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The Splitting of d-0rbitals in Less Symmetrical Molecules 
Containing a Cyelopentadienyl Ligand 

By 

MILA~ RANDI6* 

The splitting of d orbitals in an electrostatic field due to a eyclopentadienyl ring and four 
ligands arranged at the corners of a square is investigated. I t  is shown that, although the 
symmetry of the molecule is C,, the effective symmetry for the d 1 and d 2 systems is Ca,. The 
linear combinations for the d 2 system in C~, symmetry are given and the matrix elements 
for the secular determinant are listed. The results may be applied to a discussion of the bond- 
ing in tricarbonyl-z-eyclopentadienylethyl-molybdenum, whose structure is related to the 
idealized model considered. 

Bei der Aufspaltung der d-Zusti~nde in einem elektrostatischen Feld, welches erstens yon 
einem Cyclopentadienyl-Ring und zweitens yon vier an den Ecken eines Quadrates angeord- 
neten Liganden hervorgerufen wh'd, ist die effektive Symmetric Ddv - trotz der C~-Symmetrie 
des Molekiils. ~iir das d~-System werden die Linearkombinationen der Slaterdeterminanten 
und die Elemente der StSrmatrix angegehen. Das Ganze 1/~Bt sich z. B. auf die Diskussion 
yon Tricarbonyl-z-cyclopentadienyli~thylmolybd~n anwenden, dessen Struktur der des be- 
handelten Modells sehr i~hnlich ist. 

La d6composition des orbitales d dans le champ d'un groupe cyclopentadi6nyl et de quatre 
ligandes arrang6s en cart6 est 4tudige. Pour les systbmes d 1 et d 2, la sym6trie effective est 
Cz~, celle de la molgcule n'6tant que C~. Pour d 2, on donne les combinaisons lin6aires adapt6 s 
la sym6trie Car, et la matrice des 6nergie perturbatrices. Les r6sultats s'appliquent s la dis- 
cussion du cyclopentadignyl-6thyl-molybdbne tricarbonyle dont la structure ressemble le 
module 6tudi6. 

Introduction 
Although the  simple e lec t ros ta t ic  app rox ima t ion  has serious l imi ta t ions ,  i t  

is f requent ly  helpful  in discussing bonding in complexes.  This approach  is par t i -  
cu lary  useful when considering less symmet r i ca l  molecules for which the  more  
sophis t ica ted  methods  of calculat ing electronic proper t ies  become increasingly 
more  cumbersome.  

I n  th is  paper  we will consider the  spl i t t ing of  the  d-orbi tals  for a sandwich 
type  compound  conta ining a five membered  r ing and  four m o n o d c n t a t e  ] igands 
forming a square p y r a m i d  (Fig. 1). This a r r angemen t  of l igands is an  ideal ized 
model  for t r i ca rbony l -g -cyc lopen tad ieny l  e thyl  mo lybdenum,  and the  numer ica l  
example  given la te r  is based  on the  geometr ica l  pa rame te r s  of  th is  molecule. The 
l inear combinat ions  and  the  corresponding m a t r i x  e lements  for the  d 2 sys tem are 
also given. Al though  the  ac tua l  molecule belongs to t he  s y m m e t r y  po in t  group Cs, 
character ized b y  a single reflection plane,  the  effective s y m m e t r y  is much  higher. 
We will first of all show t h a t  for the  d 1 and d ~ sys tems the  effective s y m m e t r y  is Cdv. 

* On leave from: Institut "Rudjer Bo~kovid", Zagreb, Yugoslavia 
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Symmetry considerations 

The resultant  electrostatic field for our model (Fig. ~) is a superposition of 
two co-axial fie]ds of  symmetries Car and Qv. A glance at the relevant tables of 
characters gives the  following relations: 

(~0 
d+l 
d l  
d+2 + d-~ 
d+2 - d--2 

C~)ov 

A1 

E1 

E~ 

~5 v 

A1 
Ej 

E2 

C4 v 

A1 

E 

/ B2 

By choosing the above set of  d-orbitals as the basis, any  per turbat ion with symme-  
t ry  Car, as well as any  one with symmet ry  C4v will be diagonal, ttenee, it follows 
immediately  tha t  with do, d+l, d-l, d+2, d-e, as a basis 

Hi~ = 0 (i r k) except H2 e = H*ee 

which was to be demonstrated.  
Similar arguments  apply  for the d e system. The wavefunetions are now 

given as a sum of Slater determinants  (ml, me): I 

IL, Mc}  = ~ e o e f . ( m l , m s )  
ml, m2 

the coefficients being determined in the usual man-  
ner (t). Here [ L, ML} stands for ~ (L, ML, S, Ms), 
as there is no need to introduce spin explicitly. 
The summat ion  is taken over all combinations of 
m~ + m 2 = ML which are consistent ~dth the Pauli 
exclusion principle. 

The perturbat ion matr ix  element (L,ML] VL ~, ML} 
m a y  now be wri t ten as a sum of 
(m~, m e I V Ira; ,  re'e} -terms. Assuming spin (m~) 
= spin (m;) and spin (me) = spin[(m'~) it follows tha t  

! i / i 
<~'nl, '/?/'2 ] If Ira1, ms), = ( %  I V !mj}  3~,  m~ + 

+ < m : l V l m ' e > d  ' m l  m l  �9 

I 

\ \  / /  
\ \  V 

I 
Fig. 1. Ideal ized model  for  t r i ca rbony l -  

- eye Iopen t ad i eny l e thy lmo lybdenum 

Since we have already shown tha t  the only off-diagonal element different from zero 
is H2-2, it follows tha t :  

(ml,  me i V J ml, me) ~ 0 
( m l ,  ~ -  2 ! g ! ~'bl,  - - 2 }  r 0 

< + 2, me I V [ - 2, me) ~ O. 
From this (L, ML I V ] L, ML,} e 0 only if ML = ML, or ML = ML, =~ 4. Such 
coupling is characteristic of a per turbat ion field of U4v symmetry .  By  making the 
appropriate  linear combinations the secular determinant  will factorize according 
to the irreducible representations of the point group C4v. 

The d l -sys tem 

The magni tude  of  the splitting of  the d-orbitals and their order depend to some 
extent  on the molecule examined. We will consider an idealized geometry  of 

31" 
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t r i c a rbony l - z - cyc lopen tad i eny le thy lmo lybdenum and  assume the  following d a t a  
(3) ; The C--Mo bond  dis tance is 2.40 A for the  five membered  r ing and 2.00 A 
for the  a toms  forming the  square.  The C--C bond  d is tance  in cyclopentadieny]  
is 1.40 A. I t  follows t h a t  0 ~ ~ 30 ~ and  O" ~ 109.5 ~ [O ~ (0") <~ z-axis-five (four) 
membercd  r ing l igand].  The general  form of  the  non vanishing e lements  are (4): 

H2~ H-2-2 e2 ~ [Go 2 /3 2 = = - ~ - ~ c o s  O ~ - - ~ - ) G 2 +  

1 / 3  2 

21 - ~ -c~  + G4 

+ ~- - -  cos ~ O~ - ~ -  cos 20~ + G~ 

H2-~ = H*-2~ = e 2 ~ ~4 sin~ O~ e-~G~ . 

Here  the  rad ia l  proper t ies  of  the  orbi ta ls  are  included in the  integrals  

Gn=: ~ R2(r) r ~ - r  d r .  
0 

dz~ The following numer ica l  resul ts  / 
t are ob ta ined  : 
i 

H2~  = 9 G O - 

I d=, d~ -- 0.5119 G 2 § 0.00793 G 4 t /  
I/ 
~/ H n = 9 G o § 
/ + 0.2560 G 2 --  0.03173 G a 

I~ H0o = 9 G O § 
/~ + 0.5119 G 2 + 0.04759 G 4 

I~ H 2 ~ = H 22 = 0.65843 G a . 

t The  pe r tu rbed  energies are:  H00 
(A1), H1, (E), H2~ + H ~2 (B1) 

I and  H 2 2 - H  22 (B2). These ener- I 
I gy  levels are shown in Fig.  2 

d~y for GJGa = 3. [This ra t io  varies  
Fig. 2. Orbital energies according to the electrostatic a pp rox ima te ly  be tween two and 

field theory four over  a wide range of bo th  the  

bond  dis tances  from, and the  effective charge on the  me ta l  a t om (2).] I t  is in teres t ing 
to note  t h a t  dz2 t u rns  out  to  be energet ical ly  the  mos t  uns tab le  orbi ta l ,  no t  the  pa i r  
dxz, dyz as m a y  be expected.  This is however  unders tood  if  we note  t h a t  the  
angles O' and  O" are cons iderably  different  f rom 45 ~ and  i35  ~ which define the  
direct ions of the  lobes of  the  dx~ and  dyz orbitals .  
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The d~-system 
The wavefunctions ~ (L, ML,  S, M S )  may be classified according to their 

symmet ry  properties in the point  group Car. Proper  linear combinations (Tab. 1) 

Table 
Linear combinations o /a  d e system in Ccv symmetry 

1S 1A 1 • (0, 0, 0, 0) 

ap aA1 tll (l, 0, ,l, l) 
aE T (I, I, I, t), T (% -1,  1, 1) 

1D zA 1 ~/r (2, 0, 0, O) 
aE k~ (2, 1, 0, 0), ~ (2, 1, 0, 0) 
1B 1 t / i V 2 [ T ( 2 , 2 , 0 ,  O ) + T(2, -2 ,0 ,0)]  
1 B  2 l / iV2[W(2 ,2 ,0 ,  O ) - T(2, -2 ,0 ,0)]  

3F 3A 1 T(3, 0, 1, l) 
aE T(3, t, 1, t), T(3, -1, i, 1) 
3Bj I /V2[T(3 ,  2, I, t) + T(3, -2,  1, 1)] 
3B e I / i V 2 [ T ( 3 , 2 , 1 , 1 )  - T(3, -2 ,1 ,1)]  
3E T(3, 3, I, t), T(3, -3,  t, 1) 

1G 1A 1 T (4, 0, 0, O) 
~E T (4, ~, 0, 0), T (4, - t ,  o, o) 
1-~ 1 ~/[/2-[~/r (4, 2, 0, 0) q- T (4, --2, 0, 0)] 
1 B  e 1/i 1/2 [T (4, 2, O, O) - ~ (4, -2,  0, 0)] 
~E T(4, 3, 0, 0), ~(4,  -3,  0, 0) 
aA~ ~/1/2-[T (4, 4, 0, 0) + 9v(4, -4 ,0 ,0)]  
1A 2 1/i 1/2-[(/r (4, 4, 0, 0) - t/r (4, -4., 0, 0)] 

in this case are easily constructed. The coefficients a, 
per turbed energies are listed in Tab. 2. 

b, c, d which determine the 

Table 2. The coe//ieients o/the integrals H~ 

Hoo Hn H~2 He-2 

A1 

A 2 

Bx 

E 

Singlets @, 
(2, 
<4, 
<0, 
<0, 
(2, 
<4, 
(2, 
<0, 
<4, 

<4, 

<2, 
<4, 
<2, 

<2, 
<4, 
<4, 
<2, 
<2, 
<4, 

0 r io ,  o> 
0 vl2 ,0> 
0 vl4,0> 
0 v12,05 
0 VI4,0 > 
o v14,o> 
o v i4 ,  • 
0 v l4 ,  • 
0 v[4,  • 
•  1V 4, • 

= 4 I V  4, :F 45 

• v 2, • 
_+21 v 4, ~25 
+ 2 I V  4 , - 2 >  

1/v12,15 
1[ v14, a> 
- 3 1 v l 4 , - 3  > 
~l vI4,  t5 
l l v I 4 , - 3 >  
a l v I 4 , - 3  > 

2/5 
4/7 

36/35 
-4/1/7o 
a215V14 

-t2/71/5 
0 
0 
0 
0 

4/7 
3/7 

2 1/3/7 

t/7 
6/7 
0 
0 
0 
0 

4/5 
2/7 

32/35 
-4//70 

-16/51/14 
8/7V5 
0 
0 
0 
0 

0 

6/7 
8/7 

- 41/~-lV 

t 

-1 /~  /7 
0 
0 

4/5 
8/7 
2/35 
8177o 
4151/t.4 
4/71/5- 
0 
0 

0 

2 

-2  

4/7 
3/7 

2 ]/3/7 

6/7 
1/7 
t 
1/6/7 
0 
0 

0 
0 
0 
0 
0 
0 

2/(35 
41v~_ 
4/V1o 
0 

0 

0 
0 
0 

0 
0 
0 
0 

V6 IV7 
IIW 
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A1 

B 1 

E 

Table 2. (continued 

H00 Hll  H22 H2-2 

Triplets (1, 0 I V [ 1, 0} 
(3,01 VIa, 0) 
(1,01V[S, 0) 

<3, • v[3,  •  

(I,11v11,t) 
(3,~ I Vl3,1~ 
( 3 , - 3 1  v 13,-3} 
(1 , t  I vI3 ,1}  
( 1 , 1 I r i s , -  3) 
(3,11 v13 , -  s) 

0 
0 
0 

1 

3/5 
2/5 
0 

- V6/5 
0 
0 

2/~ 
8/5 

-4/5 

0 

1 
1 
1 

0 
0 
0 

s/5 
2/5 
4/5 

2/5 
3/5 
1 

1/~-/5 
0 
0 

0 
0 
0 

0 

0 
0 
0 
0 

-~/2 /V5 
- V 3 / V 5  

Notation: T (L, ML, S, Ms) is abbreviated as I L, M} 
1 

[L, • M} stands f o r ~  (1 L, M} + I L , -  M}) 

l 
I L, v ~ }  stands f o r ~  (I L, M} - I L, - M}) 

Elements not listed, excluding (L, - M ]  V I L', - M'} = (L, 3/  I V] L', M')~, 
are zero. 

The coefficients of~he B~ species have the same maguitudes but opposite signs to those of 
~he B 1 species. 
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