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A theoretical framework for intramolecular electron or hole migration is 
developed starting from the convenient canonical molecular orbitals of an 
ordinary Har t ree -Fock  (HF) calculation. The necessary unitary transforma- 
tions from the canonical MO basis via localized orbitals to a transfer Fockian 
are presented. A simple procedure for the consideration of relaxation and 
correlation effects during the time evolution is developed. Computational 
results for the hole migration between different metal 3d electron-hole pairs 
in bis(Tr-pentadienyl)dinickel (1) are discussed. The contribution of the direct 
transfer channel as well as the participation of ligand ~r and o- channels in 
the various propagation processes are analyzed. 
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1. Introduction 

Intramolecular electron transfer events have been the subject of various experi- 
mental investigations and have been studied in bridged aromatic radicals [1, 2], 
in conducting organic polymers [3] as well as in polynuclear transition metal 
compounds. The most important  examples in the organometallic field are mixed 
valence species [4-7], biochemical systems with transition metal centers as active 
sites (e.g. cytochromes) [8-10] and the transition metal derivatives that are able 
to convert light energy photochemically into chemical energy [11, 12]. Quantum- 
chemical procedures starting from first principles for the time evolution of the 
electron transfer processes are sparse. 
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In this contribution we try to develop a theoretical framework for the time 
evolution of electron (hole) propagation in dimeric transition metal compounds 
starting from convenient Hartree-Fock (HF) orbitals as one-particle basis; the 
extension to other molecular arrangements is straightforward. The analysis is 
restricted to the purely electronical aspects, vibrational coupling is not considered 
in this investigation. 

A detailed analysis based on time-dependent Perturbation theory is given for 
the binuclear 3d complex bis(~'-pentadienyl)dinickel (1) [13], a molecule clear 
enough that the various factors determining the transport properties can be 
discriminated in detail. The NiNi separation (2.59 ~) [14] lies in a range where 
the electron or hole propagation between the two 3 d centers should be influenced 
both by the direct coupling and by the ensemble of available ligand transfer 
channels. 

3 5 

Ni 2 2 3 7 

X 1 4 6 

1 X Y  view 

An investigation of the transport mechanisms in 1 seems of large interest in 
consideration of the recent effort to understand the catalytic and conducting 
properties of polynuclear organometallics [15]. 

The theoretical analysis is divided into different sections. In the following chapter 
the fundamental equations and the necessary theoretical limitations are presen- 
ted. Additionally current models for intramolecular electron (hole) propagation 
are reviewed. In 3 the master equations for a hole transport in a dimeric system 
are derived. The transformation steps connecting the diagonal canonical 
molecular orbitals of an ordinary HF-ansatz with one-electron functions of a 
transport-type Hamiltonian are discussed in the fourth part. Refinements of the 
theory allowing the simulation of various conditions for the electron (hole) 
propagation are explained in the subsequent paragraph. In Sects. 6-8 the theor- 
etical procedure is applied to bis(,rr-pentadienyl)dinickel. 

Computational framework for the HF calculations and the subsequent time- 
dependent perturbational steps is a recently developed INDO-Hamiltonian [16] 
for transition metal compounds designed to reproduce ab initio results of double- 
zeta quality. 

The theoretical and computational limitations presented in the following sections 
prevent the calculation of intramolecular transfer rates with an accuracy and a 
degree of sophistication that allows a direct comparison with experimentally 
derived quantities. Nevertheless we feel that our model studies give insight into 
the coupling mechanisms and interaction types between molecular fragments. 
Furthermore this is the first time-dependent approach starting from the con- 
venient canonical MOs and therefore allows the introduction of the well known 
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static (time-independent) pictures of "through space" and "through bond" 
interaction [17]. 

2. Fundamental Equations and Review of Current Theoretical Approaches 

The full Hamiltonian weakly coupled to a thermostat (e.g. low-frequency acous- 
tical vibrations of the molecule or black body radiation) is given in Eq. (1) 

H =H~,+Hv+HeI_v+HvT+HT. (1) 

The individual components of H are defined by means of creation and destruction 
operators expressed in the representation of secondary quantization; a~ and ai 
are associated to the ith one-electron state while b~- and b, represent the 
creation-annihilation pair of the I th molecular vibration. 

HT is the Hamiltonian of the thermostat and HvT the Hamiltonian of the 
interaction molecule-thermostat. HT and HvT are responsible for energy dis- 
sipation during the transfer process and are not considered in the present 
investigation. 

Hv symbolizes the vibrational Hamiltonian and H~_v stands for the coupling 
between the one-electron states i and the molecular vibration I (electron-phonon 
interaction of the Fr6hlich type) [18]. 

H~ = E h,,,z(Z,;bi +~) (2) 
I 

Hel-v = E X gizh~oza~fa,(b~ + b, ) .  (3) 
i i 

The influence of Hv and He~_v upon electron transfer phenomena depends on 
the relative timescale of the transfer process. If the electronical relaxation is 
faster than 10 -14 sec (the shortest vibrational period in organic and organometal- 
lic systems) the probability of electron (hole) propagation is independent of Hv 
and Hel-v. On the other hand dissipation times of instationary electron (hole) 
states exceeding this limit are strongly coupled to vibronic motions. The influence 
of Hv and Hel_v on electronic transfer events is not studied quantitatively in the 
present approach. 

The electronic Hamiltonian H~ is defined in (4): 

/-/el = E ~ hifl ~f aj + �89 • E E E V,,~kla ~ a 7 akal (4) 
i j  i i k l  

h 0 stands for the one-electron contribution in He~ and V0k~ symbolizes the 
two-electron part; both quantities are defined in (5) and (6) where {~i} is any 
complete set of one-electron functions (orbitals) 

h,j = (ms (1)1- �89 2 + h [~i(1)) (5) 

V~,k, = (~,(1)~,(2) I r~21 ~k (1)~v,(2)) . (6) 



458 M.C. B6hm 

Making use of the M011er-Plesset theorem [19] (4) can be rearranged into (7) 
where the twofold summation i, j' corresponds to the Har t ree-Fock  (HF) operator  
F a ~  in the AO representation ({~i} symbolizes the AO basis) 

H~l = ~, Y. [ hq + vq]a~ aj - Y. Y~ vqa+aj 
i j  i j  

+ ~ Z Z Y~ Z Viikta~aTakat (7) 
i j k l  

occ 

!Dij ~- E (Villi--Viuj) ( 8 )  
1=1 

FAO = s Z [hij + vii]a+a,. (9) 
i j 

Diagonalization of F A~ results in the stationary delocalized canonical molecular 
orbitals (CMOs) where {M} represents the CMO basis 

F cM~ = Y~ + (10) 8iai ai, 
i 

//el therefore can be expressed by means of (11) and (12): 

H E r C M O  + 1 ~, V + + 
el = 2 t '  2 / , Z . ~  Vijklai ai akal  

i j k l  

H~l = H~ + H ~  B 

H ~ = F cM~ 

(11) 

(12) 

(13) 

H M B  = 1 + + el Y~,L~,  Vqklai aj akal. (14) 
i j k l  

H MB el goes beyond the quasiparticle picture of F cM~ taking into account many 
body interactions. The groundstate associated to F cM~ is symbolized by [&o), 
the exact groundstate is given by 100). The groundstate determinant I~bo) can be 
formulated by means of any set of one-electron states {~i} or {Ai} (CMOs) and 
does not depend on a concrete set of orbitals 

[4'0) = (N!) lnl~1(1),p2(2) �9 �9 �9 ~N(N)[ (15) 

14'o) = (N!)-I/a[AI(1)Aa(2) " ' "  AN(N)[. (16) 

The molecular system determined by ]4~o) ((15) or (16)) is completely described 
by the Hilbert space L12v mounted on any set of one-electron functions [20]. 

To study the t ime-dependency of electron or hole propagation one has to solve 
one of the Eqs. (17 )-(19) with a properly chosen instationary, non-diagonal basis: 

F[~bo(t)) = ih-~lq)o(t)) (17) 

He,[4*0(t)) = ih~lOo(t)) (18) 
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h 
He~,el-vlOo(t))[I) = ih~tlOo(t))[I) (19) 

Hel,el-v =/-/el + Hv + Hel-v. (20) 

Our investigations predominantly concern the time evolution formulated in (17) 
and (18). As the canonical MOs are no suitable choice for (17) or (18) the 
theoretical key step lies in the development of a unitary matrix M transforming 
the {&} set into a MO basis for a non-diagonal transport-type Fockian. If we 
are interested in the electron (hole) propagation from one localized, instationary 
state pi to a second localized, instationary state & in the time period At, the 
following expressions for the HF determinant I~b0(t)) and for the Hilbert space 
L~(t) represent the suitable choice for time-dependent perturbation theory 

[~bo(t)) = A{p~(1, t)&(2, t)yl(3) �9 �9 ' T(N-2)(N)} (21) 

L~(t) = L~(t) + Li(t) +L] u-z) (22) 

A is the antisymmetrization operator and y represents a time-independent 
stationary one-electron basis belonging to a ( N - 2 )  dimensional subspace. Le(t) 
and Li(t) symbolize the time-dependent Hilbert spaces mounted to the evoluting 
states pi(t) and pi(t) while L~ N-z) is connected to the ( N - 2 )  time-independent 
one-particle functions Yk (messenger or transmitter orbitals). 

None of the existing intramolecular electron (hole) transport theories is designed 
from first principles (e.g. HF SCF level) leading to an orbital representation 
suitable for the time evolution according to (21) and the Hilbert space relation 
(22). Current transfer theories can be classified into three categories (I, II, 
and III). 

(I) The phenomenological tunnel electron transfer (TET) concept is based on 
the quasiclassical electron motion between two potential wells and has been 
developed for biological systems [8, 21]. In actual calculations the model para- 
meters of the TET procedure are not calculated theoretically but they are 
determined by trial and error procedures to fit experimental data [21]. 

(II) Theoretical methods belonging to class II for the intramolecular electron 
(hole) transport are purely vibrational approaches where the electronic tunnel 
integral enters the working equations only parametrically as constant factor. 
These concepts have their origin in the classical F6rster-Dexter equations [22] 
or are adopted from intermolecular transport theories [23-26]. The common 
drawback of the vibrational theories lies in the fact that they give no insight into 
electronical changes during the transfer process. They can be applied only in 
the time interval > 10-13-10 -14 sec where the electron (hole) migration is strongly 
influenced by Hv and Hel_v [27, 28]. 

(III) The third class of intramolecular electron transfer theories is based on the 
non-diagonal transport-type Hubbard-Hamiltonian [29] Eq. (23) with on-site 
Coulomb integrals y~ and inter-site one-electron coupling elements/3ij 

t~ 
HHu = Z 52 52 ~ i i ( a  i+aio . + a [ a i o - )  + 52 "yinio~nit3 (23) 

cr=c~ i i i 
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+ 

n i a  : a io ta io  t 

q- 
nu3 = a ioait3 (24) 

o- = spin variable a or ft. 

The Hubbard operator has been used in theoretical transfer studies in simple 
model systems [30]. 

The analytical structure of HHu provides a suitable choice for a transport Fockian 
developed from the HF SCF level avoiding the approximative character of the 
Hubbard Hamiltonian. 

Eqs. (10), (21), (22), and (23) suggest the following structure of the desired 
Fockian FHT: 

j o c c  
FHT Z + ~- + 

= t~iai a iq-  6 k a k a k  
i = i  k = l  

j o cc  

+ • Y~ (eika+ak +ekia~ai). (25) 
i = i  k = l  

k ~ i  

In (25) it is assumed that the hole propagation takes place between the ith and 
/'th (donor state) localized instationary states, e.g. in the case of the Ni complex 
1: electron (hole) transfer between the transition metal centers. 

A matrix representation of F IaT is displayed below. 

i i 

FHT 

Scheme 1 

i and j are the MO indices for the two localized one-electron functions Pi and 
pj that take part in the transfer process. The diagonal elements ei and Ej are 
associated to the localized domains; ek(k ~ i, ]) represent one-electron energies 
of the remaining ( N - 2 )  orbitals. Each electron in the k set experiences the 
potential of ( N - 3 )  electrons due to the ordinary HF averaging procedure and 
due to the decoupling of pi and &. The life-times within the ( N -  2) dimensional 
Yk subset of course is infinite. The interaction between PilPj and Yk is given by 
means of the cross-elements eidejk; eli obviously describes the direct coupling 
between the electron-hole pair. If a unitary transformation between (10) and 
(25) can be formulated, ei, ek and elk contain kinetic energy, electron-core and 



Intramolecular Electron-Hole Transfer 461 

averaged electron-electron interaction within the HF picture and the coupling 
between the one-electron states is not of the phenomenological Hubbard type 
but related to standard LCAO procedures. Simplified versions of (25) have been 
formulated by various authors [31-33]. 

It is now straightforward to formulate the basis equations for time-dependent 
perturbation theory if once F cM~ has been transformed into F HT 

F H T  = F H T  HT 
+ FND (26) 

j o c t  

F HT Y + + 2 + (27) = e i a  i a i  g k a  k a k  
i=i  k = l  

k ~ i , j  

j occ  
H T  + 

FND 2 3~ (28) ( E i k a i  a k  + + = e k ia  k a i  ). 
i=i k = l  

k ~ i  

The time-independent determinantal wave function derived from (21) is given 
by (29) with the mixed {pi, 3"k} MO basis. 

160) HT= (N!) 1 / 2 1 o , ( 1 ) o j ( 2 ) 3 ' 1 ( 3 )  �9 �9 �9 3 " ( N - 2 ~ ( N ) I .  (29) 

In the following {p~, 3'k} are collected into a common symbol {3@ By means of 
the Dirac variation of constants [34] the time-dependent wave function developed 
from the {3'i} basis is obtained by the expansion (30) where the coefficients a~(t) 
have to be determined via Eq. (31) 

3"k (t) = E a,(t)3,, (30) 
i 

(FDHT HT +FND)]3"k(t))=ih [3"k(t)) k = 1 , 2  . . . . .  N. (31) 

The a~(t) amplitudes are related to the time-independent a~(0) set (t = 0) due to 
the evolution operator U [35 ,  36] 

a;(t) = Z Uqai(0). (32) 
J 

The probability for finding the initially prepared electron (hole) state in 3,;(= p;) 
at the time t is given in (33) 

Pc(t) = ]ai(t)] 2 (33) 
+ 

Pi(t)=a[ (t)a;(t)= (~ Uqa,(O)) (~ U~kak(O)) 

= 2 I Uq I2Pj(O) + }~ Y U~ U~ka[ (O)ak (0). (34) 
j j k 

In the framework of the random approximation (RPA) Pe(t) is given by the 
simplified expression (35) 

P,(t) = Y. I uql2Pj(0). (35) 
J 
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The probability of electron (hole) propagation within the one-electron pair &, pi 
therefore is given by (36) 

&j(t )  = I U~i] 2. (36) 

The investigation of the time evolution of (25)/(26) with the Hilbert relation 
(22) is traced back to the determination of Uii for the instationary electron-hole 
pair pi[&. 

3. The Time Evolution of the Transport Type Fockian F HT 

According to Eq. (26) for F HT the product-form (37) is used for the evolution 
operator 

U = Up" UND. (37) 

Up is associated to the diagonal Fockian FD HT and UND corresponds to the 
HT perturbational operator FND. UND is developed in the interaction represent- 

ation [36] by means of Eq. (38) forming the basis equation of time-dependent 
perturbation theory [35] 

oo �9 n t , t '  t ' ( n - - 1 )  

UND = -- dt  dt '  �9 �9 �9 
n 0 aO 

• ( t ) . T  �9 FNt~ (t') (if(n-i)). �9 �9 �9 FND (38) 
HT FND (t) is determined by means of the transformation (39), 

F ~  (t) = r r+ ~'HT r r ~D" ND~D = exp ( i F r ~ T t l h ) F ~  exp (-iF~Tt[h) (39) 

Uo = exp ( iF~Tt lh ) .  (40) 

The matrix element Uij in the one-electron basis (29) is given in (41) 

(p,] UI& ) = exp ( - i e i t l h  )(& ] UNDIPj). (41) 

The probability of electron (hole) propagation between pi[oj therefore is deter- 
mined by (42) 

S6(  t) = ](Pi[ U N D I P / ) [  2 .  (42) 

To solve (38) one has to evaluate the matrix elements of F ~ ,  (t) in the interaction 
representation in analogy to the U~j elements (Eq. (41)) 

. H T  (pi[VI~ T ( t)lp j) = exp (lto,jt)(pilFND ]gJ)" (43) 

t0ii is the Bohr frequency between the ith and j th  diagonal element of FD HT 

r = (el - ej)lh. (44) 

In the case of the electron (hole) propagation UND(0) satisfies the (initial) 
condition UND(0) = 0 due to the preparation of the electron (hole) state in p~ at 
t = 0 .  
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The probability of hole propagation is related to the iterative expansion of Eq. 
(38); up to second order the following relation for (Oil UNDIOj) is observed 

t 

(PiIUND [pj) --'= ( ih)  -1 fo dt e x p  (itoijt)e~ i 

- -~ ~ c dt dt' exp (iwM) exp (iWkg)eikejk. (45) 
k = l  
k~i,i 

The restriction of the indices (j, k) is a result of the choice of the one-electron 
basis according to Eq. (29); the direct transfer channel is given by the first 
expression of (45), the k indirect propagation paths are determined by the second 
summation. According to the theoretical framework of R. Hoffmann and co- 
workers the coupling via eii is called "through space" interaction [17] while the 
second order contributions with cross products eikeki corresponds to the "through 
bond"  interaction [17]. In the case of intramolecular electron (hole) propagation 
therefore the first order contribution to (45) can be assigned to a " through 
space" transfer channel while the indirect channels can be classified as " through 
bond"  transfer. 

The precise analytical form of the probability of hole propagation Sij(t) depends 
on possible resonance conditions between the one-electron states. In Fig. 1 the 
various possibilities are displayed. In A &, & as well as the messenger states(s) yk 
are degenerate, in B only the evoluting states have a vanishing Bohr frequency. 
In C and D a resonance condition between Yk and one of the t ime-dependent  
states (pi or &) is encountered while resonance conditions are absent in E. 

The direct contribution to the probability of hole propagation in the case of a 
degeneracy between pi and & is given in (46) and (47) 

-(1 L (Pi[ UNDIPi)RC = (ih)-leiit (46) 

. ,(1~ e2.t2 (47) Sii(t)RC = 

RC = resonance condition. 

In the case of the indirect second order channels A and B must be distinguished. 
r are defined in (48) The transfer quantities <PiluNDIP,>Rc, Rc and -ij 

and (49) 

(Pi[ (2) 1 [ 1 \2 2 
UND[&)RC,RC = ~ k ~ )  eikekit (48) 

~__ ( lx~ 4 
(2) 2 2 . 4  (49) Si] (t)RC,RC = 4 k h /  e ik,~ kj[ . 

The second index in (48) and (49) remembers to the resonance condition (RC) 
for the direct coupling. The expressions for case B are determined by means 
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Fig. 1. Various possibilities for resonance conditions between the instationary, localized electron-hole 
pair Pi/Pi and the diagonalized orbitals Yk coupled to Pi and & 

of (50)-(52). 

U (2~ 1 2 1 

x (50) 

( r e s o n a n c e  b e t w e e n  el a n d  e i) 
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U (2) 

• I t - ( i ~ . k  ) exp(ioJikt)+(i~ik) ] (51) 

(2) = eikekjt~Oki) If + 2  ~ &(t)NRc,~c ~ 

x [1 - cos (~oM) - (~Ojk)t �9 sin (~ojkt)]} (52) 

N R C  = non resonance condition. 

Eqs. (47), (48) and (52) can be combined to the net probability of electron (hole) 
propagation (53) with a resonant direct transfer channel and resonant and non 
resonant indirect transfer paths 

- S ~t ~(1) (2) (2) Sq(t)tot,RC(1) -- ii~ JRC + Sq(t)RC,RC + &i(t)NRC,RC. (53) 

The first order quantities for the non resonant condition are defined in (54) 
and (55) 

(1) (h~]/) Lexp (iwvt)- 1] (54) 

Sij(t)NRC 8 2  [ 2 -- 2 COS (09iit)]. ( 5 5 )  

S Q~(1) In contrast to ij~ JRC here the well-known oscillatory behaviour of the time- 
dependent  perturbation theory is encountered [35-37]. 

In (56)-(58) the second order transfer quantities for ei = ek and ej ~ ek are derived; 
for D the indices i and ] must be exchanged 

U (2) 1 2 t 
<Pi[ NDII0 i>RC,NRC=(7~)E ikE ik  L dt' exp(iwikt')t' (56) 

(2) eikeki[(iOJikt) exp (iwikt) --exp (iwM) + 1] (57) 

(2) 2 2 2 
S V (t) RC,NRC = 8]ke ki{(O.)jkt) 

+ 211 - c o s  (wjkt)- (to M) sin (tojkt)]}. (58) 
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In the case of the non resonating transfer channel the element (i,/') of the 
evolution operator is expressed via Eq. (59) 

U (2~ 1 2 1 

The probability of electron (hole) propagation for the NRC, NRC process is 
given in (60) 

t (2) [1\4[ 1 \ 2  2 2 [ 1 2 
Sil( ) N R C ' N R C ~ ' ~ )  ~ k / )  8ikSkil(~iii) [2--2COS(w/)] 

+ (w~7.k)(2-2 cos (Wikt)]--(1----1(1-~-)[2--2COS\ooii/\oJi# (O~M) 

- 2 cos (wig) + 2 cos (oJkjt)]}. (60) 

(60) can be rearranged into (61) where the cos-functions with the same Bohr 
frequencies (~oii, OJjk and OJki) are grouped together 

S gt,(2, / 1 \ 2 /  1 '~2 2 2 [ (1  w/i] 
ijk ]NRC,NRC-- ~ )  ~k~ /~ )  eikekjl tOik/ 

2 cos (to,it)](wii)-2+ ~ [ 2 -  2 cos (wM)](oojk) -2 x [2 I 

((-Ok/) 2 ~ } 
4 ( ~ k ~ [ z - 2  cos (Wkit)](OOki) -2 . (61) 

Using the 6(e) representation (62) for the trigonometric expressions, (60) can 
be modified into Eq. (63) 

/,2 
6(e) =2-- -~  [ 2 - 2  cos (et)](he) -2 (62) 

2r / 1 \ 2 2 r /  wi~\ 
c rt~(2) ----7-t~--~]elkeki[~l----  ] �9 6(hwii ) oijk /NRC,NRC- /q, \OJki n /  L\ (-Ojk*' 

2 
( o r e )  o , ~_ ,-[ + 6(hooik)+z ~ {oLnoJki)l. (63) 

~O)ji ) ~COjk ) a 

A relation similar to (61) already has been derived by Ratner and Ondrechen [33]. 

The complete set of transfer channels for ei # ei is summarized in Eq. (64) 

, Sii(t)NRc+Sij(t)RC,NRc+Sij(t)RC,NRC+&j(t)NRC,NRC (64) Sij(t)tot  NRC(1) ~-~ (1) (2) (2) (2) 

(ek = e 3  (ek = ei). 
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The explanation of the various increments in (64) is straightforward; the first 
term stands for the direct coupling under non resonant propagation conditions, 
the second and third correspond to resonance between Yk and O~[Pj while the last 
element refers to non resonant conditions between P~[OJ and the transmitter 
set Yk. 

4. The Transformation of the Canonical Fock Matrix into a Hubbard-Type 
Transport Fockian 

For the unitary transformation between the CMO representation (10) and the 
HF representation (25) it is assumed that a closed shell HF determinant with 
paired spins is given. We furthermore assume that reorganization effects in the 
vicinity of the localized hole-state Oi can be neglected, an approximation similar 
to Koopmans'  theorem [38] in the field of photoelectron spectroscopy. 
Refinements of this independent electron model due to relaxation and correlation 
are introduced in the next section. The advantage of the present approach lies 
in the fact that the closed shell orbitals can be used in the transformation steps. 
Additionally the capability of the virtual MO space as transmitter set is neglected. 

The intended reformulation of the HF problem from Eq. (10) into (25) can be 
achieved by a series of transformations properly modified from a thematically 
related approach developed by Heilbronner and Schmelzer [39]. 

In the first step the canonical molecular orbitals {Ai} associated to F cM~ are 
transformed into a set of localized orbitals {01, P2 " " " ON} and to the Fock operator  
F LM~ which is a full matrix (65). Possible choices for the transformation matrix 
L connecting {A~} with {0~} are discussed below; often this selection is by no 
means trivial 

occ occ occ 

F Z + + E Z + =- Ejiaj  a i )  eia i ai (ei]a i ai + § 
i i#-] 

(the associated one-particle basis {0i}) 

(65) 

LA = p (66) 

F LM~ = LFCM~ T. (67) 

Within the LMO representation pi and pj with their associated diagonal Lagrange 
multiplicators have the desired properties of the time-evoluting electron-hole 
pair. Decoupling of pi and Pi from F LM~ results in the decoupled Fockian (68) 
schematically displayed in Scheme 2. The off-diagonal elements in row and 
column i,/" are set equal to zero. 

FLMO 
i occ occ occ 

(/ , / ' )DEC = ~ eiai+ai -t- Z eka+k ak + ~ 
i=i k = l  k = l  1=1 

k~i, j  l~k  
kr162 

-- § 
(ek lakal  (68) "}- Elkal  ak).  
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FLMO 
(i,i) d e c  

Scheme 2 

E'LMO is just the "negative" of the eij distribution The off-diagonal pattern of , -  (i,j)DEC 

in F HT. To determine F HT the Fockian (68) is diagonalized. The eigenvectors 
F LMo Of (/ ,/)DEC, Dii, transform the localized MO set {pi} into the mixed one-particle 

representation {y~} (Eq. 69) and F uT is obtained via the matrix transformation 
(70) 

3' = Dijp (69) 
F HT = N ][~LMOI~T ui  i -  u/j. (70) 

Eqs. (67) and (70) can be unified in (71) leading to the transformation matrix 
M connecting the diagonal CMO basis with the mixed one-electron basis of F HT 

F u T  1[~ [ l~CMOl~T] l~  T = uij . . . .  ~j (71) 

M = D~jL (72) 

F m" = MFCM~ (73) 

The design of various other choices for the one-electron bases, the mounted 
Hilbert spaces and the necessary transformations is explained in Appendix A. 

The technical important step for the construction of F ur consists in the determi- 
nation of the transformation matrix L. Only in a narrow class of molecules this 
transformation can be performed by means of intrinsic localization routines [40] 
that only depend on the selected HF SCF basis. Intrinsic localization procedures 
have been developed by various authors [41-43]. In the case of the Edmiston- 
Ruedenberg algorithm [41] e.g. the self-energy integrals (74) are maximized 

I E pi(1)pi(2 pi(1)pi(2 = m a x i m u m .  (74) 
i=1 

Intrinsic localization routines cannot be applied in molecules with lone-pair 
combinations, localized metal d orbitals and moieties with an uneven number 
of AOs. As the Fockian of dimension N is identified by N ( N  - 1)/2 independent 
parameters (N parameters satisfy the energy spectrum, ( N - 1 ) / 2  are used for 
the representation of the eigenfunctions) it is always possible to restrict the 
available degrees of freedom by external conditions. A constrained localization 
procedure has been developed by Magnasco and Perico [44] accumulating the 
orbital electron density in preselected regions of the molecule by means of the 
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localization function P 

2P = Y, 2Po = maximum o ~ {occ} (75) 
o 

2Po = 2 Y~ Y C,.oGoO~. (76) 
/ z  v 

The summation runs through the orbitals of a preselected set; Po is the local 
orbital populat ion, /x and u are AO indices, 0,~ the associated overlap integral 
and C~,o, Go the usual LCAO coefficients. Various choices for Po in the case of 
core orbitals, lone-pair and bonds are discussed in Ref. [44]. Metal 3d orbitals 
are treated in the same way as core orbitals and lone-pairs. 

In the present work we have combined the organizational simplicity of the 
intrinsic Edmis ton-Ruedenberg  (ER) procedure with necessary restrictions 
defined via external conditions according to Magnasco and Perico (MP) avoiding 
the difficult complete implementation of the latter method in the case of large 
MO spaces. 

The coupled localization procedure (ER/MP)  requires the selection of a subspace 
{&}MP out of the full canonical MO space where the external MP conditions are 
applied for the accumulation of orbital density in preselected molecular domains. 
In a subsequent step the whole MO set (prelocalized MO's of the {h~}Mp space 
and the remaining MO's) is transformed by means of the ER  procedure. It is 
always checked that the domains of {)ti}Me are conserved; both localization types 
are applied alternatingly up to convergence. 

5. The Influence of Relaxation and Correlation 

In Sect. 3 it has been demonstrated that the probability of hole propagation is 
critically influenced by resonating or non resonating transfer channels. In the 
case of a molecule with identical centers forming the pi]pj pair the use of an 
independent  electron model always results in a resonating direct channel. Relaxa- 
tion and correlation in the ith hole-domain on the other hand cause deviations 
from the independent electron approach. To take into account these reorga- 
nizational rearrangements in the evoluting states we make use a theoretical 
method related to Slater's transition state theory developed in the X~ approx- 
imation [45] and transferred to the transition operator  method as LCAO 
counterpart  [46]. 

Reorganizational rearrangements for the ith prepared hole-state and the time- 
dependent  electron-state Pi are considered by means of the Ai potential (see 
below) 

e,(t,) = e,(t,_l) + (1 - $,i(tn_~))A~ (77) 

ei(t,) = ej(tn-1) + S,j(t,-1)A,. (78) 

(77) and (78) obey the rule of conservation of energy. At (S~j(0) = 0) the prepared 
hole-state alone is influenced by the Ai potential. With increasing time the 
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reorganization in the Oi domain is asymptotically reduced while a new Ai potential 
is created in the jth donor state. 

For the determination of A~ we have used a relation developed by Gopinathan 
[47] connecting the reorganization A~ with the self-energy of the o~th state 

A~=ci(pi(1)pi(2)l 1~ pi(1)pi(2)). (79) 
r12 

Eq. (79) holds in the case of full electron (hole) localization. The proportionality 
constant c~ has been observed by means of sample calculations where A~ is related 

i HF SCF 
S O-L-0 T-~-N 

CANONICAL 
MO'S 

TRANSFOR- 
MATION : 

CMO BASIS -~ 

MIXED ONE- 
ELECTRON 

BASIS 

T 
EVALUATION 

OF M 
l 

I 
LOCALI - k 

ZAT ON & r 

RELAXATION 
MANY BODY 
CORRECTION 

TRANSPORT 
FOCKIAN 

HUBBARD 
TYPE 

> 

TIME 
EVOLUTION 

RESONATING 
AND NON 

RESONATING 

TRANSFER 
CHANNELS 

L 
r 

l 

i LOCALIZATION 
PROCEDURE 

l l) NTRINSIC 
2) EXTERNAL 

Fig. 2. Schematical interrelation between the various theoretical steps for the calculation of 
intramolecular hole (electron) migration 
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to a renormalized approximation of the self energy part in a Green's function 
approach [48] Y_,(wi) eel. ef~ ' E(toi) contains deviations from the independent particle 
energies ei due to relaxation and correlation. The renormalized E(wi) err ansatz 
has been developed by Cederbaum [49] for one-particle states in the outer 
valence region 

Ai = '~((.Oi) eft= ~(2)(O,)i)ii +D4ii. (80) 

Eqs. (79) and (80) can be unified for the determination of ci in some test 
calculations which together with the known integrals in (79) can be used in (77) 
and (78). Further details are given in Appendix B. 

A generalization of Eq. (79) is formulated in Eq. (81) where the k parameter 
allows the modification of the initially prepared reorganization energies at t = 0 
in the ith hole domain 

A~ = (l-k)ci(p~(1)p~(2)l 1 p~(l)pi(2)). (81) 

In the limit k = 1 an independent electron model is realized. With reduced k 
values reorganizational rearrangements in the evoluting states are taken into 
account. If k = 0 the ith hole-domain is completely reorganized. By means of 
(79) and (81) therefore it is possible to go beyond the HF picture in the treatment 
of electron (hole) propagation; the use of the A~ potential offers an opportunity 
to study the time evolution based on an approximation of Eq. (18). 

In Fig. 2 the necessary theoretical steps for the intramolecular electron (hole) 
propagation problem are summarized. Starting point are the canonical MO's of 
an ordinary HF SCF calculation. The CMO representation is connected via the 
matrix M to the Fockian of the Hubbard type. The selection of the localization 
routine (L) is independent from the structure of Fro'; the necessary decoupling 
steps (D) depend on the investigated time-dependent problem. The A~ corrections 
are used directly in the equations for the various transfer channels. 

6. The Canonical Representation of Bis(~-pentadienyl)dinickel 

In Table 1 the canonical MO energies of 1 according to the INDO model are 
summarized. The most important interactions between the Ni 3d orbitals and 
the ligand ~r functions are displayed in Fig. 3. Atomic populations and net 
charges [50] as well as Wiberg bond indices [51] are collected in Tables 2 and 3. 

The MO's 1-4 are CC-cr ligand functions with predominant C 2s character; 13, 
18, 19 and 21 are o-ribbon orbitals with large C 2p amplitudes. 5-12, 14-16, 
20, 22 and 23 correspond to CH-o- orbitals of the pentadienyl ligands. 

For the MO's 8ag, 8b,, 7a,, 9a~ and 8au Ni 3d contributions larger than 95% 
are predicted. These orbitals correspond to in-phase and out-of-phase combina- 
tions of the Ni 3d AO's 3dz2, 3dx2_y: and 3dxy (in-phase only). Significant 
interactions between 3dxz and 3dy~ and ligand ~- functions are predicted. Table 
1 indicates that the metal ligand coupling via 3 dxz exceeds the interaction via 3dyz. 
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Table 1. Canonical molecular orbitals of bis(~--pentadienyl)dinickel 1 according to an INDO calcula- 
tion. The orbital energies, e~, are given in eV. The Ni, the pentadienyl ligand carbon and hydrogen 
contribution, the type as well as the irreducible representation (F~) of the MO wave function are 
indicated. The numbering scheme of the Fg values corresponds to the valence-electron distribution, 
the core electrons are not explicitly taken into account. MLI symbolizes the metal ligand interaction; 
B is a bonding and AB an antibonding coupling. FI symbolizes the fragment interaction (NilNi2 
coupling, interaction between the pentadienyl ligands); IP stands for an in-phase relation while OP 
symbolizes the out-of-phase interaction of the fragments. P = pentadienyl ligand 

% % % 

MO Fi MO-type ei(eV) MLI FI ~ Ni C(P) H(P) 

1 lag CC-~r(s) -41.31 2.4 82.9 14.7 
2 l b ,  CC-o,(s) -39.80 2.1 83.4 14.5 
3 lau CC-tr(s) -36.78 1.9 80.0 18.1 
4 lbg CC-o-(s) -34.59 0.8 82.2 17.0 
5 2ag CH-~r -28.97 0.7 74.9 24.4 
6 2b~ CH-tr -27.45 0.5 76.8 22.7 
7 3bu CH-tr -24.50 0.6 58.5 40.9 
8 3ag CH-~r -24.13 0.6 59.4 40.0 
9 2a ,  CH-~ -22.42 0.6 67.0 32.4 

10 2bg CH-o- -21.73 0.5 62.8 36.7 
11 3a, CH-o" -19.70 2.0 67.9 30.1 
12 3bg CH-g -19.65 0.2 71.7 28.1 
13 4ag CC-tr(p) -17.13 1.2 85.0 13.8 
14 4b~ CH-~r -16.91 1.0 77.7 21.3 
15 5ag CH-~r, 3dy~ -16.15 B 6.4 65.7 27.9 
16 5bu CH-cr -15.79 2.7 59.8 37.5 
17 6ag CC-r 3dyz -14.79 B IP 6.4 78.1 15.5 
18 4a ,  CC-o-(p), 3dyz -14.35 B 5.8 73.7 20.5 
19 4bg CC-~r(p) -14.25 2.3 80.0 17.7 
20 5bg CH-tr, 3dxz -13.73 B 8.6 63.8 27.6 
21 5a, CC-tr(p), 3dyz -13.66 B 5.3 79.2 15.5 
22 7ag CH -o-, 3dyz -13.53 B 7.0 59.0 34.0 
23 6b, CH-~r -13.42 0.6 65.4 34.0 
24 6au CC-~-(zr/), 3dyz -13.16 B IP 25.2 64.7 10.1 
25 7b, CC-~'(~'I) -12.75 OP 2.5 95.5 2.0 
26 6bg 3d~y, CC-~'(~'3) -11.55 B OP 48.6 51..1 0.3 
27 8ag 3dx2_r z -11.46 IP 97.3 2.4 0.3 
28 8b, 3dxy -11.45 IP 95.9 3.8 0.3 
29 7au 3dx2_y 2 -11.42 OP 97.1 2.7 0.2 
30 9ag 3dz z -11.40 IP 97.0 2.0 1.0 
31 8a,  3dz2 -11.37 OP 97.6 1.6 0.8 
32 7bg 3d~J3d,~y, CC-~'(~'2) -11.37 AB OP 72.5 25.9 1.6 
33 9bu 3dx~, CC-Ir (~'3) -11.21 B IP 55.5 43.3 1.2 
34 10a~ 3dye, CC-Ir (~-1) -10.61 AB IP 79.9 17.9 2.2 
35 9a~ 3dye, CC-r -10.22 AB OP 62.6 35.8 1.6 
36 8bg 3dxz, CC-~'(7r2) -8.89 AB OP 55.1 43.7 1.2 
37 l l ag  C C  -'/'i" ('/r3) -8.73 IP 0.7 99.1 0.2 

aThe symbol (IP/OP) in the FI-column always corresponds to the fragment interaction which 
contributes predominantly to the MO's. 
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E[eV] 

i ~X Ir3(op) 
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_g + xz(op) 
xz(,p) 

%(,p) 

-10- 

L vziop) vz(,P) 
-tt- 

-12- 

-13- 

r2(,P) 

r, (op) 

- 1 4 -  

Ni 3d 
orbitals 

~(,p) 

I Ni Ni Ni Ni 

Fig. 3, Interaction diagram between the Ni 3d orbitals of the NiaNi2 moiety and the ~--orbitals of 
the pentadieny] ligands; the 3d orbita]s of the Ni centers are split due to the interaction with the 
~-frame of the ligands. IP = in-phase, OP = out-of-phase 

This difference is rationalized on the basis of the Ni 3d populations in Table 2 
and the bond indices in Table 3. Large Ni AO populations are predicted for 
3dz2, 3dx2_y2, 3dxy and 3dyz (1.9e) while the 3dx2 population is significantly 
reduced (1.6e). The NiNi bond index of Table 3 shows that the direct coupling 
between the 3d centers is only of minor importance. The bond indices in the 
pentadienyl framework predict a remarkable bond localization in the region of 
the terminal C atoms (C~C2 and C4C5); this is also seen in the charge accumulation 
between these centers. 

The INDO results collected in Tables 1-3 suggest the following decoupling of 
Ni 3d states for the investigation of an intramolecular hole transfer: 3dz2, 3dx2_y2, 
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Table 3. Wiberg bond indices for bis(~--pentadienyl)- 
dinickel 1 according to an INDO calculation Bond Bond index 

NilNi2 0.0891 
NiaC1--Ni2Cs 0.2483 
NilC2--NizC4 0.1097 
NilC3--Ni2C3 0.1457 
C1C2=C4C5 1.5817 
C2C3~C3C4 1.2289 
C1C3~C3C 5 0.0212 
C2C 4 0.0053 
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3dxy and 3dyz. Due to the strong interaction between the Ni 3dxz AOs and the 
~r functions of the ligands the decoupling of these 3d functions is without any 
significance; the Ni 3dxz AOs are used for the formation of two localized five 

center bounds (see above). In the localized MO representation these two linear 
combinations are forming the transition metal-carbon bonds. Localized ~r orbitals 
should be constructed between the terminal carbon centers. 

The localization of CC-tr and CH-o- causes no problems. The remaining occupied 
MO of 1 in a localized representation is a nonbonding ~- combination where 
the interaction with Ni 3d is prevented due to symmetry. 

It is clear that this localization pattern cannot be obtained by an intrinsic 
localization procedure. 

7. The Hubbard-Type Representation of Bis(~r-pentadienyl)dinickel 

In Table 4 the various types of localized orbitals of 1 together with the diagonal 
Lagrange multiplicators and impurities from other atomic centers are collected. 
The ligand CC-~r and CH-o- orbitals are strongly localized; this is also found 
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Table 4. Localized molecular orbitals of bis(Ir-pentadienyl)dinickel 1. Type, 
number and localization properties of the localized MO's are also indicated. 
The diagonal elements eL M~ are given in eV 

M, C. B6hm 

MO-Type e/LMO Number Impurities % 

CC-o (C2C3~---------C3C4) -24.12 4 0.7 
Ca-o" (C1C2~---C4C5) -24.04 4 1.1 
CH-g(C3H4) -21.16 2 0.9 
CH-o'(C1HlzCsH6) -21.09 4 1.0 
CH-o'(CIH2~CsHT) -20.91 4 0.3 
CH-(r(C2H3~C4H5) -20.86 4 0.4 
CC-~'(C1C2~C4C5) -12.30 4 8.7 
Ni 3d~2 -11.51 2 0.1 
Ni 3dy~ -11.48 2 1.4 
Ni 3dx2_y2 -11.45 2 4.1 
Ni 3dxy -11.44 2 2.7 
nonbonding zr-MO -11.05 1 18.1 

delocalized, in-phase 
Ni13dxz-C1C3=Ni23dxz-C3C5 -10.86 2 10.5 

for Ni 3dz2, 3dx2_y2 and 3dxy functions. The impurities in most of the localized 
MO's  are less than 1%. The ~r functions in the Oi representat ion show surprisingly 
pronounced localization propert ies (8.7% impurities). Similar impurity contribu- 
tions are predicted for the two localized Ni carbon multicenter bonds. 

In Tables 5 and 6 the diagonal elements as well as the coupling terms of the 
Hubbard- type  Fockian are summarized;  the theoretical transformations have 
been discussed in Sect. 4. Always two Ni 3d AOs  (localized) were decoupled. 
In Table 5 the interaction elements for eight localized pi states with the remaining 
29 symmetryadapted  (pointgroup C2h) t ime-independent  messenger orbitals are 
displayed. The descent of the 7~ subspace f rom the canonical representat ion 
(Table 1) is clearly recognized. Negligible energy shifts are found in those ligand 
combinations where only small Ni 3d contributions were concerned in the CMO's .  

None of the Ni 3d ligand interaction elements ("transfer integrals") exceeds 
1 eV, most  of the cross-elements are significantly smaller. For the decoupled 
3dz~ set remarkable  interaction constants with CC-o- (MO 1 and 3) and CH-cr 
(MO 8, 12 and 15) messenger states are predicted. The interaction terms with 
ligand ~r combinations are less than 0.1 eV. In the case of the two localized 3dy~ 
orbitals the most pronounced off-diagonal elements are calculated. 

It  is seen that all types of ligand messenger states (CC-Tr, CC-o" and CH-o')  are 
effectively coupled to the transition metal  AOs,  the transfer determining factor 
therefore is the magnitude of the Bohr frequencies. The smallest Ni 3d ligand 
coupling elements are predicted for 3dx~_y~ and 3dxy. 

In Table 6 the direct interaction elements between the Ni centers are summarized 
("through space" coupling). These elements are small in comparison to the 
various nickel pentadienyl interaction constants. Nevertheless a graduation 
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Table 6. Coupling constants between the 3d AOs 
of the two Ni centers in bis(Tr-pentadienyl)dinickel 
according to an INDO calculation; all values in crn ~ 

AO-Pair Coupling constant 

3d~2 89 
3dyz 90 
3d~_y 2 197 
3d~y 243 

479 

within the "through space" parameters is realized, The largest direct coupling 
elements are calculated for 3dx:_y~ and 3d~y which have their maximum AO 
amplitudes in the region of the NiNi distance vector (o- and 7r interaction), A 
significant reduction is found for the S pairs (3 d~ ~ and 3 dye). The "through space" 
integrals for the coupling between Ni 3d functions of different angular quantum 
number are less than 10 cm -~. 

8. The Time Evolution of an Initially Prepared Ni 3d Hole-State 

The matrix elements summarized in Tables 5 and 6 were used for the investigation 
of the time evolution of an initially prepared hole-state (Ni~). The probability 
of hole propagation between the following instationary electron-hole pairs have 
been studied: 

(Hole-State h -* (Electron-State )2 

(3d~2)~ -* (3d22)2 (82) 

(3dx2-y~)l --, (3dx~-~)2 (83) 

(3d~y)l ~ (3dxy)2 (84) 

(3dyz)l ~ (3dyz)2 (85) 

(3d~2)~ -~ (3d~-y~)2 (86) 

(3d~)~ -, (3d~z)~ (87) 

(3d~)1 + (3d~y)2 (88) 

(3d,,~), + (3d.=_r~)2 (89) 

(3dy~)l -* (3d~y)2 (90) 

(3dx2-y2)1 "+ (3d.y)2 (91) 

Characteristic times of localization of the initially prepared hole-state are given 
in Table 7. An independent electron model has been assumed (k = 1 in Eq. 
(81)). This means that an unreorganized vacancy at Nil has been prepared, In 
the fourth column of Table 7 To.s0 for the processes (82)-(91) is given; this is 
the time necessary for the hole equibrilation between the time-dependent evolut- 
ing states localized at the Ni centers. With exception of the transfer process (88) 
T~.so spans a range between 3,56. 10 -16 sec  (85) to 1,41 �9 10 -14 sec (86) and 
1 .45.10 -13 sec (91). Even in the independent electron model an interval for 
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Table 7. Times of hole propagation for Ni 3d hole-states; in u~e nrst column the transfer process 
for the hole migration is given. T~., means that the localized hole-state at Nil has been compensated 
by n% due to the electron-state of Ni2 for a given electron-hole pair (e.g. T~.x0 = hole amplitude at 
Nil is reduced by 10%). The times of hole propagation were observed in the framework of an 
independent electron model, the one-electron energies of the electron- and hole-state are the same. 
T~., in sec 

(AOh-~ (AO)2 T~.10 T~3o T~.so 

1 (3dzZ)t~(3dzz)2 3.05 ' 10 -15 
2 (3dxz_r2)l -~ (3dx2_y2)2 1.86 �9 10 -15 
3 (3dxy)l-~ (3dxy)2 1.62' 10 -15 
4 (3dy~)l ~ (3drz)2 1.57" 10 -16 
5 (3dz2h ~ (3dxz_y2)2 6.58 �9 10 -15 
6 (3dz2)x ~ (3dyz)2 1.76' 10 -15 
7 (3dz2)1 ~ (3 dxy)z 
8 (3d~,~)l~(3dxz_rZ)z 9.68' 10 16 
9 (3dyz)l --* (3d:,y)z 2.27" 10 -14 

10 (3dx2-y2)1 ~ (3d~y)2 4.93 �9 10 -14 

5.30 
3.25 
2.81 
2.76 
1.02 
2.59 

10 -15 6.85 
10 -15 4.18 
10 -15 3.60 
10 -16 3.56 
10 -14 1.41 
10 -15 3.22 

10-15 
10-15 
10-15 
10 16 
10 -14 
10 -15 

1.31 �9 10 -15 1.50.10 -15 
3.51 �9 10 -14 4.33.10 -14 
8.39' 10 -14 1.45.10 -13 

a Transfer probability too small that the hole migration takes place under adiabatical conditions. 

the different equibr i la t ion  t imes of 103 is predicted.  Wi th in  the selected mode l  

(unreorganized  ho le -domain)  the fast t ransfer  events  do not  couple  with 

molecular  phonons .  In  the l imit of the slow hole migra t ions  (To.50> 10 -14 sec) 

the Fr6hl ich in terac t ion  cannot  be  neglected.  Here  the possibil i ty of nonad iaba t i -  

cal t ransfer  events  and  a po ten t ia l  b r e a k d o w n  of the B o r n - O p p e n h e i m e r  approxi-  

ma t ion  must  be  t aken  into account .  

The  ho le -p ropaga t ion  (88) is an except ion in the s tudied series as the " t u n n e l  
integrals"  are too small  to allow hole  tunne l ing  on  the adiabat ical  surface by 

pure ly  e lectronic  effects. In  Fig. 4 the probabi l i ty  of hole p ropaga t ion  for this 

(88) e lec t ron-hole  pair  is displayed;  Sij(t) is p lot ted  for a t ime in terval  of 800 au 
(atomic units,  1 a u =  1 . 9 4 . 1 0  -14 see). Sij(t ) does no t  exceed 6 . 0 . 1 0  -3. The  

coupl ing e lements  in Tab le  5 indicate  that  there  is no l igand messenger  state 

that  interacts  significantly bo th  with the hole-  and  pa r t i c l e -componen t  of the 

pi[Pj pair. 

The  calculated Tc.n paramete rs  of Tab le  7 should be compared  with lifetimes of 

ins ta t ionary  localized states in other  molecules  ( theoretical  models  based on an 
i n d e p e n d e n t  e lectron picture).  In  organic  molecules  l ifetimes of ~r- and  o-- 
vacancies of 10 -16 sec have been  calculated [52]. The  core-hole  exchange in 
acetylene requires  7 �9 10 -15 sec [53], the lifetimes of K-sta tes  in A r  and  C a m o u n t  
1 . 3 . 1 0  -15 see [54] and  1.3 �9 10 -14 sec respectively [55]. 

In  Tables  8 -16  the cont r ibu t ions  f rom the individual  t ransfer  channels  for 
(82)-(91) are summarized .  

The  hole p ropaga t ion  in the case of the (3dz2)l/(3dz2)z pair  is p r edominan t ly  
submi t ted  via CH-o- orbitals;  92 .7% of the ne t  probabi l i ty  of hole p ropaga t ion  



Intramolecular Electron-Hole Transfer 481 

S i j ( l O ' 3 )  
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d za"~ dxy 
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0 I I I 

0 200 400 600 800  

t (au) 

Fig. 4. Probability of hole propagation for the electron-hole pair (3dz2)l (hole-state)~(3dxz)2 
(electron-state) 

T a b l e  8. Transfer channels for the (3dz2)l/(3dz2)2 
electron-hole pair 

Messenger MO MO-Type Contribution % 

1 CC-tr 0.8 
3 CC-o- 1.6 
8 CH-o" 10.1 

12 CH-tr 70.4 
13 CC-cr 0.4 
15 CH-o" 12.2 
17 CC-zr 0.1 
18 CC-~r 0.4 
25 CC-r 1.4 
direct (3dz2)2 2.6 

Transfer channel Contribution % 

CC-cr 3.2 
CH-cr 92.7 
cr total 95.5 
CC-Tr 1.5 
ligand total 97.4 
direct 2.6 
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Table 9. Transfer channels for the (3d,?_y~)l/(3dx2_y2)2 
electron-hole pair 

Messenger MO MO-Type Contribution % 

8 CH-g 1.0 
9 CH-cr 2.7 

13 CC-o' 1.0 
15 CH-o" 0.1 
18 CC-~ 0.7 
23 CH-~r 5.2 
25 CC-~r 84.4 
direct (3dxZ-y2)2 4.9 

M. C. B6hm 

Transfer channel Contribution % 

CC-cr 1.7 
CH-~r 9.0 

total 10.7 
CC-~r 84.4 
ligand total 95.1 
direct 4.9 

Table 10. Transfer channels for the (3dxy)l/(3dxy)2 
electron-hole pair 

Messenger MO MO-Type Contribution % 

11 CH-(r 0.2 
14 CH-o- 3.5 
16 CH-~r 0.2 
19 CC-cr 1.4 
20 CC-~r 0.4 
24 CC-lr 0.2 
30 CC-~" 65.8 
35 (3dxz, CC-r 0.1 
36 (3dxz, CC-~') 22.8 
direct (3dxy)2 5.5 

Transfer channel Contribution % 

CC-~r 1.7 
CH-o" 3.9 
cr total 5.6 
CC-Ir 66.0 
CC-~r/3dx~ 22.9 
ligand total 94.5 
direct 5.5 
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Table 11. Transfer channels for the (3dyz)l/(3dyz)2 
electron-hole pair 

Messenger MO MO-Type Contribution % 

1 CC-o" 0.1 
3 CC-~r 0.1 

15 CH-cr 0.8 
17 CC-~" 1.2 
23 CH-~r 3.2 
25 CC-~" 94.6 
direct (3 dyz )2 < 0.1 
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Transfer channel Contribution % 

CC-o- 0.2 
CH-o- 4.0 

total 4.2 
CC-1r 95.8 
ligand total 100.0 
direct < 0.1 

Table 12. Transfer channel for the (3d;~2)l/(3dxa_y2)2 
electron-hole pair 

Messenger MO MO-Type Contribution % 

3 CC-o- 0.4 
8 CH-o" 18.5 

13 CC-o' 3.6 
15 CH-~r 5.0 
18 CC-o" 3.1 
23 CH-~r 0.2 
25 CC-~r 69.2 
direct (3dx2_yz)2 <0.1 

Transfer channel Contribution % 

CC-cr 7.1 
CH-o- 23.7 
o- total 30.8 
CC-Ir 69.2 
ligand total 100.0 
direct <0.1 
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Table 13. Transfer channels for the (3d=2)x/(3d~,z)z 
electron-hole pair 

Messenger MO MO-Type Contribution % 

1 CC-o- 1.0 
3 CC-o" 1.4 

12 CH-cr 7.7 
13 CC-o" 0.2 
15 CH-o- 14.0 
17 CC-Ir 1.6 
18 CC-cr 0.4 
23 CH-cr 0.1 
25 CC-Ir 73.6 
direct (3dyz)2 <0.1 

M. C. B6hm 

Transfer channel Contribution % 

CC-cr 3.0 
CH-~r 21.8 
cr total 24.8 
CC-1r 75.2 
ligand total 100.0 
direct <0.1 

Table 14. Transfer channels for the (3dyz)l/(3dx2_y2)z 
electron-hole pair 

Messenger MO MO-Type Contribution % 

9 CH-~r 0.2 
13 CC-o- 0.1 
15 CH-~r 0.3 
18 CC-o" 0.2 
23 CH-o- 7.3 
25 CC-~r 91.9 
direct " (3dxZ_y2)2 <0.01 

Transfer channel Contribution % 

CC-cr 0.3 
CH-o- 7.8 
~r total 8.1 
CC-r 91.9 
ligand total 100.0 
direct <0.01 
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are due to these ligand MOs. CC-cr functions, 7r orbitals and the direct channel 
contribute with 3.2, 1, 5 and 2.6% to the transfer process. 

The time evolution of the remaining electron-hole pairs profits in the first place 
from ligand ~r orbitals as messenger states. In the (3dx2_y~) pair 84.4% of the 
net probability of hole propagation is due to pentadienyl 7r combinations. In 
any case small contributions from the direct interaction between the Ni centers, 
compared to the indirect coupling, are obtained. 

A significant hole redistribution at the Ni centers is predicted for the evoluting 
pairs (3dxy)l/(3dxy)2 and (3d~z_y2)l/(3dxy)2. Here an important contribution to 
the net probability of hole propagation is due to the channel (3dx~, CC-Tr); the 
first step in the transfer therefore is an intraatomic redistribution of the hole- 
density [electron-density in (91)] from the 3dxy AO into 3dxz strongly coupled 
to the 7r system of the organic ligands. 

The 7r contribution to the transfer process is largest for the (3dyz)J(3dyz)2 
electron-hole pair (95.8 %). Significant ligand o- contributions (CH-cr) in addition 
to the (3dz2) pair are encountered in the two mixed transfer events (86) and 
(87) where the prepared hole-state corresponds to the (3d~)1 AO. 

Table 15. Transfer channels for the (3dyz)l/(3dxy)2 
electron-hole pair 

Messenger MO MO-Type Contribution % 

1 CC-o" 0.1 
15 CH-~r 1.2 
17 CC-Tr 5.7 
19 CC-cr 0.2 
23 CH-o- 0.7 
25 CC-rr 1.8 
30 CC-Tr 88.3 
36 (3dxz, CC-~-) 0.5 
37 CC-rr 1.5 
direct (3dxy)2 <0.1 

Transfer channel Contribution % 

CC-cr 0.3 
CH<r 1.9 
o" total 2.2 
CC-r 97.3 
CC-~r/3dxz 0.5 
ligand total 100.0 
direct <0.1 
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Table 16. Transfer channels for the 
electron hole pair 

(3d~2-y2)i/(3d~y)2 

Messenger MO MO-Type Contribution % 

5 CH-~r 0.2 
8 CH-cr 1.0 
9 CH-cr 0.2 

13 CC-tr 0.1 
15 CH-tr 0.8 
17 CC-~r 0.1 
23 CH-tr 2.3 
24 CC-~" 1.1 
25 CC-Ir 4.2 
30 CC-Tr 69.6 
35 (3dxz, CC-~-) 0.1 
36 (3d~z, CC-~r) 19.9 
37 CC-Tr 0.4 
direct (3dxy)2 <0.1 

M. C. B6hm 

Transfer channel Contribution % 

CC-~ 0.1 
CH-cr 4.5 
~r total 4.6 
CC-Ir 75.4 
CC-zr/3dxz 20.0 
ligand total 100.0 
direct < O. 1 

Table  17. Times of hole propagation for the (3dz2)l/(3dz2)2 electron-hole 
pair as function of the reorganizational strength parameter (1 - k). See legend 
Table 7 

(1 - k) r~.lo r~.3o r~.5o 

0.000 3.05" 10 - i s  5.30 
0.010 3.07" 10 -15 5.32 
0.025 3 .12 .10  - i s  5.35 
0.050 3.19'  10 -15 5.39 
0.075 3 .27 .10  - i s  5.52 
0.100 3.39'  10 - i s  5.83 
0.125 3.82'  10 -15 6.27 
0.150 

10 -15 6.85 

10 ~s 6.89 
10 - is  6.92 
10 i5 6.92 
10 is 6.97 
10 - is  6.92 
10 - ls  6.94 

lO-lS 
lo-iS 
lO-lS 
10-15 
10-1s 
10-1s 
lO-lS 

a The transfer probability is too small that the migration takes place under 
adiabatical conditions. 
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Fig. 5. Fragmentat ion into the individual transfer channels (direct, CC-o-, CH-~r, CC-~r and CC- 
~/3dxz) for the nine possible combinations of electron-hole pairs leading to a purely electronical 
transfer probabili ty 

In Fig. 5 the different transfer channels for the calculated electron-hole combina- 
tions are summarized schematically. The most important messenger states are 
displayed in Fig. 6. The MOs 8, 12 and 15 are CH-~  combinations, 25 and 26 
ligand ~r functions and 36 the delocalized linear combination of the Ni 3dxz 
carbon multicenter bonds; this messenger orbital requires the intraatomic hole- 
reorganization at the Ni sides. 

In Table 17 the variation of the Tc., parameters of the (3dz2h/(3dz2)2 electron- 
hole pair is shown if the ith hole-domain is modified due to reorganizational 
rearrangements. ( 1 -  k) in Eq. (81) is a measure of the deviation from a Koop- 
mans' analogue approximation. The To., parameters are enlarged with increasing 
(1 - k) values. Up to (1 - k) = 0.125 only small variations are predicted. If (1 - k) 
is enlarged furthermore,  the probability of hole propagation is too small that a 
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MO 8 CH-G 

(z2)l/(x2-~2)2 

MO 15  CH-G 

(Z2) I / (YZ)2 

MO 3(3 C C - ~  

(XY) 1 / (XY)2 

�9 . ( yZ ) l / (Xy }  2 
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MO 25 C C - ~  
- 

(YZ)I / (YZ) 2 
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(vz h / ( x L  v2)2 

(X2-Y2)1 / (  X 9 -  y2)2 

MO 3,~6 CC-/ '~/  
3dxz 

(x2_y2 h / (xy)2 

Fig. 6. Schematical representation of the most important messenger orbitals of the pentadienyl ligands 

transfer event is possible on the adiabatic surface by purely electronical effects; 
the coupling to molecular vibrations is the necessary condition for the hopping 
event. 

In Fig. 7 the probability of hole propagation for the (3dz2) pair is displayed for 
reorganizational strength parameters (1 - k) of 0.125 and 0.100. Both probability 
amplitudes are comparable up to a time interval to 10 au. For the amplitude 
with the 0.125 factor than an oscillatory behaviour is calculated (maximum of 
Sq(t) =0.10). On the other side the transfer event closer to the independent 
electron limit allows the hole-propagation by purely electronic effects. In Fig. 8 
the oscillation of Sq(t) for a (1 - k) value of 0.5 is shown; the transfer probability 
is reduced furthermore. 

With increasing reorganization in the ith hole-domain the probability of hole 
propagation is reduced, the transfer times are enlarged. At a critical value of 
the reorganization strength parameter the electron (hole) propagation becomes 
impossible by purely electronic effects. Here only the vibrational components 
of the Hamiltonian (Hv, H~l-v) allow the hopping event. 

9. Conclusion 

The purely electronical aspects of electron (hole) propagation in the binuclear 
Ni complex 1 have been investigated. A Fock operator of the Hubbard-type is 
constructed from first principles starting from the canonical molecular orbitals 
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Fig. 7. Probability of hole propagation for the electron-hole pair (3dz2)1 ~ (3dz2)2 as function of the 
reorganization strength (1 - k) 
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Fig. 8. Probability of hole propagation for the electron-hole pair (3dz2)1 ~ (3dz2)2 with a strength 
parameter  0.50 for hole-reorganizations 

of an ordinary HF calculation; the CMO's are transformed into a one-electron 
basis suitable for the study of time-dependent phenomena. The transfer Fockian 
allows the study of electron (hole) propagation of the HF SCF level. 
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By means of the A~ potential it is possible to mimic reorganizational rearrange- 
ments in the ith hole-domain and thus to modify the initial conditions for the 
transfer process. In the present model the time-evoluting electron-hole pair is 
dynamically coupled by means of the zkg potential. The computational results 
obtained for 1 have shown that the probability of electron (hole) migration 
depends critically on the initially prepared conditions in the instafionary hole- 
domain. The predicted transfer times span a wide range from fast processes that 
are not coupled to molecular phonons to the limit where the electronic tunnel 
probability is too small to allow a transfer event. In these cases an extended 
theoretical treatment under the inclusion of the vibrational motions is necessary 
that conserves the methodical careness of the electronic aspects discussed in the 
present work. 

Appendix A 

In this appendix two important choices for suitable one-electron bases, Hilpert 
spaces mounted to these bases as well as the associated transfer-type Fock 
operators are presented. Additionally the probability amplitudes and the prob- 
abilities of hole propagation are given. The necessary Fock matrices are displayed 
schematically, their formulation exactly parallels the steps discussed in Sects. 2 
and 4. 

(a) Initial condition: hole-state localized at Ol, hole propagation into the 
instationary donor states Oi and pk (irreversible ansatz). 

Pi (hole-state) 

active / ~ irreversible probability 
states of hole-propagation 

Oi Pk (electron-states) 

messenger states (N - 3): yl (l ~ i, j, k) 

Time-dependent one-electron basis: 

I~bo(t)) = A{pi(1, t)pi(2, t)pk(3, t)yl(4) �9 " �9 T(N-3)(N)}. 

Hilbert space: LN(t) = Li(t) + Lj(t) + Lk(t) +L~ u-3~. 

F LMO . Decoupled localized Fockian (i,i,k)dec. 

i i k 

Scheme  3 

(A1) 

(A2) 

Transfer Fockian of the Hubbard-type: 

i k 

I 

k 

Scheme  4 
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Probability of hole propagation: 

S~i(t) = I Uql 2 (A3) 

= I ui l (A4) 

Probability amplitude Pi(t): 

P~ (t) = [Uq [2pj(o) + I u~k [2Pk (0) 

= S~j(t)Pj(O) + S~k(t)Pk(O). (A5) 

In (A5) the RPA has been used. 

(b) Initial condition: hole-state localized at pi, transfer (direct) to Oi and to Pk, 
secondary hole propagation from & to Ok ; all steps are irreversible. 

Pi (hole-state) 

active / ~ irreversible probability 
states of hole-propagation 

oj ' pk (electron-states) 

messenger states (N - 3): yt ( l ~ i , j , k ) .  

The time-dependent one-electron basis, the mounted Hilbert space as well as 
FLMO (~d.k)dec and F HT correspond to (a). 

Probability of hole propagation: 

si,(t) = I Jl 2 (A6) 

S~k (t) = I U~k 12 (A7) 

Sjk (t) = I Uik 12. (A8) 

Probability amplitudes P~(t) and Pi(t): 

eg (t) = Sq (t)Pj (0) + S,k (t)Pk (0) (A9) 

Pj(t)  = Pi(O) + Sik (t)Pk (0) -- Sq(t)Pj(O). (AIO) 

Appendix B 

For the determination of ci in Eq. (79) we performed a series of perturbational 
calculations according to Eq. (80) to determine reorganizational increments Ai 
for electron removal. In the case of strongly localized MOs Ai is proportional 
to the fourth power of the LCAO coefficient of the AOs forming the localized 
domain in the ith one-electron state. Extrapolation to the full localized limit 
allows the calculation of ci in (79). 

The one-center self-energy terms must be determined in a way that the design 
of the molecular Hamiltonian is properly taken into account (ab initio vs. 
semiempirical procedure). In the case of the used INDO approximation [16] 
experimental one-center integrals of Sichel and Whitehead [56] and DiSipio and 
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coworkers [57] (3d centers) represent this suitable choice. In the present work 
ci = 0.22 has been determined. 

Eq. (79) only holds if a single atomic orbital pi is forming the ith localized domain 
(3d AO, lone-pair). In the case of decoupled bonds or even more delocalized 
fragments (79) must be substituted by Eqs. (B1) or (B2). 

Decoupled bond 
4 �9 4 �9 

with the AOs Ai = Ci(C~i]tx~ + CviIvv). (B1) 
~ and ~ ,  in p~ 

Molecular fragment 
4 �9 4 �9 4 �9 with n decoupled Ai = c i ( c ~ , i l , ,  + C , i l  +" �9 �9 c n J )  (B2) 

AOs ~on in p~ 

j~, = ( ~  ( 1 ) ~  (2) 1 ~o~ (1)~o~ (2)). (B3) 

In the case of (79) obviously the identity (B4) is true 

pi(1) = q~(1). (a4) 

c,~ is the/zth AO coefficient in the ith decoupled localized domain. It is clearly 
seen that the calculated A; potentials are reduced with increasing delocalization 
of Pi. 
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