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PART I
A STUDY OF THE DEHYDRATION OF POTASSIUM 

TRICHLOROCOBALTATE ( I I )  TETRAHYDRATE



A STUDY OF THE DEHYDRATION OF POTASSIUM 

TRICHLOROCOBALTATE ( I I )  TETRAHYDRATE

CHAPTER I  

INTRODUCTION

P urpose

D iv a le n t c o b a l t  form s com plexes o f  v a r io u s  s te re o c h e m is t ry ,  th e  

m ost common o f w hich a r e  o c ta h e d ra l  and t e t r a h e d r a l .  C obalt ( I I )  com­

p le x e s  a l s o  change c o n f ig u ra t io n  from  one s te re o c h e m is t ry  to  th e  o th e r  

d u r in g  r e a c t io n s .  The s tu d y  o f  th e  e n e rg ie s  and c o n d i t io n s  w hich a c ­

company th e s e  r e a c t io n s  i s  u s e fu l  i n  u n d e rs ta n d in g  th e  c a u se s  o f  th e se  

c o n f ig u r a t io n a l  ch an g e s . The p u rp o se  o f  t h i s  r e s e a r c h  was to  s tu d y  th e  

c o n f ig u r â t io n a l  changes o f  p o ta ss iu m  t r i c h l o r o c o b a l t a t e  ( I I )  t e t r a h y d r a t e  

upon d e h y d ra t io n . To acco m p lish  t h i s  th e  r e s e a r c h  was perform ed in  th r e e  

s e p a r a te  p a r t s .

The f i r s t  in v e s t ig a t io n  i s  th e  d e te rm in a tio n  o f  th e  num ber, com- 

p o s t io n ,  and s t a b i l i t y  o f  th e  com plex h y d r a te s .  The number and com­

p o s i t i o n  o f  th e  com plex h y d ra te  s p e c ie s  w ere  d e te rm in ed  by th e  s te p -w is e  

r e l a t i o n s h ip  o f  th e  d i s s o c ia t io n  v ap o r p r e s s u re  a s  a  fu n c t io n  o f  th e  

sam ple mass a t  c o n s ta n t  te m p e ra tu re .  The s t a b i l i t i e s  o f  th e  com plex 

h y d ra te s  w ere d e te rm in ed  by  a  s tu d y  o f  th e  d i s s o c i a t i o n  p re s s u re  a s  a  

f u n c t io n  o f  te m p e ra tu re  a t  a  c o n s ta n t  c o n r o s i t io n .  The s t a b i l i t y
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m easurm ents w ere made a t  a  co m p o sitio n  where th e  r a t i o  o f  th e  two s o l id  

p h ases  i s  a p p ro x im a te ly  e q u a l .  The e n th a lp y  and e n tro p y  o f  th e  dehy­

d r a t io n  r e a c t io n s  o b ta in e d  from  th e s e  s tu d ie s  w i l l  g iv e  a  c l e a r e r  u n d er­

s ta n d in g  o f  th e  e n e rg ie s  and c o n d i t io n s  prom oting th e  changes in  con­

f ig u r a t i o n .

The second p a r t  o f  th e  s tu d y  i s  th e  f i t t i n g  and in t e r p r e t a t i o n  

o f  th e  d if fu s e d  r e f l e c ta n c e  s p e c t r a  o f each  p u re  c r y s t a l l i n e  complex 

h y d ra te  i d e n t i f i e d .  T h is was accom plished  by u s in g  a  com puter program  

developed  by H. Jo y . (1) The program  i t e r a t e s  a ss ig n m e n ts  o b ta in e d  

from  th e  e x p e rim e n ta l s p e c ta  to  o b ta in  th e  b e s t  f i t  o f  th e  com plex to  

a  l ig a n d  f i e l d  m odel. The l ig a n d  f i e l d  p a ra m e te rs  used  w ere Dq, B, C, Ds, 

D t, o r  (Da and D t ) , and X, w here Dq i s  th e  s p l i t t i n g  o f  th e  "d" o r b i t a l  

degeneracy  by th e  l ig a n d  f i e l d ,  B and C a r e  i n t e r - e l e c t r o n i c  r e p u ls io n s  

o f  th e  "d"  e l e c t r o n s ,  Ds and Dt o r  Da, and D t ,  a r e  p e r tu r b a t io n s  upon 

th e  e n e r g i e s  o f  th e  "d"  o r b i t a l s  due to  d i s t o r t i o n  from  th e  m ajor symmetry, 

and X i s  th e  s p in - o r b i t  c o u p lin g  p e r tu r b a t io n .  The program  ta k e s  in to  

acco u n t c o n f ig u ra t io n  i n t e r a c t i o n  betw een te rm s h av in g  th e  same sym­

m etry  and s p in  v a lu e s .  These p a ra m e te rs  w i l l  b e  d is c u s s e d  more f u l l y  

in  C hapter F o u r.

The t h i r d  p a r t  o f  th e  s tu d y  i s  th e  d e te rm in a tio n  o f  th e  m agnetic  

moments o f  each  complex h y d ra te  s p e c ie s  i d e n t i f i e d  in  p a r t  o n e . There i s  

a  r e l a t io n s h ip  betw een  th e  m agnitude o f  th e  m agnetic  moment and th e  

s te re o c h e m is try  o f  th e  com plex h y d ra te .  M agnetic  moments fo r  o c ta h e d ra l  

C o (II) com plexes have  h ig h e r  v a lu e s  th a n  th o s e  f o r  t e t r a h e d r a l  com plexes. 

T h e o re t ic a l  a s p e c ts  fo r  t h i s  w i l l  b e  d is c u s s e d  in  C h ap te r F iv e .

Of a d d i t io n a l  i n t e r e s t  i s  th e  com parison  o f  th e  e n e rg ie s  and
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c o n d it io n s  accom panying th e  changes in  c o n f ig u ra t io n  d u r in g  d e h y d ra tio n  

o f  KCoClg'tHgO w ith  th o s e  o b ta in e d  fo r  CoClg'GHgO and KgCoCl^'ZHgO from 

a  p re v io u s  s tu d y  o f  t h i s  ty p e . (2 ,3 )

Survey o f  P re v io u s  Work

Complex h a l id e s  w ith  th e  g e n e ra l fo rm u la , ACoX^, in  which A i s  

ammonium o r an  a lk a l i - m e ta l  io n  and X i s  f lu o r id e  o r  c h lo r id e  io n s  have 

been  re p o r te d  by s e v e ra l  in v e s t ig a to r s  d u rin g  th e  p a s t  47 y e a r s .  The 

p re p a ra t io n  o f  th e s e  com plex h a l id e s  can  be  d iv id e d  in to  two m ethods, 

w et and d ry . The d ry  method u s u a l ly  in v o lv e s  th e  fu s io n  o f  th e  ammonium 

o r  a lk a l i - m e ta l  h a l id e  w ith  th e  c o rre sp o n d in g  c o b a l t ( I I ) h a l i d e  in  an  

atm osphere o f  hydrogen c h lo r id e  o r  n i t r o g e n .  (4 ,5 )  H. S e i f e r t  (5) p re ­

p ared  KCoClg by d i f f e r e n t i a l  th e rm a l a n a ly s i s  o f  th e  KCl-CoClg system  and 

found an in c o n g ru e n t m e ltin g  p o in t .  The p e r i t e c t i c  was 362®C and 

e u t e c t i c  was 351“C. Wet m ethods w ere f i r s t  u sed  by B en ra th  (6 ) to  p re ­

p a re  t r i c h lo r o c o b a l t a t e s  o f  l i th iu m ,  rubdium , and cesium  by a  s tu d y  o f  

th e  s o l u b i l i t y  d a ta  o f  c o b a l t  ( I I )  c h lo r id e  and th e  a l k a l i - m e ta l  

c h lo r id e s .  H ydrated  KCoCl^ was p re p a re d  by t h i s  same m ethod in  a  l a t e r  

s tu d y  by B en ra th  (7) and i s  th e  method used  in  t h i s  s tu d y . The d ih y d ra te  

i s  r e p o r te d  by  B enrath , however^ a  t e t r a h y d r a t e ,  t r i h y d r a te ,a n d  m onohydrate 

a r e  i d e n t i f i e d  i n  t h i s  s tu d y .

The m agnetic  s u s c e p t i b i l i t i e s  o f  KCoF^(8) and CsCoCl^ (9) have been 

m easured. Both a r e  in  th e  ra n g e  (4 .8 0 -5 .2 0  B.M.) ex p ec ted  f o r  o c ta h e d ra l 

com plexes. I n  b o th  s tu d ie s  th e  conq>lexes become a n t if e r ro m a g n e tic  a t  

low  te m p e ra tu re s .



The a b s o rp tio n  s p e c tr a  o f  KCoF^ was i n t e r p r e t a t e d  by F erguson  

e t .  a l .  (10) u s in g  th e  fo u r  p a ram e te r  c r y s t a l  f i e l d  th e o ry . A Dq v a lu e  

o f  770cm p la c e s  i t  w e ll  w ith in  th e  ran g e  o f  o c ta h e d r a l ly  c o o rd in a te d  

com plexes. The a b s o rp tio n  s p e c tr a  o f  CsCoCl^ and RbCoCl^ w ere b o th  

in t e r p r e t a t e d  by G ilm ore (11) a s  d i s t o r t e d  o c ta h e d ra l  m o lecu les  u s in g  

c r y s t a l  f i e l d  tr e a tm e n t.  G ilm ore u sed  th e  d ry  method to  p re p a re  th e  

c r y s t a l l i n e  sam ples o f  CsCoCl^ and RbCoCl^ f o r  s p e c t r a  d e te rm in a tio n .

The c r y s t a l  s t r u c t u r e s  o f  KCoF^, CsCoCl^, and RbCoCl^ have been  

d e te rm in ed  by X -ray  c ry s ta l lo g ra p h y  to  be  o c ta h e d ra l ly  c o o rd in a te d . 

(1 2 ,1 3 ,9 )  The c r y s t a l  s t r u c t u r e  o f  th e  d ih y d ra te  o f  CsCoCl^ had been 

d e te rm in ed  by Thorup (14) to  be  a  d i s t o r t e d  o c ta h e d ro n . The Co ( I I )  

io n  i s  o c ta h e d ra l ly  su rrounded  w ith  C l io n s  and w a te r  m o lecu le s  w ith  

th e  two w a te r  m o lecu les  c i s  to  each  o th e r .

L i t t l e  in fo rm a tio n  i s  found in  th e  l i t e r a t u r e  ab o u t KCoCl^ 

h y d ra te s  e x c e p t th e  b a s ic  work perfo rm ed  by B e n ra th . (7) A s tu d y  o f 

th e  c o n f ig u r a t io n a l  changes o c c u r r in g  d u rin g  d e h y d ra tio n  o f  t r i c h l o r o ­

c o b a l ta t e  ( I I )  h y d ra te s  have  n o t been  u n d e rta k e n . T h is  s tu d y  w i l l  

th e r e f o r e  add new in fo rm a tio n  to  th e  c h e m is try  o f  t r i c h lo r o c o b a l t a t e s .



CHAPTER I I  

COMPOUND FORMATION AND Aî^ALYSIS 

Compound F orm ation

P o tassiu m  t r i c h lo r o c o b a l t a t e  ( I I )  h a s  been  p re p a re d  by S e i f e r t  

(5) by d i f f e r e n t i a l  th e rm a l a n a ly s i s  o f  th e  KCl-CoCl^ sy stem . B en ra th  

(7) h a s  r e p o r te d  t h a t  p o ta ss iu m  t r i c h lo r o c o b a l t  ( I I )  d ih y d ra te  can  be 

p re p a re d  from  th e  KCl-CoCl^-H^O sy stem  betw een 40°-50°C . T h is  l a t t e r  

method was used in  t h i s  s tu d y .

S ix  te n th s  (0 .6 )  m ole o f  hexaaquocobal ( I I )  c h lo r id e  

(A n a ly t ic a l  G rade) and fo u r  te n th s  (0 .4 )  m ole o f  p o ta ss iu m  c h lo r id e  

(A n a ly t ic a l  G rade) w ere d is s o lv e d  in  a  minimum amount o f  d i s t i l l e d  w a te r . 

The r e s u l t i n g  s o lu t io n  was p la c e d  in  a  co v ered  50 x  300 mm t e s t  tu b e  and 

suspended  in  a  c o n s ta n t  te m p e ra tu re  w a te r  b a th  a t  44“C. A f te r  10 to  14 

d ay s , l a r g e ,  v i o l e t  c r y s t a l l i n e  p l a t e s  w ere form ed w hich d e l iq u e s c e d  

upon ex p o su re  to  th e  a tm o sp h ere .

D eh y d ra tio n  o f  a  sam ple o f  t h i s  v i o l e t  c r y s t a l l i n e  com plex in  a 

d ry in g  oven in d ic a te d ,b y  m ass l o s s , t h a t  fo u r  m oles o f  w a te r  was l o s t .

The c o lo r  changed from  th e  v i o l e t  o f  th e  te t r a h y d r a t e  to  a  l i g h t  b lu e  

fo r  th e  anhydrous sam ple. N ext a  sam ple o f  th e  anhydrous com plex was 

p la c e d  in  a  d e s ic c a to r  o v e r w et c a lc iu m  n i t r a t e  re fo rm in g  th e  v i o l e t  

c o lo re d  t e t r a h y d r a t e .  The a b s o rp t io n  s p e c t r a  and m agnetic  moment d a ta

6
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o f  th e  c r y s t a l l i n e  t e t r a h y d r a t e  and th e  powdered te t r a h y d r a t e  sam ple 

form ed o v e r  w et ca lc iu m  n i t r a t e  in d ic a te d  th e  two sam ples w ere th e  same 

w ith in  e x p e r im e n ta l e r r o r  and th e r e  w ere ho changes i n  th e  two fo rm s.

Â sam ple o f  th e  te t r a h y d r a t e  was p la c e d  in  an  ev ac u a ted  system  

equipped  w ith  a  c a l i b r a t e d  q u a r tz  s p r in g .  The w a te r  v ap o r removed by 

e v a c u a tin g  th e  sy stem  was c o l le c te d  in  a  c o ld  t r a p  and  t e s t e d  f o r  c h lo r id e  

io n  g iv in g  a  n e g a t iv e  t e s t .  A n e g a t iv e  t e s t  in d ic a te d  t h a t  th e  dehy­

d r a t io n  o f  th e  te t r a h y d r a t e  was th e  o n ly  r e a c t io n  o c c u r r in g .

A n a ly s is

S in ce  th e  p o ta ss iu m  t r i c h lo r o c o b a l t a t e  ( I I )  t e t r a h y d r a t e  lo s e s  

o n ly  w a te r  o f  h y d ra tio n  and  o n ly  th e  anhydrous s a l t  i s  th e  f i n a l  p ro d u c t, 

a n a ly s i s  f o r  th e  e lem en ts  w ere perfo rm ed  on th e  anhydrous s a l t .  The com­

p le x  h y d ra te  was p la c e d  in  a  d ry in g  oven a t  120°C f o r  24 h o u rs .  C obalt 

a n a ly s i s  was c a r r i e d  o u t  by  w eig h in g  a  0 .5  gram sam ple o f  th e  d r ie d  com­

p le x  s a l t  and  d is s o lv in g  i t  i n  a  500 ml v o lu m e tr ic  f l a s k .  F i f t y  (50) 

m i l l i l i t e r  a l i q u o t s  o f  th e  d i l u t e  s o lu t io n  w ere th e n  ta k e n  f o r  th e  f i n a l  

a n a l y s i s .  The a l iq u o t s  w ere t r e a t e d  w ith  pH 6 b u f f e r ,  m urexide in ­

d i c a to r ,  and  t i t r a t e d  d i r e c t l y  w ith  0 .0 1  N s ta n d a rd iz e d  EDTA s o lu t io n  to  

th e  f i r s t  ap p e a ra n c e  o f  th e  p u rp le  e n d - p o in t . (15)

C h lo r id e  a n a l y s i s  was perform ed by s ta n d a rd  g ra v im e tr ic  p ro ­

c e d u re s .  (16) Due to  t h e  p in k  c o lo r  o f  th e  c o b a l t  s o lu t io n ,  p r e c i p i t a t i o n  

t i t r a t i o n  m ethods w ere re n d e re d  i n e f f e c t i v e  f o r  c h lo r id e  a n a ly s i s .

The p o ta ss iu m  c o n c e n tr a t io n  was found  by d i f f e r e n c e .  The con­

c e n t r a t i o n  o f  th e  w a te r  i n  th e  h y d ra te s  w ere  d e te rm in e d  by d e h y d ra tin g  a
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sam ple o f  th e  t e t r a h y d r a t e  to  d ry n e ss  in  a  tu b e  d e s c r ib e d  on page 12, 

C hap ter T h ree . The mass o f  th e  sam ple was m easured by changes in  th e  

e x te n s io n  o f  a  c a l i b r a t e d  q u a r tz  s p r in g  by u se  o f  a c a th e to m e te r .  The 

w a te r  c o n c e n tr a t io n  was found from  th e  mass lo s s  fo r  each  i d e n t i f i e d  

h y d ra te  s p e c ie s  and th e  i n i t i a l  sam ple w e ig h t.

A ll  a n a ly s i s  w ere perfo rm ed  i n  t r i p l i c a t e  on two d i f f e r e n t  

sam ples o f  p o ta ss iu m  t r i c h lo r o c o b a l t a t e  ( I I )  p re p a re d  by th e  d e s c r ib e d  

m ethod. The r e s u l t s  o f  th e  e le m e n ta l a n a ly s i s  a r e  g iv en  in  T ab le  1 .

TABLE 1 

COMPOUND ANALYSIS

Compound K

Theo. Exp.

Co

Theo. Exp.

Cl

Theo. Exp.

Ĥ C

Theo.

>

Exp.

KCoClg 1 9 .1 3 1 9 .3 0 28 .83 2 8 .88 52.04 51.78

KCoCl^'AH^O 35.23 35.30

KCoClg'SHgO 26.42 25.88

KCoClg'ZHgO 17 .61 17.52

KCoCl^-H^O 8 .8 1 8 .5 7



CHAPTER 3 

DISSOCIATION VAPOR PRESSURE 

D isc u ss io n

The d e h y d ra tio n  s tu d y  o f  KCoCl^'AH^O was c a r r i e d  o u t by p la c in g  

a  w eighed sam ple In  a  vacuum system  and th e  w a te r  vapor removed s lo w ly  

by e v a c u a tio n . The f i n a l  p ro d u c t o f  t h i s  c o n t r o l le d  e v a c u a tio n  was 

KCoCl^.

The number and com postion o f  th e  s t a b l e  p o ta ss iu m  t r i c h l o r o ­

c o b a l ta t e  ( I I )  h y d ra te  com plexes w ere d e te rm in ed  from  a  s tu d y  o f  th e  

e q u i l ib r iu m  vapor p r e s s u re  o f  th e  sy stem  a s  a  fu n c t io n  o f  th e  co m p o sitio n . 

The b e h a v io r  o f  th e  system  i s  d e s c r ib e d  by  th e  phase  r u l e ,  F=C-I4-2, w here 

F i s  th e  number o f  d e g re e s  o f  freedom , C i s  th e  number o f  com ponents, and 

P i s  th e  number o f  p h a se s . The d e g re e s  o f  freedom  o f  a  two component 

system  (KCoCl^ and HgO) and th r e e  p h ases  (two s o l id s  and one gas) i s  one.

By f ix in g  th e  te m p e ra tu re , a  c o n s ta n t  v ap o r p re s s u re  o c c u rs  when b o th  

s o l id  s p e c ie s  a r e  p re s e n t  c o rre sp o n d in g  to  th e  r e a c t io n  o f  a  h ig h e r  h y d ra te  

to  th e  n e x t low er com plex h y d ra te .  The g e n e ra liz e d  e q u a tio n  f o r  th e  

s p e c ie s  s tu d ie d  h e re  would be  ;

KCoCl^'nH^O^gj = KCoClg' +  (n-m)nH20^^j (1)

w here "n" i s  4 , 3 ,2 ,1 ,  and "m" i s  3 ,2 ,1 ,0 .

9
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The e q u il ib r iu m  c o n s ta n t  f o r  th e  above r e a c t io n  i s  

[KCoClj-nHjO]

K ---------------------------------------------------   (2)
^  [KCoClj* W EgO ]

Both o f  th e  com plex h y d ra te s  a r e  s o l id s  and a r e  a t  u n i t  a c tiv -r  

i t y ,  th e r e f o r e ,  th e  e q u i l ib r iu m  c o n s ta n t i s  a  fu n c tio n  o f  th e  e q u ilib r iu m  

v apor p re s s u re  a lo n e . T h is  can  b e  ex p re ssed  by

w here P i s  th e  e q u i l ib r iu m  vapor p re s s u re  in  a tm o sp h eres .

The therm odynam ic v a lu e s  fo r  th e  fo rm a tio n  o f  each  h y d ra te  

s p e c ie s  was found by m easu ring  th e  e q u i l ib r iu m  vapor p r e s s u re  v e rs u s  

th e  te m p e ra tu re .

E x perim en ta l

The e q u il ib r iu m  v apo r p r e s s u re s  w ere m easured w ith  an  a p p a ra tu s  

p re v io u s ly  d e sc ib e d  by F ogel and Lewis (17) w ith  m o d if ic a t io n s  shown in  

F ig u re  1 .

A w eighed sam ple o f  th e  te t r a h y d r a t e  was suspended  from  a  q u a r tz  

s p r in g  (A) [h av in g  a  t o t a l  lo a d  c a p a c i ty  o f  one gram and a  t o t a l  ex­

te n s io n  o f  t e n  (10) c e n t im e te r s ]  in  a  g la s s  b u ck e t (B) in s id e  a  s e a le d  

g la s s  chamber (C ) . The e x te n s io n  o f  th e  q u a r tz  s p r in g  v a r i e s  l i n e a r l y  

w ith  th e  lo a d  p e rm it t in g  th e  mass o f  th e  sam ple in s id e  th e  tu b e  to  be 

m easured d i r e c t l y  from  o u ts id e  u s in g  a  c a th e to m e te r .  The q u a r tz  s p r in g  

had  been  p re v io u s ly  c a l ib r a t e d  b y  lo a d in g  th e  g la s s  b u ck e t w ith  s ta n d a rd  

w e ig h ts  (C la ss  S, N a tio n a l  B ureau o f  S ta n d a rd s )  and m easu ring  th e  ex­

te n s io n  u s in g  th e  c a th e to m e te r . F iv e  (5 ) d i f f e r e n t  lo a d s  and e x te n s io n s
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w ere m easured and p l o t t e d .  The d a ta  f o r  t h i s  s t a n d a r i z a t lo n  i s  g iv e n  in ' 

T ab le  2 and  th e  g raph  o f  mass v e r s u s  e x te n s io n  i s  g iv e n  in  F ig u re  2 . The 

s lo p e  o f  th e  l i n e  th ro u g h  th e s e  d a ta  p o in t s  gave th e  f o r c e  c o n s ta n t  o f  

th e  q u a r tz  s p r in g .  The q u a r tz  s p r in g  u sed  in  t h i s  s tu d y  has  a  f o r c e  con­

s t a n t  o f  0 .6657 grams p e r  c e n t im e te r  o f  e x te n s io n .  The system  c o n ta in e d  

a  m ercury  manometer (D) fo r  m easu rin g  th e  e q u i l ib r iu m  v ap o r p r e s s u re  and 

a  T e flo n  s to p co ck  (E) f o r  e v a c u a tio n  o f  th e  sy stem .

For te m p e ra tu re  m easurem ents betw een 30“ and 50“C, th e  sam ple 

chamber o f  th e  a p p a ra tu s  was subm erged in  a  c o n s ta n t  te m p e ra tu re  w a te r  

b a th  so  t h a t  th e  sam ple b u ck e t was below  th e  l e v e l  o f  th e  w a te r .  A lo n g  

f i b e r  hook betw een  th e  q u a r tz  s p r in g  and th e  sam ple b u ck e t p e rm itte d  th e  

e x te n s io n  to  be  m easured w ith o u t in t e r f e r e n c e  from  th e  l i q u i d  i n  th e  

b a th .  F or te m p e ra tu re  s tu d ie s  above 5 0 “C an  o i l  b a th  was u se d .

The te m p e ra tu re  o f  b o th  b a t h 's  was r e g u la te d  by  a n  e l e c t r i c  

r e s i s t a n c e  h e a t e r  and a  b im e ta l l i c  s e n s o r  co n n ec ted  th ro u g h  an  e le c t r o n i c  

r e l a y .  The w a te r  b a th  was s t i r r e d  w ith  a  sm a ll c i r c u l a t i n g  pump and th e  

o i l  b a th  was s t i r r e d  w ith  a  s t i r r i n g  m otor equ ipped  w ith  a  sc re w -ty p e  

p r o p e l l e r .

The te m p e ra tu re  o f  th e  b a th  was s e v e r a l  d e g re e s  above th e  am bient 

te m p e ra tu re ,  th e r e f o r e ,  c o n s id e ra b le  am ounts o f  w a te r  was l a s t  to  th e  s u r ­

ro u n d in g s  by e v a p o ra tio n .  The w a te r  l e v e l  was m a in ta in e d  by a  r e s e r v io r  

and s ip h o n  sy stem . In  t h i s  way th e  te n q )e ra tu re  co u ld  be  m a in ta in e d  to  

a p p ro x im a te ly  + 0 .1 “C.

U sing th e  a p p a ra tu s  d e s c r ib e d  in  F ig u re  1 , th e  te m p e ra tu re  and 

c o m p o sitio n  o f  th e  h y d ra te s  co u ld  b e  c o n t r o l l e d .  By e v a c u a tin g  th e  

sy stem , w a te r  v ap o r was e v a p o ra te d  and  removed w ith  a  vacuum pump. When
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FIGURE 1 
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TABLE 2 

SPRING STANDARDIZATION DATA

M ass(gram s) Xj(cm) AXj(cm) M ass/ X j(g /cm )

1 . no lo a d 3 .115 0 0

2 . .4135 9 .345 6 .230 .06637

3 . .5130 10.905 7 .790 .06585

4 . .6129 12.345 9 .230 .06640

5 . .7135 13.810 10.695 .06671

6 . .9239 16.800 13.685 .06751 

Ave. 0 .06657

Mass o f  Sample = X .(0 .06657 g/cm) -  m ass I n te r c e p t  -(m a ss  o f  b u c k e t + 
f i b e r s )
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FIGURE 2 .
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th e  d e s ir e d  amount was removed th e  e v a c u a tin g  was s to p p ed  and th e  sy stem  

was a llow ed  to  r e - e q u i l i b r a t e .  In  t h i s  way th e  p re s s u re  and co m p o sitio n  

o f  each  o f  th e  h y d ra te s  co u ld  b e  s tu d ie d .  At c o n s ta n t co m p o sitio n , th e  

te m p e ra tu re  co u ld  b e  v a r ie d  p e rm it t in g  th e  p re s s u re - te m p e ra tu re  r e l a t i o n ­

sh ip s  to  be s tu d ie d .  The co m p o sitio n  chosen  was th e  m id -p o in t o f  each  

p la te a u  w here eq u a l am ounts o f  th e  two s o l id  ph ases  e x i s t .

E x p erim en ta l R e s u lts

The p r e s s u re  a s  a  fu n c tio n  o f  co m p o sitio n  o f  th e  com plex h y d ra te s  

was s tu d ie d  by p la c in g  a  sam ple in  th e  sy stem  and e v a c u a tin g  w ith  a  

vacuum pump u n t i l  a l l  th e  a i r  in  th e  system  was rem oved. A c o n s ta n t  

te m p e ra tu re , (3 1 .2 “C ), was m a in ta in ed  w h ile  th e  vapor p r e s s u re  o f  th e  

t e t r a h y d r a te  was e q u i l i b r a t i n g .  A f te r  s e v e r a l  h o u rs , a  c o n s ta n t  e q u i l i ­

brium  vapor p re s s u re  was reach ed  a s  in d ic a te d  by a  c o n s ta n t  manometer 

re a d in g .  The system  was ev ac u a ted  a g a in  rem oving th e  accum ula ted  p r e s ­

s u re  and a g a in  a llo w ed  to  r e - e q u i l i b r a t e ,  a s  in d ic a te d  by th e  same con­

s t a n t  p re s s u re  r e a d in g . The e q u i l ib r iu m  p re s s u re  rem ained c o n s ta n t  

u n t i l  th e  t r i h y d r a t e  was re a c h e d , th e n  a  s l i g h t  drop  in  p r e s s u re  was 

o b se rv ed . A f te r  o b ta in in g  a  h y d ra te  co m p o sitio n  e q u a l to  t h a t  o f  th e  

d ih y d ra te ,  th e  p r e s s u re  dropped to  such  a  low r e a d in g ,  t h a t  th e  tem pera­

tu r e  was r a i s e d  to  45°C. A t 45°C, a  c o n s ta n t  p re s s u re  p la te a u  was 

a g a in  o b ta in e d  u n t i l  th e  co m p o sitio n  o f  th e  m onohydrate was re a c h e d . At 

t h i s  co m p o sitio n  th e  p r e s s u re  dropped  to  a  v e ry  low re a d in g  and th e  

te m p e ra tu re  was r a i s e d  to  70°C. T h is  te m p e ra tu re  was im p o ss ib le  to  

m a in ta in  w ith  a  w a te r  b a th  due to  th e  l a r g e  h e a t lo s s  to  th e  s u rro u n d in g s .
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t h e r e f o r e ,  th e  a p p a ra tu s  was t r a n s f e r r e d  to  an  o i l  b a th .  A c o n s ta n t  

p r e s s u re  was a g a in  o b ta in e d  u n t i l  t h e  co m p o sitio n  o f  p u re  KCoCl^ was 

re a c h e d , when th e  p r e s s u re  dropped to  z e ro .

The p r e s s u re  v e rs u s  co m p o sitio n  a n a ly s i s  i s  shown in  F ig u re s  

3 -5 . The p lo t  o f  th e  p r e s s u re  v e rs u s  c o m p o sitio n  w here th e  co m p o sitio n  

i s  e x p re sse d  a s  a  f a c t o r  " f "  w hich i s  th e  r a t i o  o f  th e  sam ple w e ig h t to  

th e  anhydrous KCoCl^ sam ple w e ig h t . The v a lu e  o f  " f "  f o r  each  h y d ra te  

s p e c ie s  i s  shown in  T ab le  3 .

TABLE 3

" f "  FACTORS OF STABLE POTASSIUM TRICHLOROCOBALTATE(II)

HYDRATE COMPLEXES

Compound
*

f  V alues

KCoClg'WEgO 1.352

KCoClg'BHgO 1.264

KCoClg'ZHgO 1.176

KCoClg'EgO 1.088

KCoCl_ 1 .0 0 03
*

f  = Sample W eight/A nhydrous KCoCl, W eight

"Oie e q u i l ib r iu m  v ap o r p r e s s u re s  f o r  each  o f  th e  te m p e ra tu re s  

s tu d ie d  a r e  g iv e n  in  T ab les  4 -7 .

On th e  f l a t  p o r t io n  o f  th e  c u rv e s ,  an  e q u i l ib r iu m  e x i s t s  

betw een  th e  two s o l i d  s p e c ie s ,  i . e .  KCoCl^'nHgO and KCoCl^*(n-ljHgO,
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m aking two s o l i d  p h ases  w h ile  th e  w a te r  v ap o r c o n s t i t u t e s  th e  t h i r d  p h a se .

The two com ponents a r e  KCoClg and HgO. A ccord ing  to  th e  phase 

r u l e ,  one d eg ree  o f  freedom  e x i s t s  w hich I s  th e  te m p e ra tu re .  By f ix in g  

th e  te m p e ra tu re , th e  sy stem  can  be  d e s c r ib e d  by th e  c o n s ta n t  e q u i l ib r iu m  

vapo r p r e s s u re .

Where " f "  I s  e q u a l to  one o f  th e  com plex h y d ra te  s p e c ie s ,  on ly  

two phases e x i s t ,  (one s o l id  and a  gas) and th e  system  becomes b lv a r l a n t .  

The sy stem  can  no lo n g e r  b e  d e s c r ib e d  by  I t s  v ap o r p r e s s u re  a lo n e .  T his 

c o n d i t io n  was a l s o  found to  e x i s t  f o r  th e  d e h y d ra tio n  o f  th e  d ih y d ra te  

above 5 5 .4 “C a s  n o te d  by th e  p l o t  In  F ig u re  4 , page 19 . The one s o l i d  

phase  w hich e x i s t  above 5 5 .4 °C I s  a  s o lu t io n  o f  th e  two h y d ra te s  and  I s  

th e r e f o r e  r e p re s e n te d  a s  a  s o l i d  s o lu t io n .

The p re s  s u r e - te m p e ra tu re  d a ta  was ta k e n  a t  th e  m ld -p o ln t o f  

th e  e q u i l ib r iu m  p la te a u  r e g io n  w here th e  c o n c e n tr a t io n  o f  each  o f  th e  

two s p e c ie s  was a p p ro x im a te ly  e q u a l .  The t e s p e r a tu r e  o f  th e  w a te r  b a th  

was r a i s e d  and  a  new e q u i l ib r iu m  was e s t a b l i s h e d .  The p r e s s u re  was 

n o te d  a t  t h i s  h ig h e r  te m p e ra tu re  and  t h i s  p ro c e d u re  was re p e a te d  f o r  a
I

10® to  20® ran g e  o r  u n t i l  th e  p r e s s u r e  re a c h e d  25 .75  mm Hg. [The m axi­

mum p re s s u re  t h a t  can  b e  s tu d ie d  w ith  an  exposed  manometer i s  th e  e q u i l i ­

b rium  v ap o r p r e s s u r e  o f  w a te r  a t  room te m p e ra tu re .]  The te m p e ra tu re  o f  

th e  w a te r  b a th  was th e n  low ered  to  each  o f  th e  same te m p e ra tu re s  p r e ­

v io u s ly  s tu d ie d .  I n  t h i s  way th e  e q u i l ib r iu m  was app roached  from  b o th  

d i r e c t io n s  and th e  a t ta in m e n t  o f  th e  same p r e s s u r e  I n d ic a te d  t h a t  a  t r u e  

e q u i l ib r iu m  was o b ta in e d .

The therm odynam ic e x p re s s io n  u sed  f o r  th e  p r e s s u r e - te n p e r a tu r e  

s tu d y  was d e r iv e d  from  th e  fo llo w in g  e q u a t io n s :
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FIGURE 3
KCoCl^.AHgO^^) -  K C oC ly3H 20(^) + 

KCoCl^OH^O^g) -  KCoCl^.ZHgO^^) +

20.0

■  13.0

10.0

5.0

KCoCl̂ -ABgO I  KCoC3̂ «3H20 A KCoCl̂ -aĤ O |  KCoClg.HgO
0.0 L— 
1.35 1.20 1.10 1.05 1.00
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FIGUŒ 4

KCoCl3-2H20(3j -  KCoCl^.H^O^^j + % 0 (g )

20.0

15.0

10.0

5.0

KCoCl̂ -AHgO I KCoClg'3Hg0 | KCoCl̂ -aHgO | KCoCl̂ -Ĥ O

1.30 1.201.35 1.25 1.15 1.10 1.05 1.00
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FIGÜfE 5

+  HgO(g)

KCoCl^.HgO^gj * ■*■ % S (g )

20.0

o 4 5 .0 ° C .
^  \ 

A 70 .4  0 .

15.0

1 . '

a
10.0

Û — Q - O - .0 — > ‘̂ “" H ü A û r A '2

KCoCl̂ -AHgO I KCoGl^-31^0 I KCoCO -̂2Î O I KCoCl̂ 'H^O
_______ l  \  ,.m. , I .  i _______ -  ,1___________ I_____0.0

1.35 1.30 1.25 1.20 1.15 ’ 1.10
f

1 . 0 5  1 .0 0
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TABLE 4 

VAPOR PRESSURE DATA

K C oC l,.4H ,0(g) = K C oC l,.3H 20(,) +

o 
T C P(mm) f

31 .2 15 .10 1.327

15.15 1.306

15.15 1.281

15.10 1.272

14.90 1.261
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TABLE 5 

VAPOR PRESSURE DATA

KCoCl^.SHgO;,) .  KCoCl^.ZHgO;,) +

T°C P (mm)

31 .2 11.70 1.257

11.70 1.246

11.60 1.230

11.50 1.218

11.60 1.198

11.55 1.190

11.60 1.183

10.90 1.179

1 .65 1.176
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TABLE 6

VAPOR PRESSURE DATA

T*C P(nnn) f T°C P(mm) f

4 5 .0 11.80 1.146 55 .4 21.30 1.176

11.80 1.134 20.50 1 .143

11.70 1.126 18.95 1.130

11.70 1.100 16.90 1.120

10.20 1.098 16.00 1.110

6 .2 0 1.091 12.10 1.098

8 .3 5 1.093
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TABLE 7

VAPOR PRESSURE DATA

KC°Cl3'H2°(s) -  KC*Cl3(s) ^2° (g)

T°C P(mm) f

70.4 12.80 1.074

12.80 1.058

12.85 1.044

12.80 1.033

12.80 1.025

11.90 1.016

6.40 1.001

0.00 1.000
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àG° = -2.303RT lo g  = AH° -  TAS° (4)

The e q u i l ib r iu m  v ap o r p r e s s u r e ,  eq u a l to  th e  e q u ilib r iu m  con­

s t a n t .  Making t h i s  s u b s t i t u t i o n  and r e a r ra n g in g  e q u a tio n  (4) to  g iv e  

lo g  = -A H V 2.303 (n-m)RT +  A S°/2.303 (n-m)R (5)

where P i s  th e  e x p e rim e n ta l e q u i l ib r iu m  vapor p r e s s u re  in  a tm o sp h eres ,

AH° i s  th e  s ta n d a rd  e n th a lp y  o f  r e a c t io n  in  c a l o r i e s  mole AS° i s  th e

s ta n d a rd  e n tro p y  o f  r e a c t io n  in  e n tro p y  u n i t s  mole and (n-m) i s  th e  number

o f  m oles o f  w a te r  l o s t .  The e n th a lp y  and e n tro p y  o f  r e a c t io n  can  be

c a lc u la te d  from  th e  b e s t  f i t  o f  th e  lo g a r i th m  o f  th e  e q u i l ib r iu m  v apo r

p re s s u re  a s  an  in v e r s e  fu n c t io n  o f  th e  a b s o lu te  te m p e ra tu re . The l i n e a r ­

i t y  o f  th e  p lo t s  a r e  in d ic a te d  in  F ig u re s  6 -9  f o r  th e  te m p e ra tu re  changes 

o f  a p p ro x im a te ly  20“ . The l i n e a r i t y  o f  th e s e  p l o t s  in d i c a te  AC  ̂ i s  

r e l a t i v e l y  sm a ll and  th e  e n th a lp y  and e n tro p y  can  b e  c o n s id e re d  to  be 

C o n stan t o v er a  te m p e ra tu re  ran g e  o f  10 to  20“ d e g re e s . The p r e s s u r e -

te m p e ra tu re  d a ta  was t r e a t e d  w ith  a  l e a s t  sq u a re  a n a l y s i s .  T ab les  8-11 

show th e  d a ta  o b ta in e d  from  th e s e  s tu d ie s .

The therm odynam ic c o n s ta n ts  f o r  th e  d e h y d ra tio n  r e a c t io n s  a re

g iv en  in  T ab le 12 .

Once th e  therm odynam ic c o n s ta n ts  f o r  each  d e h y d ra tio n  s te p  a re  

o b ta in e d  th e  s ta n d a rd  e n th a lp ie s  o f  fo rm a tio n  f o r  each  h y d ra te  can  be  

c a lc u la te d  by u s in g  th e  s ta n d a rd  e n th a lp y  f o r  th e  fo rm a tio n  o f  s o l id  

KCoClg, - 1 .6  k c a l  mole ^ (18) and t h a t  f o r  th e  fo rm a tio n  o f  w a te r  v a p o r,

-5 7 .8  k c a l  mole (19) T h is  c a l c u la t io n  i s  made by u se  o f  th e  

e q u a tio n

AH° KCoClg'nHgO^g^ = AH° KCoCl^'aBgO^g^ +  (n-m)AH° -  AH° (6)

w here AH° i s  th e  energy  o f  th e  d e h y d ra tio n  f o r  r e a t lo n  ( 1 ) .
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FIGURE 9 

Log P(Atm) vs l /T  (A°) 

KCoCl3.H20(3) -  +  ^ 0 ^ ^ )

8p 8

I I
Log P(Atm)
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TAELT": A

VPERATURE DATA FOR LOP, t> VERSUS 1 /T

K C °C '3 '4 "2 "(s) = KC*Cl3'3%2°(s) + "z^Cg)

P(nm) P X lO^(Atm) Log P(Atm) T(A°) 1/T X 10^(a” )

15.95 20.987 -1 .6 7 8 0 307.4 3.253

16.35 21.513 -1 .6 6 7 3 308.4 3.243

17.40 22.895 -1 .6 4 0 3 309.4 3.232

18.85 24.803 -1 .6 0 5 5 310.4 3.222

20.00 26.316 -1 .5 7 9 8 311.6 3.209

21.30 28.026 -1 .5 5 2 4 312.4 3.201

22.60 29.737 -1 .5 2 6 8 313.4 3.191

23.70 31.184 -1 .5 0 6 0 314.4 3.181

25.05 32.961 -1 .4 8 2 0 315.4 3.171

26.15 34.408 -1 .4 6 3 3 316.4 3.161

L e a s t Squares A n a ly s is  

S lope = -2 3 6 1 .4  

I n te r c e p t  = 6 .006
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TABLE 9

PRESSURE-TEMPERATURE DATA FOR LOG P VERSUS 1/T

KGoni.«3H.O, . i  L ( s ; "  K O ocig.aH zO ;,) 'Y ( g )

P(tntn) P X 10^(Atm) Log P(Atm) t (a" ) 1/T X 10^(A°)

10.90 14.342 -1 .8 4 3 4 304.6 3.283

12.10 15.921 -1 .7 9 8 0 306.4 3.264

14.15 18.618 -1 .7 3 0 1 308.4 3 .243

16.65 21.908 -1 .6 5 9 4 310.4 3.222

19.20 25.263 -1 .5 9 7 5 312.4 3.201

21.35 28.092 -1 .5 5 1 4 314 .4 3.181

23.30 30.653 -1 .5 1 3 4 316 .4 3.161

L e a s t S quares A n a ly s is  

S lope = -2 7 6 2 .0  

I n te r c e p t  = 7 .236
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TABLE 10

PRESSÜRE-TEMPERATDRE DATA FOR LOG P VERSUS 1/T

KCoCl^.ZHgO,;) = KCoClg.RgO^^) ” 2 ° (e )

P(mm) P X lO^(Atm) Log P(Atm) T(A°) 1/T X 10^(A°)

11.00 14.474 -1 .8 3 9 4 316.0 3 .165

11 .80 15.526 -1 .8 0 8 9 318.0 3.145

14.20 18.684 -1 .7 2 8 5 323.0 3.096

15.30 20.132 -1 .6 9 6 1 325 .4 3 .073

16.90 22.237 -1 .6 5 2 9 328.4 3.045

19.00 25.000 -1 .6 0 2 1 330.4 3.027

20 .05 26.382 -1 .5 7 8 7 333 .3 3 .000

L e a s t S quares A n a ly s is  

S lope = -1 6 3 1 .9  

I n t e r c e p t  = 3 .321



33

TABLE 11

PRESSURE-TEMPERATURE DATA FOR LOG P VERSUS 1/T

KCoCl^.RgO;,) = K C oC l,(s) V ( g )

P(itun) P X 10^(Atm) Log P(Atm) T(A°) 1/T X 10^(A°)

6 .6 5 8 .750 -2 .9 5 7 9 334 .0 2 .994

8 .5 0 11.184 -1 .9 5 1 4 336 .2 2.974

9 .3 0 12.237 -1 .9 1 2 3 338.2 2.957

10.50 13.816 -1 .8 5 9 6 340.0 2.941

11.60 15.263 -1 .8 1 6 4 341 .2 2.931

12.85 16.908 -1 .7 7 1 9 343 .4 2 .912

14.70 19.342 -1 .7 1 3 5 345.4 2 .895

17.55 23.092 -1 .6 3 6 5 348.2 2 .872

20 .60 27.105 -1 .5 6 6 9 351 .0 2 .849

L e a s t S quares A n a ly s is  

S lope =■ -3 2 0 8 .6  

I n te r c e p t  = 7 .573
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TABLE 12

THERMODYNAMIC CONSTANTS FROM EQUILIBRIUM DATA AT 25°C

R eac tio n s
k c a l mole

AS° 
e .u .  mole

AG° _ j 
k c a l  mole

KCoClg'AHgO = KCoClg'SHgO + «2 ° 1 0 .8 1 + .2 2 7 .4 8 ± .3 2 .6 2 ± .2

KCoClg'SHgO = KCoCl2'2H20 + " 2 ° 1 2 .6 4 ± .2 3 3 .1 1 + .3 2 .7 7 ± .2

KCoClg'2H20 = KcoClg'HgO + " 2 ® 7 .4 7 ± .2 1 5 .2 0 ± .3 2 .9 4 ± ,2

KCoClg'H20 = KCoClg +  H2 O 1 4 .6 8 + .2 3 4 .6 5 ± .3 4 .3 5 ± .2
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The s ta n d a rd  e n t ro p ie s  o f  fo rm a tio n  can  be  c a lc u la te d  in  th e  

same way w ith  th e  e s tim a te d  en tro p y  o f  fo rm a tio n  o f KCoCl^ u s in g  L a t im e r 's  

R ules (2 0 ) ,  4 4 .1  e .u .  mole and th e  e n tro p y  o f  w a te r  v a p o r , 45 .1 1  e .u .  

mole (1 9 ) .  The c a lc u la te d  s ta n d a rd  e n th a lp ie s  and e n t ro p ie s  a re  

g iv en  in  T ab le  13.

TABLE 13

CALCULATED STANDARD ENTHALPIES AND ENTROPIES 

OF FORMATION

Compound AH°

k c a l  mole
n>

k c a l  mole e .u .  mole
<“ f  .  - “ f  3> 

e .u .  m ole

KCoClg - 1 .6 4 4 .1

72.48 10.46

KCoClg'HgO -7 4 .0 8 54 .56

65.27 29.91

KCoClg'ZHgO -1 3 9 .3 5 84 .47

70.44 12 .00

KCoClg 3 H2 O -2 0 9 .7 9 96 .4 7

68.40 17 .63

KCoClg'SHgO -2 7 8 .3 9 114.10

The a v e ra g e  change in  th e  e n th a lp y  and e n tro p y  f o r  th e  d e h y d ra tio n  

r e a c t io n  o f  many h y d ra te s  betw een a d ja c e n t  s o l i d  h y d ra te s  i s  72 .0  k c a l  

m ole ^ and  9 .4  e .u .  mole r e s p e c t iv e ly .  (3 ) T h is can  b e  i n t e r p r e te d  

by conq>aring th e  v a lu e s  o f  th e  d e h y d ra tio n  r e a c t io n  w ith  th e  s o l id -v a p o r  

e q u i l ib r iu m  in  w a te r  and o th e r  h y d ra te  sy s te m s . The AH° and AS° from
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e q u a tio n  (6) can be w r i t t e n  a s

AH° = (AH° ^ -AH° + (n-m)AH°(H20) ĝj (7)

and

= « f  . )  + ®2°> (g ) (»)

I f  th e  s t r u c t u r e  o f  th e  two a d ja c e n t  h y d ra te s  a r e  th e  same, 

th e n  th e  d i f f e r e n c e  in  AH° o f  a d ja c e n t  h y d ra te s  (AH° ^-AH° sh o u ld  be 

c o n s ta n t  and th e  e n th a lp y  o f  r e a c t io n  (AH°) i s  th e  o f  th e  i c e -

v apo r r e a c t io n .  The AH^^^ o f  th e  ic e -v a p o r  r e a c t io n  a t  2 5 °C i s

1 2 .4  k c a l  mole ^ ( s e e  page 3 7 ) . Where a  s t r u c t u r e  change o c c u rs  th e r e  

w i l l  be a  change in  th e  AH° o f  th e  n e x t s p e c ie s  g iv in g  th e  v a lu e  co n - 

s id e r a b ly  d i f f e r e n t  from  7 2 .0  k c a l mole (3) The same re a s o n in g  can  

b e  used  in  i n t e r p r e t a t i n g  th e  AS° o f  a d ja c e n t  h y d ra te s  s p e c ie s .  The AS°^^

o f th e  ic e -v a p o r  r e a c t io n  a t  25°C i s  35 .2  e .v .  m ole ^ ( s e e  page 3 7 ) . I f

th e  w a te r  l o s t  i s  h e ld  o n ly  in  a  i c e - l i k e  s t r u c t u r e  th e  d i f f e r e n c e  in  

e n tro p y  o f  fo rm a tio n  o f  a d ja c e n t  h y d ra te s  sh o u ld  b e  9 .4  e .u .  m ole ^ , ( 3 )

I f  however a  s t r u c t u r e  change o ccu rs  a  v a lu e  c o n s id e ra b ly  d i f f e r e n t  

from  t h i s  i s  o b ta in e d .

Summary and  C o n c lu sio n s

The p re s  su r  e-compo s i t  io n  d a ta  showed th e r e  to  be  fo u r  d i s t i n c t  

h y d ra te  s p e c ie s  d u r in g  th e  d e h y d ra t io n , each  in v o lv in g  a  l o s s  o f  one mole 

o f  w a te r . The d e h y d ra tio n  o f  th e  d ih y d ra te  below  55.4®C gave a  c o n s ta n t  

v ap o r p re s s u re  in d ic a t in g  th e  fo rm a tio n  o f  a  d i s t i n c t  new s o l id  p h a se . 

Above 55.4°C  th e  v ap o r p re s s u e  was n o t c o n s ta n t  a s  shown by F ig u re  4 .

The w ith d raw a l o f  w a te r  v ap o r w ith o u t th e  fo rm a tio n  o f  a  new s o l id  s p e c ie s
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r e s u l t s  in  th e  system  b e in g  b i v a r i a n t .  T h is  in d i c a te s  t h a t  a  s o l id  

s o lu t io n  i s  produced  above 5 5 .4 “C.

The e q u i l ib r iu m  v ap o r p r e s s u re  v e rs u s  te m p e ra tu re  d a ta  was 

found to  fo l lo w  e q u a tio n  ( 5 ) ,  page 25, f o r  each h y d ra te  s p e c ie s  a s  shown 

by th e  l i n e a r i t y  o f  th e  p l o t s .  The e x p e rim e n ta l e n th a lp ie s  o f  dehy­

d r a t i o n  found  from  th e s e  p lo t s  f o r  th e  t e t r a h y d r a t e  and t r i h y d r a t e  w ere 

1 0 .81  k c a l  mole ^ and 1 2 .6 4  k c a l  m ole r e s p e c t iv e l y .  T hese v a lu e s  

a r e  c lo s e  to  th e  e n th a lp y  change r e q u ir e d  to  c o n v e r t one m ole o f  i c e  to  

one m ole o f  w a te r  vapo r a t  25°C. The ap p ro x im ate  v a lu e  f o r  t h i s  con­

v e r s io n  i s  found from  th e  e x p re s s io n  (21)

AH , = AH. +  C (T „ -T ,)  + AH = 1 2 .4  k c a l  m ole"^ (9) sub fu s  p 2 1 vap

w here AH_ i s  1 .4 4  k c a l  m ole T_ i s  25®C, T, i s  0 “C, and AH i s  fu s  2 1 vap
-1 -1 -1 9 .1 7 2 k c a l  m ole and i s  one c a l  g deg

The e n th a lp y  change f o r  th e  d e h y d ra t io n  o f  th e  d ih y d ra te  i s  

7 .47  k c a l  m ole ^ th e  lo w e s t v a lu e  o b ta in e d  f o r  any  s t e p .  The rem oval o f 

th e  l a s t  m ole o f  w a te r  a p p e a rs  to  b e  much h ig h e r  due to  u n u su a l bond 

s t r e n g th  and  s im i la r  r e s u l t s  h av e  b een  o b ta in e d  in  o th e r  s tu d i e s .  (2)

The e n tro p y  change r e q u ir e d  to  change one m ole o f  i c e  to  vapor 

a t  25“C i s  a p p ro x im a te ly  3 5 .2  e .u .  a s  d e te rm in ed  from  th e  e x p re s s io n  (21)

“ sub '  + 2 .3 0 3  lo g  T j /T j  +  AH°^^/T2  = 3 5 .2

I f  th e  e n tro p y  v a lu e s  o b ta in e d  f o r  th e  d e h y d ra t io n  s te p s  a r e  

compared w ith  th e  e n tro p y  f o r  chang ing  one m ole o f  i c e  to  v ap o r th e  

v a lu e s  f o r  th e  t e t r a h y d r a t e ,  t r i h y d r a t e ,  and m onohydrate s te p s  compare 

f a v o ra b ly .  The e n tro p y  v a lu e  o f  1 5 .2  e . u .  m ole o b ta in e d  f o r  th e  

d ih y d ra te  i s  c o n s id e ra b ly  low er th a n  th e  o th e r  s te p s  in d i c a t in g  a  s o l id
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p hase  fo rm a tio n  w ith  c o n s id e ra b ly  more o rd e r in g .

The d a ta  from  T ab le  13 in d i c a te s  th e r e  i s  l i t t l e  change in  th e  

new com plex form ed w ith  th e  lo s s  o f  th e  f i r s t ,  seco n d , and f o u r th  m oles 

o f w a te r .  The lo s s  o f  th e  t h i r d  mole o f  w a te r  from th e  d ih y d ra te  g iv e s  

v a lu e s  (AH° and AS°) t h a t  show an  a p p re c ia b le  change in  th e  new com plex 

b e in g  form ed. I t  i s  a l s o  n o te d  t h a t  th e  c o lo r  o f  th e  h y d ra te  changes 

from  a  re d d is h  v i o l e t  f o r  th e  d ih y d ra te  to  a  b lu e  f o r  th e  m onohydrate 

a l s o  s ig n a l in g  a  change in  th e  s o l id  p hase  b e in g  form ed.



CHAPTER 4

SPECTRA

Background D isc u ss io n

The a b s o rp t io n  s p e c tr a  o f  p o ta ss iu m  t r i c h lo r o c o b a l t a t e  ( I I )  and 

i t s  h y d ra te s  a r e  c h a r a c te r iz e d  by a  s e r i e s  o f  bands a p p e a r in g  in  th e  

v i s i b l e  and n e a r  IR re g io n s .  The a b s o rp t io n s  occu r th ro u g h  th e  p ro c e ss  

in v o lv in g  th e  e x c i t a t i o n  o f  an  e l e c t r o n  from  one energy  l e v e l  to  a  

h ig h e r  l e v e l .  These e l e c t r o n i c  t r a n s i t i o n s  o ccu r w ith in  th e  (3d) energy  

l e v e l  o f  th e  c o b a l t  ( I I )  io n  a s  a  r e s u l t  o f  p e r tu r b a t io n s  produced on i t  

by th e  e l e c t r i c  f i e l d  o f  th e  l ig a n d s .  The spec trum  dete rm in ed  i s  d e­

pen d en t upon th e  energy  o f  th e  "d" o r b i t a l s ,  t h e i r  d eg en e racy , and th e  

d i s t r i b u t i o n  o f  e l e c t r o n s  in  th e s e  o r b i t a l s :  th e s e  f e a tu r e s  a r e  i n  tu r n

c o n t ro l le d  by th e  o x id a t io n  num ber, number and ty p e  o f  l ig a n d ,  and th e  

geom etry  o f  th e  com plex. A c o r r e c t  a n a ly s i s  o f  th e  n a tu re  o f  th e s e  

p e r tu r b a t io n s  can  le a d  to  a  s i g n i f i c a n t  amount o f  in fo rm a tio n  ab o u t th e  

symmetry o f  th e  com plex.

In  th e  f r e e  io n  th e  f i v e  "d"  o r b i t a l s  a r e  d e g e n e ra te ,  how ever, 

under th e  in f lu e n c e  o f  th e  e l e c t r i c  f i ie ld  produced by th e  l ig a n d s  t h i s  

degeneracy  i s  rem oved. T his lo s s  o f  deg en eracy  in  th e  "d" o r b i t a l s  was 

f i r s t  p roposed  by B e th e . (22) He c o n s id e re d  th e  l ig a n d s  a s  p o in t  ch a rg e s  

and th e  in t e r a c t io n s  betw een th e  m e ta l io n  and l ig a n d s  a s  p u re ly

39
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e l e c t r o s t a t i c .  T h is  ap p ro ach  i s  r e f e r r e d  to  a s  th e  c r y s t a l  f i e l d  th e o ry .

The b a s ic  d i f f i c u l t y  o f  th e  c r y s t a l  f i e l d  th e o ry  i s  t h a t  no 

acco u n t i s  ta k e n  f o r  th e  m e ta l- l ig a n d  o v e r la p  ( c o v a le n c y ) . T his d i f f i ­

c u l ty  i s  p a r t l y  overcom e by th e  l ig a n d  f i e l d  th e o ry  w hich adds p a ra ­

m e te rs  to  acc o u n t f o r  th e  c o v a le n t  bonding  o c c u r r in g  betw een th e  m e ta l 

and i t s  l ig a n d s .  I t  i s  t h i s  l a t t e r  th e o ry  w hich  w i l l  be used  to  e x p la in  

th e  e x p e rim e n ta l s p e c t r a .  An a tte m p t w i l l  be  made to  e x p la in  th e  d i f ­

fe re n c e s  amoung th e  s p e c tr a  o f  th e  i d e n t i f i e d  com plexes u s in g  lig a n d  

f i e l d  th e o ry  a lo n g  w ith  th e  therm odynamic v a lu e s  and m agnetic  moments.

Two p o s s ib le  sym m etries e x i s t  f o r  th e  Co ( I I )  io n  w ith  c h lo r id e  

and w a te r  a s  l ig a n d s .  These a r e  o c ta h e d ra l  and  t e t r a h e d r a l  w ith  a  ground 

s t a t e  c o n f ig u ra t io n  o f  a n d , r e s p e c t iv e ly .

These a r e  weak f i e l d  c o n f ig u r a t io n s ,  a s  would b e  ex p ec ted  w ith  c h lo r id e  

io n  a n d /o r  w a te r  a s  l ig a n d s .  (23)

Theory

The q u a n t i t a t i v e  ap p ro ach  i s  accom plished  u s in g  th e  p e r tu r b a t io n  

th e o ry .  The t o t a l  H am ilto n ian  c o n s i s t  o f  th e  v a r io u s  p e r tu r b a t io n s  r e ­

q u ire d  to  e x p la in  th e  s p l i t t i n g  o f  th e  "d" o r b i t a l s .  The f i r s t  p e r tu r ­

b a t io n  i s  th e  o c ta h e d ra l  p o t e n t i a l  p ro v id e d  by  th e  l ig a n d s  s p l i t t i n g  th e  

f iv e  d e g e n e ra te  "d"  o r b i t a l s  in to  two s e t s  ( e ^ ,  t^ ^ )  s e p a ra te d  by th e  

p a ra m e te r , 10 Dq, (F ig u re  1 0 ) .  The second p e r tu r b a t io n  i s  th e  d i s t o r t i o n  

o f  th e  o c ta h e d ra l  o r  t e t r a h e d r a l  f i e l d  by a  t e t r a g o n a l  o r  t r i g o n a l  d i s ­

tu rb a n c e .  These p e r tu r b a t io n s  f u r th e r  remove th e  deg en eracy  o f  th e  "d" 

o r b i t a l s .  The two s p e c ta l  p a ra m e te rs  from  t h i s  p e r tu r b a t io n  a r e  r e f e r r e d
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to  a s  Ds and Dt f o r  te t r a g o n a l  d i s t o r t i o n  and Do and Dt f o r  t r i g o n a l  d i s ­

t o r t i o n .  The f i n a l  p e r tu r b a t io n  i s  th e  s p in - o r b i t  c o u p lin g  caused  by 

th e  c o u p lin g  o f  th e  s p in  a n g u la r  momentum (s) and th e  o r b i t a l  a n g u la r  

momentum (!•). The c r y s t a l  f i e l d  s p l i t t i n g  f o r  th e  (3d)** system s i s  

la rg e  compared to  th e  LS s p l i t t i n g ,  t h e r e f o r e ,  t h i s  p e r tu r b a t io n  does 

n o t c o n s t i t u t e  a  la r g e  e r r o r  and can  be  n e g le c te d  in  f i r s t  o rd e r  

c a l c u la t io n s .

FIGURE 10

EFFECTS OF VARIOUS PERTURBATIONS (W "d" ORBITALS

Tj Oil D] d O^h S , 0 .
Ion

»

x ' -----------------------------X __  _

 ̂ X , — — —  ' ' **»y

y

The energy  o f  any  e l e c t r o n i c  s t a t e  can  b e  t h e o r e t i c a l l y  d e t e r ­

mined from  th e  i n t e g r a l  in  th e  form 

E = d t

w here i|) i s  th e  n o rm alized  wave fu n c t io n  and H i s  th e  H am ilto n ian  o p e ra to r .

The q u a n t i t a t i v e  tre a tm e n t f o r  th e  model p ro p o sed  w i l l  b e  to  add
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p e r tu r b a t io n  to  th e  f r e e  io n  H am ilto n ian , H^, (23) ta k in g  th e  form

w here th e  te rm s d e s c r ib e  th e  k i n e t i c  e n e rg y , th e  e l e c t r o n  c o re  p o t e n t i a l ,  

th e  e l e c t r o n - e l e c t r o n  r e p u ls io n s  and s p in - o r b i t  c o u p lin g , r e s p e c t iv e ly .

The H am ilto n ian  showing th e  p re v io u s ly  d is c u s s e d  p e r tu r b a t io n s  on th e  

e le c t r o n s  o f  th e  mental io n  i n  an  o c ta h e d ra l  system  a r e
A  ̂ A

H = H . + V + o f  o t

o r

H = h ' +  V +  V
O f  O T

 ̂I
w here H^ i s  th e  H am ilto n ian  f o r  th e  f r e e  io n  under th e  in f lu e n c e  o f  th e  

l ig a n d s ,  i s  th e  c r y s t a l  f i e l d  p o t e n t i a l  on th e  m e ta l io n  i n  an  o c ta ­

h e d r a l  f i e l d  and  i s  r e p re s e n te d  by Dq. and a r e  th e  d i s t o r t i o n  p e r­

tu r b a t io n s  upon th e  o c ta h e d ra l  f i e l d  p o t e n t i a l  cau sed  by th e  low er symme­

t r y  o f  th e  l ig a n d  f i e l d .  o r  t e t r a g o n a l  d i s t o r t i o n  r e s u l t s  from  a  

symmetry o f  D^h o r  CgV. o r  t r i g o n a l  d i s t o r t i o n  r e s u l t s  from  a  symmetry 

o f  Dgd.

B efo re  in v e s t ig a t in g  th e  a p p l ic a t io n  o f  th e s e  p e r tu r b a t io n s  on 

th e  com plex i t  i s  n e c e s s a ry  to  d evelop  th e  energy  l e v e l s  and  wave fu n c tio n s  

o f  th e  f r e e  io n  in  ab sen ce  o f  th e  l ig a n d  f i e l d .  The t h i r d  te rm  o f  th e  

H am ilto n ian , H^, i s  c o n s id e re d  a s  a  p e r tu r b a t io n  upon th e  e l e c t r o n s  in  

th e  u n f i l l e d  s h e l l .  U sing  LS c o u p lin g , th e  te rm s (en erg y  l e v e l s  o f  a  

system ) o f  th e  f r e e  io n  f o r  a  g iv e n  (3 d )^  c o n f ig u ra t io n  can  b e  d e r iv e d .

The c o n f ig u ra t io n  i s  c h a r a c te r iz e d  by two quantum num bers, L and S , w here 

L i s  th e  t o t a l  a n g u la r  quantum number and S i s  th e  t o t a l  s p in  quantum 

number. The s t a t e s  f o r  a  g iv e n  c o n f ig u ra t io n  a r e  d e s ig n a te d  by th e  term  

sym bol, w here 2S+1 i s  th e  m u l t i p l i c i t y  o f  th e  te rm . The s t a t e s
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a r i s i n g  o u t o f  a  e l e c t r o n  c o n f ig u ra t io n  a r e  g iv e n  In  T ab le  14 .

TABLE 14

THE TERM ENERGIES FOR A CONFIGURATION

C o n fig u ra tio n  Term Energy In  "F" P a ram e te rs  Racah P a ram e te rs

d ^ - d^

2p

î D- b̂ D

3F -  6F„ -  12F, 
o 2 4

dF + 5F_ + 3F,- 
0 2 4

3A -  6B +3C 

3A + 5B + 5C -

Ji 93F2-1650F2F^+8325F^ Jl93B^+8BC+4C^

3F + 9F- -  87F, 
0 2 4

3A -  9B -  3C

2g 3F -  11F_ + 13F, 
o 2 4

3A -  IIB + 3C

3F = 6F- + 12F, 
0 2 4

3A -  6B + 3C

s 3F -  147F, 
o 4

3A

s
3F -  15F- -  72F, 

o 2 4
3A -  15B

U sing th e  e n e rg ie s  l i s t e d  I n  T ab le  14 i t  I s  c l e a r  t h a t  th e  ^F
4

te rm  l i e s  lo w e s t.  The F te rm  I s  r e f e r r e d  to  a s  th e  ground te rm  f o r  a

d^ e le c t r o n  c o n f ig u r a t io n .

The e n e rg ie s  o f  th e  s t a t e s  a r i s i n g  o u t o f  th e  LS c o u p lin g  scheme

can  b e  found by d e te rm in in g  th e  wave fu n c t io n s  by th e  u se  o f  lo w e rin g  o r

r a i s i n g  o p e r a to r s .  (23) U sing  th e  coulomb I n t e g r a l ,  J= (a b | l / r ^ g l  ^b)

and the exchange In teg ra l, K=(ab | l/r^^jl b a ) , the energy o f  the free  ion

te rm s a s  a  fu n c t io n  o f  F , F „ , and  F , can  b e  d e te rm in e d . F I s  th eo 2 4 o

r a d i a l  p a ram ete r a c c o u n tin g  f o r  th e  sy m m etrica l p a r t  o f  th e  e l e c t r o n  

r e p u ls io n s  o f  th e  f r e e  Io n . These l a t t e r  two p a ra m e te rs  govern  th e
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d if f e r e n c e  in  e n e rg ie s  o f  th e  te rm s f o r  a  g iv en  c o n f ig u ra t io n .  By ex­

p re s s in g  th e  e n e rg ie s  u s in g  th e  Racah (24) p a ra m e te r s ,  B and C, where 

B= Fg -  5F^, and C=35F^, energy  d i f f e r e n c e s  in v o lv in g  s t a t e s  o f  th e  same 

m u l t i p l i c i t y  w i l l  v a ry  on ly  in  B w h ile  th o se  energy  d if f e r e n c e s  betw een 

s t a t e s  o f  d i f f e r e n t  m u l t i p l i c i t y  v a ry  i n  b o th  B and C. This i s  i l l u s ­

t r a t e d  in  T able 15.

TABLE 15

ENERGY DIFFERENCE BETWEEN d^ TERMS

C o n fig u ra tio n Terms Invo lved Energy D iffe re n c e  

S l a t e r  P a ram e te rs  Racah P a ram e te rs

d^ -  d^ S  - 15F2 -  75F^ 15B

^F - 9Fg + 60F^ 9B +  3C

^F - 4 F2  +  85F^ 4B +  3C

^F -  ^ 24F2 -  15F^ 24B +  3C

-  > 4 » 2 OF2  +  75F^ 20B +  5C

iy|l952F2-1650F2F^+8325F^

-^93B^+8BC+4C^

S  - 9 F2  + 60F^ 9B + 3C

The a b s o lu te  e n e rg ie s  o f  th e  te rm s a r i s i n g  from a  g iv e n  c o n fig u ­

r a t i o n  r e q u i r e s  a  knowledge o f  th e  wave fu n c tio n s  o f  th e  e l e c t r o n s  w hich 

depend upon th e  p r in c ip a l  quantum number. I n  m ost tre a tm e n ts  o n ly  th e  

r e l a t i v e  e n e rg ie s  a r e  needed which r e q u i r e  o n ly  th e  app rox im ate  v a lu e s  o f 

B and C. These a r e  de te rm in ed  from th e  e x p e rim e n ta l s p e c tr a  a s  i n  th e  c a se
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o f  th e  p a ram ete r Dq.

The o c ta h e d ra l  o p e ra to r  I s  o b ta in e d  by expanding a  s e r i e s  o f

n o rm alized  s p h e r ic a l  harm onics:

Vo -  J  z E 
i  1 m

I t  can be shown th a t  t h i s  e x p re s s io n  ta k e s  th e  form (23)

tO , _ -4 \
)

w here th e  f i r s t  te rm  i s  r e s p o n s ib le  f o r  a  un ifo rm  s h i f t  o f  th e  energy  

le v e l s  and w i l l  be ig n o red  i n  d is c u s s in g  th e  e l e c t r o n i c  p r o p e r t i e s  o f 

th e  system .

The a p p l ic a t io n  o f  th e  to  th e  s e t  o f  "d" o r b i t a l s  r e s u l t  i n  

th e  v a lu e s  o b ta in e d  in  T ab le  16

TABLE 16

EFFECT OF V ON THE "d" ORBITALS o .........................

(d+2|v |d+2) = Dq

(d+2|V^|d+2) = 5DQ

(d+l|1^ |d + l)  = -4Dq

(do l^ o ld o ) =

The v a lu e s  o f  th e  "d" o r b i t a l s  under t e t r a h e d r a l  symmetry a re  th e  

same a s  th o se  in  T ab le  16 w ith  (25)

*  -4 /9  “ ’ o c t

Most com plexes show d e v ia t io n s  from  o c ta h e d ra l  o r  t e t r a h e d r a l
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symmetry. These d e v ia t io n s  a r e  t r e a te d  a s  p e r tu r b a t io n s  upon th e  h ig h e r  

symmetry by th e  t e t r a g o n a l  o p e r a to r ,  o r  t r i g o n a l  o p e r a to r ,  Vt . The 

o p e ra to r  ta k e s  th e  form  (23)

= AR^(r) Y° + BR^(r)Y °

T e tra g o n a l d i s t o r t i o n  i s  ta k e n  a s  a  p e r tu r b a t io n  a lo n g  th e  z a x is  

changing  th e  e n e rg ie s  w h ile  n o t  d i s t o r t i n g  th e  o r b i t a l s .  The t e t r a g o n a l  

o p e r a to r ,  V^, may be p u t in  d i f f e r e n t  form to  show w here th e  d i s t o r t i o n  

p a ra m e te rs  Ds and Dt a r i s e .  U sing o p e ra to r  te c h n iq u e  (27) where l ^ i s  sub­

s t i t u t e d  fo r  z in  th e  s p h e r ic a l  harm onics 

Y° = j5 /4 n  J l M 3 z ^ -r^

and

Y° = J3 7 6 4

r2

35z^-30z^r^  +  3r^ 
4r

th e  e x p re s s io n  below  i s  o b ta in e d  fo r  th e  t e t r a g o n a l  o p e ra to r

V : = D s(l^  -2 )  -  D t(35 /12  -  155/12 +  6)t  z z z

w here Ds and Dt a r e  s p l i t t i n g  p a ra m e te rs  composed o f  th e  r a d i a l  p a r t  o f

th e  s p h e r ic a l  harm onics

T a b le -17 shows th e  r e s u l t s  o f  th e  a p p l ic a t io n  o f  upon th e  s e t

o f "3d” o r b i t a l s .

TABLE 17

EFFECT OF ON THE "d” ORBITALS

(d+2|V ^[d+2) = 2Ds -  Dt

(d + l |V ^ Id h l)  = -Ds +  4Dt

(d |V Id ) = -ZDs -  6 Dt o ' t ' o  ................................
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The s ig n  and m agn itude o f  th e  t e t r a g o n a l  s p l i t t i n g  p a ra m e te rs

Us and Dt depend upon th e  n a tu r e  o f  th e  t e t r a g o n a l  d i s t o r t i o n . (27) These

v a lu e  a r e  d e te rm in e d  from  e x p e rim e n ta l s p e c t r a  a s  in  th e  c a s e  o f  Dq, B,

and C, how ever, th e  s ig n s  o f  Ds and Dt d e te rm in e  th e  ground s t a t e  a s  seen

from  T ab le  18 . U sing th e  l a b e l  ( d ^ )  w here m=0, d^2 , m=±l, d^^ and d^^ ,

m=+2, d and d 2 2 , a  p o s i t i v e  Ds and Dt w ould r e s u l t  in  th e  d 2 b e in g-  xy X - y  z

lo w e s t .

I f  th e  o c ta h e d ro n  i s  d i s to r t e d  a lo n g  th e  t r i g o n a l  a x i s ,  th e  

s p l i t t i n g  o f  th e  o c ta h e d r a l  energy  l e v e l s  a r e  c lo s e  to  th o s e  in  t e t r a ­

g o n a l d i s t o r t i o n .  (F ig u re  10) The symmetry o f  th e  com plex changes from 

Ojj to  D g j. The c o r r e l a t i o n  scheme from  Oh symmetry to  low er sym m etries 

i s  g iv e n  in  T ab le  1 9 . (28) The t r i g o n a l  o p e r a to r ,  Vt ,  i s  i d e n t i c a l  in

form  to  th e  t e t r g o n a l  o p e r a to r ,  V^, b u t o p e ra t in g  on a  d i f f e r e n t  s e t  o f 

"d" o r b i t a l s .  (23)

TABLE 18

GROUND STATE DEPENDENCE ON THE SIGN OF DS and DT

S ign  D is to r t i o n  (d ± 21V |d±2) (d+l|v |d+l) (d |V |d  ) Ground 
Ds Dt -  t  -  o t  o s t a t e

+ + e lo n g a t io n  2Ds + Dt -(D s + 4Dt) -(2D s -  6Dt)

-  + com p ressio n  -(2D s -  D t) Ds -  4Dt 2Ds + 6Dt ^E

-  -  co m pression  -(2D s + Dt) Ds + 4Dt 2Ds -  6Dt ^E

+ -  e lo n g a t io n  2Ds -  Dt -(D s -  4Dt) -(2D s + 6 Dt)

•2g

g

g

■2g
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TABLE 19

CORRELATION OF Oh TO LOWER SYMMETRIES

” 4h “ 2d ®3d S v

h g ^2g  + E
g 4% +  =1 +  *2

h g E
g

Bg + E Al +  *1 +

4 g ' i g «1 ^2g 4

4 g h g 4 4 g 4 .

h g  + h g Ai + Bi E
g

A1  +  A2

The l a s t  p e r tu r b a t io n  to  b e  c o n s id e re d  i s  s p in - o r b i t  c o u p lin g .

The s p in - o r b i t  c o u p lin g  in  (3 d )^  com plexes i s  sm a ll com pared to  th e  

c r y s t a l  f i e l d  s p l i t t i n g  and i s  n e g le c te d  in  m ost weak f i e l d  t r e a tm e n ts .  

A lthough  i t  i s  sm a ll i t  c a n , how ever, b e  im p o rta n t i n  th e  m ag n e tic  p ro ­

p e r t i e s  (C h ap te r F iv e ) o f  (3 d )^  conqjlexes. S p in - o r b i t  s p l i t t i n g  o f  th e  

a b s o rp t io n  bands f o r  f i r s t  row t r a n s i t i o n  m e ta ls  i s  seldom  observ ed  (29) 

in  th e  o p t i c a l  s p e c t r a  b eca u se  o f  poor r e s o lu t io n .  The p re se n c e  o f  s p in -  

o r b i t  c o u p lin g  i s  r e s p o n s ib le  f o r  th e  o ccu ran ce  o f  th e  " s p in  fo rb id d e n "  

a b s o rp t io n  bands due to  m ix ing  o f  s t a t e s  o f  d i f f e r e n t  m u l t i p l i c i t y  th ro u g h  

r e la x a t i o n  o f  th e  s p in  s e l e c t i o n  r u l e .

The s p in  o r b i t  o p e r a to r ,  H h as  th e  forms .o .

H -y -s.o.= Ç1.S
w here g i s  t h e  o n e -e le c t ro n  s p i n - o r b i t  c o u p lin g  p a ra m e te r , and Î  and s 

a r e  th e  o r b i t a l  and a n g u la r  momentum o p e r a to r s .  Ç i s  r e l a t e d  to  X b y  th e
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e x p re s s io n

Ç = + X/2S

w here th e  p o s i t i v e  s ig n  h o ld s  f o r  l e s s  th a n  h a l f - f i l l e d  s h e l l  and a 

n e g a t iv e  s ig n  fo r  an  over h a l f - f i l l e d  s h e l l .  The éJ e le c t r o n  c o n fig u ­

r a t i o n  h as  a n e g a t iv e  X v a lu e .

The s p in - o r b i t  c o u p lin g  o p e ra to r  ta k e s  th e  form

1 - s  = ( I z 'S z  + 2  l + 'S -  +  2

Through th e  a p p l i c a t io n  o f  th e  o p e ra to r  to  th e  p ro p e r wave 

f u n c t io n s ,  th e  p e r tu r b a t io n  to  th e  H am ilto n ian  by s p in - o r b i t  c o u p lin g  i s  

o b ta in e d .

By q u a l i t a t i v e  a p p l i c a t io n  o f  group th e o ry  i t  can  be  shown th a t  

o n ly  T^ and T^ s t a t e s  a r e  s p l i t  by s p in - o r b i t  c o u p lin g  under o c ta h e d ra l  

symmetry. (25) Tlie o p e ra to r  L(=L^ +  +  L^) p o s se ss e s  th e  symmetry p ro ­

p e r ty  o f  r o t a t i o n  ab o u t th e  th r e e  C a r te s ia n  a x e s . These b e lo n g  to  th e  

i r r e d u c ib le  r e p r e s e n ta t io n  o f  T^^ under Oh. The d i r e c t  p ro d u c t

^Ig * ^Ig * * lg ' hg * ^Ig ^ ^2g* ^g ^Ig * \  
do n o t c o n ta in  an  r e p r e s e n ta t io n ,  th e r e f o r e ,  a l l  th e  m a tr ix  elem ents

(4 . | l | 4 .  ) ,  (4 1114 ) .  (4 | l | 4  )
4 lg  4 g  *2g Eg Eg

a r e  z e ro .  The d i r e c t  p ro d u c ts

^Ig * "̂ Ig ^ '’̂ Ig ^2g * ^Ig * T̂ 2g

b o th  c o n ta in  an A_ , t h e r e f o r e ,  th e  m a tr ix  e lem en ts
8

(4  |L |4  )
■L8 -Ly ^2g ^2g

a re  n o t  z e ro .  The same argum ents can  be  a p p l ie d  to  t e t r a h e d r a l  symmetry

and a r e  shown to  g iv e  i d e n t i c a l  r e s u l t s .
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A s im p l i f ie d  method p roposed  by Abragam and P y rce  (3 0 ,3 1 ) can  

be  used  f o r  c a l c u la t in g  th e  p e r tu r b a t io n  due to  s p in - o r b i t  s p l i t t i n g .

The ro o ts  o b ta in e d  by th e  a p p l ic a t io n  o f  t h i s  p ro ced u re  to  th e  q u a r te t  

s t a t e  o f  C o (II)  io n  by Low (32) g iv e s  th e  th r e e  ro o ts  

E = 3 /2  aX (1)

= — otA (2)

= -  5 /2  aX (3)

F or d o u b le t s t a t e s ,  th e  two r o o t s  a r e  (23)

E = 1 /2  aX (4)

= -  aX (5)

w here X i s  th e  s p in - o r b i t  c o u p lin g  c o n s ta n t  w hich i s  r e l a t e d  to  th e  sp in -  

o r b i t  c o u p lin g  f o r  th e  ground s t a t e .  (23) A lpha (a) i s  a  c o n s ta n t f o r  

each  symmetry s t a t e  and can  b e  e v a lu a te d  by a p p l ic a t io n  o f  th e  L^, L^, 

and  o p e ra to r s .  (3 0 ,3 1 ,2 3 ) The (a ) v a lu e s  have been  c a lc u la te d  by 

F ogel (33) and a r e  g iv en  in  T ab le  20 . The r o o ts  a r e  c a lc u la te d  u s in g  

o c ta h e d ra l  symmetry and th e n  a s s ig n e d  to  th e  s p l i t  s t a t e s  caused  by th e  

low er symmetry.

Under and symmetry, i t  can  b e  show t h a t  r o o ts  ( 1 ) ,  (2)

4 4and (3 ) b e lo n g  to  th e  doubly  d e g e n e ra te  s t a t e s  ( E and E^) w h ile  r o o ts

4 4 4 4(1) and  (2) b e lo n g  to  s in g ly  d e g e n e ra te  s t a t e s  ( A^, A^,

^A- and ^A. ) .  For th e  d o u b le t s t a t e s ,  r o o ts  (4 ) and (5) a r e  a s s ig n e d
Ig  /g

2 2to  doubly  d e g e n e ra te  s t a t e s  ( E and E^) and r o o t  (4) to  s in g l e t  s t a t e s

( \ g ' \ g ' \ g '  \ g ’ \ g '  ^2g^*

M ention was made o f  c o n f ig u ra t io n  in t e r a c t io n  in  C hapter One. 

The e f f e c t  i s  im p o rta n t i n  th e  d^ e l e c t r o n  c o n f ig u r a t io n ,  s in c e  i t  i s  

ob serv ed  t h a t ,  o f  th e  fo u r  q u a r te t  l e v e l s  u n d er Oh symmetry, two have
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TABLE 20

VALUER OF THE PARAMETER ALPHA (a )

S ta te

S j  (F ) ,  ^Tj (F) - 3 /2
g g

^ 2  (F ) ,  ^Tg (F ) ,^ T j (G) 1 /2
g g g

S .  (P ) ,  ^T (P) 1 .0
g g

^Tj (G) 5 /2
g

^Tg (H) - 5 /2
g

a^Tj (H) 15/8
g

b^Tj (H) -1 1 /8
g

^Tg (D) - 1 .0
g
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k A  4 4e x a c t ly  th e  same symmetry, F) and P ) . These l e v e l s  w i l l

i n t e r a c t  and i s  t r e a t e d  a s  a  second o rd e r  p e r tu r b a t io n  upon th e

H am ilto n ian . The e f f e c t  o f  t h i s  p e r tu r b a t io n  i s  to  d e p re s s  th e  energy

4 4 4 4o f  th e  low er l e v e l ,  T^^C F) and to  r a i s e  th e  u pper l e v e l ,  T^^C P) by

an  e q u iv a le n t  am ount.

Under and symmetry th e  T^^ s t a t e  s p l i t s  i n t o  an  and

Eg s t a t e .  C o n f ig u ra t io n  in t e r a t i o n  can  th e r e f o r e  a r i s e  betw een th e s e

s t a t e s  under th e  low er symmetry.

The en e rg y  change a r i s i n g  from  c o n f ig u r a t io n  i n t e r a c t i o n  m ixing

o f th e  ^T^g(^F) and ^T^g(^P) i s  o b ta in e d  from  th e  i n t e g r a l  ( c ^ l^ g ly ^ l 

4T^g>) T h is  i n t e r a c t i o n  i s  th e  o f f - d ia g o n a l  e lem en ts  o f  th e  p e r tu r b a t io n  

m a tr ix .  For f i r s t  o rd e r  c a l c u la t io n s  th e  o f f - d ia g o n a l  e lem en ts  a r e  

n e g le c te d .

The d e te rm in a tio n  o f  th e  p e r tu r b a t io n  p a ra m e te rs ,  Dq, B, C, Ds 

D t, o r  Do and Dr in v o lv e s  th e  e v a lu a t io n  o f  s e c u la r  d e te rm in a n ts  u s in g  

th e  wave fu n c t io n s  f o r  th e  d i f f e r e n t  s t a t e s .  T ab le  21 g iv e s  th e  wave 

fu n c t io n s  o f  th e  weak f i e l d  te rm s a r i s i n g  from  F and P s t a t e s  q u a n tiz e d  

a lo n g  th e  f o u r - f o ld  and th r e e - f o ld  a x i s .

The s e c u la r  d e te rm in a n ts  shown i n  F ig u re s  11 and 12 a r e  used  

in  c a l c u l a t i n g  th e  e n e rg ie s  o f  th e  s p in  a llo w ed  s t a t e s  u n d er D^^ and 

Dg^ sym m etry. The e n e rg ie s  f o r  th e s e  two d e te rm in a n ts  a r e  g iv en  in  

T ab les 22 and 23.
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S e le c t io n  R u les

The a b s o rp t io n  o f  " v i s ib le "  r a d i a t i o n  (UV, v i s i b l e ,  IR) by a  

t r a n s i t i o n  m e ta l com plex a r i s e s  from  th e  a b i l i t y  o f  th e  o s c i l l a t i n g  

e l e c t r i c  v e c to r  to  ih d u c e  an  e l e c t r o n i c  t r a n s i t i o n  from  one s t a t e  w ith
t

a wave fu n c tio n  o f  if) t o  a  h ig h e r  s t a t e  w ith  a  wave fu n c t io n  ip by th e  

d isp la cem e n t o f  an  e l e c t r o n i c  c h a rg e . T h is  e l e c t r i c  d ip o le  mechanism 

i s  used  to  e x p la in  d -d  t r a n s i t i o n s  o f  th e  t r a n s i t i o n  m e ta ls .

The e x p la n a t io n  o f  t h i s  e l e c t r i c  d ip o le  m echanism u s in g  group 

th e o ry  i s  g iv e n  in  th e  g e n e ra l  r e f e r e n c e s  by C o tto n  (28) and  F ig g is  (2 5 ) . 

The r e s u l t s  a r e  u s u a l ly  e x p re s se d  in  th e  form  o f  th e  " s e le c t io n  r u le s "  

W iich p r e d ic t  w h e th er an  e l e c t r o n i c  t r a n s i t i o n  w i l l  b e  "a llo w ed "  o r  

" fo rb id d e n " .

The f i r s t  r u l e  i s  th e  s p in  s e l e c t i o n  r u l e  w hich s t a t e s  th e  

number o f  u n p a ire d  e l e c t r o n s  in  th e  i n i t i a l  s t a t e  m ust b e  i d e n t i c a l  w ith  

th o s e  in  th e  f i n a l  s t a t e .

The second r u l e  i s  th e  L a p o rte  s e l e c t i o n  r u l e  w hich s t a t e s  t h a t  

th e  e l c t r o n i c  t r a n s i t i o n  i s  fo rb id d e n  i f  i t  s im ply  in v o lv e s  a  r e d i s ­

t r i b u t i o n  o f  e l e c t r o n s  in  th e  same ty p e  o f  o r b i t a l  in  a  g iv e n  quantum 

s h e l l .  A ccord ing  to  t h i s  r u l e ,  d -d  ty p e  t r a n s i t i o n s  in  com plexes h av in g  

a  c e n te r  o f  symmetry a r e  fo rb id d e n .

The t r a n s i t i o n s  o f  i n t e r e s t  in  t h i s  s tu d y  a r e  a l l  o f  th e  d-d  

ty p e  and m ust become p a r t i a l l y  a llo w ed  by  some m echanism . In  o rd e r  f o r  

th e  a b s o rp t io n  to  b e  a llo w ed  by  th e  e l e c t r i c  d ip o le  mechanism i t  i s  

n e c e ss a ry  t h a t  th e  t r a n s i t i o n  moment, Q 

Q = <ij)lr|ij)'>
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TABLE 21
WAVE FUNCTIONS OF WEAK FIELD TERMS ARISING FROM THE F AND F

7
TERMS OF MAXIMUM MULTIPLICITY FOR d ELECTRON CONFIGURATION

F ree  Io n  L igand F ie ld
Term Term F o u r- fo ld  A xis T h re e -fo ld  A xis

2/3Y3-I/ 3 5/2(Y°-Y3̂ )

' " i g
% (  3/ 2Y " V  5 / 2? % ) 5 / 8 Y 3 +  I / 6 Y 3 I

% (  3/2Y3+ 5 /2 Y ~ h S / ô y " ^ -  I / 6 Y 3

% (  5 / 2Y “ ^ -  3 / 2 Y 3 ) t C Y g + Y - S )

\ g 5/2Y3- 3 /2 Y ~ h I / 6 Y 3 -  5 / 6Y ] l

t C Y ^ + Y - Z ) 1/ 6Y " ^ +  5 / 6 Y 3

\ g
tCrZ-YgZ) 1/3  2 ( Y 3- y " ^ ) -  5 Y 3

‘ " i s -3
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FIGURE 11
SECULAR DETERMINANT FOR HIGH SPIN STATES
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TABLE 22

NON ZERO ELEMENTS FOR THE SECULAR DETERMINANT IN FIGURE I I

Element Energy

h i -6Dq + 2/5DS + 9 /4D t

^12 “  ^21 15/3Ds -  13/4Dt

h i  '  ^13 4Dq -  6/3DS -  3/2D t

^22 2Dq ;  +7/4D t

^23 '^ 3 2 12/5DS + 15/4Dt

S 3 13B -7/3DS

S 4 2Dq -7D t

S 3 12Dq -7D t

h e -6Dq -4 /5D s + 6Dt

S ?  "  h e 4Dq + 12/3DS -  4Dt

h i +13/4DS
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FIGURE 12

SECULAR DETERMINANT FOR HIGH SPIN STATES
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TABLE 23
NON ZERO ELEMENTS FOR THE SECULAR DETERMINANT IN FIGURE 12 

E lem ent Energy

+6 Dq + 1/lODa + 17/3dT

Y j2 = Ygi -  5/lODa + 4 5/3DT

= Y jj +4Dq + 4/5Da +Dt

Ygg -2Dq + l/2D a +  1/30%

¥ ^ 3  = Y3 2  :-8  5/10DO+ 5 Dt

Y^ 3  15B +7/5DT

^44 +6 Dq + 1/5DO ~  13/3D t

Y ,̂  ̂ = Y^^ 5(4/10D d + 2/3DT

‘55 -12Dq 14/3DT

^64 "  ^46 +4Dq -  8/5DO +  8/30%

^65 “  ^56 -8 /1 0 0 ?  - 4 /3  5 0 %

Y66 -14/50%

Y^y -20q  -  D?- 30%
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b e  n o n -z e ro , w here r  i s  th e  r a d i a l  v e c to r  w hich h as  th e  symmetry o f  th e  

e l e c t r i c  d ip o le .  The v a lu e  o f  Q m ust b e  t o t a l l y  sym m etric and c o n ta in  

th e  r e p r e s e n ta t io n .

Complexes w ith  0 ^  and symmetry c o n ta in  a  c e n te r  o f  symmetry. 

In  th e s e  com plexes th e  "d" o r b i t a l s  a r e  sym m etric to  th e  c e n te r  o f  in ­

v e rs io n  and tra n s fo rm  to  g iv e  o n ly  "g" r e p r e s e n ta t io n s .  The x , y ,  and 

z com ponents o f  th e  e l e c t r i c  d ip o le  v e c to r  tra n s fo rm s  under th e s e  

sym m etries to  g iv e  "u" r e p r e s e n ta t io n ,  th e r e f o r e ,  th e  d i r e c t  p ro d u c t

does n o t  c o n ta in  th e  A. com ponent. By t h i s  argum ent th e  t r a n s i t i o n
•Lg

moment i s  z e ro  and  th e  t r a n s i t i o n  i s  fo rb id d e n .

In  Oj and com plexes th e r e  e x i s t  a  number o f  norm al modes o f 

v ib r a t io n  o f  w hich  some a r e  o f  th e  "u"  ty p e .  I f  th e  com plete  wave 

fu n c tio n  i s  ta k e n  a s  th e  p ro d u c t o f  th e  e l e c t r o n i c  wave fu n c t io n  and 

th e  v ib ro n ic  wave fu n c t io n ,  th e n  th e  t r a n s i t i o n  moment becomes n o n -ze ro  

d u r in g  th e  v ib r a t i o n  o f  th e  m o lecu le  when th e  in v e rs io n  c e n te r  no lo n g e r  

e x i s t .

A pp ly ing  group th e o ry  th e  v ib ro n ic  modes a re

^ I g ’ ^ g ’ ^^lu* ^2g* ^2u

in  0 ^  sym m etry, and

^ I g ’ ®lg* ®2g’ ^ 2 u ’

in  sym m etry.

The v i b r a t i o n a l  ground s t a t e  i s  t o t a l l y  sym m etric and b e lo n g s  to  

th e  A^g r e p r e s e n ta t io n .  Taking th e  d i r e c t  p ro d u c t o f  th e  ground s t a t e ,  

e l e c t r i c  d ip o le  v e c to r ,  th e  e x c i te d  s t a t e ,  and e x c i te d  v ib r a t i o n a l  s t a t e  

decomposes to  g iv e  an  A^^ r e p r e s e n ta t io n ,  th e r e f o r e  th e  t r a n s i t i o n  i s
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a llo w ed . A ll e l e c t r o n i c  t r a n s i t i o n s  u n d er 0^ and a r e  a llo w ed  due to

one o r  more v ib r a t io n a l  symmetry m odes.

T e tra h e d ra l  com plexes show two s p in  a llow ed  t r a n s i t i o n  a s  p r e -

4 4d ie te d  from  th e  s e l e c t io n  r u l e s .  These a r e  th e  A^ T^(F) and th e  

^Ag ■* ^T ^(P ). The ^A^ t r a n s i t i o n  i s  symmetry fo rb id d e n  a s  w e ll

a s  n o t b e in g  in  th e  re g io n  s tu d ie d .

Under some c o n d i t io n s ,  i t  i s  n o t  c o r r e c t  to  assume th a t  th e  wave 

fu n c tio n  i s  co m p le te ly  f a c to r i z e d  in to  an  e l e c t r o n i c  wave fu n c t io n  and 

a  s p in  wave fu n c t io n .  Where c o n s id e ra b le  s p in - o r b i t  c o u p lin g  e x i s t ,  i t  

i s  p o s s ib le  f o r  th e  s p in  to  change a s  a  r e s u l t  o f  th e  t r a n s i t i o n  w ith o u t 

th e  t r a n s i t i o n  moment i n t e g r a l  becom ing z e ro . T h is  r e s u l t s  in  a  p a r t i a l  

breakdown o f  th e  s p in  s e le c t io n  r u l e  le a d in g  to  th e  ap p ea ran ce  o f  s p in  

fo rb id d en  t r a n s i t i o n s  in  th e  a b s o rp t io n  s p e c ta .

E x p erim en ta l

The a b s o rp t io n  s p e c t r a  w ere o b ta in e d  from  powdered sam ples fo r  

KCoCl2*4H20, KCoCl^'SH^O, KCoCl^'ZH^O, KCoCl^'H^O and KCoCl^. The 

spectrum  fo r  th e  te t r a h y d r a t e  s p e c ie s  was a ls o  o b ta in e d  from  th e  c r y s t a l ­

l i n e  form .

The r e f l e c ta n c e  s p e c t r a  w ere o b ta in e d  u s in g  a  Beckman DK-1 r e ­

c o rd in g  sp e c tro p h o to m e te r  equ ipped  w ith  a  r e f le c ta n c e  a t ta c h m e n t, and a  

m o d ified  Brown p o te n t io m e tr ic  s t r i p  r e c o r d e r .  The d i f f u s io n  sp h e re  o f  

th e  r e le c ta n c e  a tta c h m e n t was c o a te d  w ith  f r e s h  magnesium o x id e  j u s t  

p r io r  to  s p e c tr a  d e te rm in a t io n s .

The sam ples w ere p re p a re d  by  p la c in g  a  sm a ll amount o f  each
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s p e c ie s  in  a  15 nun m icroscope w e ll  s l i d e .  The w e ll  was co v ered  w ith  a 

t h i n  g la s s  co v er s l i p ,  h e ld  in  p la c e  w i th  c e llo p h a n e  ta p e  o r  g lu e .  S in ce  

a l l  sam ples w ere s e n s i t i v e  to  m o is tru e , s l i d e  p r e p a ra t io n  was acco m p lish ­

ed in  m inim al tim e  fo llo w ed  by  im m ediate s p e c ta  d e te rm in a tio n s .  A f te r  

s ta n d in g  f o r  a  tim e (2 -3  h r s . )  exposed to  th e  a tm osphere , th e  sam ples 

changed co m p o sitio n  and w ere d is c a rd e d  a f t e r  each  s p e c ta l  d e te rm in a tio n .

The r e f e r e n c e  p o r t  o f  th e  r e f l e c ta n c e  sp h e re  was co v ered  w ith  a 

s l i d e  c o n ta in in g  f r e s h ly  p re p a re d  MgO and co v ered  in  th e  same manner a s  

th e  sam ple s l i d e .  Two such s l i d e s  w ere p re p a re d  and th e  sp e c tro p h o to ­

m ete r was c y c le d  th ro u g h  th e  re g io n  o f  i n t e r e s t  to  d e te rm in e  i f  th e  MgO 

ab so rb ed  in  th e  re g io n  to  be s tu d ie d .

A l l  s p e c tr a  w ere d e term ined  u s in g  th e  same c o n d i t io n s .  The r e ­

c o rd in g  c o n d i t io n s  w ere: s e n s i t i v i t y  1 .0 ;  tim e  c o n s ta n t  0 .2 ;  i n t e n s i t y  

ra n g e , 0 -1 ; sc a n  tim e , 3 m in u te s .

The PbS d e te c to r  was used  in  th e  ra n g e  o f  2100 mu to  700 mu and 

th e  p h o to m u lt ip l ie r  tu b e  was employed in  th e  re g io n  700 mu to  400 mu.

The en ergy  so u rc e  was a  s ix  (6) v o l t  in c a d e s c e n t tu n g s te n  lamp f o r  th e  

IR and v i s i b l e  r e g io n .

The sam ples f o r  each  h y d ra te  s p e c ie s  w ere p re p a re d  by p la c in g  

f i n e l y  ground anhydrous KCoCl^ o v e r w et Ca(N0g)2 u n t i l  th e  a p p ro p r ia te  

w e ig h t was g a in e d . The s l id e s  w ere p re p a re d  and s p e c t r a  d e te rm in e d .

The spec tru m  was a l s o  ta k e n  f o r  each  h y d ra te  s p e c ie s  by fo rm ing  them  

in  th e  vap o r p r e s s u re  a p p a ra tu s .  F ig u re  1 , page 12 , from  d ry  KCoCl^.

Both p ro c e d u re s  p roduced i d e n t i c a l  s p e c t r a  f o r  each  s p e c ie s .

A c r y s t a l  o f  p o ta ss iu m  t r i c h lo r o c o b a l t a t e  ( I I )  t e t r a h y d r a t e  

p re p a re d  by  th e  method d e s c r ib e d  in  C h ap te r Two was p lan n ed  to  such  a
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th ic k n e s s  t h a t  l i g h t  was t r a n s m i t t e d  th ro u g h  i t .  ( I n  o rd e r  to  o b ta in  th e  

c r y s t a l  s p e c t r a  th e  Beckman DK-1 was m o d ifie d  w ith  th e  a p p a ra tu s  shown 

in  F ig u re  1 3 ) .  I t  was th e n  mounted on an aluminum p l a t e  (A) o v e r a 

sm a ll h o le  b o re d  in  th e  p l a t e .  The r e f e r e n c e  p o r t  was covered  w ith  an 

aluminum p l a t e  (B) w ith  an a p p ro p r ia te  s iz e d  h o le  so t h a t  th e  r e f e r e n c e  

beam can  b e  s c a le d  to  o b ta in  b o th  th e  maximum and minimum o f  th e  a b so rb ­

ance b a n d s . The s l i d e  i s  i n s e r t e d  in to  s l i t  (C) and th e  a p p a ra tu s  i s  

in s e r t e d  in to  th e  c e l l  com partm ent o f  th e  DK-1. The c e l l  com partm ent i s  

f lu s h e d  w ith  d ry  n i t r o g e n  w h ile  th e  s p e c t r a  i s  b e in g  re c o rd e d . T h is 

slow s down th e  r e a c t io n  o f  th e  c r y s t a l  w ith  a tm o sp h e ric  m o is tru e . F or 

low te n ç e r a tu r e ,  l i q u i d  n i t r o g e n  i s  f lu s h e d  th ro u g h  p o r t  (D) from  a  

s p e c i a l l y  p re p a re d  Dewar. U sing t h i s  p ro c e d u re  s p e c t r a  fo r  c r y s t a l s  can  

b e  o ta in e d  a t  a p p ro x im a te ly  l i q u i d  n i t r o g e n  te m p e ra tu re .  (N ote: C ry s ta ls

o f  th e  t e t r a h y d r a t e  a r e  v e ry  s e n s i s t i v e  to  a tm o sp h e ric  m o s is tu re  and  w ere 

c o a te d  w ith  m in e ra l o i l  t o  p re v e n t r e a c t io n  d u rin g  h a n d l in g .)  A ttem p ts 

to  grow c r y s t a l s  f o r  th e  d ih y d ra te s  and anhydrous s p e c ie s  f a i l e d .  Thus 

th e  c a l c u la t io n s  f o r  th e  s p e c t r a l  f i t t i n g  o f  th e  low er h y d ra te s  and  th e  

anhydrous s a l t s  a r e  b a sed  upon r e f l e c ta n c e  s p e c t r a .

S p e c tra  F i t t i n g

The e x p e r im e n ta l s p e c t r a  w ere f i t t e d  u s in g  a  com puter program  

w r i t t e n  by H. Joy  (1 ) w hich i t e r a t e s  th e  s p e c t r a l  p a ra m e te rs  to  o b ta in  

th e  b e s t  f i t  f o r  th e  s p e c t r a l  a s s ig n m e n ts .

I n s p e c t io n  o f  th e  s p e c t r a  f o r  KCoCl^, F ig u re  23, showed two 

a b s o rp t io n  bands c e n te re d  a t  650 mu (1 5 ,3 8 5  cm ^) and  1800 mu
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FIGURE 13
ATTACHMENT USED TO OBTAIN LOW TEMPERATURE SPECTRA
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(5 ,5 0 0  cm ~^). These a b s o rp tio n s  a r e  c h a r a c t e r i s t i c  o f  C o (II)  t e t r a h e d r a l

com plexes. (34) Assuming t e t r a h e d r a l  symmetry, th e  ground s t a t e  f o r

KCoCl^ i s  (See F ig u re  15) The two o b serv ed  t r a n s i t i o n s  w ere te n a -

4 4t i v e l y  a s s ig n e d  to  th e  T^(P) and th e  T^(F) r e s p e c t iv e ly .  The sp in  

a llow ed  t r a n s i t i o n  to  th e  ^Tg(F) i s  n o t  o b serv ed  s in c e  i t  i s  o u t o f  th e  

s p e c t r a l  ran g e  s tu d ie d .  Dq was a s s ig n e d  350 cm b ased  upon v a lu e s  ob­

ta in e d  p re v io u s ly  f o r  t e t r a h e d r a l  c h lp ro c o b a l t  com plexes. (25) B was 

a s s ig n e d  775 cm , 80% o f th e  f r e e  io n  v a lu e  was p re d ic te d  from  th e  

n e p h e la u x e tic  s e r i e s .  (35) C/B was s e t  a t  4 .4 ,  Ds a t  100 cm Dt a t  

50 cm ^ and S.O . a t  -170  cm ^ ( f r e e  io n  v a l u e ) . (25)

S p e c t ra l  a ss ig n m e n ts  w ere th e n  made f o r  th e  fo u r  s p in  a llow ed  

t r a n s i t i o n s  u n d er D^^ symmetry to  th e  ^ E ^ (F ), ^Ag^CF), ^A2 g (P ) ,  and 

^E g (P ). The program  was a llo w ed  to  i t e r a t e  u n t i l  th e  b e s t  f i t  was ob­

ta in e d  f o r  th e  s p in  a llo w ed  t r a n s i t i o n s .

The s p in  fo rb id d e n  t r a n s i t i o n  w ere n e x t a s s ig n e d  u s in g  th e

Tanabe-Sugano D iagram , F ig u re  14 . U sing th e  Dq and B o b ta in e d , th e  

2 2 2T„ ( B_ and E u nder D ., )  was p r e d ic te d  to  ap p ea r on th e  h ig h  energy  2g Zg g 4h

s id e  o f  th e  ^T^(P) t r a n s i t i o n .  From th e  ob serv ed  s p e c t r a  a  sh o u ld e r  i s  

ob served  a t  540 mu (18 ,500  cm ^) w hich was a s s ig n e d  to  th e  ^Tg^. A ll 

o th e r  p a ra m e te rs  w ere f ix e d  ex ce p t C/B, and th e  program  was a llow ed  to  

i t e r a t e  u n t i l  th e  b e s t  f i t  f o r  th e  s p in  fo rb id d e n  t r a n s i t i o n s  w ere ob­

ta in e d  .

The n e x t  sp e c tra  to  b e  f i t t e d  was th e  t e t r a h y d r a t e .  F ig u re  18.

From th e  e x p e rim e n ta l s p e c t r a  th r e e  a b s o rp t io n  bands a r e  o b se rv e d . These

—1 -1 a r e  c e n te re d  a t  550 mu (18 ,300  cm ) ,  690 mu (14 ,500  cm ) ,  and 1540 mu

(6500 cm ) .  Assuming o c ta h e d ra l  symmetry, th e  ground s t a t e  was a s s ig n e d
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FIGURE 14
TANABE-SUGANO DIAGRAM FOR Cr(III) d'
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FIGURE 15

ENERGY LEVEL DIAGRAM FOR TETRAHEDRAL CONFIGURATION
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to  th e  w ith  t r a n s i t i o n s  to  th e  ^A^^CF), and

F ig u re  15 . The t r a n s i t i o n  to  th e  i s  a  two e le c t r o n  t r a n s i t i o n

and i s  v e ry  low  i n  i n t e n s i t y  (36). Dq was s e t  a t  840 cm ^ o b ta in e d  from

th e  ^AggCF) t r a n s i t i o n ,  B was s e t  a t  860 cm ^ based  on th e  p o s i t i o n  o f

HgO and Cl io n  in  th e  n e p h e la u x e t ic  s e r i e s ,  (35) C/B a t  4 .4 ,  Ds a t

100 cm Dt a t  50 cm and S.O . a t  -170  cm

The program  was p e rm itte d  to  i t e r a t e  th e  s p e c t r a l  p a ra m e te rs

u n t i l  th e  b e s t  f i t  was o b ta in e d  f o r  th e  s p in  a llow ed  t r a n s i t i o n s .

From th e  Tanabe-Sugano D iagram , F ig u re  13 , u s in g  th e  d e te rm in ed  
2

v a lu e s  f o r  Dq and B, th e  i s  p r e d ic te d  a t  a  s l i g h t l y  low er en erg y  th a n

th e  ^A„ t r a n s i t i o n .  Upon o b s e rv in g  th e  e x p e rim e n ta l s p e c t r a ,  a  weak 
^8

t r a n s i t i o n  was o b serv ed  a t  960 mu (10 ,400  cm ^ ) . T h is  sh o u ld e r  was 
2

a s s ig n e d  to  th e  t r a n s i t i o n .  F ix in g  a l l  p a ra m e te rs  e x c e p t C/B, th e  

program  was a g a in  used  to  o b ta in  th e  s p in  fo rb id d e n  a s s ig n m e n ts .

S p e c t r a l  p a ra m e te rs  f o r  t h e  t r l h y d r a t e  and d ih y d ra te  w ere ob­

ta in e d  u s in g  th e  same p ro c e d u re  assum ing some ty p e  o f  t e t r a g o n a l  d i s ­

t o r t i o n .

A s u i t a b l e  f i t  f o r  th e  m onhydrate s p e c tr a  co u ld  n o t  be  o b ta in e d  

assum ing  t e t r a g o n a l  d i s t o r t i o n .  The p o s s i b i l i t y  t h a t  t r i g o n a l  d i s t o r t i o n  

co u ld  b e  p r e s e n t  was in v e s t ig a te d  b eca u se  o f  th e  f a i l u r e  to  a s s ig n  th e  

o b se rv ed  t r a n s i t i o n  a t  520 mu (19 ,250  cm ^ ) ,  F ig u re  22 . Assuming a  

t e t r a h e d r a l  sym m etry, th e  two a b s o rp t io n  b ands i n  th e  v i s i b l e  re g io n  

w ere a s s ig n e d  to  th e  ^ T ^ (P ). The b ro ad  band in  th e  n e a r  IR re g io n  was 

a s s ig n e d  to  th e  ^ T ^ (F ). U sing  th e  en erg y  d iag ram . F ig u re  16 , th e  s p e c t r a l

p a ra m e te rs  w ere o b ta in e d  u s in g  f i r s t  o rd e r  c a l c u l a t i o n s . A Dq o f  300

-1 -1 -1 -1 cm , B o f  840 cm , Do o f  916 cm , Dt o f  -170  cm w ere o b ta in e d .
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T hese v a lu e s  w ere th e n  e n te re d  In  th e  program  f o r  i t e r a t i o n .  The 

D gj program  i t e r a t e d  th e  a s s ig n e d  p a ra m e te rs  g iv in g  th e  b e s t  f i t  f o r  th e  

s p in  a llo w ed  t r a n s i t i o n s .  No a t te m p t was made to  f i t  th e  s p in  fo rb id d e n  

t r a n s i t i o n s  fo r  th e  m onohydrate . A ttem p ts  w ere made to  f i t  th e  mono­

h y d ra te  s p e c tr a  u s in g  o th e r  sym m etries w ith o u t s u c c e s s .

The c o l l e c t e d  ^ e c t r a  d a ta  i s  show in  T ab le  24 g iv in g  th e  p re ­

d ic te d  t r a n s i t i o n s  and th e  o b se rv ed  t r a n s i t i o n s .  T ab le  25 g iv e s  a  

sunmary o f  th e  s p e c t r a l  p a ra m e te rs  o b ta in e d  f o r  each  o f  th e  fo u r  hy­

d r a te d  s p e c ie s  and th e  a n h y d ra te .

Summary

A ttem p ts  w ere made to  f i t  th e  s p e c t r a  o f  th e  upper h y d ra te s  

4 4u s in g  b o th  A^^ and  ground s t a t e s .  The s ig n s  o f  Ds and Dt w ere 

v a r ie d  to  g iv e  a l l  p o s s ib le  c o m b in a tio n s . The anhydrous KCoCl^ was 

f i t t e d  u s in g  t e t r a h e d r a l  symmetry w ith  t e t r a g o n a l  d i s t o r t i o n  o b ta in in g  

re a s o n a b le  r e s u l t s .  The m onohydrate was th e  m ost d i f f i c u l t  o f  a l l  th e  

s p e c ie s  to  o b ta in  a  re a s o n a b le  f i t ,  how ever, i f  t e t r a h e d r a l  symmetry 

was assumed w ith  t r i g o n a l  d i s t o r t i o n  a  r e a s o n a b le  f i t  was o b ta in e d .

The Dq v a lu e s  v a r ie d  from  819 cm ^ f o r  th e  KCoClg«4S20 to  260

-1 -1  cm f o r  th e  KCoClg'HgO w ith  a  v a lu e  o f  350 cm f o r  KCoClg. B v a lu e s

d e c re a se d  a s  th e  w a te r  m o lecu le s  w ere r e p la c e d  from  th e  Co ( I I )  io n  by

c h lo r id e  io n s .  Ds and Dt o r  Do and Dx v a lu e s  in d ic a te d  th e  m agn itude

o f d i s t o r t i o n  p re s e n t  and th e  s h i f t  in  ground s t a t e s .  The s p in - o r b i t

c o u p lin g  c o n s ta n t  was h e ld  a t  -170  cm ^ th ro u g h o u t th e  s p e c t r a l  f i t t i n g .

The r a t i o  o f  C/B ranged  betw een  4 .1 8  f o r  th e  KCoCl^'ZHgO to  4 .4  fo r

KCoClg'HgO w hich l i e  i n  th e  ra n g e  p r e d ic te d  f o r  C o (II )  com plexes w ith

w a te r  and c h lo r id e  a s  l ig a n d s .  (25)
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FIGURE 16
ENERGY LEVEL DIAGRAM FOR TETRAHEDRAL CONFIGURATION 
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FIGURE 17
TANABE-SUGANO DIAGRAM FOR Co ( I I )  d

E/B

29

60

50

40

30

20

19

10

10 400 20 30 50
lODq/B



A

500 1000 1500 2 0 0 0

Sen
en
So

00

Wavelength (mu)



72

FIGURE 19
REFLECTANCE SPECTRUM OF KCoCl̂ 'AHgO
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FIGURE 22
REFLECTANCE SPECTRUM KCoClg'HgO
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TABLE 24 

COLLECTED SPECTRAL DATA

T r a n s i t io n C a lc u la te d  Observed 
-1cm mu mu

Peak

D e s c r ip t io n

KCoClg'4H20

1. 6677 1498 1500 sh a rp  peak

2. \  « 2 g « 7446 1343 1340 b ro ad  peak

3. 7788 1284 1260 b road  peak

4 . 14,788 676 660 : sh o u ld e r  on T^^(P)

5. ‘ %  « lg - > 18,531 540 535 sh a rp  peak

6.
" i g " )

19,176 521 520 sh a rp  peak

7. 22,192 451 455 medium sh a rp  peak

8.
' ^ g « g «

10,073 993 960 b ro ad  peak

9 . 12,910 775 n o t  o b served

10. » 2 g « ) 16,312 613 625 sh o u ld e r  on T^g(P)

11. «2g«> 17,837 561 n o t obseirved

12.
\ g " l g " )

18,657 536 n o t o b served

13. < " ,g « 21,273 470 490 v e ry  sh a rp  peak

14. \  ( " ig " )
25,221 396 n o t observed

15. 22 ,462 445

KClClg'3H20

n o t  o bserved

1. \  ‘ » 2 g "2 g ^> 6857 1458 b road  peak

2. « 2 g « 6554 1526 b ro ad  peak

3. \  « 2 g «
6894 1451 b ro ad  peak

4. ‘ “ lg « 2 g ' ') 13,872 721 740 b ro ad  peak p a r t i a l  
h id d en
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TABLE 24-Contlnued

T r a n s i t io n C a lc u la te d  O bserved 
- 1cm mu mu

Peak

D e s c r ip tio n

KCoClg" SHgO co n tin u ed

5 . 18,075 553 545 v e ry  sh a rp

6 . 18,716 534 535 v e ry  s h a rp

7. 19,353 517 520 v e ry  s h a rp

8 . 10,238 976 n o t ob serv ed

9 . 10,763 929 n o t o b served

10.

11.

12.

13.

\  (^2g=) 

' ' 2 8 « 1 8 «

16,652

16,258

16,068

23,482

601

615

622

426

607

610

617

sh o u ld e r  on v e ry  
sh a rp  peak 
sh o u ld e r  on v e ry  
sh a rp  peak 
sh o u ld e r  on v e ry  
sh a rp  peak 
n o t ob serv ed

14. \  t t , g «
20,292 493 n o t o bserved

15. " i g ^ 23,549

KCoClg"

425

ZHgO

n o t ob serv ed

1. ‘ e
g

19,322 517 519 sh a rp  peak

2. « l g ' “> 19,297 518 520 sh a rp  peak

3.
\  " . g " )

18,666 536 540 sh a rp  peak

4 . '= lg '^ 2 g ^ ) 14,367 696 690 s h o u ld e r  on sh a rp  peak

5 . '^ 2 g " 2 g ' ) 7 ,227 1383 1385 b ro ad  peak

6 . ‘ "g  < "2 g «
7,069 1415 1420 b ro ad  peak

7. \  « 2 g ” 6 ,729 1486 1500 b ro ad  peak

8.
' " . g « g  ”

10,263 974 n o t o b served



79

TABLE 24-Contlnued

T r a n s i t io n C a lc u la te d O bserved Peak
- icm mu mu D e s c r ip t io n

KCoClg "SMgO co n tin u ed

9 .
8

10,255 975 n o t observed

10.
\  (^2gG) 16,137 620 615 s h o u ld e r  on sh a rp  peak

11. %  (^2gG) 16,243 616 605 s h o u ld e r  on sh a rp  peak

12.
%

20,366 491 495 s h o u ld e r  on sh a rp  peak

13.
\  ( " ig " )

23,724 421 n o t observed

14. ''2 g (^ 2 g ^ ^ 16,423 608 sh o u ld e r  on 10

15. '" 2 g (" ig ( : ) 15,847

KCoClg

631

’V

s h o u ld e r  on 10

1. % ^Ai (T^F) 3,841 2503 n o t in  th e  re g io n  s tu d ie d

2. S  (TgF) 2 ,599 3847 n o t in  th e  re g io n  s tu d ie d

3. (T gF ) 2 ,286 4373 n o t in  th e  re g io n  s tu d ie d

4 . ^E (T jF ) 4 ,686 2133 2125 broad  peak

5. (T^F) 5 ,284 1892 1860 b road  peak

6. ^Ag (T jF ) 4 ,852 2062 2075 b ro ad  peak

7. ^E (T jP ) 15,630 639 630 sh a rp  peak

8 . ^F (T ;P ) 15,345 651 660 sh a rp  peak

9. ( Tj ?) 19,250 519 520 medium peak

KCoClg

1.
' " l 8

^E (T F )
g 2

3 ,303 3,027 n o t in  re g io n  s tu d ie d

2 . ‘ e „<Tj F) 2 ,968 3,369 n o t in  re g io n  s tu d ie d

3. 3 ,502 2,855 n o t i n  re g io n  s tu d ie d
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TABLE 24-contlnued

T ra n s i t io n  C a lc u la te d  Observed
-1

cm mu îmi

Peak

D e s c r ip tio n

KCoClg co n tin u ed

4.
" ' i g  ' : g

F) 5,098 1,961 broad  peak

5.
'" g  « 1 F) 6 ,087 1,642 broad  peak

6. F) 5 ,330 1,876 1,825 b road  peak

7.
\  « 1 P) 15,878 630 630 sh arp  peak

8. %  « I P> 15,225 657 670 sh arp  peak

9 . *2g(T i P) 15,286 654 652 sh arp  peak

10. * ig W i G) 14,387 695 n o t o bserved

11. G) 14,875 672 n o t observed

12.
\  " i

G) 14,812 675 n o t observed

13. %  « 1
G) 16,596 602 610 v ery  sh a rp  peak

U ,

15.

16.

\  " 2  

' " g  " 2

G)

G)

G)

19,175

18,864

19,328

522

530

517

530

530

sh o u ld e r  on v ery  
peak
sh o u ld e r  on v e ry  
peak
n o t observed

17. G) 16,096 621 n o t observed

18. G) 20,679 484 n o t observed
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TABLE 25

SPECTRAL FITTING PARAMETERS

Compound n- B' C '/B Os o r  On Dt o r  Dt B '/B

KCoClg'üPgO 819 893 4 .3 3 671 127 0 .92

KCoClg'SHgO 709 856 4 .26 168 -9 0 .8 8

KCoClg'ZHgO 722 868 4 .1 8 -46 32 0 .89

KCoClg'HgO 260 860 4 .40 821 -16 0 .8 9

KCoClg 352 752 4 .37 98 47 0 .7 8



CHAPTER FIVE 

MAGNETIC MOMENTS 

D isc u ss io n

The m agnitude o f  th e  m ag n e tic  moments a r e  u s e f u l  when u sed  in  

c o n ju n c tio n  w ith  th e  e l e c t r o n i c  s p e c t r a  to  e s t a b l i s h  th e  symmetry and 

e l e c t r o n i c  ground s t a t e  o f  c o b a l t  ( I I )  complex' compounds. As p re v io u s ly  

m entioned  in  C h ap ter F o u r, th e r e  a r e  two p o s s i b i l i t i e s  f o r  th e  ground 

s t a t e  i n  com plexes w ith  d^ e le c t r o n  c o n f ig u ra t io n  c o n s id e r in g  o n ly
4

o c ta h e d ra l  and t e t r a h e d r a l  sym m etry. T hese a r e  th e  T^^ f o r  o c ta h e d r a l
4

com plexes and th e  Ag f o r  th e  t e t r a h e d r a l  com plexes.

Assuming p e r f e c t  o c ta h e d ra l  o r  t e t r a h e d r a l  sym m etry, th e  ground 

e le c t r o n  d i s t r i b u t i o n  f o r  Co ( I I )  io n  u nder th e  in f lu e n c e  o f  weak f i e l d  

l ig a n d s  such  a s  C l a n d /o r  H^O i s  g iv e n  in  th e  d iagram  below . Both 

e l e c t r o n  c o n f ig u ra t io n s  r e s u l t  in  th r e e  u n p a ire d  e l e c t r o n s .

Td f r e m  Oh
Ipfl

dy, I! 4 I X /
■*«> ' ' n ✓

82   •*»»
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S in ce  b o th  o c ta h e d ra l  and t e t r a h e d r a l  env ironm en ts  r e s u l t  in  

th r e e  u n p a ire d  e l e c t r o n s ,  th e  m ag n e tic  moment b ased  upon th e  s p in  

a n g u la r  momentum o n ly  h as  th e  same v a lu e  a s  t h a t  found from  th e  ex­

p r e s s io n

* e f f  = (1)

w here n  i s  th e  number o f  u n p a ire d  "d" e l e c t r o n s .  T h is  v a lu e  f o r  th r e e

u n p a ire d  e le c t r o n s  i s  3 .8 7  Bohr m agnetons.

In  a d d i t io n  to  th e  s p in  a n g u la r  c o n t r ib u t io n  th e r e  i s  th e  

o r b i t a l  c o n t r ib u t io n  to  th e  t o t a l  m agn itude  o f  th e  m ag n e tic  moment ex­

h ib i t e d  by a  com plex. I f  th e  e l e c t r o n s  o f  th e  Co ( I I )  io n  cou ld  be  f r e e  

o f  th e  in f lu e n c e  o f  th e  c r y s t a l  f i e l d  and s p in - o r b i t  c o u p lin g , such  a s  

would b e  found i n  th e  f r e e  io n ,  th e  e f f e c t i v e  m ag n e tic  moment w ould 

b e  g iv e n  by th e  sum o f  th e  s p in  and o r b i t a l  c o n t r ib u t io n s  a s  shown by

P e f f  = [4S(S + 1) + L(L + l ) ] l / 2  B.M. (2)

T h is  would g iv e  an  e f f e c t i v e  m agnetic  moment o f  5 .2 0  B. M. f o r  an  S

( s p in  a n g u la r  momentum) v a lu e  o f  3 /2  and L ( o r b i t a l  a n g u la r  momentum) 

v a lu e  o f  3 . For c o b a l t  ( I I ) ,  v a lu e s  c lo s e  to  5 .2 0  B. M. a r e  o b served  

e x p e r im e n ta lly  f o r  o c ta h e d ra l  com plexes w ith  v a lu e s  l e s s  th a n  t h i s  f o r  

t e t r a h e d r a l  com plexes. T h is  su p p re s s in g  o f  th e  o r b i t a l  c o n t r ib u t io n  

can  b e  q u a l i t a t i v e l y  e x p la in e d  by c o n s id e r a t io n  o f  th e  c r y s t a l  f i e l d  

e f f e c t s  upon th e  "d" o r b i t a l s .

For o c ta h e d r a l  com plexes th e  o r b i t a l  c o n t r ib u t io n  to  th e  mag­

n e t i c  moment can  b e  shown by th e  r o t a t i o n  p ro p e r ty  o f  th e  "d" o r b i t a l s .
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In  o rd e r  f o r  an  e le c t r o n  to  have  an  o r b i t a l  a n g u la r  moment and th e r e ­

f o r e  an  o r b i t a l  moment w ith  r e f e r e n c e  to  an  a x i s ,  i t  m ust be a b le  to  

tra n s fo rm  in to  an  e q u iv a le n t  o r b i t a l  by r o t a t i o n  ab o u t t h a t  a x i s .  T h is  

r e q u i r e s  th e  a v a i l a b i l i t y  o f  an  o r b i t a l  w ith  th e  same shape and d eg en er­

acy  a s  th e  o r b i t a l  c o n ta in in g  th e  e l e c t r o n .

In  th e  f r e e  io n ,  r o t a t i o n  o f  th e  d 2 2 o r b i t a l  by 45“ abou tX -y

th e  "z"  a x is  b r in g s  i t  in t o  th e  d ^  o r b i t a l .  The d r o ta t e d  by 90“xy yz

b r in g s  i t  in to  th e  f u l l y  e q u iv a le n t  d^ ^ . T h is  le a d s  to  an  o r b i t a l  con­

t r i b u t i o n  to  th e  t o t a l  m ag n e tic  moment.

I f  th e  io n  i s  p la c e d  i n  an o c ta h e d ra l  en v iro n m en t, th e  d e -  

gen eracy  o f  th e  f i v e  "d" o r b i t a l s  i s  removed in t o  e q u iv a le n t  d ^ ,  d ^^ ,

d s e t  and a  d 2 2 and d 2 s e t .  The d can n o t be  r o ta t e d  in to  ayz X - y  z xy

f u l l y  e q u iv a le n t  d^2_^2 by r o t a t i o n  ab o u t th e  "z"  a x is  b eca u se  o f  th e

energy  d i f f e r e n c e  caused  by a  c r y s t a l  f i e l d ,  how ever, th e  d^^ and d^^

can  s t i l l  tra n s fo rm  in to  e q u iv a le n t  o r b i t a l s .  T h is  g iv e s  a  c o n t r ib u t io n

5 2to  th e  t o t a l  m ag n e tic  moment from  th e  o r b i t a l  moment f o r  th e  t „  e o r  
4
T^g e l e c t r o n i c  ground s t a t e .

For t e t r a h e d r a l  sym m etry, th e  s p l i t t i n g  o f  th e  f iv e  "d"  e le c t r o n  

o r b i t a l s  a r e  i d e n t i c a l  w ith  t h a t  o f  th e  o c ta h e d ra l  symmetry b u t  r e ­

v e r s e d .  The e le c t r o n  c o n f ig u r a t io n  o f  e ^ tg  r e s u l t s  in  a  f i l l e d  "e "

le v e l  and a  h a l f - f i l l e d  " t „ "  l e v e l .  The d and d a r e  no lo n g e r2 xz yz

e q u iv a le n t  by r o t a t i o n  ab o u t th e  "z "  a x i s  b eca u se  th e  d and d each  J yz xz

a l re a d y  c o n ta in  one e l e c t r o n .  T h is  c o n f ig u ra t io n  r e s u l t s  in  a  quenching 

o f  th e  o r b i t a l  c o n t r ib u t io n  to  th e  t o t a l  m ag n e tic  moment. (37)

I t  can  b e  shown by  group th e o ry  argum ents t h a t  o n ly  a  "T" 

ground s t a t e  w i l l  r e s u l t  i n  an  o r b i t a l  c o n t r ib u t io n .  (25)
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In  g e n e ra l ,  th e  m agnitude o f  th e  m agnetic  moment can  be  u sed

to  in d i c a te  th e  symmetry o f  c o b a l t  ( I I )  c~osçlsxes. The l a r g e s t  v a lu e s

a r e  found f o r  o c ta h e d ra l  c o o rd in a tio n  ground s t a t e )  and low er

v a lu e s  f o r  t e t r a h e d r a l  c o o rd in a tio n  ground s t a t e ) . (38)

Some in fo rm a tio n  a s  to  th e  amount o f  r e l a t i v e  d i s t o r t i o n  in

o c ta h e d ra l  com plexes can be  o b ta in e d  by n o tin g  t h a t  when th e  symmetry

i s  low enough so t h a t  th e  d and d o r b i t a l s  no lo n g e r  tra n s fo rmxz yz

in to  one a n o th e r  by hav ing  d i f f e r e n t  e n e rg ie s ,  some o f  th e  o r b i t a l  

c o n t r ib u t io n  i s  su p p re sse d . T h is  can  o ccu r in  an o c ta h e d ra l  complex 

by e lo n g a tio n  o r  com pression  o f  th e  "z"  a x i s .

Theory o f  M agnetic S u s c e p t i b i l i t i e s

The m ag n e tic  s u s c e p t i b i l i t y  f o r  s i n g l e t  A^ o r  A^ ground s t a t e s  

w ith  e x c i te d  s t a t e s  la r g e  compared to  kT can be  c a lc u la te d  u s in g  th e  

fo llo w in g  e q u a tio n s  (23)

X = ^ j W — - 2  ^ (3)
nm m nm m

w here

and

w ith
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Vi = g (L i +  2Si>

w here i s  th e  m u l t i p l i c i t y  o f  th e  ground s t a t e ,  8 i s  th e  Bohr m agneton,
Z' A
L i i s  th e  o p e ra to r  f o r  th e  o r b i t a l  a n g u la r  momentum and i s  th e  o p e ra ­

t o r  f o r  th e  s p in  a n g u la r  momentum.

The f i r s t  te rm  in  e q u a tio n  (3) g iv e s  th e  en ergy  c o n t r ib u t io n  

o f  th e  f i r s t  o rd e r  Zeeman e f f e c t  on th e  n th  l e v e l  due to  th e  m agnetic  

f i e l d  a c t in g  on th a t  l e v e l .  The second te rm  g iv e s  th e  energy  c o n tr ib u ­

t i o n  due to  second o rd e r  Zeeman e f f e c t  a r i s i n g  from  th e  change in  

en erg y  due to  " m ix in g - in ,"  in f lu e n c e d  by th e  m ag n e tic  f i e l d ,  o f  l e v e l s  

w hich o r i g i n a l l y  w ere n o t  d e g e n e ra te  w ith  th e  n th  l e v e l .  The f i r s t  

and second te rm s in  e q u a tio n  (3) a r e  c a l le d  r e s p e c t iv e ly  th e  low and 

h ig h  freq u en cy  te rm s .

Assuming -  E_ 

th e  te m p e ra tu re  d e p e n d ^  

i s  g iv e n  by

w here "g"  i s  th e  sp 

c o n t r ib u t io n  p o sse sse d  

Lande s p l i t t i n g  f a c to r  i s

g g a rd ln g  th e  second te rm  o f ( 3 ) ,  

m ag n e tic  s u s c e p t i b i l i t y

(6)

th e  amount o f  o r b i t a l  

ï o r  th e  f r e e  io n ,  th e

.  . S(S +  1) -  L(L +  1) +  J ( J  + 1) 
8 = 1 +  2 J ( J  +  1) (7)

If L is zero (no orbital contribution) then "g" is 2.00 which is the
case when spin angular momentum only accounts for the magnetic moment.
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P i  = 3(L^ +  2S^)

w here i s  th e  m u l t i p l i c i t y  o f  th e  ground s t a t e ,  6 i s  th e  Bohr m agneton, 

i s  th e  o p e ra to r  f o r  th e  o r b i t a l  a n g u la r  momentum and i s  th e  o p e ra ­

t o r  f o r  th e  s p in  a n g u la r  momentum.

The f i r s t  te rm  in  e q u a tio n  (3 ) g iv e s  th e  energy  c o n t r ib u t io n  

o f  th e  f i r s t  o rd e r  Zeeman e f f e c t  on th e  n th  l e v e l  due to  th e  m agnetic  

f i e l d  a c t in g  on th a t  l e v e l .  The second te rm  g iv e s  th e  energy  c o n tr ib u ­

t i o n  due to  second  o rd e r  Zeeman e f f e c t  a r i s i n g  from th e  change in  

energy  due to  " m ix in g - in ,"  in f lu e n c e d  by th e  m ag n e tic  f i e l d ,  o f  l e v e l s  

w hich o r i g i n a l l y  w ere n o t  d e g e n e ra te  w ith  th e  n th  l e v e l .  The f i r s t  

and second te rm s in  e q u a tio n  (3) a r e  c a l l e d  r e s p e c t iv e ly  th e  low and 

h ig h  freq u en cy  te rm s .

Assuming »  kT and d is r e g a r d in g  th e  second te rm  o f  (3 ) ,

th e  te m p e ra tu re  dependent c o n t r ib u t io n  to  th e  m ag n e tic  s u s c e p t i b i l i t y  

i s  g iv e n  by

X lf = ^  S (W 1) (6)

w here "g"  i s  th e  s p l i t t i n g  f a c t o r ,  a  m easure o f  th e  amount o f  o r b i t a l  

c o n t r ib u t io n  p o sse sse d  by th e  ground s t a t e .  For th e  f r e e  io n ,  th e  

Lande s p l i t t i n g  f a c to r  i s  o b ta in e d  from

„ -  1 4. S(S +  1) -  L(L +  1) +  J ( J  + 1)
® 2 J ( J  +  1) ^

If L is zero (no orbital contribution) then "g" is 2.00 which is the
case when spin angular momentum only accounts for the magnetic moment.
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The prob lem  when L f  0 i s  to  c a l c u la te  th e  amount o f  c o n t r ib u t io n  th e  

o r b i t a l  momentum c o n t r ib u te s  to  th e  v a lu e  o f  th e  "g" f a c t o r .

Io n s  w ith  a  l ig a n d  f i e l d  symmetry low er th a n  cu b ic  (Oh o r  Td) 

show m ag n e tic  p r o p e r t i e s  w hich a r e  a n i s o to p ic .  (39) The g e n e ra l 

r e l a t i o n s h ip  f o r  "g" i n  io n s  showing a n is o to p ic  b e h a v io r  i s  (23)

g = 2 ( 6 _  -  X A _ )

w here 6^^ i s  known a s  th e  K roneker d e l t a  w ith  v a lu e s  o f  u n i ty  when i= j  

o r  ze ro  when i f j , and A i s  g iv en  by th e  e x p re s s io n  below  (23)

«  W o

In  th e  f i r s t  o rd e r  a p p ro x im a tio n  th e  o r b i t a l  c o n t r ib u t io n  to  

th e  "g" f a c t o r  i s  o b ta in e d  by c o n s id e r in g  th e  en e rg y  o f  th e  i n t e r a c t io n  

betw een th e  ground s t a t e  wave fu n c t io n  and th e  f i r s t  e x c i te d  s t a t e .

T h is  g iv e s  a  p a r a l l e l  c o n t r ib u t io n  i n  th e  " z "  d i r e c t i o n  and a  p erp en ­

d ic u la r  c o n t r ib u t io n  i n  th e  "x"  and "y" d i r e c t i o n .  The c a lc u la te d  

"g" f a c t o r  f o r  a  Co ( I I )  io n  in  a  t r i g o n a l  f i e l d  can  b e  shown to  g iv e

(23)

g = 2 (1  -  4 ^ )  and g = 2 (1  -  ^ )
Ü1 ^2

w here X i s  th e  s p i n - o r b i t  c o u p lin g  c o n s ta n t ,  and A^ b e in g  th e  energy  

d i f f e r e n c e s  betw een  th e  ground s t a t e  and th e  s p l i t  f i r s t  u p p er e x c i te d  

s t a t e .  A b e t t e r  u n d e rs ta n d in g  o f  A^ and A^ can  b e  o b ta in e d  from  th e  

d iag ram  below . (40)
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l O D q

The h ig h  freq u en cy  te rm  in  e q u a tio n  (3) a r i s e s  from  th e  "m ix in g -in "  o f  th e  

u pper e x c i te d  s t a t e  w ith  th e  ground s t a t e  by s p in - o r b i t  c o u p lin g . T h is  

i s  th e  te m p e ra tu re  in d ep en d en t c o n t r ib u t io n  to  th e  m ag n e tic  s u s c e p t i b i l ­

i t y .  T h is  c o n t r ib u t io n  i s  d e te rm in ed  by summing o v e r th e  v a lu e s  to

g iv e

By com bining th e  h ig h  freq u en cy  and low  freq u en cy  c o n t r ib u t io n s ,  

th e  e x p re s s io n s  f o r  th e  t o t a l  m ag n e tic  s u s c e p t i b i l i t y  a r e  o b ta in e d  a s  

shown by

15N8^ 4X,2 . 8NB^
X|| -  -3âï- (1 -  Â:) +-ÂT (9)

and

15NB  ̂ X, 4X^2 . 8N3^XJL= -ÏKT- (1 + - Ç - (10)

U sing th e  e q u a tio n  f o r  a  c o n t r ib u t io n  p a r a l l e l  (X^^) and 

a  c o n t r ib u t io n  p e rp e n d ic u la r  (Xx) to  th e  "z "  a x i s  can  be c a lc u la te d .
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Under D^h and D^d symmetry th e  "x" and "y" c o n t r ib u t io n s  a re  ta k en  to  

b e  eq u a l and th e  av e ra g e  m ag n e tic  s u s c e p t i b i l i t y  i s  g iven  by

T h is  av e ra g e  s u s c e p t i b i l i t y  shou ld  co rresp o n d  to  th e  s u s c e p t i b i l i t y  

o b ta in e d  fo r  a f i n e l y  ground powdered sam ple.

The m a ^ e t i c  moment i s  c a lc u la te d  from  th e  e x p re s s io n s

«11 = (12)

and

*JL- "s.°(i -  %;) (11)

E x p re ss io n s  developed  h e re  a r e  f o r  th e  m agnetic  s u s c e p t i b i l i t y  

and m agnetic  moments f o r  th e  io n  in  a  t r i g o n a l  f i e l d ,  how ever, th e  same 

r e s u l t  i s  o b ta in e d  w ith  th e  io n  in  a  te t r a g o n a l  f i e l d .

E xp erim en ta l

The m ag n e tic  s u s c e p t i b i l i t y  o f  th e  complex compounds, KCoCl^, 

KCoClg'HgO, KCoClg'ZHgO, KCoCl^«3H^0 and KCoCl^’AĤ O w ere m easured 

u s in g  a  F araday  ty p e  b a la n c e .  F ig u re  24 . A te m p e ra tu re  ran g e  o f  77“

A to  296° A was s tu d ie d  u s in g  v a r io u s  c o o la n ts .

The c o o la n ts  used  w ere l i q u id  n i t r o g e n ,  n -p ro p a n o l s lu s h ,  d ry -  

ic e - a c e to n e ,  ic e - w a te r ,  and a  c i r c u la t e d  co ld  b a th .

A sm a ll powered sam ple o f  anhydrous compound (0 .005  to  0 .015
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grams) was suspended i n  a  fu se d  q u a r tz  b u c k e t (A) a t ta c h e d  to  a  q u a r tz  

s p r in g  (B) by a  long  r i g i d  f i b e r  (C ). The sam ple mass was de term ined  

by m easuring  th e  e x te n s io n  o f  th e  q u a r tz  s p r in g  w hich was p re v io u s ly  

c a l i b r a t e d .  [The fo r c e  c o n s ta n t  f o r  th e  s p r in g  used  was found to  be 

0 .19649 cm/mg by add ing  s ta n d a rd  w e ig h ts  to  th e  empty b u ck e t and 

m easu ring  th e  d i s ta n c e  t r a v e le d  w ith  c a th e to m e te r  (D) (± 0 .005  cm )].

The q u a r tz  s p r in g  i s  a t ta c h e d  to  th e  to p  o f  th e  c y l i n d r i c a l  vacuum 

chamber (E) by means o f  a  g la s s  hook. The low er end o f  th e  chamber 

i s  f i t t e d  w ith  a  red u ced  s i z e  g la s s  j o i n t  to  be  encased  by a  Dewar 

f l a s k  (F) s p e c ia l ly  d e s ig n ed  to  c o n t ro l  th e  te m p e ra tu re . The e n t i r e  

chamber ho u sin g  th e  q u a r tz  f i b e r  can be  ev ac u a ted  th ro u g h  a  T e flo n  

s to p c o c k  (G).

A manometer (H ), a t ta c h e d  to  th e  h o u sin g  chamber a llo w s  a 

m easurem ent o f  th e  p r e s s u r e  in s id e  th e  cham ber.

A d ry  i n e r t  gas  (n i t r o g e n  o r  ca rb o n  d io x id e )  i s  u sed  to  in s u re  

th e rm a l c o n ta c t  betw een th e  c o o la n t  and th e  sam ple.

M agnetic s u s c e p t i b i l i t y  m easurem ents a r e  made by p a s s in g  a 

two p o le  m agnet ( I )  upward p a s t  th e  sam ple u n t i l  th e  f i e l d  i s  e n te re d  

as  n o te d  by th e  d e f l e c t i o n  th ro u g h  th e  c a th e to m e te r  ( J ) . The magnet 

i s  th e n  re v e rs e d  u n t i l  maximum d e f l e c t i o n  i s  n o te d  j u s t  b e fo re  th e  

sam ple le a v e s  th e  m ag n e tic  f i e l d .  The d e f l e c t i o n  n o te d  th ro u g h  th e  

c a th e to m e te r  (± 0 .0005 cm) i s  re a d  and re c o rd e d . The p ro ced u re  i s  

r e p e a te d  fo r  te n  (10) re a d in g s  and th e n  th e  same p ro ced u re  i s  re p e a te d  

a s  th e  sam ple le a v e s  th e  m a g n e tic  f i e l d  by  moving th e  magnet upward. 

T h is  r e s u l t s  i n  a  maximum d e f l e c t i o n  i n  b o th  d i r e c t io n s  g iv in g  more 

u n ifo rm  re a d in g s .  The t o t a l  d e f l e c t i o n  f o r  th e  sam ple i s  o n e -h a lf  th e
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FIGUÏE 24

DIAGRAM OF FARADAY TÏEE MAGNETIC BALANCE

H
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d i f f e r e n c e  o f  th e  av e rag e  upward and downward d e f l e c t i o n s .

M agnetic s u s c e p t i b i l i t y  m easurem ents w ere made tw ic e  f o r  each  

o f  th e  f iv e  te m p e ra tu re s  o r  u n t i l  a  v a r i a t i o n  o f  n o t  more th a n  5% I s  

n o te d . F or l i q u id  n i t r o g e n ,  d r y - lc e - a c e to n e ,  n -p ro p a n o l s lu s h  and 

Ic e  b a th ,  t h i s  p ro c e d u re  was used  to  I n d ic a te  t h a t  an  e q u il ib r iu m  w ith  

th e  c o o la n t  had  been re a c h e d . Once th e  f iv e  m easurem ents w ere d e t e r ­

mined f o r  KCoCl^j w a te r  v a p o r was p e rm itte d  to  e n te r  th ro u g h  (G) u n t i l  

th e  KCoClg'HgO s p e c ie s  had  been  form ed a s  n o te d  by th e  mass In c r e a s e .

The cham ber (E) was e v ac u a ted  s lo w ly  w h ile  m a in ta in in g  a  low tem pera­

tu r e  a round  th e  sam ple to  p re v e n t th e  l o s s  o f  w a te r  v ap o r by d e h y d ra t io n . 

A f te r  th e  chamber was e v a c u a te d , d ry  n i t r o g e n  was a llo w ed  to  e n t e r  to  

g iv e  th e rm a l c o n d u c t iv i ty  betw een th e  c o o la n t  and sam ple .

The same p ro c e d u re  was fo llo w ed  f o r  each  o f  th e  rem a in in g  

s p e c ie s  (KCoClg'ZHgO, KCoClg'SHgO and KCoCl^*4 H2 0 ) u n t i l  f iv e  tem pera­

tu r e s  w ere s tu d ie d  f o r  each  com plex h y d ra te .

C a lc u la t io n s

The t o t a l  d e f l e c t i o n  and m ass o f  th e  sam ple gave th e  gram 

s u s c e p t i b i l i t y ,  % » a t  a  g iv e n  te m p e ra tu re  from  th e  e q u a tio n

w here K I s  th e  c a l i b r a t i o n  c o n s ta n t  f o r  th e  F araday  b a la n c e ,  A I s  th e  

t o t a l  d e f l e c t i o n ,  I s  th e  d iam agnetism  f o r  th e  b u c k e t ,  and M I s

th e  m ass o f  th e  sam ple. [The d iam agnetism  f o r  th e  b u c k e t u sed  In  t h i s  

s tu d y  was found to  b e  0 .00190  cm .] The c a l i b r a t i o n  c o n s ta n t  f o r  th e
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b a la n c e  was found by u s in g  a  c r y s t a l l i n e  sam ple o f  HgCo(SCN)^ h av in g

-4a  known gram s u s c e p t i b i l i t y  o f  (Xg = 16 .44  x  10 cgs  a t  20°C ). (41)
_3

The c a l i b r a t i o n  c o n s ta n t  (K) was found to  b e  9 .000  x 10 e . g . s .  fo r  

th e  b a la n c e .

The m o lar s u s c e p t i b i l i t y  was found from  th e  e q u a tio n

Xm = Xg-F.W. (15)

w here F.W. i s  th e  fo rm u la  w e ig h t o f  th e  compound.

A c o r r e c t io n  f o r  th e  d iam agnetism  o f  th e  c o b a l t  ( I I )  io n  and

o th e r  l ig a n d s  i s  added to  th e  e x p e r im e n ta lly  d e te rm in e d , The P a sc a l

-6c o n s ta n ts  (42) o f  i n t e r e s t  a r e :  c o b a l t  ( I I ) ,  12 x 10 ; c h lo r id e ,

26 X 10 p o ta ss iu m , 13 x  10 w a te r ,  13 x  10 ^ e . g . s .  u n i t s .  The

c o r r e c te d  m olar s u s c e p t i b i l i t y  i s  d e s ig n a te d  by x^  found from  th e  

e q u a tio n

The d ia m a g n e tic  c o n t r ib u t io n ,  i s  a lw ays n e g a t iv e ,  th e r e ­

f o r e ,  th e  c o r r e c te d  m olar s u s c e p t i b i l i t y  i s  g r e a t e r  th a n  th e  u n c o rre c te d  

v a lu e .

The compounds s tu d ie s  w ere found to  obey th e  C urie -W eiss  Law

4  = ô & ë T

w here C„ i s  th e  C u rie  c o n s ta n t ,  6 i s  th e  W eiss C o n s ta n t, and T i s  th e  

a b s o lu te  te m p e ra tu re .

The e q u a t io n  can be  re a r ra n g e d  to  g iv e



94

C»
T = ^  -  e (18)

&

C “ 3-A p lo t  o f  T v e rs u s  (x^) , F ig u re s  25 -29 , g iv e s  a  s t r a i g h t

l i n e  w ith  a  s lo p e  o f  and an  in t e r c e p t  o f  6 on th e  T a x i s .

A more p r e c i s e  s ta te m e n t o f  th e  C urie-W eiss  Law i s

Q

= l ï ï ê T  +  TIP (19)

w here TIP i s  th e  te m p e ra tu re  in d e p en d en t param agnetism . A p lo t  o f

C “ 1v e rs u s  (T+0) , F ig u re s  2 9 -3 3 , g iv e s  a  s t r a i g h t  l i n e  w ith  a  s lo p e  o f

and an i n t e r c e p t  o f  T IP .

The C u rie  c o n s ta n t ,  C^, h as  th e  v a lu e

Si = t -  (lo

w here N i s  A vogad ro 's  num ber, k  i s  B o ltzm an n 's  c o n s ta n t ,  i s  " th e

e f f e c t i v e  m ag n e tic  mom ent," and B i s  th e  Bohr m agneton, 0 .927  x  10 

e r g /g a u s s .  The e f f e c t i v e  m ag n e tic  moment, Vgff* w hich a f t e r  th e  v a lu e s  

o f  th e  c o n s ta n ts  a r e  s u b s t i tu t e d  and so lv e d  f o r  g iv e s  th e  e q u a tio n

1 / 2
" e f f  '  2 - « ( V  (21)

w here C„ i s  th e  s lo p e  de te rm in ed  from  th e  l e a s t  sq u a re  a n a ly s i s  o f  p lo t s  

i n  F ig u re s  3 0 -3 4 . (43) The d a ta  an a ly z e d  u s in g  th e  above e q u a tio n s

gave v a lu e s  o f  and TIP a s  shown in  th e  summary T ab le  27.
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FIGURE 25
T° A versus 1/X^ for KCoCl,*4H„0
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FIGURE 26
T° A versus 1/X^ for KCoCl_*3H_0m 5 2
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FIGURE 27 

ct" a  versus 1/X for KCoCl,*2H-0m j  £,
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FIGURE 28
T° A versus 1/X for KCoCl»*H-0m j z

300

250

200

150

100

50

-50
1251007550250

1/Xm



99

FIGURE 29
T° A VERSUS 1/X^ FOR KCoCl-m j

300

250

200

150

o
H

100

-50
125100755025

1/Xm



100

FIGURE 30
X versus l/T+6 for KCoC1-*4H„0m j /
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FIGURE 31
versus l/T+0 for KCoCl-*3H„0m J /
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FIGURE 32
X versus 1/Tf0 for KCoCl_'2H_0m 3 2
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FIGURE 33
X versus l/T+0 for KCoCl_*H„0m 3 2
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FIGURE 34
X versus l/T+0 for KCoCl.m j
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TABLE 26

MAGNETIC SUSCEPTIBILITY DATA

X 10^ ( e . g . s . ) ( l/T + 0 ) X 10

298

273

265

195

77

296

273

264

195

77

296

273

264

195

77

10,946

12,120

12,330

16.525 

40,771

12,598

13.525 

13,855 

18,371 

41,796

11,569

12,520

13,272

17,079

42,485

KCnClg'AUgO

91.31

82.26

81.10

60.51

24.52 

KCoCl^'lH^O

79.37

73.94

72.17

54.43 

22 .83

KCoCI^*2H2Ü

86.44 

79.86 

75.34

58.54

23.54

2.0

2 .0

2 .0

2 .0

2 .0

3 .0

3 .0

3 .0

3 .0

3 .0

4 .0

4 .0

4 .0

4 .0

4 .0

3 .33  

3.64 

3 .75  

5 .08

12.66

3 .34  

3 .62

3 .73  

5 .05

12.50

3 .33

3.61

3 .73  

5 .0 3

12.35
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TABLE 26-continued

t" a X 10^m e (l/T + 0 ) X 10^

296 10,535 96 .90 12.0 3.25

273.6 11,691 87.02 12.0 3 .50

195 15,870 63.01 12.0 6 ,8 3

166 19.108 52.30 12.0 6 .3 3

77 35,031 28.55 12.0 11.26

KCoClg

296 9 ,473 105.56 13.0 3.26

273 10,332 96.79 13.0 3.50

196 16,222 70.31 13.0 6 .79

166 19,273 51.89 13.0 6 .30

77 31,838 31.31 13.0 11.15

TABLE 27

MAGNETTC DATA SUMMARY

Compound F.xp.(pB.M .) C al.(pB .M .) 0 (°A) TIP X 1 0 ^ ( c .g .s . )

KCoC1^-6H^O 5.07 2 .0 370

.ITT n 5.25 3 .0 700J 2
K T ori^ .2P ,n 5.27 6 .0 200

KCoC'^'H^n 6.92 6 .82 12.0 760

KCoClg 6.76 6 .69 13.0 600
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Summary and C o n c lu sio n s

The m ag n e tic  moments f o r  th e  t e t r a h y d r a t e ,  t r i h y d r a t e  and

d ih y d ra te  a r e  i n  th e  ra n g e  f o r  th o se  r e p o r te d  f o r  Co ( I I )  o c ta h e d ra l  
4

com plexes w ith  a  ground s t a t e .  The v a lu e  o f  5 .0 7  B. M. i s  c lo s e  

to  t h a t  o f 5 .1 3  B. M. r e p o r te d  f o r  Co(H20)^Cl2 by G r in d s ta f f  (2 ) sug­

g e s t in g  s im i la r  s t r u c t u r e  f o r  t h i s  s p e c ie s .  The v a lu e s  o f  5 .2 5  and 

5 .27  B. M. f o r  th e  t r i h y d r a t e  and d ih y d ra te  compounds i n d i c a t e  o n ly  

sm a ll changes i n  s t r u c t u r e  o ccu r in  th e s e  d u r in g  th e  d e h y d ra tio n  from 

th e  n e x t h ig h e r  h y d ra te  s p e c ie s .  The m ag n e tic  moment o f  4 .9 2  B. M.

fo r  th e  m onohydrate to g e th e r  w ith  th e  s p e c t r a l  d a ta  in d i c a te s  a  change 
4

to  a  Ag ground s t a t e  cau sed  by a  s h i f t  in  th e  symmetry from o c ta h e d ra l  

to  t e t r a h e d r a l .  A f u r t h e r  d e c re a se  in  th e  m ag n e tic  moment to  4 .7 6  B. M. 

in d ic a te s  th e  anhydrous com plex goes to  a  more sy m m etrica l t e t r a h e d r a l  

c o n f ig u r a t io n .  The m a g n e tic  moments o f  th e  m onohydrate and anhydrous 

compounds a re  i n  th e  ra n g e  ex p ec ted  f o r  c o b a l t  ( I I )  su rro u n d ed  by fo u r  

c h lo r id e  io n s  and i s  c lo s e  to  r e p o r te d  v a lu e s  f o r  KgCoCl^ (44) and 

(NH^)2CoC1^ (4 5 ) . T hese v a lu e s  a r e  h ig h  f o r  sy m m e trica l com plexes and 

a r e  i n d i c a t i v e  o f  d i s t o r t i o n .

The m ag n e tic  s u s c e p t i b i l i t i e s  fo r  th e  m onohydrate can  b e  c a l ­

c u la te d  by u s in g  e q u a tio n s  (9 ) ,  (10) and (11) a t  th e  e x p e rim e n ta l tem­

p e r a tu r e s  r e p o r te d  by u s in g  th e  s p e c t r a l  a s s ig n m e n ts  g iv e n  in  T ab le  24
/A' ^ II ■

fo r  th e  A^) and A^ ( Ag E) t r a n s i t i o n s .  Upon s u b s t i t u t i n g

th e  a p p ro p r ia te  v a lu e s  f o r  th e  c o n s ta n ts  in  e q u a t io n s  (9) and (10) th e

fo llo w in g  e q u a tio n s  a r e  u sed  f o r  th e  f i n a l  c a l c u l a t i o n s .

= 2 .597 /T  +  543 x lO "^ (22)
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and

XX= 3 .0641 /T  + 853 .8  X lO"^ (23)

The c a lc u la te d  v a lu e s  a r e  compared w ith  th e  e x p e rim e n ta l v a lu e s  

in  T ab le  28 . The agreem ent i s  q u i t e  good and adds su p p o rt to  th e  

p re se n c e  o f  t r i g o n a l  d i s t o r t i o n  i n  th e  m onohydrate.

In  m ost c a se s  th e  v a lu e  o f  X ^(exp) i s  low er th a n  th e  c o r­

re sp o n d in g  X ^ (ca l)  w ith  t h i s  t r e n d  becom ing l a r g e r  a t  low er tem pera­

t u r e s .  T h is  can  be  e x p la in e d  on th e  b a s i s  t h a t  in  th e  developm ent o f  

e q u a tio n s  (9) and (10) no c o n s id e r a t io n  was made f o r  th e  rem oval o f

th e  s p in  deg en eracy  o f  th e  s t a t e  r e s u l t i n g  from  se c o n d -o rd e r  s p in -

4 4o r b i t  co u p lin g  w ith  th e  and E u p p er e x c i te d  s t a t e s .  When t h i s  

new p e r tu r b a t io n  i s  in c lu d e d , e q u a tio n s  (9) and (10) become (40)

(24)

and

X ±=  (25)

4
w here a i s  th e  s p l i t t i n g  o f  th e  s p in  d eg en e racy  o f  th e  A^ s t a t e  ob­

ta in e d  from th e  e x p re s s io n  (40)

a  = 8x2(1/A ^ -  l/A g )

T h is  new te rm  becomes s i g n i f i c a n t  o n ly  a t  low te m p e ra tu re s . The s p l i t t i n g

v a lu e  ct o f  th e  s p in  d eg en eracy  f o r  th e  m onohydrate u s in g  th e  above
-1

e x p re s s io n  i s  35 cm .
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TABLE 28

CALCUT̂ ATRD MAGNETIC SUSCEPTIBILITIES FOR KCoCl^'H^O

Temp °A X ( c a l )  X ( c a l ) ^  X (exp)m m  m

296 10,577 X icT* 10,540 X 10-* 10,540 X 10-*

273 11,404 X 1Q-* 11,362 X 10-* 11,490 X 10-*

195 15,666 X 10-6 15,593 X 10-* 15,870 X 10-*

146 20,67? X icT* 20,524 X 10-* 19,100 X 10-*

77 38,524 X ICT* 37,993 X 10-* 35,031 X 10-*

X ^(ca l)  v a lu e s  a re  o b ta in e d  u s in g  e q u a tio n s  (24) and (25)



CHAPTER 6 

RESULTS AND CONCLUSIONS

From the experimental evidence obtained in the dehydration 

study of potassium trichlorocobaltate (II) tetrahydrate, the stereo­

chemistry of the five  species formed can be deduced as well as the 

probable structural changes which occur during dehydration. A cor­

relation of the spectral, magnetic, and thermodynamic properties of 

potassium trichlorocobaltate (II) hydrates during dehydration can be 

made with those of CoCl -̂bH^O, CoClg/AHgO and KgGoCl̂ 'ZHgO.

The diffused reflectance spectrum of the tetrahydrate i s  very

close in appearance to that of CoClg'&HgO and CoClg'AHgO reported by

Grindstaff (2). These compounds have been shown by X-ray analysis

to be composed of Co(H2 0 )^Cl2 octahedra un its. (46) The Co(II) ion

is  surrounded by four waters adjacent to each other forming a plane

with the chloride ions perpendicular to the plane. This gives a tetra-

gonally distorted octahedron with the Cl at a longer distance than

the in-plane waters. The experimental spectrumof KCoClg'4H20  f i t s  a

4
tetragonally distorted octahedron with a A2  ̂ ground state under 

symmetry caused by the elongation of the "z" axis. I f  the 01 ions are 

in the axial position , a structure similar to that of CoCl2 *4H2 0  would 

be indicated. The magnetic moment of 5.07 B. M. is  also quite close

1 1 0
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to the value reported for CoCl2 *4H2 0  of 5.13 B. M. (2) The experimental 

resu lts found in th is study supports an octahedral coordination with 

a probable formula of KCl"Co(H2 0 )^Cl2 .

The f ir s t  dehydration step involves the loss of one mole of 

water from the tetrahydrate. The enthalpy change of 10.81 kcal mole  ̂

i s  only s lig h tly  le ss  than the energy change for the conversion of 

one mole of ice  to vapor at 25° (12.4 kcal mole ^). This indicates 

some additional energy i s  released through possible rearrangement of 

Cl and HgO during the dehydration. In a constant environment, bonding 

would remain approximately the same and only energy changes associated  

with the ice-vapor reaction would be noted. The entropy change of 

27.48 e .u . mole  ̂ i s  le ss  than that for the ice-vapor reaction (35.2 

e.u . mole indicating the trihydrate is  in a more ordered sta te . The 

spectra of the trihydrate shows le ss  band sp littin g  indicating a more 

symmetrical configuration. This i s  further supported by the ease 

with which the spectra was f itte d  to a symmetrical octahedral ligand 

f ie ld . The magnetic moment of the trihydrate i s  5.27 B. M. indicating  

a large orbital contribution also confirming an octahedral structure.

The resu lts of th is  study supports an octahedral structure with the 

Co (II) ion surrounded by three Cl and three trans to each other.

In th is configuration the ligands would give an average symmetrical 

f ie ld  around the Co (II) ion which is  necessary for the spectra found.

The diagram below illu stra te s  the proposed structure for the 

trihydrate.
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The second dissociation step involves the lo ss  of one mole of

water forming the dihydrate species. The enthalpy change of 12.64 

-1
kcal mole is  very close to the ice-vapor reaction at 25°C (12.4

-1 -1 
kcal mole ) .  The entropy change of 33.11 e.u . mole i s  close to

the entropy change for the ice-vapor reaction (35.2 e .u . mole also

confirming very l i t t l e  change in the bonding. The spectrum indicated

a marked change in the shape of the absorption band corresponding to 

4 4
the T^g(F) -> T^g(P) transition (octahedral symmetry). This transition

4 4
sp lits  under tetragonal d istortion  (D.h symmetry) to a E and A- .

4 g
4

The Agg was f it te d  at a lower energy in the dihydrate indicating the 

distortion i s  a compression or shortening of the "z" axis. The structure 

of CsCoClg"2H20  (14) has been determined by X-ray analysis to be an

octahedron with four chloride ions and two waters in the c is  position .

The two c is  waters are hydrogen-bonded to chloride ions in adjoining 

octahedra un its. The octahedra units form chains linking through Cl .

The thermochemistry and spectra f it t in g  indicates potassium trichloro­

cobaltate (II) dihydrate shows a sim ilar structure linking octahedra 

units through trans chloride ions. This can occur during the dehydration 

of the trihydrate by adjacent octahedra units linking up through the

Cl ions on one unit to the Co(II) ion in an adjacent un it. The possible
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structure of the dihydrate i s  shown below.

X . . .  \  /
^ C o - '  --- -

/  X  "
The experimental magnetic moment of 5.25 B. M. for the di­

hydrate indicates octahedral coordination around the Co(II) ion and 

also indicates only a small change in configuration has occurred in 

the transition from the trihydrate.

The removal of the third mole of water resulted in the smallest

energy change for any of the dehydration steps. The enthalpy change 

-1
of 7.47 kcal mole for the step signals that a change in configuration 

is  occurring. The difference in  the enthalpy change for the dehydra­

tion reaction and that of the ice-vapor reaction at 25°C (12.4 kcal 

mole comes from different heats of formations of the dihydrate and 

monohydrate species, equation (7), page 36. This energy change can arise  

from the structural change from the octahedral dihydrate to the tetra-  

hedrally distorted monohydrate. The entropy change is  also low (15.2 

e.u. mole indicating a major structural change.

The dehydration of the dihydrate was attempted above 55.4°C 

and resulted in the system being bivariant. (See Figure 4, Chapter 3). 

The formation of two phases i s  thought to resu lt from the structures
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of the dihydrate and monohydrate being similar at th is temperature 

forming one phase.

The spectra of the monohydrate f i t s  a badly distorted tetra­

hedron. The d istortion  is  angle d istortion  and not bond distortion  

as encountered with the tetrahydrate and dihydrate. A Dq value of

260 cm is  also low indicating a distorted configuration. A magnetic

4
moment of 4.92 B. M. indicates a change in ground state to a Ag-

From the spectral, thermochemical, and magnetic moment studies 

i t  appears that both water molecules are removed from the inner co­

ordination sphere during the dehydration of the dihydrate. One water 

molecule is  completely expelled while one is  held in the outer coordina­

tion sphere. The chloride ions link  up to Co(II) ions in adjacent 

chains forming Co^Clg units distorted by the water so as to have a 

pseudo tetrahedral symmetry. This would give a structure similar to 

that of KCuClg (47) which has CUgCl̂  units in layered packing with 

Cu(II) to 01 interactions between layers. In the case of KCoClg-HgO, 

the water is  the interacting species forcing the linking chlorides out 

of plane and into a tetrahedral-like geometry.

A second p o ssib ility  ex ists  during the dehydration of the 

dihydrate. This would involve the linking of the Cl ions with Co(II) 

ions in adjacent octahedra to form a chain sharing opposite faces of 

the octahedra. This type of structure has been found in the CsCoCl  ̂

species. (13) This structure was ruled out for KCoCl ’̂Ĥ O and KCoCl̂  

because the spectra obtained for these species d efin ite ly  f i t  a tetra­

hedral ligand f ie ld , a defin ite  monohydrate species was formed, and the 

magnetic moment indicated a change in ground sta te .
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The removal of the fin a l mole of water requires s lig h tly  more 

energy than the ice-vapor reaction at 25“C (14.68 kcal mole  ̂ versus 

12.4 kcal mole ^ ). This extra energy could occur i f  the water molecule 

i s  being shared by other Cl ions through hydrogen-bonding. The 

entropy change i s  quite close to the entropy change for the ice-vapor 

reaction at 25°C supporting the formation of a more symmetrical structure 

for the anhydrous compound. The spectrum was easily  f itte d  to a tetra­

hedral symmetry with a Dq value of 352 cm This value is  close to 

the value reported by Figgis (48) for Co(II) tetrahedrally surrounded 

by chloride ions. The magnetic moment of 4.76 B. M. also indicates the 

coordination of KCoCl̂  as being tetrahedral. A value of 4.77 B. M. 

has been reported for tetrahedral (NĤ ĝCoCl̂  by Fogel, e t. a l .  (45)

The thermochemical, magnetic moments and spectral resu lts  

support a structure for the anhydrous compound similar to the mono­

hydrate without the influence of the water molecule. The COgClg units 

in the KCoCl̂  can go to a more symmetrical geometry similar to that 

found in triphenylphosphinium trichlorocuprate ( I I ) . (49) The proposed

structure for KCoCl̂  is  shown below.

From th is  study i t  appears that the most log ica l way in which 

potassium trichlorocobaltate (II) tetrahydrate undergoes rearrangement 

i s  the one described. The upper hydrates show octahedral coordination
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going to tetrahedral coordination for the monohydrate and anhydrous 

compound. This change in structure occurs during the dehydration of 

the dihydrate as was found in the study of KgCoCl̂ -ZHgO by Grindstaff 

(2). The tetrahedral form of the complex was found to be indefin itely  

stable in a dry atmosphere at room temperature. This i s  supported 

by identical spectral and magnetic data obtained over a period of 

two years. The formation of the trichlorocobaltates by fusion methods 

have been shown by Gilmore (11) to have distorted octahedral configura­

tions by spectral studies. In that study the samples were formed under 

conditions which could lead to a metastable condition with the complex 

formed not in a true equilibrium. More investigation in th is area is  

needed to prove conclusively that th is phenomenon is  occurring.

I t  was again indicated in th is study that the preferred 

structure of Co (II) ion with a mixture of 01 and Ĥ O as ligands is  

a distorted octahedron. The change in structure from a distorted octa­

hedron to a tetrahedral geometry by dehydration can be indicated by 

the thermochemical values as proposed in a previous study. (2) The 

enthalpy change and entropy change for the dehydration of the lower 

hydrates in th is study and that by Grindstaff (2) are contrasted in 

Table 29. The change in enthalpy appears to be in the range of 6-7.5 

kcal mole  ̂ for the dehydration step involving the change in structure. 

The entropy change appears in a l l  steps to be a more sen sitive  indicator 

of small structural changes than the enthalpy.
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TABLE 29

RN'T!?AL?V AMD RVTROPY VALUES FOR THE REACTIONS 

(l'> KCoClg'nHyO^g) = KCoClg'mH^O^g) + (n-myHgO^g)

(2) KgCoCT^'nHgO^g) = KgCoCl^'mHgO^^^ +  (n-m^HgO^^^

Reaction n m
o —I 

AH kcal mole
o — 1 

AS e .u . mole

1 2 I 7.47 15.2

2 n 1 6.96 14.2

1 1. 1 14.68 34.65

2 1 1 12.71 32.0

FnrtHer worV in th is area could consist of the dehydration 

studies of other complex halides with the formula, AMX̂ , such 

as CsCorl^*2H^0, RbCoCl '̂ZHgO, KNiCl '̂ZHgO, and KCuCl^*2H2 0 . (50)

Other anions beside chloride needs to be investigated  

to see i f  thermochemical data is  a universal indicator of structural 

change or oc-urs only for the chloride-water exchange.



PART II
THE DEHYDRATION OF [Cr(H20)^Cl2 WITH LIGAND FIELD TREATMENT 

OF [CrCHgOgjClg AND TRANS [Cr(H20)^Cl2]Cl



CHAPTER 1

THE DEHYDRATION OF [Cr(H.O),]Cl_ WITH LIGAND FIELD TREATMENT/  o o

OF [CrCHgO)^]^!] and trans [Cr(H2 0 )^Cl2 ]Cl

Introduction

The hexahydrate of chromium (III) chloride forms three hydrate 

isomers which are the green [Cr(H2 0 )^Cl]Cl2 *H2 0 , [Cr(H2 0 )^Cl2 ]Cl*2H2 0 ,

and the v io le t [Cr(H2 0 )^]Clg. Only a few examples of such compounds

3 6
ex ist and most belong to the "inert" d or d electron configuration.

This "inert" behavior makes studies involving the configurational changes 

occurring during dehydration extremely time consuming. The time required 

for re-establish ing equilibrium between species being in some cases 

weeks.

As a second part of th is study, the dehydration of [CrCHgOOgjClg

was studied at room temperatures. The dissociation  pressure versus com- 

positon and temperature was measured with the apparatus in Figure 1, 

Chapter 3. Only the f ir s t  step of the dehydration was accomplished due 

to the time involved. The study showed by mass loss and chloride analysis 

that the species formed was [Cr(H2Û)^Cl2 ]Cl.

Tlie absorption spectra of both [Cr(H2 0 )^]Clg and [Cr(H2 0 )^Cl2 ]Cl 

were measured and fitted  to the crystal f ie ld  model using the computer 

program by H. Joy. (1)

119
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Previous Studies

The dehydration of [CrCHgO) ]̂ !̂  ̂ has been investigated by Gathers 

and Wendlandt (51)by d ifferen tia l thermal analysis. The resu lts of th is  

study indicates CrClg«3/ 2H2 0  is  formed in the temperature range of 1 0 0 °- 

250°C. The reaction given was

2 [ C r ( H 2 0 ) g ] C l 3  =  ( C r C l 3 ) 2 * 3 H 2 0  +  S H g O .  ^  +  H 2 0 ^ j  

No HCl gas was released by the v io le t [Cr(H2 0 )g]Cl3 or green [Cr(lÎ2 0 ) Cl] 

Cl2 *H2 0  below 250°C.

The X-ray structure of [Cr(H2 0 )^Cl2 ]Cl*2H2O has been shown by 

Dance and Freeman (52) to be trans Cr(H2 0 )^Cl2  ̂ octahedra units. The 

octahedra units are linked together by hydrogen bonds between the water 

molecule bonded to the metal and the Cl ion in the outer sphere. The

X-ray structure of [Cr(H20)g]Cl3 has been reported by Andress and

+3
Carpenter (5 3 ) to be composed of [ (̂H^O)  ̂ octahedra.

+3
The electronic spectra of Cr(H2 0 )g in solution was shown by 

Schalafer(37) to have two spin allowed and one spin forbidden transitions at

17,400, 24,630, and 14,970 cm r e s p e c t iv e ly .  These a b s o rp tio n s  c o r r e s -

4 4 4
pond to the transitions from the A2  ̂ ground state to the T2 ^, T^ ,̂

2
and Eg. The spectrum of chrome alum, KCr(SO )̂2 *12H20  measured by 

Spedding and Nutting (54,55) showed these same bands at 18,000, 24,600, 

and 14,900 cm , respectively. The absorption spectra for symmetry 

involving CrX̂ Yg complexes where X is  water and Y is  chloride have been 

investigated in acid solution (56,57) showing two absorptions in the 

v is ib le  region at 15,750 and 22,200 cm No spectra has been reported

for the solid [Cr(H2O)gjCl^ or [Cr(H2 0 )^Cl2 ]Cl compound.
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Compound F o rm ation  and A n a ly s is

The fo rm a tio n  o f  th e  v i o l e t  [C r(H 20)g]C lg isom er was p rep a red  by 

p la c in g  1 0 0  grams o f  C r ( I I I ) (N 0 g ) g '6 H2 0  ( re a g e n t g rade) in  100 m is o f 

H2 O and 100 m is o f  c o n c e n tra te d  HCl. The m ix tu re  was co o led  in  an  ic e  

b a th  w h ile  d ry  HCl gas was bubbled  in to  th e  m ix tu re  u n t i l  c r y s t a l l i z a t i o n  

was co m p le te . The c r y s t a l l i n e  p ro d u c t was r e - c r y s t a l l i z e d  from  a  w a te r 

and HCl m ix tu re  rem oving th e  l a s t  t r a c e s  o f HCl by w ashing  w ith  a c e to n e .

The sam ple was d r ie d  in  a  vacuum d e s ic c a to r  and c h lo r id e  a n a ly s i s  

de te rm in ed  g r a v im e tr i c a l ly .  (16) The chromium c o n c e n tr a t io n  was o b ta in e d  

g r a v im e tr ic a l ly  by o x id iz in g  th e  ch ro m iu m (III) w ith  hydrogen p e ro x id e  in  

a  b a s ic  s o lu t io n  to  ch rom âte and p r e c i p i t a t i n g  as  barium  ch ro m a te . The 

w ate r c o n c e n tra t io n  was o b ta in e d  by d i f f e r e n c e .  The a n a ly s i s  showed:

Cl 39.78% e x p .; 39.90% c a l c d . ;  Cr 20.36% e x p .; 19.52% c a l c d . ;  H2 O 39.86% 

ex p .; 40.58% c a lc d .

The fo rm a tio n  o f  th e  g re e n  [C r(H 20)^C l2]C l was p re p a re d  by p la c ­

in g  re a g e n t g rad e  [Cr(H2 0 )^ C l2 ]C l* 2 H2 0  over c o n c e n tra te d  H2 S0 ^ in  a 

d e s ic a a to r .  The c h lo r id e  c o n c e n tr a t io n  was o b ta in e d  g r a v im e tr ic a l ly  by 

b o i l in g  a  sam ple f o r  s e v e r a l  h ou rs  to  remove th e  Cl io n  from  th e  in n e r  

sp h e re  and p r e c i p i t a t i n g  from  a c id  s o lu t io n .  The c o n c e n tra t io n  o f 

chromium was found g r a v im e tr ic a l ly  a s  barium  ch rom ate . The c o n c e n tr a t io n  

o f w a te r  was d e term ined  by d i f f e r e n c e .  The a n a ly s i s  showd: Cl 45.95%

e x p .; 46.17% c a l c d . ;  Cr 38.74% e x p .;  38.20% c a l c d . ;  H^O 15.34% e x p .; 

15.63% c a lc d .
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E x p erim en ta l

A sam ple o f  [C r(H 20)^]C lg  was p la c e d  in  th e  v ap o r p r e s s u r e  ap ­

p a r a tu s ,  F ig u re  1 , C hapter 3 . The a p p a ra tu s  was p la c e d  in  an  o i l  h a th  

th e rm o s ta te d  a t  5 5 .4 "C and e v ac u a ted  w ith  a  vacuum pump. The system  was 

p e rm itte d  to  re a c h  e q u i l ib r iu m  a s  n o te d  by a  c o n s ta n t  manometer p r e s s u re .  

The accum ula ted  vapor was removed by a  vacuum pump and a g a in  a llo w ed  to  

r e - e q u i l i b r a t e  a s  in d ic a te d  by th e  d i s s o c ia t io n  p r e s s u re  r e a c h in g  th e  

same c o n s ta n t  v a lu e .  T his p ro c e d u re  was r e p e a te d  u n t i l  a  c o m p o sitio n  

eq u a l to  t h a t  o f  th e  [Cr(H2 0 )^ C l2 ]C l was o b ta in e d  when th e  p r e s s u r e  d ro p ­

ped . The sam ple was removed from  th e  system  and t i t r a t e d  f o r  Cl io n  

in d ic a t in g  two Cl io n s  in  th e  in n e r  sp h e re  and one Cl in  th e  o u te r  

sp h e re . T h is  s u p p o r ts  th e  fo rm a tio n  o f  [C r(H 20)^C l2]C l s p e c ie s .

A new sam ple o f  [C r(H 20)^]C lg  was p la ced  in  th e  vacuum system  and 

pumped u n t i l  a c o m p o sitio n  w ith  e q u a l am ounts o f  th e  [CrCH^O)^]^!^ and 

[C r(H 20)^C l2]C l was re a c h e d . The p r e s s u re  was s tu d ie d  a s  a  f u n c t io n  o f  

te m p e ra tu re  o v e r a  ran g e  o f  35° d e g re e s .  As a  t e s t  f o r  e q u i l ib r iu m , th e  

te m p e ra tu re  was v a r ie d  s e v e r a l  d e g re e s  above and below  th e  o r i g i n a l  

te m p e ra tu re . The system  was g iv e n  tim e  to  r e - e q u i l i b r a t e  (u s u a l ly  s e v e ra l  

days) and th e n  r e tu rn e d  to  th e  o r i g i n a l  te m p e ra tu re . The r e tu r n  to  th e  

same p re s s u re  was used  a s  e v id e n c e  t h a t  e q u i l ib r iu m  had been  re a c h e d .

The v ap o r p r e s s u re  v e rs u s  te m p e ra tu re  i s  shown in  F ig u re  35. The v apo r 

p re s s u re  v e rs u s  te m p e ra tu re  d a ta  i s  shown in  T ab le  31.

The d i s s o c ia t io n  p r e s s u r e  d is p la y e d  a s  a  f u n c t io n  o f  co m p o sitio n  

in  F ig u re  36 in d ic a te d  th a t  [CrCH^O^^JCl^ d is s o c ia te d  a c c o rd in g  to  th e  

r e a c t io n :

tCr(H2°> 6 lCl3 (s) = CCrCHjOj^CljlClç^j +
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'file d i s s o c i a t i o n  p r e s s u r e  was found to  fo llo w  th e  e x p re s s io n :

Log P = -AH°/An 2.303RT + AS°/An 2.303R
-1 _i

w here R i s  1 .9 8 7  c a l .m o le  deg  and An i s  th e  m oles o f  w a te r  rem oved.

The s ta n d a rd  e n th a lp y  and e n tro p y  o f  r e a c t io n  o b ta in e d  from  t h i s  e x p re s ­

s io n  was found to  b e : AH° = 7 .92  k c a l  m ole ^ and AS° = 15 .33  e .u .  mole

The d i f f u s e d  r e f l e c ta n c e  s p e c t r a  f o r  [CrCHgO^gjClg and [Cr(H20)^ 

C lg] Cl w ere o b ta in e d  by p la c in g  a  sm a ll amount o f  th e  f i n e l y  ground 

sam ple in  a  m icroscope w e ll  s l i d e  p re p a re d  in  th e  same manner a s  i n  C hapter

4 . The sam ple was p la c e d  in  th e  DK-1 sp e c tro p h o to m e te r  and th e  a b s o rp t io n  

s p e c tr a  o b ta in e d  in  th e  ran g e  o f  2000 mu to  700 mu w ith  th e  Pb d e te c to r  

and tu n g s te n  la 'ip .  The 250-700 mu ra n g e  was d e te rm in ed  by u s in g  th e  

p h o to - m u lt ip l ie r  d e te c to r  and lam p. A ll d -d  t r a n s i t i o n s  o ccu r in  th e  

300 mu to  1000 mu re g io n  and a r e  d is p la y e d  in  F ig u re  37.

S p e c tra  F i t t i n g

The sp ectrum  o f [Cr(IÎ2 0 )^ C l2 ]C l, F ig u re  37 shows th r e e  bands 

lo c a te d  a t  16 ,400  cm 22,500 cm ^ and 32 ,200  cm Assuming a

symmetry w ith  a  ground s t a t e  o f  th e  f i r s t  t r a n s i t i o n  was a s s ig n e d

4 4 4 4to  th e  B, ^  B_ and B- E , and th e  second t r a n s i t i o n  to  th e  
I g  2g Ig  g ’

4 4 4 4 -1B̂  -> A„ and B, E . Dq was s e t  a t  1640 cm o b ta in e d  from  th e  
Ig  2g Ig  g

-1 -1 f i r s t  t r a n s i t i o n ,  B was s e t  a t  700 cm , C/B a t  4 .0 ,  Ds and Dt a t  100 cm

and 8 .0 .  a t  60 cm A ll p a ram e te rs  w ere i t e r a t e d  by th e  program  u n t i l

th e  b e s t  f i t  fo r  th e  s p in  a llow ed  t r a n s i t i o n s  w ere o b ta in e d .  The

t r a n s i t i o n  a t  18 ,800 cm was n e x t t e n t a t i v e l y  a s s ig n e d  to  th e  T^^CC) in

0^ symmetry from th e  Tanabe-Sugano d iag ram . F ig u re  15 . A ll  p a ram e te rs

w ere f ix e d  ex cep t C/B and from  th e  com puted program  th e  b e s t  f i t  f o r  th e
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TABLE 30

VAPOR PRESSURE DATA

(B)

t‘V f 'r̂ n P(mm) f

55.6 10.5“̂ 1.682 55.4 8.65 1.487

9.40 1.670 7.40 1.468

8.60 1.654 5.30 1.458

8.85 1.618 1.80 1.450

8.80 1.608

8.85 1.558

8.95 1 .519
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TABLF 31

T.or ‘’(. tr.i) vs 1/T x ( , \ ^ )  n.ita

(g)

0 X l . o p :  P(atm) T(A°) 1/T X 10^(a“)

A. OS 5.329 -2.273 307 3.257

4 .PS 6.382 -2.195 311.2 3.213

s. 50 P. 55 3 -2.06P 320.0 3.125

7.60 10.000 -2.000 323.0 3.096

3.P5 1 1 .044 -1.934 328.4 3.045

11.45 15.065 -1.822 334.0 2.994

15.70 30.6 57 -1.685 343.0 2.915
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FIGURE 36

VAPOR PRESSURE OF [Cr(H„0),]Cl- AS A FUNCTION OF COMPOSITION
/  o j

55.4°C

10.0

P(mm)

5.0

[Cr(H,0).Cl]Cl

1.650 1.600 1.451.550 1.50

' ' f "  sam ple w e ig h t/an h y d ro u s  w eigh t
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FIGURE 3 

REFLECTANCE SPECTRA

[CrCHgOOgjClg
[C r(H 20)^C l2]C l

2 9

A

500 1 0 0 0

wavelength (mu)
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TABLE 32

COLLECT!;’) SPECTRA DATA

Trnr.xi f ’’ iv C a lc u la te d  Obparv--d Peak
-  f

ItlU mu D e s c r tn tio n

[Cr(li^O) , a j c i

I,
1 . B,

4 A
15,410 640.6 642 sh o u ld e r  on In te n s e  peak

2 . 15,491 645.5 645 sh o u ld e r  on in te n s e  peak

1. 16,478 606.8 610 in te n s e  peak

4 . ^E F)
S Tp

22,382 446.8 445 narrow  in te n s e  peak

S. 22.442 445.6 445 narrow  in te n s e  peak

6 .

7,

' ' 2 c ' ' T l , f ) 21,910 

35,034

456

285.4

455 sh o u ld e r  on narrow  
in te n s e  peak 
n o t observed

8. 34,975 285.9 n o t observed

9. P)1 r
34,780 287.5 n o t observed

10. 12,316 811.9 n o t observed

IT. 12,329 «11.1 n o t observed

12. 18,685 535.2 532 sm a ll peak in  v a l le y

n .
7 ?

18,696 534 .8 535 sm all peak in  v a l le y

14. (^T G)
R / R

18,704 534.6 535 sm all peak in  v a l le y

11.
? ?
- r  ( ' l -  C T

f 1 27,735 360.6 p a r t  o f  narrow  peak

14.
> 2 

E ( T, C)r. 1 r 27,667 361.4 p a r t  o f narrow  peak

17. 28,885 346.3 p a r t  o f narrow  peak

18. 25,970 385.06 p a r t  o f  narrow  peak

19. 29,815 335.4 333 sm all peak
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TABLE 32-contlnued

T ran s i t lo n C a lc u la te d  O bserved 
— 1cm mu mu

Peak

D e s c r ip tio n

4
20. R, 30.01.3 333.2 330 sm all peak

21.
") 2 

F ( T, H)
? Ig

9 9
' T, , %)
9 9

33,052 302 309 sm a ll peak

22. 32,939 303 310 sm all peak

23. ‘ A- C'T, H) 32,763 305 312 sm all peak
2g Ig

•W. ,

Cr(HpO)

17,807

6 f i s

561 557 medium sy m m etrica l band

2 . V  (V)
'g

25,278 395.6 390 t a l l  sy m m etrica l band

3. ‘ ■ ' i r '" ' 39,526 253 n o t observed

4 . (G>2
13,707 729.5 n o t observed

S. 14,446 692.3 hidden  under band 1 on

A. -T ,„ (C ) 20,806 480.6 485
low er energy  s id e  
sh o u ld e r  on 1

7, 31,900 313.5 314 low peak

R. 31,424 318.2 318 sh o u ld e r  on 7

9. "r il') 33,442 299.03 n o t observed
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TABLE 33

SPMMARY OF FITTING FARANETRRS

Gom^lpy Dq D, 1 C/B Ds Dt B’ /B

[C r( ii2 0 )^ n

[C r0 l^ 0 )^ ]c i^

1663

17R0

637

760

4 .0

3.58

103

0

96

0

.69

.83
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s p in - fo rb id d e n  t r a n s i t i o n s  w ere o b ta in e d .

The spectrum  f o r  [C r(H 20)^ ]C lg , F ig u re  37, showed th r e e  bands a t

17 ,800  cm 25,300 cm ^ and 31,900 cm ^ . Assuming Oh symmetry w ith  a

ground s t a t e ,  th e  f i r s t  t r a n s i t i o n  was a s s ig n e d  to  th e  ^Agg ,

and th e  second  t r a n s i t i o n  to  th e  ^A„ -> . Dq was s e t  a t  1780 cm~^,
2g 2g

B was s e t  a t  740 cm C/B a t  4 .0 ,  Ds and Dt a t  z e ro ,  and S.O . a t  60 cm

The program was allowed to determine the best f i t  for the spin allowed

t r a n s i t i o n s .  The s p in  fo rb id d e n  t r a n s i t i o n  a t  31 ,900 cm ^ was a s s ig n e d  
2

to  th e  T^gOO- A gain a l l  p a ra m e te rs  w ere f ix e d  ex ce p t C/B and th e  p ro ­

gram i t e r a t e d  t h i s  a ss ig n m en t g iv in g  th e  b e s t  v a lu e  fo r  C/B and th e  s p in  

fo rb id d e n  t r a n s i t i o n s .

The c o l le c te d  s p e c t r a l  d a ta  i s  g iven  in  T ab le  32 and th e  f i t t i n g  

p a ra m e te rs  o b ta in e d  a r e  g iv en  in  T ab le  33.

R e s u l ts  and C onclusions

The d e h y d ra tio n  o f  [[^(H^CO^jClg in d ic a te d  t h a t  [CrCHgOO^ClgjCl 

was form ed a t  th e  te m p e ra tu re s  s tu d ie d .  The e n th a lp y  o f  7 .92  k c a l  m ole ^ 

f o r  th e  d e h y d ra tio n  i s  d e f i n i t e l y  in  agreem ent w ith  t h a t  o f  CoClg'GHgO, 

KgCoCl^'ZBgO (20) and KCoCl^'AHgO w here a  change in  s t r u c t u r e  o c c u rs .

Tlie change in  s t r u c t u r e  h e re  b e in g  from  an  o c tah ed ro n  f o r  [Cr^HgOÏgjClg 

to  a  t e t r a g o n a l ly  d i s t o r t e d  o c ta h e d ro n  f o r  th e  [C r(H 20)^C l2]C l. I t  a l s o  

a p p re a rs  t h a t  th e  s u b s t i t u t i o n  o f  a  c h lo r id e  io n  f o r  a  w a te r  m o lecu le  in v o lv e s  

ab o u t th e  same energy  a s  shown in  a  p re v io u s  s tu d y . (3) , The e n tro p y  

fo r  th e  d e h y d ra tio n  r e a c t io n  o f  15 .33  e .u .  mole ^ i s  a l s o  in  agreem ent 

w ith  th e  p re v io u s  s tu d y  f o r  th e  c h lo r id e -w a te r  exchange. (2)

It  was noted from th is study that the dehvration of rCrfH nl in



1 3 3
and [CrCHgOÏ^ClglCl'ZHgO can  s e rv e  a s  a  model system  fo r  t e s t i n g  th e  

th e o ry  t h a t  s t r u c t u r e  changes can  be in d ic a te d  by th e rm o ch em is try . The 

[CrfHgOO^ClglCl'ZHgO h y d ra tio n  isom er i s  known to  have w a te r  hydrogen  

bonded in  th e  o u te r  sp h e re  and shou ld  g iv e  e n th a lp y  and e n tro p y  v a lu e s  

e q u a l to  th e  ic e -v a p o r  r e a c t io n  a t  25°C. The [C r(H 20)^]C lg  in v o lv e s  th e  

c h lo r id e  and w a te r  exchange w ith  a  s t r u c t u r e  change w h ile  th e  [CrCH^O)^ 

ClgjCl'ZHgO in v o lv e s  no change in  s t r u c t u r e .

The s p e c t r a  o f  [C r(H 20)^C l2]C l was found to  f i t  a  t e t r a g o n a l ly  

d i s to r t e d  o c t a h e c r o n  w ith  "z"  a x i s  e lo n g a t io n .  An o b serv ed  Dq v a lu e  o f 

1643 cm ^ i s  in  agreem ent w ith  th e  c a lc u la te d  v a lu e  o b ta in e d  u s in g  th e

a v e ra g e  f i e l d  r u l e .

Dq[Cr(H^O),Cl^]Cl " 4/GDq[Cr(H^0) ; ] C l ,  +

U sing th e  Dq v a lu e  found f o r  [C r(H 20)^]C lg  and a  Dq v a lu e  o f  1380 cm ^ 

fo r  CrClg (1 2 ) , a  c a lc u la te d  v a lu e  o f 1647 cm ^ i s  o b ta in e d  f o r  

[C r(H 20)^C l2]C l.

The sp ec trum  o f  [CrCH^O)^]^!^ was found to  f i t  a n e a r  p e r f e c t  

o c ta h e d ra l  m odel. An observed  Da v a lu e  o f  1780 cm ^ i s  in  ag reem en t w ith  

th e  1740 cm ^ (37) r e p o r te d  fo r  KCr(S0^^)2-12H2Û w hich has chromimum ( I I I )  

io n s  o c ta h e d r a l ly  su rro u n d ed  by w a te r  m o le c u le s .



REFERENCES

I .  H. Jo y , Computer Program fo r  D ia g o n a l iz a tio n  o f  S e c u la r  D eterm inan t
(unpublished), Oak Ridge National Laboratoires, 1966.

2.. W. K. Grindstaff, Ph.D. D issertation, University of Oklahoma, 1966.

3. W. K. Grindstaff and N. Fogel, J.C.S. Dalton, 1476 (1972).

4. W. Rudorff, J. Kandler, G. Lincke, and D. Babel, Angew, Ghem. 71,
672 (1959).

5. H. J. Seifert, Z. Anorg. A llg . Chem. 307, 137 (1961).

6. A. Benrath, Z .  Anorg. A llg . Chem. , 163, 396 (1927).

7. A Benrath and G. R itter, J_. Prakt. Chem. . 154. 2 (1939).

8. Kinshino Hirakawa, Kazuyaski Hirakawa and T. Hashimato, J[. Phys.
Soc. Japan. 15 2063 (1960).

9. H. Soling, Acta. Chem. Scand. 22 (1) 2793 (1968).

10. J. Ferguson, D. L. Wood, and K. Knox, Ĵ. Chem. Phys. ,  39, 881 (1963)
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