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The vertical ionization potentials of bis(~--allyl)nickel (see (1) in Fig. 1) are 
calculated by means of the Green's function approach within a semiempirical 
INDO extension to the first transition metal series. The computed ionization 
potentials are in good agreement with an experimentally deduced assignment. 
In contrast to earlier theoretical and experimental studies, the 7au(~-) level is 
predicted on top of the levels corresponding to the Ni 3d orbitals. Our 
approach leads to a complete assignment of the PE spectrum of (1) in the outer 
valence region. 

Key words: INDO calculations - relaxation and correlation contributions. 

1. Introduction 

Discussing the photoelectron (PE) spectra of metalorganic compounds in the 
valence region, bis(Tr-allyl)nickel (1) has become an often quoted example for 
large Koopmans'  defects [3]. Since its first publication in 1972 [4], the PE 
spectrum of (1) has been the subject of controversial discussion and several 
divergent assignments have been put forward [5]. A comparison between the PE 
spectrum of (1) and the spectra of the various methyl derivatives on one side [6] 
and the spectra of the Ni, Pd and Pt bisallyl systems on the other [7] has lead to a 
consistent assignment except for the first bandsystem. On the basis of alkyl shifts 
and arguments from perturbation theory, it was concluded that the first transitions 
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are due to ionization events from Ni 3d orbitals (13ag, 12ag, 5b~, l la~) closely 
followed by the ionization from the 7a, orbital [6]. Correlation within the 
bis(~r-allyl) series of Ni, Pd and Pt as well as results of ASCF and transition 
operator (TO) calculations within an INDO extension [8] to the first transition 
metal series has lead to the sequence 7a~ on top of 13a~, 12a~, 5b~ and 1 la~ [7]. 
For a further investigation of the relaxation and correlation contributions to the 
ionization energies of metalorganic compounds we have applied the Green's 
function technique [9, 10] to bis(~r-allyl)nickel. This approach, based on many 
body perturbation theory, has been successfully used in recent years to calculate 
vertical ionization potentials of small and medium sized molecules of the complete 
first [11] and second period [12] within the computational framework of an ab 
initio Hamiltonian. Although the accuracy and sophistication of the ab initio 
calculations mentioned exceeds the capacity of a semiempirical approach, we feel 
that our INDO model combined with the Green's function formalism is a useful 
tool for the determination of ionization energies in those molecules where the 
application of accurate ab initio methods (Hartree-Fock Limit) is not possible at 
present. 

2. Calculations 

To calculate ionization potentials beyond Koopmans' approximation [13] via the 
one particle Green's function approach we have to determine those to values for 
which the matrix of the inverse Dyson equation (1) has eigenvalues equal to zero 
[14]. 

O -1 = (G~ -1 - ,Y-(to) = to[ - e - Y.(to). (1) 

In (1) G is the matrix of the Green's function, while G O is the matrix of the free 
Green's function associated with the set of canonical Hartree-Fock (HF) orbitals 
with orbital energies e. I symbolizes the unit matrix of proper size. The expression 
E(to) is the self-energy part which can be expanded in different orders of 
perturbation as indicated in (2): 

~(to) = E~l)(to)+Z~2)(to)+... +,~jn)(to), n =oo. (2) 

If canonical HF orbitals are used as a starting point the first order correction 
E~l)(to) vanishes [10, 15]. To compute the energy parameter to we have introduced 
approximations used in most semiempirical Green's function approaches [!6]. 
Thus E(to) is developed up to second order, assumed to be diagonal [17] and a 
Taylor series expansion about the Koopmans' pole is performed [18]. The 
detailed expressions of the matrix elements of Ej2)(toj) within the INDO formalism 
for 3d elements are derived in the Appendix. The semiempirical MO calculation 
with a recently developed INDO extension to the first transition metal series 
[8] was performed by using the experimentally determined geometry of 
bis(~'-methallyl)nickel [19]. In the expansion of the self-energy part '19 hole- 
states and 7 particle-states were considered. 
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3. Results 

The measured PE spectrum of (1) is shown in Fig. 1 [6]. The calculated ionization 
potentials together with the assignment of the PE bands are given in Table 1. 
According to our calculation the first ionization event is due to the ejection of 
electrons from the 7a,(~-) orbital, a purely ligand MO. The following four 
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Fig. 1. He(I) PE spectrum of bis(~r-allyl)nickel (1) [6] 

Table 1. Comparison between the experimentally determined vertical ionization potentials, 
I~,,~/p, of bis(~r-aUyl)-nickel (1) and the calculated ones, assuming the validity of Koopmans' 

K K (2) theorem, Iv, i, and using the inverse Dyson equation (Iv.i+Z# (~oi)). All values in eV. 
(L = allyl ligand) 

Band F i MO-type I K. K (2) exp o,I Iv,j +Eij (OJj) Iv.j 

(I) 7a~ a2(lr)L 9.12 8.75 7.76 

f l3ag  Ni 3dyz, bl('n')L 11.15 8.91] 
(~) ~ 5bg Ni 3dxy 12.48 9.19~ 8.19 

| 12ag Ni 3dz 2 12.44 9 .21 |  
(~) ( l l a g  Ni 3dx2_y 2 12.51 9.47,1 8.58 

@ 6bg Ni 3dxz, az(cr)L 11.04 10.07 9.40 

(~) l l b ,  bl(Tr)L 11.42 10.88 10.38 

(~) 9ag bl('rr)L , Ni 3dyz 14.44 12.16 11.55 

6a~ CCtr L 13.92 13.02] 
10ag CCO'L 14.27 13.05~ 

(~) 10b. CCcrL 14.09 13.09|  12.70 
4bg CCCrL 14.41 13.25) 

3bg CHo" L 16.87 15.43 \ 14.20 
(~) ( 5au CHO'L 16.76 15.65 J 

f 9 b ,  CH~rL 18.43 16.96\ 15.60 
(~ ( 8ag CHo" L 19.06 17.18J 
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ionization processes are predicted to arise from the MO's 13ag, 5bg, 12ag and 
11 ag. All four are mainly localized at the metal. The calculated difference between 
the centers of gravity of the first ionization potential and the four ionization events 
from the Ni 3d functions amounts to 0.35 eV. This value is in good agreement 
with the experimental separation of 0.43 eV. The ionization potential of 6bg is 
predicted at 10.07 eV. The calculated energy difference between bands (~), O and 
band (~) amounts to 0.60 eV. This result is close to the observed separation 
(0.82 eV). 

Bands (~) and (~) are predicted to result from ionizations out of the two remaining 
ligand zr-orbitals l lbu and 9ag (strong Ni 3d participation). Due to the larger 
reorganization predicted for the ionization out of 9ag the corresponding band is 
significantly separated from the four tr combinations lOag, 10bu, 6a, and 4bg, as 
compared with a prediction based on the orbital energies of the ground state. The 
calculated Koopmans' defect of 9ag (2.29 eV) is found to be 1 eV smaller than the 
corresponding corrections of the strongly localized MO's 13ag, 5bg, 12ag and 
1 lag. Also the separation of the remaining PE bands is reproduced satisfactorily 
by the present approach. A pictorial representation of the calculated Koopmans' 
defects is given in Fig. 2. The standard deviation between the measured ionization 
potentials and the calculated values for the first 12 ionization events of (1) 
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Fig. 2. Comparison between the first bands in the PE spectrum of (1) (EXP) with the calculated 
ionization potentials assuming the validity of Koopmans' theorem (KT) and using the inverse Dyson 
equation (KT + E2). 
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amounts to 0.08 eV with a regression coefficient of 0.9989. The linear relation 
r e a l  between the calculated . . . .  i, and the experimental, -~,lrexP, values is given by (3). 

cal / - e x p  o,j = 1.56+0.91x_~,~. (3) 

The limitation to 19 hole-states explains why the extension to all ionization 
potentials in the outer valence region is not so good. For all 16 ionization events 
one calculates a standard deviation of 0.30 eV and a regression coefficient of 
0.9939. The linear relation between r TM and Texp - , , , j  - v , j  follows: 

-cal - " X T e a l  v,j = 0.33 + 1.o4 l~,j. (4) 

4. Conclusions 

The results presented confirm an earlier assignment based partly on correlation 
techniques in the series of selected bis(Tr-allyl) complexes of Ni, Pd and Pt and 
partly on calculationprocedures taking into account relaxation contributions only 
[7]. Within our semiempirical INDO Hamiltonian the calculated Koopmans' 
defects amount up to 3.3 eV in the case of strongly localized MO's. If the wave 
function is delocalized by about equal amounts on the metal and the ligands, the 
corresponding deviations in the ionization potentials are calculated to be about 
2.2 eV. Typical Koopmans' defects of ligand MO's span a range of 0.5-1.0 eV. As 
a result of this large variation of the Koopmans' defects the orbital energies in the 
electronic ground state differ drastically from the measured ionization potentials. 

The main advantage of the simplified Green's function approach in comparison 
with relaxation techniques (ASCF, TO) is that the wave functions and orbital 
energies of the ground state are used in the computational procedure. Thus, 
inherent convergence problems of the 2~SCF [20] and TO method [21] can be 
avoided. 
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Appendix 

The diagonal-elements of the self-energy part are given to second order by (5): 

(2) - -  ( 2  V j a i b  - -  V j b i a  ) V j a i b  ~. (o~j)-ZZZ 
i a b O ) j - ' [ - I ? , i - - E a - - , F , b  

. . . .  i r  v i  . . . . . . . .  i r  ( 5 )  

EEZ=E ZE+E Z E. 
i a b i a b a b j 

The interaction integrals Vqkl are defined as follows: 

V,k, = (i(1)j(1)ll[k(2)l  (2)) (6) 
/'12 
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To compute Vqk~ one has to perform the four-index transformation (7) from the 
AO-basis  a, fl, 3,, 6 to the MO-basis i, j, k, l. 

Vim = ~ ~ ~, ~ c~,cjackvcts(o~(1)13(1)llly(2)8(2)). (7) 
a B v a r 1 2  

Under the zero differential overlap (ZDO) approximation of the CNDO formal- 
ism [22] Eq. (7) is simplified to (8). 

vC ,Do ill ,ikl = Z Y. C,,,Ci~,CkvC,~,(a (1)a (1) y(2)y(2)). (8) 
a v r 1 2  

Within the INDO model [22] all one-center exchange-integrals have to be added 
in a rotationaIly invariant manner to the C N D O  expression. For a s, p, d basis the 
following formulas were derived for the various exchange-integrals K ' ~  [23]: 

K',p = G~ p (9) 

K~,p, = 3F~ p (I0) 

K '~a = O ~a 2 (11) 

K~d = 2G~ d + 21G~ d (12) 

Kid' = 2.5F~ a + 22.5F4 dd (13) 

In (9)-(13) the G- and F-integrals correspond to the well-known Slater-Condon- 
parameters [24]. The transformation within the INDO approximation is then 
given by Eq. (14), where the A O  indices o~, y and s belong to a common atom A. 

vINDO vCNDO [ ~ ] i]kl = ijkl "~- (CiotC]s q- CisC]ot)(CkaCls + CksCla ) X OSl p 
L ~ E p  

7#a 

+ [ Z (CiaC# + CisC]a)(CkaCls + CksCla)] X G sd2 
oted 

q-[~ ~ (CiaCiV-t-Ci.vC]a)(CkaClv +CkvCla)] x (2GPd + 21G~ d) ** 
7#ot 

+[ ~ ~ (CiaC]a,+Ci'vCia)(CkaCl'v'+'Ck3,Cla)JX(2.SF dd +22 .5F~  a) * * *  

7 # a  

* a ~ p  y ~ p  

** a e p  y e d  a, y, s e A  (14) 
*** 

a ~ d  y ~ d  
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