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T h c o re t .  cliim. A c ta  (Berl.)  4, 13— 21 (1966)

D e p a r tm e n t  o f  in o rg an ic  C h em is try ,  Technologica l  U n iv e rs i ty  E in d h o v e n

Transition Probabilities in the CuCl^-Complex

B y
i '

A. v a n  d e r  Av o ir d * a n d  P. Ros**

T ra n s i t io n  p robab il i t ie s  in th e  CuClJ“ -com plex  h ave  been ca lcu la ted  using th e  L.C.A.O.- 
fu n e t io n s  o b ta in e d  in th e  p reced ing  p a p e r  b y  P . R o s  a n d  G . C. A. S c h u t t . For  all t r a n s i t io n s  

th e  ca lcu la ted  ab so lu te  oscil la tor  s t r c n g h ts  t u r n  o u t  to  be a fa c to r  2 too  large w i th  respec t  to  

th e  e x p e r im e n ta l  values. T h e  ca lcu la ted  t r a n s i t io n  p robab i l i t ie s  a re  m ain ly  d e te rm in e d  b y  th e  

a m o u n t  o f  m ix ing  o f  th e  l igand  func t ions  in th e  m olecu la r  o rb i ta ls .  If th is  m ix ing  is a s su m ed  
s o m e w h a t  less th e  a g re e m e n t  is still b e t te r .

U n te r  B e n u tz u n g  d e r  L .C .A .O .-F u n k t io n e n  aus  d e r  v o rs te h e n d e n  A rb e i t  v on  P. R o s  u nd  
Ci. C. A. S c i r u iT  w u rd e n  die Ü bergangsw ahrsche in l ichke i ten  im CuClj“ -K o m p lex  b e rech n e t .  

Die ab so lu te  O sz i l la to rs tä rke ,  die h au p tsä c h l ic h  vom G ew ich t  d e r  L ig a n d e n fu n k t io n e n  a b 

h ä n g t .  w ird  für alle Ü b erg än g e  um  den  F a k to r  '2 zu groß. V err in g e r t  m a n  den  B eitrag  dieser 
F u n k t io n e n ,  w ird  die Ü b e re in s t im m u n g  m i t  dem  E x p e r im e n t  besser.

A l’a ide  des  fonc tions  L.C.A.O. du  t r a v a i l  p récéd en t  de  P. Kos e t  G. C. A. Sc h u i t , nous

calculons les m o m e n ts  de t r a n s i t io n  p o u r  l 'ion com plexe  CuCT-- . Pour  to u te s  les bandes  les 
forces oscillatrices calculées son t  deux  fois t ro p  g ra n d e s  d e v a n t  l’expérience .  Files sont d é t e r 

m inées s u r to u t  p a r  le poids des o rb i ta les  des l igandes d a n s  les O.M. ; l’acco rd  s ’am éliore  p a r  
une  d im in u t io n  de ce poids.

Introduction

In th e  last tw e n ty  years  m a n y  a t te m p ts  h av e  been m ad e  to  ca lcu late  th e  

s tab i l i ty  a n d  th e  charge d is tr ib u tio n  o f inorganic complexes. In  m o s t  of these 

ca lculations, m ore  or less em pirical, th e  resu lts  were checked by com paring  th e m  

w ith  d a ta  o b ta in ed  from  th e  optical sp ec tra  [2, 3 , 4 , 6, 7, 9, 10 , 14. / J ,  20, 21]. 

In  th e  p resen t re p o r t  a ca lcu la tion  of th e  in tensities  o f  th e  bands  in th e  CuClj 

sp e c tru m  is described. It is carried  o u t m ak in g  use o f th e  one electron w ave 

func tions  a n d  charge d is tr ib u tio n  arising from  a q u a n t i ta t iv e  m olecu lar o rb ita l 

ca lculation  in which as few as possible em pirical p a ram e te rs  are in tro d u ced  (see 

preceding p ap e r  bv P . R o s  a n d  G. C. A. S c h u i t  a n d  1 19]). By com paring  th e  

ca lcu la ted  in tensities  w ith  th e  experim en ta l values th e  accu racy  o f th e  M.O. ca l 

cu la tion  is checked. B y  ev a lu a tin g  som e te rm s  w hich u p  to  now have  a lw ays been 

a p p ro x im a te d  or neglected  we hope to  be able to  te s t  a n d  m a y b e  to  sim plify  the  

usua l m e th o d  o f ca lcu la ting  th e  in tensities.

o _ _

Transition Probability

T h e  probabilities  o f  electric dipole tran s it io n s  a n d  therefore  th e  in tensities  of 

th e  corresponding  ab so rp tio n  b an d s  can be expressed  in th e  oscillator s tren g th s  /.

* P r e s e n t  ad d re ss :  B a t te l le  In s t i tu te ,  7, ro u te  de Drize, C arouge-G eneva  (Sw itzerland).
** M assach u se t ts  I n s t i t u t e  o f  T echno logy ,  Solid S ta te  a n d  M olecular T h e o ry  G roup ,  C a m 

bridge, M assachuse tts .



14 A. v a n  d e r  Avo er d  and P. Ros:

I t  is possible to  d e te rm in e  / from  th e  op tica l sp ec tru m , as well as to  re la te  i t  to  

th e  w ave func tions  of th e  s ta te s  betw een w hich th e  t ra n s i t io n  occurs [3, *5, 17}.

1. Theoretical Calculation of f : T he  fo rm u la  for th e  theo re tica l ca lcu la tion  o f /  

is g iven  by :

/ =  1.085 x  1011 v P  ,

P =  Ari .i’n I ( xl'i r '/yn>

( 1)

(2 )

i n m
V  V ( V u  r  ^ r r /> p

71 i=i )=i

w ith  v =  m ea n  w ave n u m b er  o f  th e  a b so rp tio n  b an d  (cm -1),

P  — dipole s t re n g th  (cm 2),

Wi =  w ave fu n c tio n  o f  th e  g round  s ta te ,  n-fold  degenera te ,

x}fu  =  w ave func tion  o f th e  exc ited  s ta te ,  m-fold degenera te ,

r  — position  vector, po in ting  from  th e  origin to  th e  p o in t  o f  in teg ra tio n .

I t  m akes  no difference for th e  ca lcu la ted  va lue  o f /  w hich p o in t  is 

chosen as origin. W e shall ta k e  th e  origin o f  th e  m ain  coord ina te  

sys tem , located  on th e  cen tra l ion.

To ev a lu a te  th e  t ra n s i t io n  p robab ilities  in  CuClJ-  we have  to  ca lcu la te  n  :< m  

in teg ra ls  (}P\ ! r  lfJi{)  for each allowed tra n s i t io n .  Yyi a n d  {fJn are w ave func tions  

o f th e  whole com plex  a n d  th e y  m a y  be w rit ten  as S la te r  d e te rm in a n ta l  w ave 

functions, com posed from  th e  one e lectron  w ave fu n c tio n s  o f th e  tilled m olecu lar 

o rb ita ls .

W e shall now in tro d u ce  th e  following a p p ro x im a tio n s :

a) W e assum e th e  CuClJ- -com plex to  be pe rfec tly  te t ra h e d ra l .  (The real form  

of th e  com plex d e te rm in ed  by  X - ra y  analysis  113\ is a te t ra g o n a l ly  d is to r te d  t e t r a 

h ed ron ; th e  Cu-Cl d is tance  is equal to  2 . 2 2  A). I t  can  be show n t h a t  ignoring 

th e  d is to r t io n  does not affect th e  /-va lues m uch .

b) W e suppose t h a t  th e  one e lectron  m olecu lar o rb ita ls  are  th e  sam e before a n d  

a f te r  th e  tran s it io n . These m olecu lar o rb ita ls  are know n from  th e  M.O. ca lcu la tion  

described  in th e  preceding  paper by  P. R o s  a n d  G. C. A. S c h u i t . I t  ap p ea rs  from  

th is  ca lcu la tion  th a t  th is  second assu m p tio n  is justified .

In  th e  g ro u n d  s ta te  o f CuClJ-  we have an  electron-hole  in, say , th e  m o lec 

u lar o rb ita l  xp\. I n  th e  exc ited  s ta te  !Fii we h av e  a hole in  ip\\. W e can  now  prove, 

m ak in g  use o f  th e  o r th o n o rm a li ty  re la tions  o f th e  m olecu la r  o rb ita ls , t h a t  

(W i r  l]Jn )  =  | r  y>i) =  (ipi r  y^ii). T h e  d e te rm in a n ta l  w ave fu n c tio n s  

can  s im ply  be rep laced  by  th e  one electron m olecu la r  o rb ita ls  con ta in in g  th e  hole. 

A n o th er  consequence o f th e  a ssu m p tio n s  is th a t  we can  use th e  m olecu la r  o rb ita ls  

ca lcu la ted  for th e  g ro u n d  s ta te  o f te t ra h e d ra l  CuCl^- . T he  tra n s i t io n s  t h a t  are  

allow ed a n d  th e  com ponen t in tegra ls  of each 'd eg en e ra te "  t ra n s i t io n  t h a t  are  n o t  

equal to  zero are  found  by  app ly ing  th e  m u lt ip l ica t io n  ru les  o f th e  g ro u p  Ta  [#, 12\- 

T h ey  are listed in T ab . 1. In  th e  last co lum n of th is  ta b le  th e  re la tion  be tw een  th e  

d ifferen t com ponen ts  of th e  sam e t ra n s i t io n  is ind icated . T h e  in teg ra ls  r  | 

t h a t  are  n o t  equal to  zero because o f sy m m e try  h av e  to  be ca lcu la ted . Since a 

m olecu lar o rb ita l xp is of th e  form

y> =  C\ (fj\f +  6 ' 2  / l  w ith  (pm =  a tom ic  o rb ita l  o f  th e  cen tra l  ion M

a n d  / l  =  ^  0 « q)A; (pa =  a tom ic  o rb ita l  o f ligand L x
(X
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T a b le  1. T h e  dipole vector r  correspond* to the representation T 2

Allowed transitions, 
ground s ta te  7 \

Allowed 
com ponen ts  of 

these transitions  
w ith  polarisation

F acto r o f  a , in the direct p ro d 
uct o f  the basis vectors. This 
fac to r de term ines the rela tion 
betw een tin* com ponents  o f  a

transition

1
X  (It

V 3 
1

° i  + •  •

1/3
1

«1 + •  •

I7 3
Oj + •  •

T ,  — E

sfc X  0

1

n y  o = -

U zO  =

2 1 /3  1 

1

•  •

a
2 |/ 3 1 

1

•  •

V 3 1 
1

£ x  e =
2

1

•  •

) / y e  = -
2

a. +

T* -> T x

t
S >  y

V-s *  li

X
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-

V

i

1 / 6  1 

1

•  •  •

1/ 6 " 1 

1

er, •  •
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1/ 6

1

ch + •  •

;/ z oc =

Ç x p  =

1/ 6  1 

1

a, +

1 / 6  1 

1
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Q y  (x = —
1 / 6  1
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a T .  —  bT .

ts
ƒ/

-> sfc

C

l

Ç z r j

•  •

;/ .r f

1/ 6 " 1 

1

tti + •  •

(li +

£

f  * >/

1/ T  1 

l
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1/ 6 1

1

•  •  •

1/ 6

1

+ •  •  •

- a,
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16 A. v a n  d e r  Avotrd and P. Ros:

we o b ta in  th ree  ty p es  o f  in teg ra ls :

a: <wM (Tm ') .

b :  <wM  r  I %i, >  ,

c -  <7J- r X l

a :  < 7 ?m  | t  I cp'M y  is an  in tegra l o f func tions  t h a t  belong to  th e  sam e nucleus. 

W ith  th e  assum ed  a to m ic  orb ita ls , th e  rad ia l p a r t  o f  which is g iven b y  a  linear

co m b in a tio n  o f S la te r  func tions , an a n a 

ly tical form  for these  in teg ra ls  is easily  

derived . T h en  a c o m p u te r-p ro g ram  can be 

w rit ten .
=  v  nb :  <a>iM r X L y  w i t h  X L

/ a
/

/ su m m atio n  over th e  ligands L x. T he  sub-

s t i tu t io n  o f y  i ,  yie lds: Ca (çpM r
<\

N ow  we h av e  in teg ra ls  o f  fu n c tio n s  th a t  

belong to  tw o  d ifferen t nuclei, n am e ly  M  

a n d  L a. T hese  in teg ra ls  can  be e v a lu a te d  

a f te r  a ro ta tio n  o f th e  m a in  coo rd ina te  s y 

s tem  a n d  a co rrespond ing  t ra n s fo rm a tio n  

o p e ra tin g  on cp^j a n d  r.  B y  a m e th o d  

g iven b}' B a l l h a i t s e n  [5] using  elliptical 

coord ina tes  \1S\ we can  ex p an d  th e m  in A „ a n d  B n in teg ra ls  t h a t  can  be com pu ted .

c: / / ,  r  X i  luay be w r i t te n  as Ca C'f] \(pa r  | cp'p). M ost of th ese  inte-

Fig. 1. C o ord in a te  t r a n s fo rm a t io n  to ca lcu la te  the

in tegrals  <?« | r  ; vp>

cx

grals con ta in  func tions  t h a t  belong to  th ree  d ifferen t nuc le i: M . L x a n d  Lp. W e see 

in Fig. 1 t h a t  r  can be w r i t te n  as r  — r 0 +  r \  r  belonging to  L x or Lp. T his  g ives:

<p 'b> =  »'o <(r* ! ï f l )  +  <<p« I r  ! <p'ß>-

A fte r  ro ta t io n s  of th e  coo rd ina te  sys tem s on th e  ligands L x a n d  Lp we are  able 

to  ca lcu la te  ((pLX | a n d  < 9 oa r  I (p'p) b y  a s im ilar m e th o d  as used  in b.

T he  co m p u te r  used  is th e  I BM 1620.

All in tegra ls  have  been c o m p u te d  for d ifferen t charge  d is tr ib u tio n s  a n d  h av e  

been o b ta in e d  as func tions  o f  th e  charge  d is t r ib u t io n  (.4, B , C a n d  f). see M.O.

T ab le  2

E le c t ro n  t ra n s i t io n
V n m x  —  V

(cm -1 )
Cmax

(1 m o l-1 cm - 1 )
E x p .  / T heor .  /

c ry s ta l  field

2  e ----- ► 4  t 2
ft*

6 , 0 0 0

8 , 5 0 0

shou lde r

1 2 2 0 . 0 0 3 7 0 . 0 0 7 5

first charge  t r a n s fe r  

t x  ----- ► 4  t 2 2 4 , 5 0 0 2 4 0 0 0 . 0 4 0 0 . 0 8 0

second charge  t r a n s fe r  

3  t ----- >• 4  t o 3 4 , 0 0 0 5 7 0 0 0 . 1 2 0 0 . 1 8 4

t h i r d  charge  t ra n s fe r

1 e ---- ► 4  t 2

2 / o  ----- ► 4 / o

2   ► 4  t 2

4 1 , 0 0 0
w

~  1 8 0 0 0 . 0 3 2 0 . 0 5 2

0 . 2 3 4

0 . 3 1 6
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calcu la tion) by  m ean s  of in te rp o la tio n  form ulas. S u b s t i tu t io n  o f th e  num erical 

values of ^4, B , C, D  a n d  o f th e  coefficients of th e  a tom ic  o rb ita ls  as fo u n d  for th e  

g ro u n d  s ta te  o f te t ra h e d ra l  CuClJ“ produces th e  in tegra ls  ! r  \ xpii) a n d  th e  

oscilla tor s tre n g th s  /. T he  resu lts  are  g iven  in  T ab . 2. T he  assum ed  sequence of 

th e  bands  is d iscussed  la ter.

VO

5 0

60

70

£ 60

9 0

100

5 ,0 0 0  10,000 15,000 20,000 25,000 30,000

V  ( e r a  1)

F ig . 2. R e f lec tio n  s p e c t r u m  o f  so l id  C u C lj- , 1 :200  d i lu te d  w i th  KC1

5 ,0 0 0  10,000 15,000 2 0 ,0 0 0  25,000 3 0 ,0 0 0  35 ,000  VO,000  95,000

v  ( c m 1)

F ig . 3. A b s o r p t io n  s p e c t r u m  o f  C u C l |-  d is so lv e d  in  K C l-d iscs . T h e  p a r t  o f  th e  s p e c t r u m  v >  25 ,000  c m -1 is d is 
t u r b e d  b y  s c a t t e r in g  o f  th e  U Y  r a d i a t io n  d u e  to  th e  o p a q u e n e s s  o f  th e  KC1 d iscs . M e a su r in g  in  K B r  d isc s  w a s  im 

p o ss ib le  b e c a u se  o f  th e  Cl- -B r~  e x c h a n g e

200-

m e a su re d in  \ 

a  10 m m  cuvet\

m e a su re d  in  

a  7 m m  c u v e t

I
i
Eo
I
o
E

o

E

0

6,000

5 ,0 0 0

4 ,0 0 0

3,000

2,000

1,000

0
5 ,000  10,000 15 ,000  2 0 ,0 0 0  2 5 ,0 0 0  3 0 ,0 0 0  3 5 ,000  VO,000 V5,0 0 0 5 0 ,0 0 0

v  ( c m 7)

F ig . 4. A b s o r p t io n  s p e c t r u m  o f  C u C lj-  d is s o lv e d  in  a c e to n i t r i l  (conc . 0 .001 mol/1. C l-  eonc . la rg e r  t h a n  0.1 inol/
o b ta in e d  b y  d is so lv in g  (C2 i l 5)4 NCI* x  I I 20  a n d  d ry in g  o v e r  CaCl2 a n d  P 20 5)

2 . Experim enta l  determination of f: I n  ag reem en t w ith  th e  resu lts  o b ta in e d  by  

severa l in v es tig a to rs  [6, 10, 11, 16] we found  t h a t  it  m ak es  no difference to  th e  

sp e c tru m  of CuClf”  w h e th e r  i t  is m easu red  in solid s ta te  or in solution. T he  

com plex  seems to  have  th e  sam e s t ru c tu re  in d ep en d e n t  o f  th e  su rro u n d in g s  a n d

T h e o r e t .  c h im . A c ta  (B e r i .)  V ol. 4 2
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of th e  ty p e  of cation . M easuring  in so lu tion  it  is necessary  to  m a in ta in  a  large 

Cl“ -concen tra tion  to  p re v e n t  th e  fo rm a tio n  o f  com plexes as CuCl i-^  So lven t^  [11]. 

A  Zeiss sp ec tro p h o to m e te r  PM  Q I I  w ith  m o n o c h ro m a to r  M 4  Q I I was used. 

T he  o b ta in ed  sp ec tra  a re  rep ro d u ced  in Fig. 2 , 3, a n d  4. F ro m  th e  sp e c tru m  of 

Fig. 4 th e  /-va lues  of th e  bands h av e  been d e te rm in ed  with th e  fo rm ula

i 4.32 x 10~ 12  ƒ £y d\
band

(3)

)> =  w ave n u m b e r  (cm -1),

ev =  m o la r  ex tin c tio n  a t w ave n u m b e r  v (cm 2 m o l-1)

T he  resu lts  are g iven  in T ab . 2.

Discussion

1 . T he  largest co n tr ib u tio n s  to  th e  oscilla tor s tre n g th s  o f  all t ra n s i t io n s  are  

given by  certa in  in tegra ls  / / ,  r  Zt )̂ (Tab. 3). T he  in teg ra ls  t h a t  do  n o t  occur 

in th is  tab le  are  at least a fa c to r  10 sm aller th a n  th e  ta b u la te d  in tegrals. A fa irly

Table 3

C o n t r i b u 

T r a n s i 

t i o n

C o m 

p o n e n t

C a l c u 

l a t e d

v a l u e

M o s t

i m p o r t a n t  t e r m

t i o n  o f  

t h i s  t e r m

— Co Co

A p p r o x i m a t i o n

of (X r  x')
=  G r 0

( /  1 r 1 x')

2 e  —► 4 4* (f|*|0> 0 . 2 8  a . u . (x (x ,y )  r x! (x, y)) 0 . 3 0  il .U . — 1.21 a . u .2

/ j  - > 4 l 2 <C \x\P) 0 . 7 3 (x (x>y) r * '(•** ,/ /)> 0 . 8 0
x0 Ÿ 3

u r _  9 i n-¿ .1 0
AJ

3 / ,  - * 4 / , <C | X  I ?/> 0 . 9 5 (z (2) r * ' « > 1 .0 7 . r0 =  2 . 4 2

l e  —► 4 12 <£ | x ; 0) 0 . 3 2

I

(x (x* y) r

(X (z) 1 r

x! (x ,y )) 

*'(*)>

0 . 4 0

0.66

x0
-  1 21 1.41

. r0 =  2 . 4 2

2 / . ,  —► 4 ( t  1 *  1 v ) 0.97
(x ( * >  y) 1r X' (x, y)) 0 . 4 7

1 . 1 3 3*0
,  -  1.21O

m m

■2 a , — i t . . 1 . 6 0 (x (z) 1 r X' (*)> 1 .6 0 r  —  9  4-9
%L Q  -----  j j  .  T â J

A p p r o x i 

m a t io n  

c2 c o  O r0

0.29 a.u.

0.84

1.04

0.39

0.63

0.44

1.64

1.07

good ap p ro x im a tio n  to  th e  /-values in  th e  C11CI4 -com plex can  be given by  ta k in g

only  these  <y (z) r  y ’ (z)> a n d  <y (*, y) % (.r, y ) in tegra ls  in to  accoun t. T his

is so because in th e  m olecu lar o rb ita ls  used  th e  coefficients o f th e  Cu 4.s- a n d  4;;- 

func tions  a n d  of th e  Cl /  (3s)-functions are  small (see T ab . 4). rThe <^(2 ) r  /  (z)

X (.r, ?/)) in tegra ls  can  in th e ir  tu rn  be a p p ro x im a te d  by G r 0.

I t  C u  “ C l  4 ! . . .  , 1 1 • 1

x 0. y 0 or z 0 =  -  _  , th e  pro jection  oi th e  Cu-( 1 d is tance  on an

a n d  (% (x, y)

U
1 3

axis o f  th e  m a in  coord ina te  system .

G is a fac to r  1 , \  or \  | 3 depend ing  on th e  coefficients Cn in

X L y c a
a

T he last a p p ro x im a tio n  implies in fa c t  neglecting  th e  overlap  betw een  th e  

d ifferen t ligands.
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In th is  w ay  it is possible to  ca lcu la te  th e  /-va lues in a fa ir ly  good a p p ro x im a 

tion . using on ly  th e  M.O. coefficients of th e  ligand o rb ita ls  a n d  th e  d is tance  be 

tw een  th e  cen tra l  ion a n d  t he ligands (see T ab . 3). T his  ap p ro x im a tio n  was a lready  

used  by W o l f s b e r g  a n d  H e l m h o l z  [20]. F o r  th e  CuCl.j '-com plex  it appears  to  

be a good one. For o th e r  com plexes it m a y  also be good w hen certa in  conditions 

are  fulfilled.

T he ap p ro x im a tio n  of B a l l h a u s e n  a n d  L i e h r  [2], who neglected  all te rm s  

invo lv ing  <(y /, r  / l )  ap p ea rs  to  be less sa tis fac to ry , for from  th e  e x ac t  ca lcu la 

t ion  it follows t h a t  these  te rm s  give th e  m o s t  im p o r ta n t  co n tr ib u tio n s  to  th e  

t ra n s i t io n  probabilities .
Table 4

T y p e  o f  in teg ra l  ((p r ¥ )
O rder  o f  m a g n i tu d e

o f  {(p | r  | (p')

O rd e r  o f  m a g n i tu d e
o f  c c '  (q> r  (p' )

(c, c' a re  M.O. coefficients)

copper  — copper

<5 1r V) 2 a .u . <  0.005 a .u .
& r V ) 0.1 <  0.005

c o p p e r  — ligands

<’s 1r X) 0.5 < 0.05

<P| r 7.) 1 <  0.05
id i r X) 0.1 < 0.05

l ig a n d s  — ligands

(7. (s) r X’ (•)> 2.5 <  0.05

(X (2) r z '  (*)> 2.5 < 1.5

(x te y) r ■/.' (-Ï. y )) 1.5 < 1.0

(x («) r v! (z)> 0.5 < 0.05

(S) r x' (*’ !/)) 0.5 <  0.05

(X (2) r x' (x>y)) 0.1 < 0.05

Several inves tiga to rs  e.g. [7, <9, 15] ca lcu la ted  th e  te rm s  (cpm r  cp'My a n d  

[çpM | r  x l )  ex ac tly  b u t  a p p ro x im a te d  th e  in teg ra ls  ( y ^  r  y L b y  th e  m e th o d  

of W o l f s b e r g  a n d  H e l m h o l z ; how ever since in th is  ap p ro x im a tio n  te rm s  t h a t  

h av e  th e  sam e o rder o f m ag n itu d e  as th e  te rm s  involv ing  (cpM r  cj \ Iy> a n d  

(<pM y X Ù  a re  neglected  it does n o t m a k e  m u ch  sense to  ca lcu la te  these  in tegrals  

exac tly .

2 . To  o b ta in  th e  positions o f th e  op tica l bands  we m u s t  ta k e  th e  difference 

betw een  th e  to ta l  energies of th e  exc ited  a n d  g ro u n d  s ta tes . In  th e  M.O. descrip 

tion  we saw, how ever, t h a t  it is too  difficult to  ca lcu late  th e  to ta l  energies from 

th e  one electron energies a n d  th e  e lectron  repulsions. Therefore  th e  best we can  

do is to  e s t im a te  th e  positions o f th e  ab so rp tio n  b an d s  from th e  one electron 

energies o f th e  g ro u n d  s ta te .  A q u a l i ta t iv e  schem e for th is  is g iven in Fig. 5 for 

th e  te t ra h e d ra l  ( T ({) a n d  fo r th e  real, d is to r te d  te t ra h e d ra l ,  ( D ^ d )  form  of th e  

CuCf|“ -complex. T h e  d is to r tion  causes a sp li t t in g  o f th e  degenera te  energy  levels:

T d

A i

E

ri \

I h d

A ,

A , +  B 2

e  + a 2

E  +  B 2 .

o*



2 0 A. v a n  d e k  A v o t r d  a n d  P. R o s :

in  T V sy m m e try  th e  g round  s ta te  has a s y m m e try  T 2, in D 2d a sy m m e try  B 2. 

T he  allow ed tran s it io n s  are  (see T ab . 1):

T  d I  hei

T 2 ---- >• A 1 co rrespond ing  to  B 2 -------- > ciAx

T 2 ---- > E  ,, ,, B 2 ------------> b A x

T  2 ---- > T x „ „ B 2 ------------> a E

a ï 1« ---- > b 7 \  „ „ 7 io ------------> 6 #

(The prefixes a  a n d  /> are  a d d e d  to  d is tingu ish  s ta te s  w ith  th e  sam e sy m m etry .)

Se T he  observed  b an d s  in  th e  sp e c tru m  a r e :

5 2 . a) fr h e  c ry s ta l  field b a n d  t h a t  has  a
______ 5b2

~~-------- m a x im u m  ex tin c tio n  a t  8,500 c m - 1  a n d  a

sm all shou lder  a t  6 , 0 0 0  cm -1 .

I n  Ta  s y m m e try  th e  on ly  c ry s ta l

field t ra n s i t io n  is T 2 ---- > E \  in  te rm s  o f

j °_ ' one e lec tron  t ra n s i t io n s  : 2 e ---- > 4 t0.

In  D id th re e  c ry s ta l  field tran s i t io n s

a re

b 2 -éé E or 5 e ——> 4 b

B 2 — or 4« i —> 4 b

b 2 -è*

t1 or 2  b, —> 41)

o f w hich th e  last one is sy m m e try -fo rb id 

den.
CL o #

t j  —— T he t ra n s i t io n  4 a l ---- >■ 4 b2 co rre -

__  sponds to  th e  large band . T h e  shou lder is

caused  by  th e  t ra n s i t io n  5 e ---- > 4 bo (5 e

_________ a n d  4 b2 are th e  s ta te s  resu lting  from  th e

sp lit  4 t 2 s ta te )  or by  th e  fo rb idden  t r a n s i 

t ion  2 bl ---- > 4 b2.
3 a 7

l e -------- - r r  ^  1b7
b) T hree  charge tra n s fe r  b an d s  w ith

2t2 ^ _-------- 2e -----  m a x im a  a t  24,500, 34,000 a n d  41,000 c m -1.

—_2h  W e canno t p red ic t  th e  positions o f these

b an d s  q u a n t i ta t iv e ly  f ro m  th e  one elec- 

£_ tro n  energies, we can  only  say  som eth ing2cci 2 a

Td b\d a b o u t  th e  sequence in w hich  th e y  ap p ea r .
F ig .  5. Q u a l i t a t iv e  sc h e m e  o f  th e  o n e  e le c tro n  g 0  we expec t th e  first charge t ra n s fe r  b a n d

energies
to  be caused  by  th e  t ra n s i t io n  :

in  Td hi D2d

t , ---- > 4 tn 4 c ---- > 4 b o
1  6  ^

in l\i  in  D2d

th e  second by :

3 t n ---- > 4 to 3 e ---- > 4 b

a n d  th e  th i rd  by : in Td  in  D 2d

I e ---- > 4 t 2 3 ----- > 4 b2

or by : 2 t2 ---- > 4 t 2 2 e ----- > 4 b2

or less likely b y :  2 a x ---- > 4 t 2 2 a x ----- > 4 b2 .
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T his  sequence o f th e  ab so rp tio n  ban d s  is affirm ed b y  th e  com parison  o f th e  

ca lcu la ted  oscilla to r s t re n g th s  w ith  th e  observed  values (see T ab . 2). T he  th i rd

charge  t ra n s fe r  b a n d  can  now  be ascribed  to  th e  t ra n s i t io n  1 e ---- > 4 t 2 since

th e  o th e r  tw o  possibilities requ ire  m u c h  h igher /-values .

Conclusions

1. F o r  all t ran s i t io n s  th e  ca lcu la ted  /-va lues  are abou t a  fac to r  2 too  high w ith  

respec t to  th e  ex p e r im en ta l  values. T h is  m a y  p a r t ly  be ascribed  to  th e  fac t t h a t  

eq. (3) is on ly  va lid  for ideal gases, w hereas ou r  abso rp tion  sp ec tru m  has been 

m easu red  in so lu tion .

2. T he  ag reem en t o f th e  ca lcu la ted  a n d  observed  re la tive  /-va lues  is still b e tte r .

3. T he  above  ag reem en t is good enough to  d is tingu ish  different t ran s i t io n s  

from  th e ir  /-values.

4. T he  t ra n s i t io n  p robab ilities , also t h a t  o f  th e  c ry s ta l field tra n s i t io n ,  are 

m a in ly  d e te rm in ed  by th e  a m o u n t  o f  m ix ing  o f th e  ligand func tions  in th e  m o lec 

u lar o rb ita ls . T h e  m ix ing  o f  th e  copper 4;;-function affects th e  in tensities  o f  th e  

b an d s  h a rd ly  a t  all.

5. T h e  ag reem en t o f th e  ca lcu la ted  /-va lues  w ith  th e  observed  values is still 

b e t te r  if’ one assum es t h a t  th e  m ix in g  of th e  ligand func tions  in th e  m olecu lar  

o rb ita ls  is so m ew h a t less.
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