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Transition Probabilities in the Cu(~l]--Complex 

By 

A. VAN DER AVOmD* and  P. Ros** 

Transition probabilities in the CuCl~--eomplex have been calculated using the L.C.A.O.- 
functions obtained in the preceding paper by P. Ros and G. C. A. SCHVlT. For all transitions 
the calculated absolute oscillator strenghts turn out to be a factor 2 too large with respect to 
the experimental values. The calculated transition probabilities are mainly determined by the 
amount of mixing of the ligand functions in the molecular orbitals. I f  this mixing is assumed 
somewhat less the agreement is still better. 

Unter Benutzung der L.C.A.O.-Funktionen aus der vorstehenden Arbeit von P. Ros und 
G. C. A. ScmlIT wurden die t3bergangswahrscheinlichkeiten im CuCl~--Komplex berechnet. 
Die absolute Oszillatorsti~rke, die hauptsachlich vom Gewieht der Ligandenfunktionen ab- 
h~ngt, wird ffir alle ~berg~nge um den Faktor 2 zu grol3. Verringert man den Beitrag dieser 
Funktionen, wird die IJbereinstimmung mit dem Experiment besser. 

A l'aide des fonctions L.C.A.O. du travail prSc~dent de P. Ros et G. C. A. SOuuIT, nous 
caleulons les moments de transition pour rion complexe CuCI~-. Pour routes les bandes les 
forces oseillatrices caleul6es sont deux lois trop grandes devant l'exp~rience. Elles sont d~ter- 
min6es surtout par le poids des orbitales des ligandes dans les 0.M. ; l'accord s'am61iore par 
une diminution de ee poids. 

Introduction 
I n  the  las t  t w e n t y  years  m a n y  a t t e m p t s  have  been made  to  calculate  the  

s t ab i l i t y  and  the  charge d i s t r ibu t ion  of  inorganic  complexes.  I n  mos t  of  these  
calculat ions,  more  or less empir ical ,  the  resul ts  were checked b y  compar ing  t h e m  
with  d a t a  ob ta ined  f rom the  opt ica l  spec t ra  [2, 3, 4, 6, 7, 9, 10, 14, 15, 20, 21]. 
I n  the  presen t  r epor t  a ca lcula t ion of the  in tensi t ies  of the  bands  in the  CuCl~-- 
spec t rum is described.  I t  is carr ied  out  mak ing  use of the  one e lect ron wave  
funct ions  and  charge d i s t r ibu t ion  arising f rom a quan t i t a t i ve  molecular  o rb i t a l  
ca lcula t ion  in which as few as possible empir ica l  pa rame te r s  are in t roduced  (see 
preceding paper  b y  P. R o s  and  G. C. A. SCHUIT and  [19]). B y  compar ing  the  
ca lcu la ted  in tensi t ies  wi th  the  exper imen ta l  values  the  accuracy  of  the  M.O. cal- 
cu la t ion  is checked.  B y  eva lua t ing  some te rms  which up  to now have  a lways  been 
a p p r o x i m a t e d  or neglec ted  we hope to  be able  to  t es t  and  m a y b e  to  s impl i fy  the  
usual  m e t h o d  of ca lcula t ing the  intensit ies.  

Transition Probability 
The probabi l i t i es  of  electr ic dipole  t rans i t ions  and  therefore  the  intensi t ies  of  

the  corresponding absorp t ion  bands  can be expressed in the  osci l lator  s t r e n g t h s / .  

* Present address: Battelle Institute, 7, route de Drize, Carouge-Geneva (Switzerland). 
** Massachusetts Institute of Technology, Solid State and Molecular Theory Group, Cam- 
bridge, Massachusetts. 
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I t  is possible to determine / from the optical spectrum, as well as to relate it to 
the wave functions of the states between which the transition occurs [3, 5, 17]. 

t. Theoretical Calculation o/f:  The formula for the theoretical calculation of / 
is given by: 

/ ~- ~ .085  X l011 ~ P , (l) 

P -~ Av~ZI~ ] (}PI ] r  ] }PI~) ]3 (2) 
m 12 

with ~ = mean wave number of the absorption band (era-l) ,  
P -~ dipole strength (cm2), 

~YI ~ wave function of the ground state, n-fold degenerate, 

T I I  ~ wave function of the excited state, m-fold degenerate, 

r = position vector, pointing from the origin to the point of integration. 
I t  makes no difference for the calculated value of / which point is 
chosen as origin. We shall take the origin of the main coordinate 
system, located on the central ion. 

To evaluate the transition probabilities in CuCl~- we have to calculate n • m 
integrals (}PI I r I }//II) for each allowed transition. ~1 I and// / II  are wave functions 
of the whole complex and they may  be written as Slater determinantal wave 
functions, composed from the one electron wave functions of the filled molecular 
orbitMs. 

We shall now introduce the following approximations: 
a) We assume the CuCl~--complex to be perfectly tetrahedral. (The real form 

of the complex determined by X-ray  analysis [13] is a tetragonally distorted tetra- 
hedron; the Cu-C1 distance is equal to 2.22/~). I t  can be shown that  ignoring 
the distortion does not affect the / -va lues  much. 

b) We suppose tha t  the one electron molecular orbitals are the same before and 
after the transition. These molecular orbitals are known from the M.0. calculation 
described in the preceding paper by  P. Ros and G. C. A. SCEUIT. I t  appears from 
this calculation tha t  this second assumption is justified. 

In  the ground state ~ I  of CuCI~- we have an electron-hole in, say, the molec- 
ular orbital ~0i. In  the excited state }PII we have a hole in ~0ii. We can now prove, 
making use of the orthonormMity relations of 'the molecular orbitals, tha t  
( ~ I  Iv I ~ I I )  = (~0H I r l~0i) = (~0I Iv  I ~0ii). The determinantal wave functions 
can simply be replaced by  the one electron molecular orbitals containing the hole. 
Another consequence of the assumptions is tha t  we can use the molecular orbitMs 
calculated for the ground state of tetrahedral CuCl~-. The transitions tha t  are 
allowed and the component integrals of each "degenerate" transition that  are not 
equal to zero are found by  applying the multiplication rules of the group Ta [8, 12]. 
They are listed in Tab. 1. In  the last column of this table the relation between the 
different components of the same transition is indicated. The integrals (~0~ I r I ~o~) 
that  are not equal to zero because of symmetry  have to be calculated. Since a 
molecular orbital ~ is of the form 
y~ = C1 qJM § C~ ZL with Q9 M : atomic orbital of the central ion M 

and ZL = ~ C~ ~ ; ~ = atomic orbital of ligand L~ 
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Table I.  T h e  d ipole  vector r corresponds to the representat ion  T s 

Allowed transi t ions,  
g round s ta te  T2 

Allowed 
components  of  

these t rans i t ions  
wi th  polar isa t ion 

Fac to r  of  a~ in  the direct prod- 
uct  of  the  basis  vectors.  This  
fac tor  de termines  the relat ion 
be tween  the components  of  a 

t rans i t ion  

x > a l  

y ~ al 

z--L--> a~ 

T 2 --> A 1 

T s - - > E  

T2 --> f~l 

a T z  -~ bT~ 

~ . - z - - >  o 

~--~--~ 0 

x-'L'-'> y 

t 

t 
y a ~ = ~ %  + . . .  

1 
r ~ a~ = ,~-, a~ + . . .  

v o  

1 
~ x O  - 2 v . w a l  + . . .  

~ y O  - 2 v ~ a l  + . . .  

l 
e z O  = 

V 3  a~ + . . .  
1 

~ z ~  = ~ - a l  + . . .  

~] y e 2 ax + " '"  

1 

~ y y  = v w a l  + 
1 

1 
~ x ~  v y a ~  + 

i 
~l z cr = v w  al  + 

1 
r ~ ~ = 7 - ~ - a l  + 

1 

~ y a  V 6  al  + 

1 
~ y r  v ~ a l  + . . .  

1 
~ z ~  = - ~ a 1 +  . . .  

1 
v x r  = -  ~ a ~  + . . .  

t 
~ z ~  = - r  + . . .  

I 
e x ~  = - r  + . . .  

1 
~ y ~  - . , ~ a  1 +  . . .  

V t) 
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we obtain three types  of integrals : 

a: (~M ] r ] ~ / ~  is an integral of  functions tha t  belong to  the same nucleus. 
Wi th  the assumed atomic orbitals, the radial par t  of  which is given by  a linear 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ / 

,4/ 
Fig, 1. Coordinate t ransformation to calculate ~he 

integrals <r ] t" ] r 

combinat ion of Slater functions, an ana- 
lytical form for these integrals is easily 
derived. Then a computer-program can be 
w r i t t e n .  

b: <CfM ]r ] ZL> w i t h  Z L  ~--- ~ ,  (Y~ ~ga 
r 

summat ion  over the ligands L~. The sub- 
st i tut ion of  Zn yields : ~ C~ <~SM I r ] ~ } .  

Now we have integrals of functions tha t  
belong to two different nuclei, namely  M 
and L~. These integrals can be evaluated 
after a rota t ion of  the main  coordinate sy- 
s tem and a corresponding t ransformat ion 
operating on ~9 M and r. By  a method  
given by  BALLgAVS~r [5] using elliptical 

coordinates [18] we can expand them in An and Bn integrals t ha t  can be computed.  
r <Zz I r I ZL> m a y  be wri t ten as Z Z O~ O~ < ~  l r [ ~'~>. Most of  these inte- 

grals contain functions tha t  belong to three different nuclei: M, L~ and 5~. We see 
in l~ig. I t ha t  r e a n  be writ ten as r = r 0 -~ r ~, r ~ belonging to  L~ or 5~. This gives : 

! ! J 

After rotat ions of the coordinate systems on the ligands L~ and L~ we are able 
! ! 

to  calculate <q~ t ~ >  and < ~  I r '  I ~ >  by  a similar method  as used in b. 
The computer  used is the IBM 1620. 
All integrals have been computed  for different charge distributions and have 

been obtained as functions of  the charge distribution (A, B, C and D, see M.O. 

Table 2 

Electron transition Vmax - ~ Sma~ Exp. [ Theor. ] (era -1) (1 mol -I  em -1) 

crystal field 
2e > 4t  s 

first charge transfer 
t 1 > 4 t 2 

second charge transfer 
3t  2 ~ 4t~ 

third charge transfer 
l e  ~ 4t~ 
2t  2 ~ 4t  2 
2a  I ~ 4t  2 

6,000 
8,500 

24,500 

34,000 

41,000 

shoulder 
122 

2400 

5700 

1800 

0.0037 

0.040 

0.120 

0.032 

0.0075 

0.080 

0.184 

0.052 
0.234 
0.316 
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calculation) by means of interpolation formulas. Substitution of the numerical 
values of A, B, C, D and of the coefficients of the atomic orbitals as found for the 
ground state of tetrahedral CuCl~- produces the integrals (~I 1 r l ~vli} and the 
oscillator s t rengths/ .  The results are given in Tab. 2. The assumed sequence of 
the bands is discussed later. 

4O 

7 0  

~ so 
90 

/05 
5,000 7o, ooo 15,ooo 2o, ooo 28,ooo 30,000 

v (cwrlJ 
Fig, 2, l~eflection spectrum of solid CuCI~-, 1:200 diluted with KC1 
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o . . ~  l 
5,000 Io, ooo 15,o0o 20,000 25,000 30,000 38,0oo 40,000 45,ooo 

v Ic,~ 1) 
Fig. 3. Absorption spectrum of CuCI~- dissolved in KCl-discs. The part of the spectrum ~ > 25,000 cm -1 is dis- 
turbed by scattering of the UV radiation due to the opaqueness of the KC1 discs, lVieasuring in KBr discs was im- 

possible because of the C]--Br- exchange 

2 0 0  

i E 

lOO 

E 

measu red ' i n  

" ~ 10 TT~T~ CUV~] 

me,~sufed /n A 

] I I I I 

000 

5,000 

~ooo 

3,000 

2,000 

5000 

0 
ooo 5,,000 1o~0oo 1~ooo 2o, ooo 25,o0o 3o,000 3~ooo z/o~ooo ztgooo d~ 

v ( c ~  ~) 
Fig. 4. Absorption spectrum of CuCl~- dissolved ill acetonitril (cone. 0.001 reel/l, C1- cone. larger ttl~u 0.1 moll 

obtained by dissolving (C~ Hs) 4 2~C1. x H20 and drying over CaCl~ and P205) 

2. Experimental determination o/]:  In agreement with the results obtained by 
several investigators [6, 10, 11, 16] we found that  it makes no difference to the 
spectrum of CuCl~- whether it is measured iI1 solid state: or in solution. The 
complex seems to have the same structure independent of the surroundings and 
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of  the type  of cation. Measuring in solution it is necessary to main ta in  a large 
Cl--concentrat ion to p revent  the  format ion  of complexes as CuC14-x Solventx [11]. 
A Zeiss spec t rophotometer  PM Q I I  with monoehromato r  M 4 Q I I  was used. 
The obta ined spectra are reproduced in Fig. 2, 3, and 4. F r o m  the spec t rum of 
Fig. 4 t h e / - v a l u e s  of the  bands have  been determined with the  formula  

/ =  4.32 • i0  -12 J" e~ dv (3) 
band 

v = wave number  (cm-1), 

e~ = molar  extinct ion at  wave  number  v (era ~ tool-l).  

The results are given in Tab.  2. 

D i s c u s s i o n  

I. The largest  contr ibut ions to the  oscillator s t rengths  of all t ransi t ions are 
given by  certain integrals (ZL IV ]Z~> (Tab. 3). The  integrals t h a t  do not  occur 
in this table  are a t  least a factor  l0  smaller t han  the  t abu la ted  integrals.  A fair ly 

Table 3 

Transi- 
tion 

2e --~ 4 t~ 

t 1 -+4t~ 

3t 2 -~4t  2 

e - + 4 t  2 

2t 2 -~4t~ 

2 a1-+ 4 t ~ 

Com- 
ponen t  

xLO> 

xl•> 
xl~> 

zlo> 

x/a1: 

Calcu- 
lated 
value 

0.28a.1 

0.73 

0.95 

0.32 

0.97 

t .60 

Most 
important term 

<z (x, y) I r lz '  

<z(x,y) I " I z '  

<z (z) i r i z' 

<x (x, y)L*lz' 

<z(z) I~lz' 

<z(x,y) l r lz '  

(z(z) [~lz' 

Contribu- 
tion of 

this term 
% C2 

<z I r [ z", 

(x, y) ) 0.30 a.u. 

(x, y) > 0.80 

(z)) 1.07 

(x, y) > 0.40 

(z)> 

(x, y)>] 

(z)> 

Approximation 
o f ( z f r f z ' >  

GT 0 

Xo 
-~- = 1.21 a.u. 

2.10 

x~ 2.42 

1.21 

0.66 ] x 0 = 2.42 
0.47 / 1"13 xo ~-  = 1.21 

1.60 x 0 = 2.42 

Approxi- 
mation 

I ~0 ~2 ~2 

0.29 a.u. 

0.84 

1.04 

0.39 

0.63 } 

0.44 t.07 

1.64 

good approx imat ion  to  t h e / - v a l u e s  in the  CuCl~--complex can be given by  taking 
only these (Z (z) I r [ Z' (z)> and (Z (x, y) ] r ] Z' (x, y)> integrals into account.  This 
is so because in the  molecular  orbitals used the  coefficients of  the  Cu 4s- and  4p- 
functions and of the  C1 g (3s)-functions are small (see Tab.  4). The (Z (z) lr]Z' (z)> 
and <Z (x, y) 1 r 1 Z' (x, y)} integrals can in their  tu rn  be app rox ima ted  by  G r0 .  

-~CtI-C1 
- - - ,  the project ion of the  Cu-C1 distance on an v 0 = x 0 ,  y0 or z 0 -  V-g 

axis of the  ma in  coordinate system. 
G is a factor  l ,  �89 or �89 V3 depending on the  coefficients C~ in 

x L = ~  c ~ .  
r162 

The last  approx imat ion  implies in fact  neglecting the  overlap between the  
different ligands. 
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In  this way  it is possible to calculate the / -va lues  in a fairly good approxima- 
tion, using only the M.O. coefficients of the ligand orbitals and the distance be- 
tween the central  ionand  the ligands (see Tab. 3). This approximat ion was already 
used by  WOLFSBERG and HELMttOLZ [20]. For  the CuCl~--comp]ex it appears to 
be a good one. For  other complexes it m a y  also be good when certain conditions 
are fulfilled. 

The approximat ion of  ]~ALL/-IAUSEIg and LIEHR [2], who neglected all terms 
involving (ZL [ r ]Z~> appears to be less satisfactory, for f rom the exact  calcula- 
t ion it follows tha t  these terms give the most  impor tan t  contributions to the  
t ransi t ion probabilities. 

Table 4: 

Type of integral @ ] r l~0' } 

copper - copper 
<slrIp> 

copper - ligands 
<sl r Ix> 
<pl~ Ix> 
<d/rlz> 

ligands - ligands 
(Z(s) r l z '  
(z  (z) ~ I z' 

(Z(x,y) rlZ' 
<z (8) ~. I z '  
<z(8) r Ix' 
<z(~) f i x '  

Order of magnitude 
of (q~Ir l~'> 

2 
0.1 

0.5 
1 
0A 

a . U .  

Order of magnitude 
ofec '  @ I r I~0'} 

(c, c' are M.O. coefficients) 

_< 0.005 a.u. 
_< 0.005 

_< 0.05 
_< 0.05 
_< 0.05 

2* 

(s)) 2.5 _< 0.05 
(z)> 2.5 _< 1.5 
(x, y)} 1.5 _< 1.0 
(z)) 0.5 _< 0.05 
(x, y)} 0.5 _< 0.05 
(x, y)) 0A <_ 0.05 

Several investigators e.g. [7, 9, 15] calculated the terms @M ] r  I~M> and 
(q:M I r I ZL> exact ly bu t  approximated  the integrals (ZL t r [ZL> by  the method  
of  WOLFSBERG and H~L~HOLZ; however  since in this approximat ion terms t h a t  
have the same order of  magni tude  as the terms involving (~M I r I~M) and 
@M I r I ZL> arc neglected it does not  make much  sense to calculate these integrals 
exactly.  

2. To obtain the positions of  the optical bands we must  take the difference 
between the tota l  energies of  the excited and ground states. I n  the M.0.  descrip- 
t ion we saw, however, t ha t  it is too difficult to  calculate the total  energies f rom 
the one electron energies and the electron repulsions. Therefore the best we can 
do is to estimate the positions of the absorption bands from the one electron 
energies of the ground state. A qualitative scheme for this is given in Fig. 5 for 
the te t rahedral  (Ta) and for the real, d i s to r t ed  tetrahedral ,  (D2a) form of the  
CuCl~--complex. The distortion causes a splitting of  the degenerate energy levels : 

Ta D2a 
A 1 - - - +  A 1 
E - - - ~  A 1 + B 2 
T 1 - - - +  E § A~ 
T2 - - - - ~  E § B 2 . 
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I n  Ta-symmet ry  the ground state has a symmet ry  T2, in  D2~ a symmet ry  B 2. 
The allowed t rans i t ions  are (see Tab.  i ) :  

Ta 
T 2 l > A~ corresponding to 

T 2 > E ,, ,, 

T 2 > T 1 ,, ,, 
a T ~  > b T  2 ,, ,, 

D2d  

B 2 - - - + a A  1 

B~ > bA  1 

B 2 > a E  

B~ > b E  

(The prefixes a and  b are added to dist inguish states with the same symmetry. )  

8~ 
5t 2 

d ,zy 5 r  7 

4t2 . . . . . . . .  267 
,9-e 

,z B 
t z  

�9 . . = z Z 2 - -  e 

3t  2 _ - - -  d e  
_ _  ~:- .-~ 332 

'2'~7 

_ _  ..= 737 

2~ 2 ~ 2 e  - -  

Bba 

2r z 2~zl 

fd ~ D~e 
Fig.  5. Qual i ta t ive  scheme of  the  one electron 

energies 

in  T a  

t 1 > 4 t 2 

in Ta 

the  second by:  
3 t 2 > 4 t 2 

and  the th i rd  by :  in  Ta 
t e  > 4 t  2 

or by :  2 t2 - - - ~  4 t 2 
or less likely by :  2 a 1 - - - +  4 t~ 

The observed bands  in  the spectrum are : 
a) The crystal  field b a n d  t h a t  has a 

m a x i m u m  ext inct ion at  8,500 cm -1 and  a 
small shoulder at  6,000 cm -1. 

I n  T a  symmet ry  the only crystal  
field t rans i t ion  is Tu > E ;  in  terms of 
one electron t rans i t ions :  2e ----> 4t~. 

I n  D2a three crystal  field t ransi t ions 
are possible : 

B 2 - - > E  or 5 e  - - - > 4 b ~  

B 2 ----> A 1 or 4 a 1 - - - §  4 b~ 
B 2 - - - >  B 1 or 2 b I - - - ->  4 b 2 

of which the last one is symmetry-forbid-  

den. 
The t rans i t ion  4 a 1 ----> 4 bu corre- 

sponds to the large band.  The shoulder is 
caused by  the t rans i t ion  5 e ----> 4 b 2 (5 e 
and  4 b 2 are the states resul t ing from the 
split 4 t 2 state) or by  the forbidden transi-  

t ion 2 b 1 ----> 4 b v 

b) Three charge transfer  bands  with 
max ima  at  24,500, 34,000 and  4t ,000 cm -1. 
W e  cannot  predict the  positions of these 
bands  quan t i t a t ive ly  from the one elec- 
t ron  energies, we can only say something 
about  the sequence in which they  appear.  
So we expect the first charge transfer  b a n d  
to be caused by  the  t rans i t ion  : 

in  D2a 

4 e > 4b~ 

in D2a 

3 e  > 4b~ 

in  D~a 

3 a  I ~ 4 b  2 
2 e  > 4b~ 

2 a  1 > 4 b ~ .  
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This sequence of the absorpt ion bands is affirmed by  the comparison of the 
calculated oscillator strengths with the observed values (see Tab. 2). The th i rd  
charge transfer  band  can now be ascribed to the transi t ion ~ e - - - +  4 te since 
the other  two possibilities require much  higher ]-values. 

Conclusions 

i.  For  all transit ions the calculated ]-values are about  a factor  2 too high with 
respect to the experimental  values. This m a y  par t ly  be ascribed to the fact  t ha t  
eq. (3) is only valid for ideal gases, whereas our absorption spectrum has been 
measured in solution. 

2. The agreement  of  the calculated and observed rela t ive/-values  is still better. 
3. The above agreement  is good enough to distinguish different transit ions 

from the i r / -va lues .  
4. The t ransi t ion probabilities, also tha t  of  the crystal field transition, are 

mainly  determined by  the amount  of  mixing of  the ligand functions in the molec- 
ular orbitals. The mixing of  the copper 4p-function affects the intensities of  the 
bands hard ly  at  all. 

5. The agreement  of  the ca lcu la ted / -va lues  with the observed values is still 
bet ter  ff one assumes tha t  the mixing of the ligand functions in the molecular 
orbitals is somewhat  less. 
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