t o t h e a x i a l p o s i t i o n s i n c r e a ­

s e s , t h e r e s h o u l d b e a s h i f t o f a l l d t o d t r a n s i t i o n s , e x c e p t t h e d 2 2 - * d , t o 

— — — x - y —xy 

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

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

r e s u l t s o f a t y p i c a l c o m p u t e r r e s o l u t i o n i s s h o w n i n F i g u r e 1 2 . T h e s t a n d a r d 

e r r o r o f e s t i m a t i o n h a s a v a l u e o f 0 . 5 9 8 u n i t s . T h e f i t i s s o g o o d t h a t i f t h e c a l ­

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

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

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

o f a n y p o i n t i s 1 . 3 extinction u n i t s . The resul t s of the computer resolution and 

t h e r e s o l u t i o n b y B e l f o r d , Ca lv in , a n d B e l f o r d are s h o w n i n T a b l e 3 . W e h a v e u s e d 

n - b u t a n o l i n s t e a d o f n - p e n t a n o l , b u t w e w i l l a s s u m e t h e t w o t o b e e q u i v a l e n t i n b a s e 

s t r e n g t h . T h e s t a n d a r d e r r o r o f e s t i m a t i o n are a l l o f t h e s a m e m a g n i t u d e i n d i c a ­

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

f i t " t o B e l f o r d , C a l v i n a n d B e l f o r d ' s w o r k m a y b e m a d e s i n c e t h e y d i d n o t c a l c u l a t e 

a s t a n d a r d e r r o r o f e s t i m a t e . I n T a b l e 3 t h e P h i ( n ) h a v e b e e n d e s i g n a t e d a s 

f o l l o w s : 

P h i ( l ) = A = a b s o r b a n c e o f c o m p o n e n t o n e 



18 20 12 U 1 6 
FREQUENCY, kK 

F i g u r e 1 2 . The R e s o l u t i o n o f the Spectrum o f C o p p e r ( I I ) A c e t y l a c e t o n a t e 
( t he s o l i d l i n e ) i n P y r i d i n e i n t o Component Bands ( t h e 
b r o k e n l i n e s ) . 

CO 
C i 



T a b l e 3 . G a u s s i a n R e s o l u t i o n o f t h e V i s i b l e S p e c t r a o f C o p p e r ( I I ) A c e t y l a c e t o n a t e 

B e l f o r d , C a l v i n a n d B e l f o r d (15) 

S o l v e n t A K W K A K W S o l v e n t 
1 1 1 2 2 2 3 3 3 

C h l o r o f o r m 2 6 . 3 1 8 . 8 1 3 . 8 2 3 4 . 1 1 5 . 19 3 . 3 8 

1 , 4 - D i o x a n e 3 2 . 0 1 7 . 50 3 . 5 0 2 2 . 0 1 5 . 10 3 . 4 0 1 1 . 0 1 3 . 5 0 1 . 6 0 

n - P e n t a n o l 2 8 . 0 1 7 . 10 2 . 3 0 2 4 . 0 1 5 . 2 0 1 . 80 1 3 . 0 1 3 . 00 1 . 7 5 

P y r i d i n e 4 2 . 5 1 5 . 90 3 . 5 0 2 8 . 0 1 4 . 8 0 3 . 8 0 2 6 . 0 1 2 . 10 2 . 3 3 

C o m p u t e r R e s o l u t i o n 

S o l v e n t A K W A o K W An K W E S o l v e n t 

M
 

1 2 2 3 3 

CO
 

C h l o r o f o r m 2 5 . 5 4 1 8 . 2 9 2 . 8 0 2 5 . 3 2 1 4 . 98 1 . 7 6 0 . 6 2 

C h l o r o f o r m 2 5 . 3 1 1 8 . 59 2 . 3 7 1 9 . 9 1 1 5 . 6 7 1 . 5 9 1 4 . 73 1 4 . 39 1 . 6 1 0 . 5 2 

1 , 4 - D i o x a n e 2 4 . 3 9 1 7 . 27 2 . 1 9 2 0 . 3 5 1 5 . 4 4 2 . 73 1 1 . 9 1 1 4 . 1 1 1 . 6 5 0 . 3 4 

n - B u t a n o l 2 2 . 15 1 6 . 3 9 3 . 6 2 1 6 . 7 5 1 5 . 7 4 2 . 2 8 9 . 3 0 1 3 . 27 2 . 5 7 0 . 5 1 

P y r i d i n e 3 4 . 4 0 1 5 . 85 1 .75 2 8 . 3 6 1 4 . 59 2 . 70 2 0 . 4 7 1 2 . 83 3 . 3 1 0 . 6 0 
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P h i ( 2 ) = = f r e q u e n c y i n k K o f t h e m a x i m u m o f b a n d o n e 

P h i ( 3 ) = W.^ = t h e w i d t h o f b a n d o n e a t o n e - h a l f A ^ 

P h i ( 4 ) = A = a b s o r b a n c e o f c o m p o n e n t t w o 
Li 

P h i ( 5 ) = K 2 

P h i ( 6 ) =W2 

P h i ( 7 ) = A 3 

P h i ( 8 ) = K 3 

P h i ( 9 ) = W 3 

T h e c o m p u t e r v a l u e s o f t h e E ' s w e r e d e t e r m i n e d b e f o r e t h e v a l u e s o f t h e a b o v e 

m e n t i o n e d p a r a m e t e r s w e r e r o u n d e d o f f . 

I n a c c o r d a n c e w i t h B e l f o r d , C a l v i n , a n d B e l f o r d ' s t h e o r y , K ^ w a s a s s i g n e d 

t o t h e t r a n s i t i o n t h a t d o e s n o t c h a n g e e n e r g y w i t h t h e b a s e s t r e n g t h . I n t h e c o m ­

p u t e r a n a l y s i s K u s i n g c h l o r o f o r m , 1 , 4 - d i o x a n e , a n d n - b u t a n o l a n d K f o r p y r i -

Li X 

d i n e m u s t c o r r e s p o n d t o t h e t r a n s i t i o n t h a t d o e s n o t c h a n g e e n e r g y . T h e t r a n s i t i o n 

K f o r c h l o r o f o r m , 1 , 4 - d i o x a n e , a n d n - b u t a n o l , a n d K f o r p y r i d i n e c o r r e s p o n d s 

J- Lt 

t o a n o t h e r b a n d . T h i s o r d e r s h o w n i n F i g u r e 12 r e q u i r e s t h a t t h e d 2 o r b i t a l b e 
z 

t h e m o s t s t a b l e i n c h l o r o f o r m a n d t h a t t h e d ^ 2 o r b i t a l i n t e r a c t m o r e s t r o n g l y w i t h 

p y r i d i n e t h a n d o e s t h e ^ x 2 _ ^ 2 w i t h t h e a c e t y l a c e t o n a t e a n i o n . T h e l a t t e r r e q u i r e ­

m e n t i s n o t u n r e a s o n a b l e s i n c e p y r i d i n e i s k n o w n t o p r o d u c e v e r y s t r o n g l i g a n d 

f i e l d s ( 2 2 ) . T h e o r d e r s h o w n i n F i g u r e 12 d i f f e r s f r o m t h a t s u g g e s t e d b y C o t t o n 

( 2 3 ) a s a r e s u l t o f t h e a n a l y s i s o f t h e s i n g l e c r y s t a l s p e c t r a o f 2 , 2 , 6 , 6 - t e t r a m e t h y l -

h e p t a n e - 3 , 5 - d i o n e c o m p l e x . 

T h e c o m p u t e r r e s o l u t i o n d e m o n s t r a t e s t h a t t w o b a n d s d e c r e a s e i n f r e q u e n c y 
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just as predicted even though the ass ignments of the bands differ somewhat from 

the previous assignment . Th i s difference points out an additional advantage of 

computer resolut ion. A l l the possible widths, heights , and posit ions of the c o m ­

ponent bands are considered and the best fit i s chosen without human b i a s . Hand 

resolution could be performed using an objective function just as the computer 

does, but one would spend an extremely la rge amount of t ime on one cu rve . 

The solution spectra of the Ni(II)(DACO) and Cu(n)(DACO) ions show very 

l i t t le shift or change in shape as the solvent changed. This i s probably due to the 

fact that the D A C O ligands block the axia l posit ions so well that the solvent does 

not greatly effect the d subshell of the metal ion. Th i s high degree of blocking i s 

good because it p rese rves the square-planar s tructure, but because of it we can 

not study the nature of the d to d transit ions in the same manner as Belford , Ca lv in 

and Bel ford . But since we are attempting to evaluate the number as well as the 

nature of the d to d electron transi t ions, worthwhile information may be obtained 

by fitting the observed spectra to Gauss ian components. 

If the calculat ions by Maki (1) of square-planar nickel(E) complexes are 

at least quali tat ively cor rec t , the t ransi t ions, not necessar i ly in order , are as 

follows: 

Resolut ion of Solution Spectra of Ni(H)(DACO) and 

Cu(n)(DACO) Ions 

lg 2g 



4 1 

2 g 

g 

l g 

M a k i d i d n o t c o n s i d e r t h e p o s s i b i l i t y o f a n y o f t h e s e p o s s i b l e t r a n s i t i o n s b e i n g t w o -

e l e c t r o n t r a n s i t i o n s . T w o - e l e c t r o n t r a n s i t i o n s a r e o f s u c h l o w i n t e n s i t y t h a t t h e y 

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

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

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

t w o e l e c t r o n f u n c t i o n s a r e c o m p o s e d a s f o l l o w s ( s e e n e x t c h a p t e r ) : 

l g 
( d 2 2 ) ( d 2 2 ) 

x - y x - y 

1 
B 

l g 
( d 2 2 ) ( d 2 ) 

x - y z 

1 
B ( d ) ( d 2 ) 

x y z 2 g 

( d 2 2 ) ( d , d ) 
x - y x y z y g 

2 g 
( d 2 2 ) ( d ) 

x - y x y ' 
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t r a n s i t i o n a n d n e e d n o t b e c o n s i d e r e d . I f t h e p o s s i b i l i t y o f s y m m e t r y l o w e r t h a n 

i s i n c l u d e d i n o u r a n a l y s i s , w e m u s t a l l o w f o r t h e d e g e n e r a t e * E b e i n g s p l i t . 

H e n c e , t h e m a x i m u m n u m b e r o f o b s e r v a b l e t r a n s i t i o n s i n a f i e l d o f s y m m e t r y 

i s t h r e e , a n d t h e m a x i m u m n u m b e r i n f i e l d s o f l o w e r s y m m e t r y i s f o u r . I n o u r 

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

v i s i b l e a b s o r p t i o n b a n d w a s c o n s i d e r e d . 

T h e r e s u l t s o f t h e r e s o l u t i o n o f t h e v i s i b l e s p e c t r a o f t h e n i c k e l c o m p l e x 

a r e g i v e n i n T a b l e 4 . T h e r e s u l t s i n d i c a t e t h a t i m p r o v e d f i t i s o b s e r v e d a s t h e 

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

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

m e t e r s . B u t n o t e w h a t o c c u r s w h e n t h e s e a r c h i s c o n d u c t e d f o r f o u r c o m p o n e n t s . 

T h r e e p e a k s o f r e l a t i v e l y t h e s a m e a b s o r p t i o n a n d w i d t h a n d o n e o f v e r y s m a l l 

a n d n e g a t i v e a b s o r p t i o n a r e f o u n d . T h e t h r e e p e a k s o f h i g h e r a b s o r p t i o n a g r e e 

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

m a x i m u m number of components i s very probably three a n d t h a t the u s e of 

s y m m e t r y i s j u s t i f i e d . W e c a n n o t r u l e o u t a t w o c o m p o n e n t f i t s i n c e t h e f i t i s 

a s g o o d a s t h e t h r e e p e a k f i t . 

O n t h e b a s i s o f t h e a b o v e a n a l y s i s t h e l i g a n d f i e l d o f b i s ( D A C O ) m a y b e 

a s s u m e d t o b e D ^ . F r o m c r y s t a l f i e l d a r g u m e n t s t h e copper (n) c o m p l e x m a y 

h a v e n o m o r e t h a n t h r e e d t o d t r a n s i t i o n i n t h e v i s i b l e b a n d ; t h e r e f o r e t h e m a x i ­

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

t i o n o f t h e s p e c t r a l d a t a a r e g i v e n i n T a b l e 4 a n d i n d i c a t e t h a t e i t h e r t w o o r t h r e e 

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



T a b l e 4 . The R e s o l u t i o n o f the S p e c t r a l D a t a o f A q u e o u s So lu t ions 

B i s ( D A C O ) c o p p e r ( I I ) P e r c h l o r a t e 

N u m b e r of Peaks 1 2 3 3 

A i 8 9 . 4 0 4 9 . 8 8 3 2 . 7 5 3 3 . 4 9 

B a n d one 
K i 

19 .93 19 .79 1 8 . 9 6 17 .88 

w i 3 .23 3 .95 3 . 5 4 2 . 7 7 

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

Band t w o 
K 2 

2 0 . 0 9 2 0 . 1 3 19 .97 

W 2 
2 . 3 0 2 . 0 6 2 . 0 1 

A 3 
3 1 . 6 3 3 6 . 7 0 

Band t h r e e 
K 3 

2 0 . 7 4 2 1 . 6 7 

W 3 
3 .53 2 . 7 6 

E 2 . 0 1 0 .16 

B i s ( D A C O ) n i c k e l ( I I ) P e r c h l o r a t e 

0 . 1 4 0 .22 

N u m b e r o f Peaks 1 2 3 4 

A i 9 0 . 5 8 4 9 . 3 0 3 8 . 3 3 4 0 . 8 6 

B a n d one K i 2 2 . 6 4 2 2 . 1 4 2 1 . 4 9 2 1 . 6 3 

w i 
2 . 23 1.59 1.38 1 .44 

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

B a n d t w o K 2 
2 3 . 2 8 2 2 . 7 6 2 2 . 8 7 

W 2 
2 . 6 1 1.39 1.45 

A 3 
3 7 . 3 9 3 5 . 9 3 

Band t h r e e 
K 3 

2 3 . 7 9 2 3 . 7 2 

W 3 
2 . 5 5 2 . 7 0 
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T a b l e 4 ( c o n t i n u e d ) . T h e R e s o l u t i o n o f t h e S p e c t r a l D a t a o f 

A q u e o u s S o l u t i o n s 

N u m b e r o f P e a k s 1 2 3 4 

A 4 
- 0 . 5 1 

B a n d f o u r K . 
4 

2 6 . 5 7 

W 4 
0 . 4 9 

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

f o r t h e t h r e e p e a k s e a r c h a r e t h e r e s u l t s o f t w o i n d e p e n d e n t s e a r c h e s . O n e s e t 

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

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

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

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

d i r e c t i o n o f approach, we can be f a i r l y sure of having t h e t r u e min imum. 

R e s o l u t i o n of S i n g l e C r y s t a l S p e c t r a 

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

t h e a b s o r p t i o n o f l i g h t b y c o m p l e x i o n s ( 2 1 ) . I n o r d e r f o r a t r a n s i t i o n b e t w e e n 

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

f o r m l i k e t h e t o t a l s y m m e t r i c r e p r e s e n t a t i o n . T h e e l e c t r i c d i p o l e o p e r a t o r U 

t r a n s f o r m s l i k e t h e x , £ a n d z a x e s a n d i s o f o d d s y m m e t r y . S i n c e t h e d w a v e 

Y , U ¥ . . , m u s t t r a n s -
g r o u n d e x c i t e d 

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

p l e x e s , t h e w a y t h a t t h e s e i n t e g r a l s b e c o m e s y m m e t r i c i s b y m i x i n g t h e e x c i t e d 

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

p l e x e s o f D ^ s y m m e t r y l i g h t p o l a r i z e d i n t h e x o r y d i r e c t i o n i s o f s y m m e t r y 

a n d l i g h t p o l a r i z e d i n t h e z p l a n e i s o f A s y m m e t r y . H e n c e t h e p r o p e r v i b r a ­

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

o f t h e n o r m a l m o d e s o f v i b r a t i o n o f a m o l e c u l e o f D ^ s y m m e t r y h a v e b e e n f o u n d 

t o b e ( 2 4 ) 2 A . , , B 0 , E , 2 A 0 , Bn a n d 3E . T h e s e s t a t e s w e r e f o u n d b y 
l g l g 2 g ' g ' 2 u 2 u u J 

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

T h e t r a n s i t i o n s t h a t w i l l b e c o n s i d e r e d f o r t h e n ickel (n) c o m p l e x o f D 

s y m m e t r y a r e " * A ^ ~* ^ 2 g ' ^ E g a n c * ^ l g a n C * t n e c o p p e r ^ ^ ° ^ s y r a ^ e t r y , 

2 2 2 2 
B -» B ^ , E ^ a n d A . T h e s y m m e t r y o f t h e p r o d u c t s o f t h e g r o u n d s t a t e , 

e x c i t e d s t a t e a n d t h e p o l a r i z e d l i g h t a r e a s f o l l o w s : 

! ! U ? U y 

•j g z e x -o g x y e x 

A -* A A . E 
l g 2 g l u u 

A - - B , B_ E 
l g l g 2 u u 

A -» E E A + A + B + B 0 

l g g u l u 2 u l u 2 u 

B n - A , B 0 E 
l g l g 2 u u 

l g 2 g l u u 

B , - E E A + A „ + B , + B „ 
l g g u l u 2 u l u 2 u 
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S i n c e t h e p r o d u c t o f a n y s y m m e t r y t i m e s i t s e l f w i l l a l w a y s p r o d u c e a t o t a l l y s y m ­

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

v i b r a t i o n b e c o m e v i b r o n i c a l l y a l l o w e d . I f w e a s s u m e t h a t a l l t h e v i b r o n i c i n t e r ­

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

a s g i v e n i n T a b l e 5 . 

T a b l e 5 . P o l a r i z a t i o n w i t h V i b r o n i c C o u p l i n g 

z x , y 

l g 2 g 
F o r b i d d e n A l l o w e d ( E ) 

u 

A i g l g 
A l l o w e d ( B 0 ) 

2 u 
A l l o w e d ( E ) 

u 

A i g 

- E 
g 

A l l o w e d ( E ) 
u 

A l l o w e d ( A 2 u , B 2 u ) 

B i g - B 2 g 

F o r b i d d e n A l l o w e d ( E ) 
u 

B i g 

- E 
g 

A l l o w e d ( E ) 
u 

A l l o w e d ( A „ , B „ ) 
* 2 u 2 u 

l g 
A l l o w e d ( B „ ) 

x 2 u 
A l l o w e d ( E ) 

u 

T h e p o l a r i z e d s p e c t r a o f t h e D A C O c o m p l e x e s o f n i c k e l ( I I ) a n d c o p p e r ( I I ) 

s h o w n i n F i g u r e s 9 a n d 10 w e r e d e t e r m i n e d w i t h o u t k n o w i n g t h e p o s i t i o n o f o r i e n ­

t a t i o n o f t h e c o m p l e x w i t h i n t h e c r y s t a l . T h r o u g h t h e u s e o f t h e " s e l e c t i o n r u l e s " 

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

T h e p o l a r i z e d s p e c t r u m o f t h e c o p p e r ( I I ) c o m p l e x i n " d i r e c t i o n o n e " i s n o t 

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

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

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

s p e c t r a . T h e c o m p u t e r r e s o l u t i o n i s g i v e n i n T a b l e 6 . E a c h s e t o f v a l u e s w a s 

d e t e r m i n e d i n d e p e n d e n t l y . N o t e t h a t i n b o t h p o l a r i z a t i o n s a n d u n p o l a r i z e d s p e c t r a 

w e o b t a i n a c e n t e r c o m p o n e n t a t 2 0 . 7 k K a n d t h e r e l a t i v e a b s o r b a n c e o f 3 2 u n i t s . 

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

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

v e r y l i t t l e w i t h t h e o n l y e x c e p t i o n b e i n g t h e b a n d o f v e r y l o w a b s o r b a n c e a t 1 9 . 7 5 

k K i n " d i r e c t i o n t w o . " T h e p o s i t i o n o f a b a n d o f s u c h l o w a b s o r b a n c e h a s n o s i g ­

n i f i c a n c e s i n c e i t m a y o n l y b e a p e a k o b t a i n e d t o a c c o u n t f o r e x p e r i m e n t a l d e v i a ­

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

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

t h e u n p o l a r i z e d i s s i g n i f i c a n t . A n e q u a l a m o u n t o f l i g h t i n " d i r e c t i o n o n e " a n d 

" d i r e c t i o n t w o " s t r i k e s t h e s a m p l e w h e n u n p o l a r i z e d l i g h t i s u s e d . S i n c e n o d i s ­

t i n c t i o n i s m a d e b e t w e e n t h e t w o d i r e c t i o n s o f p o l a r i z a t i o n , t h e o b s e r v e d a d s o r p t i o n 

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

o n e " a n d " d i r e c t i o n t w o . " 

I f w e a s s u m e s y m m e t r y , t h e t r a n s i t i o n s f o r t h e c o p p e r ( I I ) c o m p l e x e s 

2 2 

a r e a l l v i b r o n i c a l l y a l l o w e d i n t h e j c y d i r e c t i o n a n d o n l y t h e B -* B t r a n s i t i o n 

i s f o r b i d d e n i n t h e z d i r e c t i o n . O u r r e s o l u t i o n i n d i c a t e s t h a t w e h a v e o n e t r a n s i t i o n 



T a b l e 6 . R e s o l u t i o n o f S i n g l e C r y s t a l D a t a 

B i s ( D A C O ) c o p p e r ( I I ) P e r c h l o r a t e D i h y d r a t e 

A K A K W A K W E 
1 1 1 2 2 2 CO

 

CO
 

CO
 

U n p o l a r i z e d 1 6 . 92 1 8 . 2 3 2 . 9 6 3 2 . 8 1 2 0 . 9 6 1 . 9 8 2 1 . 4 0 2 3 . 13 2 . 3 6 0 . 2 8 

D i r e c t i o n 

O n e 5 4 . 95 1 8 . 1 6 2 . 5 6 3 2 . 8 2 2 0 . 7 8 2 . 0 7 5 2 . 0 3 2 3 . 0 4 2 . 1 3 0 . 8 1 

D i r e c t i o n 

T w o 2. 9 1 1 9 . 7 5 2 . 0 4 3 2 . 3 5 2 0 . 8 3 2 . 1 4 5 . 7 8 2 3 . 4 9 1 . 8 5 0 . 19 

B i s ( D A C O ) n i c k e l ( I I ) P e r c h l o r a t e D i h y d r a t e 

A K A K w „ A K E 
1 1 1 2 2 2 CO

 

CO
 

CO
 

U n p o l a r i z e d 2 0 . 90 2 1 . 3 5 1 . 3 1 2 9 . 0 0 2 2 . 3 0 1 . 5 7 2 1 . 2 0 2 3 . 7 8 1 . 5 6 0 . 17 

2 3 . 80 2 1 . 4 4 1 . 3 0 3 9 . 0 0 2 2 . 9 8 1 . 9 4 0 . 2 0 

D i r e c t i o n 1 8 . 50 2 1 . 6 0 1 . 5 0 6 1 . 10 2 2 . 1 9 1 . 5 8 4 3 . 70 2 3 . 8 0 1 . 7 6 0 . 2 8 

O n e 2 3 . 77 2 1 . 6 2 1 . 1 8 8 5 . 0 4 2 2 . 8 3 1 . 9 9 0 . 2 8 

D i r e c t i o n 2 3 . 70 2 1 . 6 9 1 . 4 9 0 . 0 1 2 2 . 4 7 1 . 5 9 1 2 . 0 0 2 3 . 4 1 1 . 4 4 0 . 19 

T w o 2 4 . 80 2 1 . 7 4 1 . 5 2 1 1 . 0 0 2 3 . 5 0 1 . 3 7 0 . 1 9 
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t h a t u n d e r g o e s a 19 f o l d c h a n g e w i t h d i r e c t i o n , a n d o n e t h a t u n d e r g o e s a n i n e f o l d 

c h a n g e w i t h d i r e c t i o n . T h e q u e s t i o n t h a t m u s t b e a n s w e r e d i s w h e t h e r o n e o r b o t h 

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

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

v i b r o n i c c o u p l i n g o c c u r s . P e r h a p s t h i s q u e s t i o n m a y b e a n s w e r e d b y e x a m i n i n g 

t h e v i b r o n i c c o u p l i n g o f o t h e r s y s t e m s . L i e h r ( 2 5 ) h a s c a l c u l a t e d t h a t t h e m o s t 

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

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

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

l i g a n d s . W e m a y c o n s i d e r t h e b i s D A C O c o m p l e x e s a s a l t e r e d o c t a h e d r a a n d 

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

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

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

v i b r o n i c s t a t e s . 

Ferguson (5, 6) in his studies of the polarized spectra of the essentially 

p l a n a r b i s - s a l i c y l a l d i m i n a t o c o p p e r ( I I ) a n d n i c k e l ( I I ) c o m p l e x e s o f D , o r l o w e r 
Ziii 

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

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

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

B e l f o r d ( 2 6 ) c o u n t e r e d w i t h a n a l t e r n a t e m e t h o d . T h e y t o o k t h e a p p r o a c h t h a t s o m e 

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

m o l e c u l e ' s p a r t i c u l a r s y m m e t r y . 

L e t u s a p p r o a c h t h e p r o b l e m u s i n g t h e m e t h o d o f P i p e r a n d B e l f o r d ( 2 6 ) . 
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We w i l l a s s u m e tha t the l i g a n d f i e l d m a y be d e s c r i b e d by s y m m e t r y . Since 

we have a s s u m e d s y m m e t r y the o n l y way p o l a r i z a t i o n w i l l o c c u r i s i f one 

d i r e c t i o n o f p o l a r i z a t i o n i s i n the z d i r e c t i o n and the o t h e r d i r e c t i o n i s p e r p e n ­

d i c u l a r t o the z d i r e c t i o n . T h i s i s r e q u i r e d because u n d e r s y m m e t r y x and 

£ a x i s a r e i n d i s t i n g u i s h a b l e . E x a m i n a t i o n o f T a b l e 5 r e v e a l s t h a t the s p e c t r a m a y 

be e x p l a i n e d o n l y i f the E ^ and a r e the e f f e c t i v e c o u p l i n g v i b r a t i o n s . These 

s ta tes a r e the same s ta tes t ha t a r e p r e d i c t e d t o be the m o s t e f f e c t i v e by ana logy 

t o o c t a h e d r a l c o m p l e x e s . 

I f t hen the A ^ u and E ^ v i b r a t i o n s ta tes a r e the o n l y ones e f f e c t i v e i n c o u p -

2 2 
l i n g , the c e n t e r band a t 2 0 . 8 k K m a y be ass i gned t o the B E t r a n s i t i o n . 

2 2 
Since the c r y s t a l f i e l d a r g u m e n t s i n d i c a t e t ha t the B „ -» B shou ld be o f l o w e r 

l g 2g 
2 2 

e n e r g y t h a n the B E ^ , we conc lude t h a t the t r a n s i t i o n s o f t he c o p p e r ( I I ) i o n 

m a y be ass i gned t o the e x p e r i m e n t a l l y r e s o l v e d s p e c t r a as f o l l o w s : 

2 B , - 2 B 0 1 8 . 2 k K 
lg 2g 

2 B „ - 2 E 2 0 . 8 k K 
l g g 

2 B , - 2 A , 2 3 . 8 k K 
l g l g 

I t i s e n c o u r a g i n g to note t ha t the componen t band u n d e r g o i n g the 19 f o l d change 

w i t h d i r e c t i o n i s the band tha t i s p r e d i c t e d t o be f o r b i d d e n i n one o f the d i r e c t i o n s ; 

and tha t the band u n d e r g o i n g a n i ne f o l d change i s the t r a n s i t i o n p r e d i c t e d t o be 

v i b r o n i c a l l y a l l o w e d , bu t no t v e r y e f f e c t i v e l y so i n one d i r e c t i o n . 
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The s i n g l e c r y s t a l s p e c t r a o f the b i s (DACO) n i c k e l ( I I ) p e r c h l o r a t e c o m p l e x 

i s shown i n F i g u r e 10. I f o n l y the i n t e n s i t y w e r e c h a n g i n g w i t h the d i r e c t i o n o f 

p o l a r i z a t i o n w i t h o u t change of shape o r p o s i t i o n , the b r o a d v i s i b l e band c o u l d be 

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

v i b r a t i o n a l m o d e s . I n f r a r e d s t u d i e s o f s q u a r e - p l a n a r c o m p l e x e s (27) i n d i c a t e t h a t 

t r a n s i t i o n s b e t w e e n v i b r a t i o n a l s ta tes u s u a l l y o c c u r b e t w e e n 0 .100 and 0 .400 k K . 

Since the e l e c t r o n i c t r a n s i t i o n s a r e c o u p l e d t o d i f f e r e n t v i b r a t i o n a l s ta tes when 

l i g h t i s p o l a r i z e d i n d i f f e r e n t d i r e c t i o n s , a s h i f t u p to 0 .30 k K m a y be e x p e c t e d . 

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

b e s t be e x p l a i n e d b y the p r e s e n c e o f t w o o r m o r e c o m p o n e n t bands some o f t h e m 

b e i n g p o l a r i z e d . 

G a u s s i a n r e s o l u t i o n l i m i t e d to t w o and t h r e e c o m p o n e n t s i s g i v e n i n T a b l e 6. 

R e s o l u t i o n i n t o t w o c o m p o n e n t s g i v e s a good f i t i n a l l t h r e e c a s e s , b u t the p o s i t i o n 

o f the G a u s s i a n c o m p o n e n t s v a r y c o n s i d e r a b l y . I f a c o m p o n e n t i s p r e s e n t and has 

appreciable intensity it should not change energy by amounts l a rge r than the energy 

o f the c o u p l i n g v i b r a t i o n s t a t e s . T h e t w o r e s o l v e d c o m p o n e n t bands change f r o m 

2 1 . 4 t o 2 1 . 7 k K and f r o m 2 2 . 8 t o 2 3 . 5 k K . Since t h i s i s a g r e a t e r s h i f t t h a n we 

c o u l d n o r m a l l y j u s t i f y and we can p r o b a b l y d i s c o u n t the t w o peak r e s o l u t i o n s . The 

t h r e e peak r e s o l u t i o n i s s o m e w h a t b e t t e r i n t h a t the m a x i m u m s h i f t i s 0 . 4 k K . 

Since no v a l u e s o f the e x p e r i m e n t a l c u r v e a r e k n o w n i n the r e g i o n above 2 4 . 5 k K 

the c o m p u t e r was g i v e n c o m p l e t e f r e e d o m t o a s s i g n any c u r v e i t d e s i r e d i n t h i s 

r e g i o n . T h e r e s u l t s i n d i c a t e t h a t the g r e a t e s t s h i f t o f e n e r g y of any r e s o l v e d c o m ­

p u t e r w a s g i v e n c o m p l e t e f r e e d o m to a s s i g n any c u r v e i t d e s i r e d i n t h i s r e g i o n . 
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T h e r e s u l t s i n d i c a t e t h a t t h e g r e a t e s t s h i f t o f e n e r g y o f a n y r e s o l v e d c o m p o n e n t 

o c c u r s w i t h t h e c o m p o n e n t w i t h i t s m a x i m u m n e a r e s t t h i s r a n g e . S i n c e t h e e x p e r ­

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

a r e a w i t h l e s s f a i t h t h a n o t h e r a r e a s . 

T h e r e s u l t s o f t h e r e s o l u t i o n i n d i c a t e t h a t t h e c o m p o n e n t a t 2 1 . 6 k K i s 

a l l o w e d i n b o t h d i r e c t i o n s , t h e b a n d a t 2 2 . 3 k K i s a l l o w e d i n ' " d i r e c t i o n o n e " a n d 

f o r b i d d e n i n " d i r e c t i o n t w o , " a n d t h e b a n d a t 2 3 . 7 k K c h a n g e s i n t e n s i t y i n t h e t w o 

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

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

u 2 u 

t h a t t h e c o m p o n e n t a t 2 1 . 6 k K m u s t b e t h e "^A., -• * E t r a n s i t i o n a n d t h e o t h e r t w o 
l g g 

c o m p o n e n t s a r e t h e A „ - A n a n d A „ -» B „ t r a n s i t i o n s . I f w e r e q u i r e t h e 
l g 2 g l g l g 

s a m e c o n d i t i o n s t o e x i s t i n t h e n i c k e l ( I I ) c o m p l e x t h a t e x i s t e d i n t h e c o p p e r ( I I ) 

c o m p l e x w e m u s t r e q u i r e t h a t t h e B m e c h a n i s m r e m a i n r e l a t i v e l y i n e f f e c t i v e . 

T h e n t h e b a n d a t 2 3 . 7 k K m a y b e a s s i g n e d t o t h e """A, -* t r a n s i t i o n o n t h e 

l g l g 

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

p o l a r i z a t i o n . T h i s l e a v e s o n l y t h e * A -» "'"A t r a n s i t i o n t o b e a s s i g n e d t o t h e 

b a n d a t 2 2 . 3 k K o n t h e b a s i s t h a t i t i s c o m p l e t e l y p o l a r i z e d i n t h e x y d i r e c t i o n . 
I f w e a s s u m e D s y m m e t r y , t h e h i g h d e g r e e o f p o l a r i z a t i o n i n d i c a t e s 

4 n 

" d i r e c t i o n t w o " m u s t b e p e r p e n d i c u l a r t o t h e x% p l a n e o r w e w o u l d s e e s o m e 

a b s o r b a n c e o f t h e x y a l l o w e d t r a n s i t i o n s . B e c a u s e o f t h e f a c t t h a t s o m e o f o u r 

r e s o l v e d b a n d s d e c r e a s e t o e s s e n t i a l l y z e r o a b s o r b a n c e i n " d i r e c t i o n t w o " w e 

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

a n d t h a t o u r p o l a r i z a t i o n i s a l i g n e d v e r y w e l l w i t h t h e z a x i s a n d t h e x y p l a n e o f 
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the ions. 

The question arises as to whether we are justified in assuming sym­

metry for our ligand field and our vibrational states. The resolution of solution 

2 

spectra showed no evidence of any splitting of the E state indicative of a ligand 

field of symmetry lower than D ^ ; hence we are probably justified in assuming 

that the ligand field is symmetry. If the vibrational states are based on 

symmetry rather than symmetry, the only difference in the vibrational states 

is that the E^ state is split. As shown in Ferguson's study (5) lowering symmetry 

to D will n ° t change the selection rules for polarization perpendicular to the xy 

plane and polarization parallel to the xy plane will depend on the direction of 

polarization within the plane. The difference in the xy_ plane will only influence 

the degenerate components of the E state, but will not forbid both of the degene-

rate components at any orientation within the plane. In other words, regardless 

of the direction we chose within the plane, the transitions to the E states will 
g 

always be allowed and we may choose to use or vibrational symmetry 

without influencing the interpretation. 

In the study of bis-n-methylsalicylaldiminatocopper(II) Ferguson (6) 

observed two bands that have no out-of-plane components and that there is some 

evidence of two additional bands which showed polarization in the xy_ plane, but 

these were uncertain because of the overlapping ligand absorption. These obser­

vations for a complex best described by D ^ symmetry may be related to our work 

if we take the liberty of assuming that it has symmetry. The first two bands 
2 2 2 

may be assigned to the BH to the A„ and B„ transitions not necessarily in 
lg lg 2g 
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t h a t o r d e r . T h e h i g h e r e n e r g y b a n d o r b a n d s w h i c h a r e o b s e r v e d i n t h e z d i r e c ­

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

2 1 
f r o m t h e B g r o u n d s t a t e t o s t a t e s s t e m m i n g f r o m t h e E s t a t e . I f w e d o n o t 

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

l i n g , t h e n w e a r e f a c e d w i t h t h e s a m e p r o b l e m t h a t c o n f r o n t e d u s w i t h t h e D A C O 

c o m p l e x e s . 

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

r a t e ( 2 8 ) i n d i c a t e s t h e p r e s e n c e o f a c o m p o n e n t a t 1 7 . 0 k K w h i c h i s u n p o l a r i z e d , 

a c o m p o n e n t a t 1 5 . 5 k K w h i c h i s p o l a r i z e d i n t h e x y p l a n e a n d a c o m p o n e n t a t 

1 3 . 5 k K w h i c h i s o b s e r v a b l e i n b o t h d i r e c t i o n s . T h e r e i s a p o s s i b i l i t y t h a t t h e 

b a n d a t 1 3 . 5 k K u n d e r g o e s a c h a n g e i n i n t e n s i t y , b u t i t i s d o u b t f u l w h e t h e r t h e 

2 2 
c h a n g e i s m o r e t h a n t w o f o l d . T h i s b a n d i s a s s i g n e d t o t h e B -» A t r a n s i t i o n 

a n d i s a l l o w e d b y t h e B „ v i b r o n i c w a v e f u n c t i o n i n t h e z d i r e c t i o n . W e m u s t c o n -
J 2 u -

e l u d e t h a t t h e B c o u p l i n g m u s t b e m o r e e f f e c t i v e i n t h i s c a s e . S i m i l a r o b s e r v a -
2 u 

t ions are made in the studies of the platinum chlor ides (29). 

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

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

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

u p o n t h e l i g a n d s y s t e m . S i n c e w e a r e m a k i n g c o m p a r i s o n s o f s y s t e m s o f t h e t y p e 

M L ^ w h e r e L i s a o n e a t o m l i g a n d i n s o m e c a s e s a n d i n o t h e r c a s e s i t i s p a r t o f 

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

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



55 

C H A P T E R I V 

E N E R G Y L E V E L C A L C U L A T I O N S O F 

S Q U A R E - P L A N A R N I C K E L ( D A C O ) 2 ( C 1 0 4 ) 2 

T h e use o f l i g a n d f i e l d t h e o r y has had c o n s i d e r a b l e s u c c e s s i n e x p l a i n i n g 

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

d e t e r m i n e s the p h y s i c a l p r o p e r t i e s o f t r a n s i t i o n a l m e t a l c o m p l e x i o n s , and t h i s 

i s w h e r e l i g a n d f i e l d t h e o r y c o n c e n t r a t e s i t s a t t e n t i o n . The t h e o r y has the a d v a n ­

tage o v e r m o l e c u l a r o r b i t a l t h e o r y i n t h a t the c a l c u l a t i o n i s r e d u c e d t o an a t o m i c 

c a l c u l a t i o n . H o w e v e r , h i g h l y c o v a l e n t b o n d i n g c o m p l e x e s such as N i ( C O ) 4 and 

4 -

Fe (CN)g a r e not w e l l d e s c r i b e d b y l i g a n d f i e l d t h e o r y . T h i s i s t r u e because 

we a r e no l o n g e r d e a l i n g w i t h a t o m i c o r b i t a l s . 

L i g a n d f i e l d t h e o r y f i n d s i t s o r i g i n i n c r y s t a l f i e l d t h e o r y . C r y s t a l f i e l d 

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

m e t a l i o n c a n be e x p l a i n e d by c o n s i d e r i n g the l i g a n d s to be p o i n t c h a r g e s o r p o i n t 

d i p o l e s . The e l e c t r o s t a t i c i n t e r a c t i o n b e t w e e n the p o i n t c h a r g e s o r d i p o l e s and 

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

i o n . The s p l i t t i n g i s dependent on the s y m m e t r y a r r a n g e m e n t s o f the l i g a n d and 

the i n t e n s i t y o f the i n t e r a c t i o n . The i n t e n s i t y o f i n t e r a c t i o n c a n be c a l c u l a t e d i f 

the a t o m i c o r b i t a l s , a p a r a m e t e r R w h i c h r e l a t e s to the d i s t a n c e be tween the 

l i g a n d and the c e n t r a l m e t a l i o n , the e f f e c t i v e p o i n t c h a r g e and the p o i n t d i p o l e 

a r e k n o w n . R a t h e r t h a n e s t i m a t i n g the above m e n t i o n e d p a r a m e t e r s , the 
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interactions are often described in terms of orbital splitting parameters. 

Ligand field theory differs from crystal field theory by not assuming that 

the interaction is a purely electrostatic interaction. Ligand field theory admits 

that there is some covalent bonding but not so much that the approach of crystal 

theory is undermined. A comparison of the relative amounts of covalency can be 

obtained by examining the nephelauxetic series of ligands. Jorgensen (22) has 

given the series in terms of increasing degree of covalency as 

F" < H Q O < urea <NH <en~Qx 2 ~ <NCS « C 1 - C N " <Br" <I~ 

The ligand DACO should occupy a position in the series in the neighborhood of en. 

This indicates that ligand DACO provides for a relatively small amount of coval­

ency and the Ni(DACO) complex ion should be in the framework of ligand field 

di 
theory. 

Our calculation will differ from Maki !s (1) calculation for square-planar 

n i c k e l ( n ) c o m p l e x e s i n s e v e r a l a s p e c t s . Maki 's c a l c u l a t i o n i s a c r y s t a l field 

calculation while ours is a ligand field calculation. Maki had to use atomic wave 

functions with radial functions and her choice was Slater atomic orbitals. We will 

use atomic orbitals of the general form 

d m1 = R(r) Y ™ 1 

ml 
where R(r) is the radial part and Y is the spherical harmonic. In our calculation Li 
the radial part is never evaluated or approximated. Furthermore, the parameter 

R, the effective point charge and the point dipole is not evaluated or assigned 
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s p e c i f i c v a l u e s . I n s t e a d , the e n e r g y l e v e l s a r e c a l c u l a t e d u s i n g the one e l e c t r o n 

i n t e g r a l s e v a l u a t e d f r o m Cu( I I ) (DACO) (CIO ) s p e c t r a . The l i g a n d f i e l d i s 
Li TT Li 

a s s u m e d t o be o f s y m m e t r y . A l s o , the u s u a l a s s u m p t i o n i s m a d e t h a t the 

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

and , t o the f i r s t a p p r o x i m a t i o n , t o have no i n f l u e n c e on the e n e r g y o f the l e v e l s . 

The t o t a l e l e c t r o n i c s ta te o f the n i c k e l ( I I ) and c o p p e r ( I I ) i o n w i l l be d e s c r i b e d i n 

t e r m s o f f u n c t i o n s o f d 2 and d * h o l e s , r e s p e c t i v e l y . 

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

c o n t a i n the i r r e d u c i b l e r e p r e s e n t a t i o n a„ , b „ , b , and e u s i n g the m e t h o d 
l g l g 2g g 

o u t l i n e d b y B a l l h a u s e n (24) . The f i v e l i n e a r c o m b i n a t i o n s of the d o r b i t a l s f o r m ­

i n g the i r r e d u c i b l e r e p r e s e n t a t i o n s a r e found b y q u a n t i z a t i o n about the f o u r f o l d 

a x i s . U s i n g the phase c o n v e n t i o n of Condon and S h o r t l e y (30) and d r o p p i n g the 
/ 1/2 

c o m m o n f a c t o r s o f R ( r ) and ( 5 / 4 ) TT the s p h e r i c a l h a r m o n i c s a r e 

d ± 2 = Y * 2 = / 3 / 8 ( x ± i y ) 2 

d x = Y ^ = / 3 / 2 ( x + i y)z 

d Q = Y°2 = 1/2 ( 3 z 2 - r 2 ) 

d _ x = Y " 1 = / 3 / 2 ( x - i y ) z w h e r e the s u b s c r i p t s o f the d o r b i t a l s r e f l e c t the v a l u e of m ^ . Since the s y s t e m 

has been q u a n t i z e d a l o n g the f o u r f o l d a x i s , the wave f u n c t i o n s m u s t be d i a g o n a l 

w i t h r e s p e c t to t h i s a x i s . I n T a b l e 7 the d^, d Q , and d a r e seen t o be " p u r e " 

o r b i t a l s , w h e r e a s the and d _ 2 c a n m i x u n d e r a r o t a t i o n . T h e n 
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Y = ad ±bd 
I Ci 

Table 7. Transformation Properties of d Orbitals 

in D Symmetry 

z -» z z -» z z -»-z 
E C 2 x — x 

y - - y y - - x y - X 

d 2 d 2 d 2 " d 2 " d - 2 

d l d l - d l " i d l l d - l 

d o d o d o d o d o 

d - l d - l - d - l i d - l " i d l 

d - 2 d - 2 d - 2 " d - 2 " d 2 

By application of the C ' operation and normalization the orbitals are 

1 

Since the trace under C. of a, , b̂  , b_ and e is real, d„ and d H must be 
4 lg' lg' 2g g ' - 1 - - 1 

grouped together. Hence, the real positive angular portion of the wave functions 

are obtained from the Condon and Shortley spherical harmonics and are found to 

be 



^ 2 2 = 1 / / 2 (d 2 + d_ 2) = / 3 / 2 ( x 2 - y 2 ) 

d 2 , 2 2 
- z = d Q = 1 /2 (3z - r ) 

4y "72 ( d 2 - d . 2 ) = / - 3 ( x y ) 

C h a r a c t e r t a b l e s (3) f o r s y m m e t r y r e v e a l t h a t the o r b i t a l s have the f o l l o w i n g 

s y m m e t r y : 

b • d 2 2 
l g - x - y 

a • d 2 
l g - z 

b 0 : d 
2g - x y 

e : d , d 
g - x z ' - y z 

The e n e r g y o f the one p o s i t r o n s ta tes m a y be w r i t t e n as 

E(b lg) = 6 0 + J * V \ / <V d y = 6 0 + A l 

E V = V J 0 *<V VD * = V * 2 
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E

( e g ) = 6 O + J 0

 ( eg ) VD 4 h

0 (V d y
 = e O + A3 

E ( a l g ) = e O + I * \ g ) V D 4 h 0 ( a l g ) d y = e o + A 4 

where E(n) i s the energy of the nth state, i s the energy of the free ion state, 

0 i s the nth orb i ta l , and A i s the stabi l izat ion of the nth state. F r o m the def i -
n — n — 

nition of the energies of the l e v e l s , the energy of the one-electron t ransi t ions are 



6 1 

t h e f o l l o w i n g : 

E - E = A - A = W ' 
(e ) ( h . a 3 n l 2 
v g 2 g ) 

( a

n ) ( b 0 ) 4 1 3 
l g 2 g 7 

U s i n g t h e " c e n t e r - o f - g r a v i t y " r u l e , t h e s p l i t t i n g f r o m t h e c e n t e r - o f - g r a v i t y m a y 

b e c a l c u l a t e d . 

A 1 + A 2 + 2 A 3 + A 4 = 0 

A 2 = W 1 + A x 

a 3 = W 2 + A l 

A 4 = W 3 + i l 

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

a t e d i n t e r m s o f t h e A ' s . 

V < d 0 | V | d 0 > 

As = < d x I v | d x > 

A 2 = < 1 / / 2 ( d 2 - d _ 2 ) | V | 1 / / 2 ( d 2 - d _ 2 ) > = 
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< ^ | V | d 2 > - < d 2 | V | d _ 2 > 

A x = < 1 / / 2 ( d 2 + d - 2 ) | V | 1 / / 2 ( d 2 + d _ 2 ) > = 

< d 2 | v | d 2 > + < d 2 | V | d > 

= < V A 2 > / 2 

1 2 

I f the v a l u e s of the W 's w e r e k n o w n , the e n e r g y l e v e l s of the s q u a r e - p l a n a r 

n i c k e l ( I I ) c o m p l e x e s c o u l d be c a l c u l a t e d . 

The t h r e e v i s i b l e t r a n s i t i o n s o f copper(n) (DACO) c o m p l e x i o n c o r r e s p o n d 

Z 
t o the t r a n s i t i o n s i n a s i n g l e p o s i t r o n c a s e . F u r t h e r m o r e i n C h a p t e r M these 

t r a n s i t i o n s have been shown t o c o r r e s p o n d to W', W ' and W ' i n t h a t o r d e r . 

1 Z o 

R a t h e r t h a n t r e a t the W ' s as v a r i a b l e p a r a m e t e r s f o r the c a l c u l a t i o n , a r e l a t i o n ­

s h i p b e t w e e n the W r s of the two i o n s i s a s s u m e d . The a t o m i c o r b i t a l s f o r the 

n i c k e l ( I I ) i o n a r e expec ted to be s o m e w h a t s m a l l e r due t o i m p e r f e c t s h i e l d i n g of 

one e l e c t r o n by another i n the same s u b s h e l l . The n u c l e a r c h a r g e and the n u m b e r 

o f d e l e c t r o n s i n c r e a s e s by one w h e n g o i n g f r o m n i c k e l ( I I ) to c o p p e r ( I I ) . Since 

s h i e l d i n g i s i m p e r f e c t due to the shape o f the o r b i t a l s , an i n c r e a s e o f the n u c l e a r 

c h a r g e b y one u n i t causes a r e d u c t i o n i n s i ze of the e n t i r e d s u b s h e l l . 
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S i n c e t h e l i g a n d f i e l d i n t e r a c t i o n i s m a i n l y a n e l e c t r o s t a t i c i n t e r a c t i o n , t h e l a r g e r 

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

a s s u m e s t h a t t h e d i s t a n c e b e t w e e n t h e c e n t r a l m e t a l n u c l e u s a n d t h e l i g a n d n u c l e ­

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

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

s m a l l d i f f e r e n c e s a r e p r o b a b l e . T h e b i s - n - m e t h y l s a l i c y l a l d i m i n a t o ) ( 3 1 , 3 2 ) 

n i c k e l ( H ) a n d c o p p e r ( I I ) c o m p l e x e s a r e r e p o r t e d t o h a v e i n t r a m o l e c u l a r d i s t a n c e s 

a n d a n g l e s e s s e n t i a l l y t h e s a m e , b u t t h e c o p p e r ( I I ) c o m p l e x i s c o m p l e t e l y s q u a r e -

o 
p l a n a r a n d t h e m e t a l t o l i g a n d d i s t a n c e s a r e 0 . 1 A l o n g e r . O n t h e o t h e r h a n d 

t h e b i s - s a l i c y l a l d i m i n a t o ( 3 3 , 3 4 ) n i c k e l ( I I ) c o m p l e x i s c o m p l e t e l y s q u a r e - p l a n a r , 

o 
b u t a g a i n t h e m e t a l - l i g a n d d i s t a n c e i s 0 . 1 A l o n g e r f o r t h e c o p p e r ( I I ) c o m p l e x . 

O n t h e b a s i s o f t h e a b o v e c o m p l e x e s , o n e c a n n o t m a k e g e n e r a l s t a t e m e n t s t h a t 

o 

m e t a l t o l i g a n d d i s t a n c e w i l l b e 0 . 1 A s h o r t e r i n t h e [ N i ( H ) ( D A C O ) ] c o m p l e x . 

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

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

i n t h e s i z e o f i o n s a n d i n m e t a l t o l i g a n d d i s t a n c e , a f a c t o r P w i l l b e i n c l u d e d i n 

t h e c a l c u l a t i o n . T h e f a c t o r P i s d e f i n e d s u c h t h a t 

W l = P W 1 

w 2 = PŴ  

w 3 = PW3' . 

F o r a f r e e n i c k e l ( H ) i o n w i t h e q u i v a l e n t 3 d e l e c t r o n s o r p o s i t r o n s , t h e 
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p o s s i b l e t e r m s a r e F , D , P , G , a n d S. T h e d i f f e r e n c e s b e t w e e n t h e s e s t a t e s 

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

e x p e r i m e n t a l l y d e t e r m i n e d t o b e ( 3 5 ) 

3 F = 1 4 . 0 5 k K 

3 F = 1 6 . 7 1 k K 

3 F = 2 3 . 0 3 k K 

3 ^ > 5 0 k K 
F 

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

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

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

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

I f t h e s p i n i s i g n o r e d , t h e n i c k e l ( I I ) i o n h a s t w e n t y - f i v e s t a t e s c o r r e s p o n d ­

i n g t o a b o v e m e n t i o n e d f i v e e n e r g i e s . M a k i (1 ) h a s d e r i v e d t h e s e t s o f t w e n t y - f i v e 

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

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

o u t l i n e d i n C o n d o n a n d S h o r t l e y ( 3 0 ) . T h e S s t a t e w a s o m i t t e d s i n c e i t h a s a f r e e 

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

i n t h e l i g a n d f i e l d . 

I n c o n s i d e r i n g t h e e f f e c t o f t h e l i g a n d f i e l d a 2 4 x 2 4 m a t r i x i s o b t a i n e d 

w i t h e a c h e l e m e n t o f t h e f o r m 
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H = < Y i ( l , 2 ) | V | Y ( 1 , 2 ) > 

w h e r e Y. i s t h e w a v e f u n c t i o n o f t h e f r e e i o n s t a t e . B y i m p o s i n g s y m m e t r y r e q u i r e ­

m e n t s a n d e l i m i n a t i n g a n y i n t e r a c t i o n b e t w e e n s i n g l e t a n d t r i p l e t s t a t e s , t h e m a t r i x 

i s f a c t o r e d i n t o n o n i n t e r a c t i n g b l o c k s . I n o r d e r t o o b t a i n t h e e n e r g y e i g e n v a l u e s , 

n u m e r i c a l v a l u e s f o r a l l t h e n o n z e r o H - j ' s a r e n e e d e d . T h e s e i n t e g r a l s m a y b e 

e x p r e s s e d a s a s u m o f o n e e l e c t r o n i n t e g r a l ' s o f t h e f o r m f o r t h e i t h e l e c t r o n 

S i n c e t h e l i g a n d f i e l d i s o f D . s y m m e t r y , t h e r u l e ( 2 4 ) t h a t m ' - m = 0 o r ± 4 
4n 

a p p l i e s a n d m a n y o f t h e ( n

m m ' ) ^ a r e e q u a l t o z e r o . M a k i ( 1 ) h a s s i m p l i f i e d t h e 

2 4 x 2 4 m a t r i x u s i n g t h e a b o v e p r o c e d u r e a n d t h e f i n a l f o r m m o d i f i e d f o r a l i g a n d 

f i e l d c a l c u l a t i o n i s g i v e n i n A p p e n d i x I . T h e n o n z e r o o n e e l e c t r o n i n t e g r a l s h a v e 

b e e n d e f i n e d a s f o l l o w s : 

< h 2 2 > i = Q 2 <4 | v | d 2 > 

^ l l ' i = Q l 

< h 0 0 > i = Q 0 
< d 0 | v | d 0 > 

< h 2 - 2 > i = B : 2 - 2 

T h e m a t r i c e s h a v e b e e n e v a l u a t e d w i t h t h e a i d o f B u r r o u g h s B - 5 5 0 0 

e l e c t r o n i c c o m p u t e r a t t h e R i c h E l e c t r o n i c C o m p u t e r C e n t e r a n d t h e f i n a l r e s u l t s 
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a r e s h o w n i n F i g u r e 15 and 16. 

One r e q u i r e m e n t t h a t m u s t be m a d e i s t h a t the g r o u n d s ta te m u s t be a 

s i n g l e t s t a t e . F i g u r e 15 r e v e a l s t h a t the use o f the f r e e i o n s p l i t t i n g ( F = l ) and 

the s p l i t t i n g o f l e v e l s as d e t e r m i n e d f o r [Cu( I I ) (DACO) ] + + y i e l d s a t r i p l e t g r o u n d 

sta te w i t h the s ta te 7 . 2 2 k K h i g h e r i n e n e r g y . U s i n g a v a l u e o f P = 1.25 a l s o 

3 1 
y i e l d s a E g r o u n d s ta te w i t h the A s t i l l 4 . 7 2 k K a b o v e . A c c o r d i n g to t h i s 

t r e n d a c o n s i d e r a b l e i n c r e a s e i n P w o u l d e v e n t u a l l y p r o d u c e a * A g r o u n d 

s t a t e . A c o n s i d e r a b l e i n c r e a s e i n P w o u l d be e q u i v a l e n t t o s t a t i n g t h a t the l i g a n d 

f i e l d i s m u c h s t r o n g e r f o r the n i c k e l ( H ) c o m p l e x . Since t h e r e i s no r e a s o n f o r 

b e l i e v i n g t h a t i t s h o u l d be m u c h s t r o n g e r , i n c r e a s i n g P t o 1 .6 o r g r e a t e r s e e m s 

u n r e a s o n a b l e . T h e e f f e c t o f the r e d u c t i o n o f the s p l i t t i n g o f the f r e e i o n s ta te i s 

o b s e r v e d i n F i g u r e 16 w h e r e the v a l u e of the P i s 1.25 and the v a l u e o f F i s v a r i e d . 

The *A., b e c o m e s the g r o u n d s ta te at F = 0 . 6 0 . 
l g 

W h e n c o n s i d e r i n g the q u e s t i o n o f the v a l i d i t y o f the c a l c u l a t i o n , the b i g g e s t 

cause f o r doubt i n v o l v e s the p a r a m e t e r F . The r e d u c t i o n i n v a l u e o f t h i s p a r a m e t e r 

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

o f the d o r b i t a l s a r e a s s u m e d t o be d e l o c a l i z e d t o the s a m e e x t e n t . Since t h i s i s 

not a good a s s u m p t i o n , the v a l i d i t y o f the l i g a n d f i e l d a p p r o a c h d e c r e a s e s p r o p o r ­

t i o n a l l y t o F . B o s t r u p and J o r g e n s e n (36) have c a l c u l a t e d F v a l u e s o f b e t w e e n 0 .70 

and 0 .78 f o r o c t a h e d r a l a m i n e c o m p l e x e s o f n i c k e l ( I I ) . I f these v a l u e s a r e u s e d as 

a s t a n d a r d , the u p p e r l i m i t o f 0 .65 i n d i c a t e s t h a t t h e r e i s m o r e t h a n the u s u a l r o o m 

f o r e r r o r . 

A n o t h e r f a c t o r w h i c h s h o u l d be c o n s i d e r e d i s t h a t o f s p i n - o r b i t c o u p l i n g . 
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1.00 1.25 
ORBITAL SPLITTING PARAMETER. P 

F i g u r e 15. The Energy L e v e l Diagram f o r S q u a r e - p l a n a r 
Complexes a s a F u n c t i o n o f t he O r b i t a l 
S p l i t t i n g P a r a m e t e r , 
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0.90 0.80 0.70 
COVALENT BONDING PARAMETER. P 

F igure 16. The Energy Leve l Diagram f o r Square-p lanar 
Complexes as a Func t ion o f the Cora len t Bonding 
Parameter. ( A l l energies are r e l a t i v e t o the 3F 
s t a t e o f the f r e e Ion be ing zero energy. The 
s p l i t t i n g o f the d o r b i t a l s i s taken as 12$% 
o f the s p l i t t i n g i n [Cu(DAC0) 2] • ) 
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I f s p i n - o r b i t c o u p l i n g i s s i g n i f i c a n t a c a l c u l a t i o n w h i c h i n c l u d e s t h i s w o u l d p r o d u c e 

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

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

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

c o n s t a n t w e r e k n o w n f o r t h e c o m p l e x . P e r h a p s t h i s v a l u e c o u l d b e e s t i m a t e d 

f r o m t h e e x p e r i m e n t a l l y k n o w n v a l u e (3 ) f o r t h e f r e e i o n j u s t a s t h e e n e r g y s e p a ­

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

c o m p l i c a t e ( 3 7 ) t h e c a l c u l a t i o n b e c a u s e o f t h e g r e a t e r s i z e a n d c o m p l e x i t y o f t h e 

m a t r i c e s t o b e d i a g o n a l i z e d . 

O u r c a l c u l a t i o n s s h o w t h a t i f t h e v a l u e s o f F i s l i m i t e d f r o m 0 . 6 4 t o 1 . 00 

a n d P i s f r o m 1 . 00 t o 1 . 2 5 n o s i n g l e t t o s i n g l e t d t o d t r a n s i t i o n s o c c u r i n t h e 

r e g i o n f r o m 0 t o 12 k K , t h r e e d t o d s i n g l e t t r a n s i t i o n s m a y o c c u r i n t h e r e g i o n 

f r o m 12 t o 2 4 k K , a n d f i n a l l y n o d t o d s i n g l e t t r a n s i t i o n s o c c u r i n t h e r e g i o n f r o m 

2 4 t o 3 0 k K . N o o r d e r o f t h e d t o d t r a n s i t i o n s i n t h e r e g i o n o f 12 t o 2 4 k K c o u l d 

be a s s i g n e d because the leve ls are very c lose together and d o change order over 

t h e r a n g e o f v a l u e s f o r t h e p a r a m e t e r s . 

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

i m a g i n a b l e i f w e u s e d a s p a r a m e t e r s W , W , W a n d F . I f w e d i d t h i s o u r c a l c u -
J . Lj O 

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

t h e e f f o r t . B e c a u s e w e h a v e u s e d o n l y F a n d P a s p a r a m e t e r s b u t h a v e r e s t r i c t e d 

t h e m t o v a l u e s t h a t a r e j u s t i f i e d a n d w i t h i n t h e f r a m e w o r k o f t h e c a l c u l a t i o n s w e 

a r e a b l e t o d r a w m e a n i n g f u l c o n c l u s i o n s . 
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C H A P T E R V 

D I S C U S S I O N A N D C O N C L U S I O N S 

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

d e s c r i b e d a s h a v i n g s q u a r e - p l a n a r l i g a n d f i e l d s . T h e e x c e p t i o n i s N i ( T A H ) ( C 1 0 4 ) 2 

w h i c h h a s n e v e r b e e n d e s c r i b e d i n t h e l i t e r a t u r e . 

T h e c h e m i c a l a n a l y s i s o f N i ( T A H ) ( C 1 0 ) i n d i c a t e s t h a t t h e g i v e n f o r m u l a s 
4b tii 

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

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

p r e p a r a t i o n , N i ( T A H D ) ( C 1 0 ) , r e v e a l e d t h a t t h e p r o d u c t s h o w e d a n a d d i t i o n a l 

4 tit 

N - H s t r e t c h i n g a b s o r b a n c e a t 3 1 8 0 c m \ t h e l o s s o f t h e C = N s t r e t c h a b s o r b a n c e 

a t 1 7 0 0 c m 1 a n d m a j o r d i f f e r e n c e s i n t h e C - C b e n d i n g a b s o r b a n c e . T h e v i s i b l e 

s p e c t r a o f t h e m u l l r e v e a l e d a b r o a d a b s o r p t i o n b a n d w i t h i t s m a x i m u m a t 1 8 . 5 k K , 

w h i l e t h e D M S O s o l u t i o n r e v e a l e d a n e q u i v a l e n t a b s o r b a n c e w i t h i t s m a x i m u m a t 

1 8 . 7 k K w i t h a n e x t i n c t i o n c o e f f i c i e n t o f 2 5 4 c m 1 m 1 1 . T h e m a g n e t i c d a t a 

r e v e a l e d a m a g n e t i c m o m e n t o f 0 . 5 B o h r m a g n e t o n s w h i c h i s n o t w h a t o n e e x p e c t s 

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

p l e x e s o f n i c k e l ( I I ) . T h e s p e c t r a l d a t a i n d i c a t e t h a t w e h a v e s u c c e e d e d i n h y d r o -

g e n a t i n g t h e s q u a r e - p l a n a r N i ( T A H D ) ( C 1 0 ) ( 1 6 ) t o p r o d u c e s q u a r e - p l a n a r 

4 tit 

N i ( T A H ) ( C 1 0 4 ) 2 . 

I n o u r m a g n e t i c m o m e n t s t u d i e s w e h a v e f o u n d t h a t m o m e n t s f o r t h e s q u a r e -

p l a n a r b i s ( D A C O ) c o p p e r ( I I ) p e r c h l o r a t e c o r r e s p o n d s q u i t e w e l l t o t h e s p i n o n l y 
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va lue o f 1.86 B o h r m a g n e t o n s . I n o u r s tud ies as w e l l as o t h e r s tud ies o f s q u a r e -

p l a n a r n i c k e l ( I I ) c o m p l e x e s (12, 15, 16) m o m e n t s have been found to be be tween 

0 .55 and 0 . 4 0 B o h r m a g n e t o n s . T h i s h i g h m o m e n t i s u s u a l l y a t t r i b u t e d to t e m ­

p e r a t u r e independen t p a r a m a g n e t i s m w i t h o u t w o r r y i n g about the s o u r c e o f i t . 

T h e t e m p e r a t u r e independent c h a r a c t e r o f the m o m e n t i n d i c a t e s t ha t i s i s 

no t due to a t h e r m a l p o p u l a t i o n o f an e x c i t e d t r i p l e t s ta te (38) . F u r t h e r m o r e i t 

i s doub t f u l w h e t h e r t h i s h i g h m o m e n t c o u l d be due to a c e r t a i n p e r c e n t a g e o f 

n i c k e l ( I I ) i o n s h a v i n g o c t a h e d r a l c o o r d i n a t i o n (39) s ince the m o m e n t s o f a l l o f 

the r e p o r t e d s q u a r e - p l a n a r n i c k e l ( I I ) c o m p l e x e s f a l l i n a n a r r o w r a n g e . A n i n t e r ­

a c t i o n o f some e x c i t e d t r i p l e t s ta tes w i t h the s i n g l e t g r o u n d s ta te m a y be r e s p o n ­

s i b l e f o r the m o m e n t s . 

T h i s a p p r o a c h m a y be a p p r e c i a t e d by e x a m i n i n g the " w e a k f i e l d " a p p r o x i ­

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

(1) the a s s u m p t i o n was made tha t the s p i n f u n c t i o n m a y be s e p a r a t e d f r o m the o r b i ­

t a l function. I f t h i s assumption i s no t made, l i g a n d field arguments m u s t be made 

on the s p l i t t i n g o f J ( t o t a l a n g u l a r m o m e n t u m ) r a t h e r t h a n L ( o r b i t a l a n g u l a r m o m e n ­

t u m ) . The r e s u l t s a r e t ha t m a t r i x e l e m e n t s s i m i l a r t o those i n A p p e n d i x I a r e i n 

g r o u p s based on the i r r e d u c i b l e s p i n - s p a c e r e p r e s e n t a t i o n s r a t h e r t h a n j u s t the 

space r e p r e s e n t a t i o n s . These s p i n - s p a c e i r r e d u c i b l e r e p r e s e n t a t i o n s c o n t a i n 

b o t h s i n g l e t and t r i p l e t s ta te e l e m e n t s (37) and the r e s u l t i n g e n e r g y l e v e l s r e f l e c t 

d i a g o n a l i z i n g o f the e n t i r e i r r e d u c i b l e r e p r e s e n t a t i o n . 

The m a t r i x e l e m e n t s g i v e n i n A p p e n d i x I c a n no t be r e l a t e d to the ones 

u s i n g the t o t a l a n g u l a r m o m e n t u m because the t o t a l angu la r m o m e n t u m m a t r i c e s 
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a r e e s t a b l i s h e d u s i n g t h e d o u b l e g r o u p s y m m e t r y r e q u i r e m e n t s , b u t p e r h a p s 

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

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

e l e m e n t s a r e r e l a t e d t o t h e s p i n - o r b i t c o u p l i n g p a r a m e t e r s . A s i n a l l p e r t u r b a ­

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

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

o n a l e l e m e n t s i n c r e a s e . T h i s i s s h o w n i n F i g u r e 1 7 . A t p o i n t s w e l l a w a y f r o m 

X ^ , t h e i n t e r a c t i o n i s v e r y s m a l l a n d t h e t r i p l e t s t a t e i s e s s e n t i a l l y a p u r e t r i p l e t 

s t a t e . A t p o i n t X , t h e t w o s t a t e s b e c o m e d e g e n e r a t e i f t h e o f f d i a g o n a l e l e m e n t 

i s z e r o . I f i t i s n o t z e r o , t h e s t a t e s a r e n o l o n g e r d e g e n e r a t e , b u t r e p r e s e n t a 

c o m p l e t e m i x t u r e o f t r i p l e t a n d s i n g l e t s t a t e s . A s o n e m o v e s a w a y f r o m X ^ t o 

X t h e a m o u n t o f m i x i n g d e c r e a s e s a n d t h e g r o u n d s t a t e b e c o m e s m o r e l i k e a 
di 

t r u e s i n g l e t s t a t e . 

T h e m a g n e t i c s t u d i e s i n d i c a t e t h a t t h e s q u a r e - p l a n a r b i s ( D A C O ) n i c k e l ( I I ) 

p e r c h l o r a t e d i h y d r a t e h a s a w e a k t e m p e r a t u r e independent p a r a m a g n e t i s m w h i c h 

i s f a r b e l o w a s p i n o n l y t r i p l e t v a l u e o f 3 . 8 7 B o h r m a g n e t o n s . S u c h a s i t u a t i o n 

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

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

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

T h e v i s i b l e s o l u t i o n s p e c t r a o f t h e n i c k e l ( I I ) s q u a r e - p l a n a r c o m p l e x e s a r e 

s h o w n i n F i g u r e s 3 t h r o u g h 7 . G e n e r a l l y , t h e r e w a s n o c h a n g e i n t h e a b s o r p t i o n 

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

t i o n i s t h e c o m p l e x N i ( T A H ) ( C 1 0 ) . T h e a q u e o u s s o l u t i o n s p e c t r a r e v e a l s a 
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S ing le t State T r i p l e t State 

Jinglet State 

F i e l d S t reng th 

F i g u r e 17. A Q u a l i t a t i v e I l l u s t r a t i o n o f S i n g l e t - T r i p l e t State I n t e r a c t i o n . 

(The b r o k e n l i n e r e p r e s e n t s the p u r e s ta tes w i t h no i n t e r a c t i o n . 
The c u r v e s r e p r e s e n t the s ta tes w i t h i n t e r a c t i o n . ) 

s h o u l d e r a t 18 .5 k K and a m a x i m u m at 2 2 . 0 k K w i t h an e x t i n c t i o n c o e f f i c i e n t o f 

about 100 u n i t s . The abso rbance r a t i o o f the shou lde r and the m a x i m u m changed 

w i t h t e m p e r a t u r e and p r o d u c e d an i s o s b e s t i c po in t a t 19 .7 k K . The t e m p e r a t u r e 

dependence i n d i c a t e s tha t i n aqueous s o l u t i o n t h e r e i s an e q u i l i b r i u m be tween t w o 

f o r m s , w i t h the f o r m h a v i n g i t s m a x i m u m at 22 . 0 k K b e i n g m o r e s tab le a t h i g h e r 

t e m p e r a t u r e s . B o t h f o r m s have s p e c t r a w h i c h a r e t y p i c a l o f s q u a r e - p l a n a r c o m ­

p l e x e s ( that i s , one m a x i m u m i n the r a n g e be tween 25 and 15 k K ) . The f o r m t h a t 
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i s t h e l e a s t s t a b l e a t h i g h e r t e m p e r a t u r e s h a s i t s m a x i m u m a t a l m o s t t h e s a m e 

e n e r g y a s t h a t f o r m i n D M S O a n d s o l i d s t a t e , w h i l e t h e o t h e r f o r m w h i c h a b s o r b s 

a t a h i g h e r f r e q u e n c y i s m o r e l i k e t h e o t h e r a m i n e s y s t e m s i n v e s t i g a t e d . 

A n e x p l a n a t i o n o f t h i s m a y b e t h a t s i n c e t h e a m i n e s i n N i ( T A H ) C 1 0 4 ) 2 a r e 

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

a r e p o s s i b l e a n d e a s i l y c o n v e r t i b l e i n a q u e o u s s o l u t i o n s d u e t o p r o t o n e x c h a n g e . 

S o l v a t i o n i n w a t e r a s c o m p a r e d t o D M S O m a y p r o d u c e d i f f e r e n t i n t e r a c t i o n s w i t h 

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

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

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

c i e n t o f N i ( T A H ) ( C 1 0 ) i n D M S O m a y b e d u e t o a d i s t o r t i o n f r o m t h e e s s e n t i a l l y 

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

t e m s o t h a t t h e c e n t e r o f s y m m e t r y o f t h e c o m p l e x i s l o s t . N o n c e n t r o s y m m e t r i c 

c o m p l e x e s a r e k n o w n t o h a v e h i g h e r e x t i n c t i o n c o e f f i c i e n t s ( 2 4 ) . T h e o b s e r v a t i o n 

o f this e q u i l i b r i u m a n d apparent d i s t o r t i o n e m p h a s i z e s t h e i m p o r t a n c e o f k e e p i n g 

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

w i l l b e a s s i m p l e a s p o s s i b l e . 

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

o n e b r o a d a b s o r p t i o n b a n d o c c u r r i n g i n t h e v i s i b l e r e g i o n b e t w e e n 15 a n d 25 k K 

h a v i n g a n e x t i n c t i o n c o e f f i c i e n t o f 5 0 t o 2 6 0 1 c m * m o l e \ I n t h e p a s t , t h e c o m ­

m o n p r a c t i c e h a s b e e n t o a s s i g n t h i s b a n d t o t h e """A., - » * A „ t r a n s i t i o n ( 4 0 ) a n d 

l g 2 g 

a s s u m e t h a t t h e o t h e r d t o d t r a n s i t i o n s o c c u r a t h i g h e r e n e r g i e s b u r i e d i n t h e 

v e r y i n t e n s e c h a r g e t r a n s f e r b a n d . T h e a s s i g n m e n t o f t h e * A -* * A i s m a d e 
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o n the b a s i s t h a t the i s m o s t l y d 2 2 o r b i t a l and t h a t the * A r t i s m o s t l y a 
l g J - x - y 2g 

c o m b i n a t i o n o f the d 2 2 and d o r b i t a l s . These o r b i t a l s a r e the ones r e l a t i v e l y 
- x - y - x y 

unexposed and t h e r e f o r e t h e y a r e the ones l e a s t s t r o n g l y e f f e c t e d by the s o l v e n t 

i n t e r a c t i o n w h i c h shou ld be m o s t l y i n the z d i r e c t i o n . 

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

s q u a r e - p l a n a r N i ( I I ) c o m p l e x e s a r e not m e a s u r a b l y i n f l u e n c e d by the s o l v e n t . The 

s p e c t r a o f b i s (DACO) n i c k e l ( I I ) p e r c h l o r a t e shown i n F i g u r e 3 r e v e a l s a f e a t u r e ­

l e s s m a x i m u m at 2 2 . 4 k K w i t h no a b s o r p t i o n be tween 9 and 19 k K and b e t w e e n 27 

and 37 k K . T h i s i n d i c a t e s tha t e i t h e r a l l t h r e e d t o d t r a n s i t i o n s a r e w i t h i n the 

b r o a d band at 2 2 . 4 k K o r t h a t t h e r e a r e one o r t w o a b s o r p t i o n s i n t h i s peak w i t h 

the second a n d / o r t h i r d a b s o r p t i o n b e i n g b u r i e d i n the i n t e n s e c h a r g e t r a n s f e r 

band w h i c h has a p p r e c i a b l e a b s o r b a n c e at f r e q u e n c i e s g r e a t e r t h a n 37 k K . S q u a r e -

p l a n a r c o m p l e x e s t h a t have been i n v e s t i g a t e d i n the p a s t (5 , 23 , 40) have a l w a y s 

shown a v e r y i n t e n s e c h a r g e t r a n s f e r band b e g i n n i n g at f r e q u e n c i e s of a p p r o x i ­

m a t e l y 30 k K . Because of the h i g h f r e q u e n c y o f the f i r s t c h a r g e t r a n s f e r b a n d , 

the s p e c t r a of the D A C O c o m p l e x i s the f i r s t c l e a r ev idence t h a t no d t o d t r a n s i ­

t i o n s o c c u r i n the r a n g e be tween 30 and 37 k K . I f one o r m o r e of the d t o d t r a n ­

s i t i o n s o f the D A C O c o m p l e x o c c u r w i t h i n the c h a r g e t r a n s f e r b a n d , the e n e r g y 

d i f f e r e n c e o f the e x c i t e d s ta tes m u s t be a t l e a s t 14 k K . G a u s s i a n r e s o l u t i o n shows 

t h a t t w o o r t h r e e t r a n s i t i o n s m a y be w i t h i n the v i s i b l e b a n d , b u t t h i s i s . n o t d e f i n i t i v e 

e v i d e n c e . The G a u s s i a n r e s o l u t i o n of the p o l a r i z e d s p e c t r a i n t o t h r e e d e f i n i t e c o m ­

ponents w o u l d s e e m t o be s t r o n g ev idence t h a t the b r o a d v i s i b l e a b s o r p t i o n band o f 

the s q u a r e - p l a n a r a m i n e c o m p l e x e s does i n f a c t c o n t a i n a l l t h r e e one e l e c t r o n d t o 
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d transitions. The assignment of transitions is as follows: 

1 A 1 - *E 21.6kK 
lg g 

"V - X A 0 22.3 kK 
lg 2g 

V - 1 B , 23.7 kK 
lg lg 

Further evidence comes from ligand field calculations. Even if the values 

of the parameters, F and P, are varied considerably, the excited states *E^, 

"̂ Â g and *B never differ greatly in energy. Furthermore, this same conclusion 

may be reached by an examination of the crystal field calculation of Maki (1). We 

may wonder why our ligand field calculation did not produce results in closer 

agreement with magnetic and spectral data. The answer is that our ligand field 

calculation, as all ligand field calculations, is only an approximation. Probably 

the biggest difficulty with this type of calculation, which is well known, is that the 

uniform reduction of all the electron-electron repulsion parameters is not really 

an adequate allowance for the effect of covalent bonding. For example, in the case 

at hand, the d^2 ^2 orbital should be the only d orbital which is significantly in­

volved in covalent bond formation while the remainder of the d subshell orbitals 

should remain as essentially pure atomic d_ orbitals. Thus we really should have 

three different sets of repulsion parameters; one involving two electrons in the 

d 2 2 orbital, one involving one electron in the d 2 2 orbital and one in another 
- x -y -x -y 

d orbital, one involving two electrons in d orbitals other than the d 2 2 orbital 
-y 
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(this one would be reduced little if any from the free ion value). If we compare 

the polarized single crystal spectra and the calculated results, we see that an 

increase of 33 percent in the difference in energy between the calculated ground 

state and excited states is required before we have agreement with the largest 

splitting we have calculated. Certainly such values could be obtained if we varied 

F and P enough, but the new values required would be difficult to justify. So at 

best, we may conclude that the calculation is only an approximation to the energy 

levels, but it certainly gives clear evidence that the broad band observed for 

square-planar complexes contains all three d to d transitions. 

Our magnetic data show that spin-orbit coupling and the resultant mixing 

of singlet and triplet states is important and should not be ignored. Complexes 

of the first transition series generally have relatively small values of the spin-

orbit coupling constants and therefore it is doubtful if including this factor will 

improve the calculated spectra much. 

The polarized single crystal spectra of bis(DACO)copper(II) perchlorate 

2 2 2 
dihydrate indicates that the order of the energy levels is B, < B f t < E < 

lg 2g g 
2 

A ^ . This order has often been proposed on the basis of crystal field arguments, 

but has never been experimentally found. The spectral and electron spin resonance 

studies (41) of crystalline salts of bis-ethylenediaminecopper(H) salts indicate 
2 2 2 2 

the order to be < A. < B 0 < E . In these crystal structures the anion 
lg lg 2g g 

o 

was found to be within distances ranging from 2.56 to 3. 00 A along the z axis of 

the complex. This indicates that there is considerable interaction and this was 

further demonstrated through the use of infrared spectra (41). The maximum of 
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t h e a b s o r b a n c e b a n d o f t h e p e r c h l o r a t e s a l t w a s f o u n d t o b e a t 1 8 . 8 k K , w h i l e t h e 

m a x i m u m o f t h e b i s ( D A C O ) c o p p e r ( I I ) p e r c h l o r a t e d i h y d r a t e o c c u r s a t 2 0 . 7 k K . 

B e c a u s e o f t h e c o o r d i n a t i n g a n i o n , a c o m p a r i s o n t o t h e D A C O c o m p l e x i s e x p e c t e d 

2 2 

t o s h o w t h a t t h e B

l g «~ A

l g t r a n s i t i o n s h o u l d o c c u r a t l o w e r e n e r g y i n t h e e t h y -

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

o c c u r r i n g a t l o w e r f r e q u e n c y . 

T h e p o l a r i z e d c r y s t a l s p e c t r a o f p e n t a a m m i n e c u p r i c a m m o n i u m p e r c h l o r a t e 
2 2 2 2 

i n d i c a t e s t h e o r d e r B , < A , < B „ < E ( 2 8 ) . A n a s s u m p t i o n i s m a d e t h a t 
l g l g 2 g g v 

o 

t h e a m m i n e a t a d i s t a n c e o f 3 . 7 5 A a l o n g t h e z a x i s ( 4 2 ) i s f a r e n o u g h a w a y s o t h a t 

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

t h e n t h e a b o v e o r d e r i s i n d i s a g r e e m e n t w i t h o u r a s s i g n m e n t . A s t u d y o f t h e v i s i b l e 

s p e c t r a o f s o l v a t e d c o p p e r ( I I ) i o n s i n a n h y d r o u s 2 - p i c o l i n e ( 4 3 ) i n d i c a t e s t h a t i n t e r -

o 

a c t i o n o f a n i o n s a t d i s t a n c e s o f 5 A o r m o r e h a v e c o n s i d e r a b l e i n f l u e n c e o n t h e 

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

i n t h e p e n t a a m m i n e c u p r i c a m m o n i u m p e r c h l o r a t e s t r u c t u r e s e e m s q u e s t i o n a b l e . 

E x a m i n a t i o n o f m o d e l s i n d i c a t e s t h a t t h e D A C O c o m p l e x m a y h a v e m e t h y l g r o u p s 

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

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

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

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

s i d e r a t i o n s i n d i c a t e t h a t t h e a s s u m p t i o n t h a t t h e z d i r e c t i o n i n t e r a c t i o n i s n o t 

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

w i t h o u r i n t e r p r e t a t i o n . 
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W e h a v e m a d e t h e a s s i g n m e n t o f t h e s i n g l e c r y s t a l s p e c t r a o f b i s ( D A C O ) 

c o p p e r ( I I ) p e r c h l o r a t e d i h y d r a t e t o b e a s f o l l o w s : 

2 B , - 2 B 0 1 8 . 2 k K 
l g 2 g 

2 B . - 2 E 2 0 . 8 k K lg 

2 B , - 2 A , 2 3 . 8 k K 
l g l g 

A c o m p a r i s o n o f t h i s s p e c t r a w i t h t h e s o l u t i o n s p e c t r u m s h o w n i n F i g u r e 8 i n d i ­

c a t e s t h a t t h e m a x i m u m c h a n g e s f r o m 2 0 . 7 5 k K f o r t h e c r y s t a l t o 2 0 . 1 0 k K f o r 

a q u e o u s s o l u t i o n a n d t o 1 8 . 9 5 k K f o r p y r i d i n e s o l u t i o n s . T h e d i f f e r e n c e s i n d i c a t e 

t h a t i n t e r a c t i o n i s o c c u r r i n g a l o n g t h e z a x i s . T h e s h i f t t h e n i s p r o b a b l y d u e t o 

2 
t h e f a c t t h a t t h e e n e r g y o f t h e A ^ l e v e l d e c r e a s e s w i t h i n t e r a c t i o n , a n d t h e 

2 
o b s e r v e d b a n d s h i f t a c t u a l l y o n l y r e f l e c t s d i f f e r e n c e s o f t h e A l e v e l . T h i s i s 

2 

i n a c c o r d a n c e w i t h t h e e x p e r i m e n t a l e v i d e n c e t h a t t h e l e v e l i s e x t r e m e l y 

s e n s i t i v e t o a x i a l i n t e r a c t i o n ( 4 1 , 4 3 ) . B e c a u s e o f t h i s , i t i s d i f f i c u l t t o m a k e a 

g e n e r a l a s s i g n m e n t o f t h e e n e r g y l e v e l s . 

W e h a v e m a d e a c l e a r a s s i g n m e n t f o r t h e b i s ( D A C O ) n i c k e l ( I I ) c o m p l e x , 

b u t a s o f y e t , w e h a v e n o t r e l a t e d o u r a s s i g n m e n t t o o t h e r s y s t e m s . A l l o f t h e 

s q u a r e - p l a n a r n i c k e l ( I I ) a m m i n e s i n v e s t i g a t e d w i t h t h e e x c e p t i o n o f N i ( T A H ) ( C l ) ) 

h a v e a n e x t i n c t i o n c o e f f i c i e n t o f n e a r 1 0 0 u n i t s a n d h a v e n e a r l y t h e s a m e s h a p e d 

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

d u e t o s m a l l d i f f e r e n c e s i n l i g a n d f i e l d s t r e n g t h . B e c a u s e o f t h e s t r o n g r e s e m b l a n c e , 
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m a j o r d i f f e r e n c e s i n c o m p o n e n t s s e e m s u n l i k e l y . W e m u s t a d m i t t h o u g h , t h a t o n 

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

c o m p o n e n t b a n d s t h a t o c c u r i n e a c h c o m p l e x . R e q u i r i n g t h e s a m e o r d e r w o u l d 

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

o f t h e v e r y c l o s e l y s p a c e d e x c i t e d s t a t e s a r e n o t a l t e r e d . F r o m T a b l e 8 , w e s e e 

T a b l e 8 . V i s i b l e A b s o r p t i o n S p e c t r a l D a t a f o r S q u a r e - P l a n a r 

C o m p l e x e s o f N i c k e l ( I I ) D i a m i n e s 

S o l v e n t m a x , k K e m a x R e f e r e n c e 

N i ( I I ) ( D A C O ) 2 ( C 1 0 4 ) 2 W a t e r 2 2 . 4 0 115 T h i s w o r k 

D M S O 2 2 . 4 0 115 T h i s w o r k 

C H C N 2 2 . 4 5 1 2 0 12 

C H 3 N 0 2 2 2 . 4 5 112 12 

N i C T A ( C 1 0 4 ) 2 W a t e r 2 2 . 8 0 1 2 5 T h i s w o r k 

N i C T B ( C 1 0 4 ) 2 W a t e r 2 2 . 8 0 1 1 2 T h i s w o r k 

c i s - N i ( C T H ) 2 ( C 1 0 4 ) 2 W a t e r 2 2 . 0 0 9 3 T h i s w o r k 

t r a n s - N i ( C T H ) 2 ( C 1 0 4 ) 2 W a t e r 2 1 . 8 0 1 0 1 T h i s w o r k 

t h a t e v e n t h e N i ( C T A ) ( C 1 0 4 ) 2 s o l u t i o n s p e c t r a s h o w l i t t l e d i f f e r e n c e s . T h e s l i g h t l y 

* 

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

t a l o f C = N w i t h t h e d a n d d o r b i t a l s s o t h a t t h e r e i s a s l i g h t i n c r e a s e i n e n e r g y 

xz yz 
o f t h e o b s e r v e d b a n d . I f w e c a n b e s u r e t h a t t h e f i e l d s c a n b e d e s c r i b e d a s D , , 
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and t h a t t h e r e a r e no d i f f e r e n c e s i n i n t e r a c t i o n s i n a l l o f the d o r b i t a l s e x c e p t the 

d 2 2 o r b i t a l , i t i s l i k e l y t h a t no d i f f e r e n c e i n o r d e r o f the s t a t e s o c c u r s f r o m 

the o r d e r we have a s s i g n e d to the c r y s t a l o f the n i c k e l ( I I ) D A C O c o m p l e x . Since 

the s o l u t i o n s p e c t r a s h o w no s o l v e n t s h i f t s , i t i s u n l i k e l y t h a t a x i a l i n t e r a c t i o n 

* 
w i l l a l t e r the o r d e r , bu t the TT b o n d i n g e f f e c t s m a y be g r e a t enough i n N i ( C T A ) -

( C 1 0 4 ) 2 and N i ( C T B ) ( C 1 0 4 ) 2 so t h a t the o r d e r m a y d i f f e r f o r these c o m p l e x e s . 

A c o m p a r i s o n o f the s o l v e n t s h i f t s o f the n i c k e l ( I I ) and c o p p e r ( I I ) D A C O 

c o m p l e x e s r e v e a l s t h a t t h e r e i s a m u c h g r e a t e r s o l v e n t s h i f t i n the n i c k e l ( I I ) 

c o m p l e x e s . T h i s d i f f e r e n c e c o u l d no t be due t o d i f f e r e n t s t e r i c b l o c k i n g o f the 

a x i a l p o s i t i o n . The d i f f e r e n c e i s p r o b a b l y due t o the f a c t t h a t c o p p e r ( I I ) i s a one 

p o s i t r o n case w h i l e n i c k e l ( I I ) i s a t w o p o s i t r o n c a s e . I n the c o p p e r ( I I ) c a s e , the 

e n e r g y o f the s ta tes i s d e t e r m i n e d b y the i n t e r a c t i o n o f the d o r b i t a l s w i t h the 

l i g a n d s , w h i l e i n the case o f n i c k e l ( I I ) the e n e r g y o f the s ta tes i s d e t e r m i n e d b y 

the i n t e r a c t i o n o f the d o r b i t a l s w i t h the l i g a n d s and the i n t e r a c t i o n o f the p o s i ­

t r o n s w i t h e a c h o t h e r . W h a t t h i s p o s i t r o n - p o s i t r o n r e p u l s i o n does i s t o s c r a m b l e 

the d o r b i t a l s i n t o s ta tes t h a t a r e no l o n g e r a p r o d u c t o f t w o o n e - p o s i t r o n o r b i t a l s , 

bu t a l i n e a r c o m b i n a t i o n o f o r b i t a l s . T h i s m e a n s t h a t an i n t e r a c t i o n a l o n g the z 

a x i s i n the case o f n i c k e l ( I I ) w i l l no t be as o b s e r v a b l e because the i n t e r a c t i o n w i l l 

be d i s t r i b u t e d o v e r m a n y l e v e l s r a t h e r t h a n one as i n the case o f c o p p e r ( I I ) . 

I f we c o n s i d e r the l i g a n d f i e l d c a l c u l a t i o n and the s p e c t r a l d a t a , i t a p p e a r s 

t h a t the e n e r g y o f the o r b i t a l s i s d e t e r m i n e d by the c r i n t e r a c t i o n w i t h the d 2 2 
- x - y 

o r b i t a l and s o m e c r y s t a l f i e l d o r e l e c t r o s t a t i c i n t e r a c t i o n w i t h the o t h e r o r b i t a l s . 

The f a c t t h a t the b

2 g ( ^ x y ) » e

g ( ^ z » ^ y Z ) a n d a i g ^ - z

2 ^ l i e f a i r l v c l o s e t o g e t h e r and 
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i n o r d e r e x p e c t e d f r o m a n e l e c t r o s t a t i c p o i n t o f v i e w i s a n a r g u m e n t f o r c r y s t a l 

f i e l d t h e o r y . T h e f a c t t h a t t h e b^g^ 2

 y

2 ) o r b i t a l i s s o g r e a t l y d i f f e r e n t f r o m 

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

d e s c r i p t i o n i s t h e n o n b o n d i n g l e v e l s , b^Cp^2
 ^ 2 ) ,

 eg(^xz»^yZ)» a n d a i g @ z

2 ) 

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

a n d a n a n t i - b o n d i n g b ^ Q 2 ^ 2 ) l y i n g a t l e a s t 18 k K a b o v e t h e s e l e v e l s . 



APPENDIX I 

M A T R I X E L E M E N T S 

XA 
g 

H l l = 2 Q 2 + F < 2 3 - 0 3 ) 

H = 2 / 3 5 ( Q 2 + 1 6 Q 1 + 1 8 Q 0 ) + F ( 2 3 . 0 3 ) 
gg 

H 5 / 5 / = 2 / 7 ( 4 Q 2 + Q 1 + 2 Q Q ) + F ( 1 4 . 05) 

H 1 9 = 2 / ( 3 5 ) l / 2 B 2 _ 2 

H 1 5 ^ 4 / ( 7 ) l / 2 B 2 _ 2 

1/2 
H 5 , 9 = 4 / 7 ( 5 ) ( Q 2 + 2 Q i - 3 Q Q ) 

1 
A 

2g 

H 2 2 = 2 Q 2 + F < 2 3 ' 0 3 > 

H 5 5 = 1/7 ( 3 Q 2 + 8 Q 1 + 3 Q Q + 3 B 2 _ 2 ) + F ( 2 3 . 03) 

H l ' 1 ' = 2 / 7 ( 2 Q 0 + 2 Q 2 + 2 B 2 - 2 + 3 Q 1 ] + F ( 1 4 , ° 5 ) 

H 5 l / = 2 ( 3 )

l / 2 / 7 ( Q 0 + Q 2 + B 2 _ 2 - 2 Q 1 ) 

2g 

H 6 6 = 1 / 7 ( 3 Q 2 + 8 Q 1 + 3 Q 0 " 3 B 2 - 2 ) + F < 2 3 ' 0 3 ) 
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H 2 '2 ' = 2 / 7 ( 2 Q 0 + 2 Q 2 " 2 B 2 - 2 + 3 Q l > + F < 1 4 ' 0 5 ) 

1/2 
H 2 , 6 = 2 ( 3 ) / / 7 ( Q 2 - 2 Q , + Q ( ) - B 2 _ 2 ) 

E 
g 

H 3 3 = Q 1 + Q 2 + F ( 2 3 . 0 3 ) 

H ? 7 = 1/7 ( Q 2 + 7 Q X + 6 Q Q ) + F ( 2 3 . 03 

H 3 '3 ' = 1/7 ( 6 Q 2 + 7 Q 1 + Q Q ) + F ( 1 4 . 05) 

H 3 7 = ( 1 / ? ) 1 / 2 B 2 - 2 

H 3 3 , M 6 / 7 ) 1 / 2 B 2 _ 2 

H 7 3 / = ( 6 ) l / 2 / 7 ^ 2 " Q 0 ) 

2g 

H ? 7 = 2 / 5 ( Q 2 + 4 Q x ) 

H 3 / 3 / = 2 / 5 ( Q 1 + 4 Q 2 ) + F ( 1 6 . 7 1 ) 

H 3 , ? = 4 / 5 <Q l - Q 2 ) 

B 
l g 

H = Q + Q + B 
4 4 ^ 0 ^ 2 2 - 2 

B 
2g 

H = Q + Q - B 
33 o ^ 2 2 -2 
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E 
g 

H = Q + Q 
11 ^ 1 ^ 2 

H 5 5 = 1/5 ( 3 Q 2 + 5 Q 1 + 2 Q Q ) 

H l V = 1 / 5 ( 3 Q Q + 5 Q i + 2 Q 2 ) + F ( 1 6 . 7 1 ) 

H = - ( 3 / 5 ) 1 / / 2 B 
15 w ' 2 - 2 

H / = 2 / 5 B 
1 1 2 -2 

1/2 
H l / g = ( 6 / 5 ) ( Q Q - Q 2 ) 



APPENDIX I I 

The Computer Program f o r t h e R e s o l u t i o n o f 
S p e c t r a l D a t a * 

COMMENT THREE PEAK RESOLUTION) 
BEGIN 

PILE IN V H S ( 2 , 1 0 ) ; 
PILE OUT PRNT 6 ( 2 , 1 5 ) ; 
INTEGER N O , I , K , N ; 
REAL DEL,SPHI,SS,RHO,DELTA,SPSI,THETA; 
REAL ARRAY A , W , X , Y ( 0 « 2 0 0 ) , P H I , P S I ( 0 t l 5 ) I 
LABEL START, ONE, TWO, THREE; 
FORMAT F M T l ( X 5 , I 3 t / / ) l 
FORMAT F M T 2 ( X 5 , 3 F 1 5 . 6 ) ; 
FORMAT F M T 3 ( / / t X 5 , I < * . 3 F 1 5 . 7 , / / ) l 
FORMAT F M T M / / ) ; 
FORMAT F M T 5 ( X 5 , F 1 5 . 7 ) l 
FORMAT FMT6(/ / / ,X30,"PATTERN SEARCH FOR 3 GAUSSIAN", 

"CUHVES"); 
FORMAT FMT7(X10,"BASE POINT NUMBER" , I*f,X3»" STEPS IZE" 

F 1 2 . 7 , / / ) ; 
FORMAT F M T 8 ( X 5 , 9 P 8 . 4 , X 5 , F 1 2 . * 0 ; 
FORMAT FMT9(/,X10,"EXPLORATORY MONE RESULTS" , / ,X5 t 

9 F 8 . 4 , X 5 , F 1 1 . ^ ) ; 
FORMAT F M T 1 0 ( / / , " A F T E R " , I 4 , " B A S B POINT EXPLORATIONS" 

"WE HAVE ATLEAST A LOCAL OPTIMUM LOCATED A T : " , 
/ , X 5 . 9 ? 8 . * , X 5 , F 8 . 4 ) ; 

FORMAT F M T 1 1 ( X 5 . F 1 5 # 7 . X { > , F 1 5 . 7 ) ; 
FORMAT F M T 1 2 ( 8 ( X ^ . F 9 . 3 ) h 

PROCEDURE INPUT; 
BEGIN 
READ(VHS, / ,N) ; 
FOR 1 - 1 STEP 1 UNTIL N DO 
BEGIN 
R E A D ( V H S , / , W ( I ) , A ( I ) ) ; 
Y ( I ) « - A ( I ) / 1 0 ; 
x ( i M o * 5 / w ( D i 
END; 
READ(VHS,/,K,DEL,RHO,DELTA); 
FOR I.-1 STEP 1 UNTIL K DO 
BEGIN 
R E A D ( V H S , / , P S I ( I ) ) ; 
END; 

T h i s a l g o l program i s a m o d i f i e d form o f one w r i t t e n 
by W# W# Swar t (kk). 



IP SPHKSS THEN SS-SPHI ELSE 
BEGIN 
BAM-2xDEL; 
PHI(I)-PRT(I)-BAM; 
SPHI«-EVALUATE(PHI,X,Y,N,K) | 
IP SPHKSS THEN SS-SPHI ELSE PHI (I )-PHI ( I )+DEL; 
END; 
END; 
END OP E; 

WRITE(PHNT(NO)); 
INPUT; 
NO-0; 
WRITE(PRNT,FMT6); 
WRITE(PRNT,PMT4); 
STARTtSPSI*-EVALUATE(PSI,X,Y 9N,K); 
ONEtSS<SPSI; 
POR 1-1 STEP 1 UNTIL K DO 
BEGIN 
PHI(I)«-PSI(I); 
END; 
NO-NO+1; 
B; 
COMMENT ARE EXPLORATORY MOVES SUCCESSFUL; 
IP SS<SPSI THEN 
BEGIN 
THETAH?SI(I): 
P S I ( I ) - P H K I ) ; 
PSI(I)-2XPHI(I)-THETA; 
END; 
SPSI-SS; 
SS*-SPHI*-EVALUATE(PHI,XY,N,K); 
IP SS>SPSI THEN 
BEGIN 
GO TO THREE; 
END; 
COMMENT MAKE EXPLORATORY MOVES; 
NO*-NO+l; 
E; 
COMMENT IP SUCCESSFUL MAKE NEW PATTERN MOVE, OTHERWISE GO 

TO ONE AND TRY NEW EXPLORATORY MOVES; 
IF SS<SPSI THEN GO TO TWO ELSE GO TO ONE; 
END 
ELSE 
COMMENT IF EXPLORATORY MOVES WERE NOT SUCCESSFUL REDUCE 

STEP SIZE UNTIL THESE ARE LESS THAN DELTA; 
THREEt IF DELS DELTA THEN 
BEGIN 
DEL-RHOXDEL; 



CLOSE (VHS,RELEASE); 
WRITE(PRNT,FMTlfN); 
FOR I«-l STEP 1 UNTIL N DO 
BEGIN 
WRITE(PENT,FMT2,X(I),W(I),Y(I)); 
END; 
WRITE(PENT,FMT3 $K•DEL•RHO,DELTA); 
FOR I«-l STEP 1 UNTIL K DO 
BEGIN 
WRITE(PRNT,FMT5,PSI(I)); 
END; 
END OF INPUT; 

PROCEDURE CALCULATE; 
BEGIN 
REAL ARRAY El ,E2 ,E3 ,D,T (0t200); 
FOR 1 - 1 STEP 1 UNTIL N DO 
BEGIN 
E1(I)*PHI(1)XEXP(-(PHI(2)-X(I))»2/PHI(3)*2); 
E2(I .-PHI(^)XEXP(-(PHI(5)-X(I))*2/1>HI(6)*2); 
E3(I)-PHI(7)xEXP(.(PHI(8)-X(I))«2/PHI(9)*2); 
T(I)-E1(I)+E2(I)+E3(I); 
D(I)«-T ( l ) -Y ( l ) ; 
WRITE(PRNT,FMT12.W(I).X(I),Y(I).E1(I).E2(I)>B3(I)» 

D ( l ) f T ( D ) ; 
END; 
END OF CALCULATE; 

REAL PROCEDURE EVALUATE(PHI.X,Y,N,K)| 
REAL ARRAY PHI,X fY(0); 
INTEGER K,N; 
BEGIN 
REAL SUM; 
I N T E G E R I; 
REAL ARRAY FX(0t200); 
SUM 0; 
FOR 1-1 STEP 1 UNTIL N DO 
BEGIN 
FX(I)«-PHI(l)XEXP(-(PHI(2)-X(l))*2/PHl(3)#2)->PHl('f)x 

EXP(-(PHI(5)-X(I))»2/PHI(6)*2)+PHI(7)XEXP(-(PHI 
-X(I))*2A>HI(9 * 2 ) ? SUM«*SUM+ (Y (I) -FX ( I ) ) » 2 ; 

END; 
EVALUATE SUM; 
END OF EVALUATE; 

PROCEDURE E; 
BEGIN 
REAL BAM; 
FOR 1 - 1 STEP 1 UNTIL K DO 
BEGIN 
PHI(I).-PHI(I)+DEL; 
SPHI—EVALUATE(PHI, X, Y, N, K ) ; 
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GO TO ONE; 
END; 
W R I T E ( P R N T,PMT10 . N O f P H I ( l ) . P H I(2 ) . P H l ( 3 ) . P H I(4 ) f P H I ( 5 ) t 

P H I ( 6 ) , P H I ( 7 ) , P H I ( 8 ) , P H I ( 9 ) . S S ) ; 
CALCULATE; 
END* 
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V I T A 

V e r n o n Sch ieve lbe in was b o r n on June 4 , 1943 i n San A n t o n i o , T e x a s , the 

son o f B e r n i c e and G i l b e r t S c h i e v e l b e i n . He a t tended E a s t C e n t r a l R u r a l H igh 

School and S c h e r t z - G i b o l o H igh Schoo l g r a d u a t i n g f r o m the l a t t e r i n J u n e , 1 9 6 1 . 

A f t e r a t t end ing San A n t o n i o J u n i o r Co l l ege f o r two y e a r s , he e n t e r e d T r i n i t y 

U n i v e r s i t y c o m p l e t i n g the r e q u i r e m e n t s f o r a B. S. deg ree i n C h e m i s t r y i n A u g u s t , 

1965. He e n t e r e d the G e o r g i a I n s t i t u t e o f T e c h n o l o g y i n S e p t e m b e r , 1965, and 

i n J u n e , 1969, the d e g r e e of D o c t o r o f P h i l o s o p h y i n C h e m i s t r y i s to be c o m p l e t e d 

u n d e r the s u p e r v i s i o n o f D r . D. J . R o y e r . 

D u r i n g the c o u r s e of g radua te s t udy , he was e m p l o y e d by the Schoo l o f 

C h e m i s t r y as a g r a d u a t e t each ing a s s i s t a n t . He was e l e c t e d R e c o r d i n g S e c r e t a r y 

o f the Gradua te Student Senate i n the 1967-1968 a c a d e m i c y e a r . He was e l e c t e d to 

m e m b e r s h i p i n the Soc ie ty o f S i g m a X i i n the S p r i n g o f 1969. 

On J u l y 2 2 , 1967, he m a r r i e d V i c k y Sanchez o f A t l a n t a , G e o r g i a , and i s 

the f a t h e r of a d a u g h t e r , A n n M a r i e . 

Upon c o m p l e t i o n o f the deg ree o f D o c t o r o f P h i l o s o p h y , he w i l l j o i n the 

T e c h n i c a l Staf f o f T e x a c o , Hous ton , T e x a s . 


