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This present paper deals with the localized character of the mr* excited state of the polyenic alde- 
hydes. A comparison of the localized and delocalized descriptions shows that 1) the localized descrip- 
tion gives directly a localized ng*= o excited state, the delocalization of the hole and particle over the 
neighbouring bonds may be considered as a perturbation; 2) In the delocalized description the re* MO 
is delocalized over the whole ~ system and a realistic description of the mr* excited state requires the 
relocalization of the particle through the CI of singly excited states. 

Many contributions from higher excitations are also analyzed in terms of local phenomena. 
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1. Introduction 

In the lowest members of the series of polyenic aldehydes (formaldehyde, 
crotonaldehyde), one band of rather low intensity appears in the region 
270-290 mp. McMurry and Mulliken [ l l  have claimed that this band is due to the 
transition of one electron from the lone pair localized on oxygen, to the anti- 
bonding ~* orbital and this band has been called the n--*~* band by Kasha [2]. 
This low intensity band (which is forbidden by symmetry, but can be observed 
because of vibrational interactions) is overrun, and swamped by the high intensity 
~z--, ~* band, as the length of the conjugated system increases [-3]. The n-÷ ~* band 
of small conjugated aldehydes have been the object of very intensive study, both 
experimentally [-4-18] and theoretically (by semi-empirical [ 19--31] and ab initio 
[-31-36] methods). But all these calculations have been made using delocalized 
molecular orbitals. It is clear that the use of symmetry delocalized Molecular 
Orbitals allows in general a single determinantal rather satisfactory representa- 
tion of the delocalized spectroscopic phenomena. But the excited state may be also 
represented, from a set of localized Molecular Orbitals using then multidetermi- 
nantal wave functions: this is the excitonic model of excited states [37-41]. 
We have recently compared the two descriptions on a very simple model case, the 
case of linear homogeneous polyenes [42]. In that case, the delocalized ~z and 7z* 
MO's are completely different from the ~ and ~* bond MO's. We have demonstrat- 
ed that 1) the Canonical Orbital model overestimates the delocalization of the 
excitation especially the long range delocalization effects; 2) the delocalized mo- 
del used with Configuration Interaction (CI) between the singly excited determi- 
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nants is equivalent to the excitonic treatment using localized Molecular Orbitals. 
So the excitonic treatment gives an interpretation of the physical effect of the 
Configuration Interaction of the singly excited states. The CI relocalize the exci- 
tation with respect to the Virtual Orbital (VO) approximation. 

The present paper shows an analogous and even clearer phenomenon on the 
nrc* transition of polyenic aldehydes. The localized description gives directly a 
localized nrC*c= o excited state, the delocalization of the hole and particle on the 
neighbour bonds being small it may be considered as a perturbation. In the 
delocalized model the rc* MO is delocalized on the whole ~ system and a realistic 
description of the nrc* excited state requires the relocalization of the particle 
through the CI of singly excited states. 
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Fig. ia and b. The acrolein molecule (a) and a polyenic aldehyde with 4~Zc= c bonds (b) with the 
numbering of the ~ bonds 

Contributions from higher excitations are also analyzed in terms of local 
phenomena; the main contribution to the transition energy from the doubly 
excited states comes from the repolarization of the bonds of the CO region in the 
polar rc~* excited state. 

This work has been made with the help of the PCILO method for excited 
states [41] within the CNDO/2  parametrization [43]. 

The zeroth order transition energies result from the diagonalization of the 

Configuration Interaction matrix restricted to the 45 or • singly 
excited determinants. 

The interaction with other singly, doubly and triply excited determinants is 
taken into account through a 2 na order perturbation process. 

Figure lb shows the numbering of the double bonds we have chosen in a polye- 
nic aldehyde: The 7Cc= o bond is the ~1 bond and all the others double bonds are 
numbered from the ~c= 0 bond; the rc N bond is the terminal rCc= 0 bond. 

2. n --* ~* Transition Energy 

2.1. The Zeroth Order Transition Energy 

Table 1 (Column 3) gives the zeroth order n--. ~z* transition energies we have 
calculated from N = 1 to N = 7. 

The values we have obtained are a little higher than those calculated with the 
delocalized model in the VO approximation in both semi-empirical [193 and 
ab initio methods [35, 36]. 
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Table 1. Calculated n - ~ *  transition energies for H - ( C H = C H g = i  C=0  polyenic aldehyde for 
N = 1 to N = 7. E°,~ zeroth oder transition energies. E~;~ zeroth order transition energies corrected 
to the 2 "d order by the cr singly excited configurations. E~,,~ 2 "a order transition energies, rn~ 2 "d correc- 
tion due to the ~r singly excited configurations, s 1 2 "d order correction due to the a+, av delocalization 
single excitations, s2 2 "d order correction due to the a** ap polarization single excitations, d I 2 "a order 
correction due to the a* aq a** ap double excitations, d2 2 "e order correction due to the sp** ap ap** ap 
double excitations, cm are the cross terms due to the a singly excited configurations, cs and cd are the 

cross terms due to the single and double excitations respectively 

No. Experi- 
mental  
transition ~ 
energies 

E o 2,m E2 r,,~ Et,,~ t , ~  m~ sl  s2 dl  d2 cs cd cm 

l 4.21 b 5.79 3.89 3.56 - 1 . 9 0  +0.59 - 2 . 2 6  +0.62 +0.71 0.000 0.000 0.000 
2 3.71 c 5.58 3.76 3.29 -1 .83  +0.89 - 2 . 5 2  +0.66 +0.70 - 0 . 2 0  0.000 0.000 
3 5.57 3.75 3.27 - 1 . 8 3  +0.91 -2 .53  +0.67 +0.70 - 0 . 2 3  0.000 0.000 
4 5.57 3.75 3.27 - 1 . 8 3  +0.91 -2 .53  +0.67 +0.70 - 0 . 2 3  0.000 0.000 
5 5.57 3.75 3.27 - 1 . 8 3  +0.91 -2 .53  +0.67 +0.70 - 0 . 2 3  0.000 0.000 
6 5.57 3.75 3.27 -1 .83  +0.91 - 2 . 5 3  +0.67 +0.70 - 0 . 2 3  0.000 0.000 
7 5.57 3.75 3.27 - 1 . 8 3  +0.91 - 2 . 5 3  +0.67 +0.70 - 0.23 0.00 0.00 

This study is restricted to an examination of Frank-London  excitation only (the nuclear geometry 
of each excited state is taken to be the same as the ground state equilibrium geometry. Thus  in that 
case the most  appropriate experimental quantities for comparison with calculated transition energy 
are the energies corresponding to band intensities maxima. 
b References [1, 4]. 

References [ 17]. 

The n ~ *  is lowered by 0.21 eV from formaldehyde to acrolein. 
An analysis of  the zeroth order wave function of the n ~ 7r* state has shown that: 

The largest weight is obtained for the configuration 4~(n~*)," " this weight 1) 
\ / 

decreases a little from N =  1 to N = 2 (from 100% to 97.81%), and for N > 3 this 
weight remains nearly constant. 

2) The weight of the ~b (nrC*)configurations (where rCk is a r C c = c "  " bond) depends 
k / 

on the proximity of the gk and the ~1 bonds. The most important weight is obtained 
when ~k = ~2 i.e. when the gc=c bonds are only separated by a single bond. 

So, we may conclude from this analysis, that the localized model the n--,~* 
excitation remains a localized n ~ ~*=0 excitation, with some very quickly decreas- 
ing tails on the others ~* MO's. 

We may understand this result from the acrolein molecule (Fig. la). In this 
molecule we can build two localized bonding and (antibonding) MO's:rcl and 
~2 (and z~* and re*) we can consider two excited states the n--*~* and n~z~* states. 
The energy of these two states is given respectively by Eqs. (1) and (2) if the energy 
of the ground state is taken as zero 

- * - J . ~ ,  ( 1 )  

E._~  - ~2 - en - J ~  (2) 

The antibonding MO's ~zT and ~ '  have nearly the same energy e (5.21 eV and 
4.90 eV respectively). 
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d,~ (and d,~) represent respectively the Coulombic repulsion between the 
charge distribution of the orbitals rc* (and re*) and the electrons of the lone pair n. 
So these two matrix elements have a positive value. Furthermore, the Coulombic 
repulsion vary in the same way as 1/r [r being the distance between the re* (or re*) 
orbital] and the lone pair n. So d,~ has a higher value than J ,~ and the energy of 
the state n ~ *  is lower than the energy of the state n~rc~. 

So the lowest n-~zc* state is the n ~ z *  state, and the n--+~* excitation is the 
n ~ rCc= 0 excitation. 

Let us perturb the n ~  state by the n~rc 2 state. The coefficient of the 

~b(~ ~ ) "  " configuration in the first order perturbed wave function is 

, q) n 2 H~o n 

w i t h ( q ) ( ~ ) H q ~ ( ~ ) ) = ( r c * ] F l r c * ) w h e r e F i s t h e F o c k o p e r a t o r .  

is visualized by the Diagramm (d 1). 

/ 
in (d 1) 

representing the rc particule delocalization. 
The energy difference which appears in the denominator of Eq. (3) is negative 

since En ~* < En ~, The matrix element (re* [FI zc*) which appears in the nume- 
1 ~ 2 "  

rator of Eq. (3) is positive if the antibonding 7z* and rc~. Molecular Orbitals have 
parallel orientation. 

So, the coefficient c~ is negative, and the wave function describing the n ~ r *  
state will be written at the first order by: 

5o1= 4 1 

So the excitation remains mostly localized on the rCc= o bond but we get a 
negative tail on the 7Zc= c bond. 

Using again the localized model we may demonstrate that, in a polyene with N 
double bonds (when the different double bonds are numbered from the rCc= o bond 
(rq) to the N TM bond rC(c=c) N in the same way as in Fig. lb), the contribution of an 
excitation from the lone pair to the k th antibonding orbital rC~=c) . depends on the 
distance between the nc-o and the nc=c)k bonds; when k > 2 this contribution is 
nearly negligible. 

(5 The coefficient of the ~b k configuration in the first order perturbed wave 

function ~1 vizualized by Diagramm (d2) 

-~--~ in (d2) 
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is near zero when the ~z 1 and the rck bond are separated by more than one single 
bond since the matrix element (rc]' IF} re*) decrease exponentially with the distance 
between the re1 and the zr k bonds. 

so to tak   nto account co   c,ont • d )  con  ura ion i n ' "  
V~ / 

the ( k - 1 )  th order perturbed wave function. This coefficient is visualized by 
Diagram (d3) with ( k -  1) interaction lines. 

-g-~l 

f . . . .  

k-1 i 
interaction lines ! 'n (d3) 

,, 

-~t 
There are (k - 1)! diagrams of this type, but the most important one is the Diagram 
(d4) with all the rcbonds ranged in an increasing order from ~* to re*. 

{ k-1 --~-~:~ 
in,teractfon lines . . . .  i n (d4)  

• e k -  1 [rE~- ~ configuration One goes from the diagram giving the coeffioent of the • tn 1 ] \ / 
in the ( k -  2) th perturbated wave function, to the corresponding diagram, giving 

the coefficient 0~k of the ~ (:* ) "  " configuration in the ( k - l )  th perturbated wave \-- / 
function by adding a supplementary interaction line, so: 

(~* Ifl ~*- 1) (5) 
O~k=O~k-1 E , - E  • ' 

O~k"~O.] O~k_ 1 . 

If the value of k is sufficiently large the coefficient ek is negligible. 
So considering the n---,rc* transition, the excitation appears to be mostly 

localized in the rCc=o region, and, with regard to the n~zc* transition energy, 
a polyenic aldehyde with an infinite number of double bonds N can be considered 
as an acroleine molecule. 

2.2. Comparison between the Localized and the Delocalized Model 

In the delocalized model, in the Virtual Orbital (VO) approximation, the 
n---,r~* excitation is delocalized over all the ~z system. We may show, that the 
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configuration interaction including the n singly excited configuration tends to 
relocalize the excitation towards the nc=0 bond. So after this CI in both, the 
localized and delocalized models, the n ~ n *  excitation appears to be mainly 
localized in the nc= o region. 

We take the acrolein molecule as an example (see Fig. la). In the delocalized 
model, one may build two excited molecular orbitals q)* and ~o* taken as a linear 
combination of the nx and n2 localized orbitals built on the nc= o and the nc= c 
bonds respectively 

4 

~o~ : ~22 (n~ - n*), (7) 

~0" : ] ~  (n* + ~*), (8) 

As a first approximation, we may use 1/]/2, as coefficient, if we consider that 
<n* IF] n]') is nearly equal to <n* iF] n*). 

The energy of these two MO's will be given by: 

= ~[<nl IFlnT) + <n* ]Fin*>] - <n* IFln*>, (9) 

<~o* Ifjc, o*> = :[<n11 * IFInl>* + <n, Iftn,>] + <n* IFIn*> • (10) 

Eq)] ~ [Eq. (9)] and E~o, [Eq. (10)] differ by <n* Ifl n*> which appears with the minus 
sign in the expression of E~o* and with the plus sign in the expression of Eq),. 
Since <n~ IF] n*) has a positive value, when the antibonding localized Molecular 
Orbitals n~ and n* have parallel orientations, the energy of the Molecular Orbital 
~0" is lower than the energy of the Molecular Orbital ~o,. 

So the lowest delocalized n~n* state will be the n~qo* state and the n-~n* 
transition will be delocalized over the two n~ and n2 bonds. 

Let us perturb the n-,(p* state by the n--,~o* state. The energy difference 
between the two states n--,qo]' and n~q~* will be given by: AE=E,_~e.-E,~e~. 

If J,~o~ : d ,~ in the same way as in CNDO/2 parametrization, we get 

A E : - 2<n* JFt n*) (12) 

so A E is negative. 

The coefficient of the 4~{ ~p*] configuration in the first order perturbated 
\n J 

wave function is given by: 

¢Pin ],]= AE (13) 
with 

(Oln ]/ =<(o*JF- J.j(o~) 
1 , ----~(<n~ l%In*>)- (<n*l J~In*>). (14) 
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Since the Coulombic repulsion (rc*lJ, l ~ )  has a larger positive value than the 
Coulomb repulsion (~* IJ~l~*) (for the reasons already mentioned) the difference 
(~* I J. I s* ) -  (rc~lJ.l~) is positive and the numerator is negative because of 
the minus sign which appears in this expression [Eq. (14)]; so the coefficient c~ is 
a positive number. 

When the interaction between the • (~]~)and • (~ * ) / ~ \ / ' ~ \  states i s taken  into a c -  

c o u n t  by a first order perturbation theory, the wave function ~ describing the 
n ~ z *  state may be written at the first order by 

1 = ~- [n[1/]/~Ex* (1 + e) + x*(c~ - t)]].~ (16) 

For the representation of the n ~ *  state, the best Molecular Orbital is more 
important on the rc~ virtual orbital than on the ~* one's. 

Since e is a positive number smaller than 1, the Molecular Orbital ~ has a 
negative tail on the re2 bond, in the same way as, in the localized model. 

When considering the rc-~rc* transition of polyenic systems, in the delocalized 
model, the Configuration Interaction relocalizes the excitation with respect to 
the VO approximation, reducing the long range charge transfer excitations. 
In the n-~rc* transition, the relocalization due to the Configuration Interaction 
is still more pronounced, the excitation being brought to the C=O region. 

2.3. Second Order Energy Correction 

The second order energy correction involves the corrections due 1) to the 

(5 4~ configurations, 2) to the doubly and triply excited configurations. 

Table 1 (Columns 4 and 5) gives respectively the n~rc* transition energies 

(5 after the correction due to the ~ configurations 2m (Et,,~,) and after the full 

second order correction (E2,~,). We have noticed that: 
wo r2,m and E~,~, decrease from N = 1 to N = 3, then 1) In the same way as ~t,  ~t,,~* 

these quantities remain constant. This result is not surprising since all the second 
order corrections vary from N = 1 to N = 3, then they remain constant (see Table 1). 

Experimentally we do not know the n-~rc* singlet transition of a polyenic 
aldehyde with N > 2, but we know that the n ~ re* transition energy of a polyenic 
aldehyde do not decrease so quickly as the rc~rc* transition energy [3]. The 
semi-empirical calculations (with NNDO method) of Baird et al. [45] show that 
the n--,rc* triplet transition energies of the polyenic aldehydes (from N =  1 to 
N = 6) has a constant value for N > 3. 

(5 2) The ~b singly excited configurations have a very important lowering 

effect on the n ~ ~* transition energies ( -  1.90 eV when N = 1, and - 1.83 eV N = 2). 
These corrections represent the delocalization of the hole n towards the o- bonds. 



206 J. Langlet 

In our calculation, we just consider the contribution of the q~ (=*] configurations 
\a / 

to the first order perturbated wave function, vizualized by a diagram very similar 
to the Diagram (d 1) 

In formaldehyde the lowering effect is due to the two ~ o- CH configurations. 

In acrolein, the • \/tac. ~ and 4~ configurations (with acH and O-c_ c adjacent 
\ac-c/  

(5 to the ac= o bonds) are the most important ~ configurations. The lowering 

effect of the ~b (rc~ ] configurations is more important than the lowering effect 
\aCH/ 

of the 4~ " (~* " / configurations. We can easily understand why the hole delocaliza- 
\ac=o/ 

V 

tion does not extend very far/since the interaction matrix element between the 
k (*) Tg I . . 

~b and q~ configuraUons decrease exponentially with the distance between 
n 

the a bond and the lone pair n/. 

Even if we had considered higher orders of perturbation corrections, our 
results would not be significantly changed, since the contribution of any a k bond 
in the k th order perturbed wave function would be visualized by a diagram with 
the ak ranged in an increasing order similar to the Diagram (d4). 

So, in the same way as the step by step delocalization of the particle, the step 
by step delocalization of the hole decreases exponentially with the distance from 
the C= 0 bond. 

As this level of calculation, we can compare the results we have obtained 

in formaldehyde in the localized model, when including the ~b configurations 
a 

by a Rayleigh Schr6dinger perturbation series, with the calculations mode in 
formaldehyde with the delocalized model when including the singly excited con- 
figuration by a Configuration Interaction method (CIS approximation) by both 
semi-empirical (CNDO/2) [19] and ab initio methods [35, 36]. The lowering 

(;*) effect due to the 4~ configurations upon the n-+rc* transition energy is more 

important with the localized model than with the delocalized model. With the 
semi-empirical CNDO/2 method in the CIS approximation [ 19] a 0.41 eV lowering 
effect has been obtained, and with ab initio calculations the lowering effect due 
to the o- monoexcited configurations are: 0.43 eV [36], 0.32 eV (with a minimal 
STO-4G basis) [35] and 0.17 eV (with an extended 4-31G basis) [35]. This fact 
is quite easy to understand since when using LCAO-MO-SCF wavefunctions 
[43, 44], the lone pair orbital n has a significant amplitude on the hydrogens and 
the carbons adjacent to the C=0 bond, while in the localized model the lone pair 
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orbital n is taken as a 2py lone-pair orbital on oxygen. So in the localized model 
the hole n is localized on oxygen at the zeroth order approximation and the 

configuration interaction with the ~b " (~z* " ] tends to delocalize the hole n towards 
\O-CH/ 

the #CN bonds (or the O-c_ c bond) adjacent to the ~Zc= o bond. 
2, m 3) E2,.~, has a lower value than Et,,.~.. Table i shows that the single excitations 

aq, apl, ) and the double excitations aq, aqap, a p [ , +  + "*) (or ap, apap, a p [ , +  + ~*\/) have an 
increasing effect upon the n ~ n *  transition energies. But the single excitations 
ap, apl, ) have a decreasing effect upon the n--, re* transition energy which is more 
important than the preceding increasing effect. 

The + ~* ap, apl, ) single excitations (polarization excitations) give a stronger (,') interaction with an excited determinant ~ k than with the ground state, so they 

represent the repolarization of an excited state with regards to the ground state. 
Our calculations have shown that during the n ~ *  excitation the energy gain 

obtained by the repolarization of the rc bonds is more important than the energy 
gain obtained by the repolarization of the a bonds ( -  1.46 eV versus -0,81 eV in 
formaldehyde and - 1.58 eV versus -0 .94 eV in the others aldehydes). 

The coefficient of the ~ '" "(J..*P*/doubly excited determinant, in the first order 
\ t p /  

perturbed wave function is given by: 

v p / / =  (17) 
p* ~ p* 

The interaction matrix element R between the ~b and • *P* configura- 
V P /  

tions is given by Eq. (18) 

R = Fpp, d- apj,~ - api .  (18) 

The Fock matrix element Fpp, is zero since in ground state polarities have been 
made optimized. 

The matrix elements apj, and api, given by Eqs. (19) and (20), represent charge- 
dipole interactions 

apj, = (pp*, j ' j* ) ,  (19) 

api = (pp*, ii) . (20) 

So the difference apj, - api represent the dipole-dipole interaction (pp*, j ' j*  - ii). 

In formaldehyde, the coefficient of the (b" "(re*n* / determinant upon the n ~  re* 
\n rct / 

state in the first order perturbed wave function is very important 0.18. The inter- 
action matrix element has a very large value (4.09 eV); the interaction of the 
dipole rct rc ~ with the charge of the particle rc*rc~ is more important than the 
interaction of the dipole r~lrc ~ with the charge of the hole ( -5 .62 eV versus 
- 1 . 5 3  e V ) .  
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In formaldehyde the only a bond which becomes significantly repolarized 
during the n--,rc* transition is the O-c= o bond. The values of a ~  and a~n we have 
obtained are nearly the same than the values ofa~l~T and a~ln, but the contribution 

of q) " "(a*zc* / is weak because the energy difference A E which appears in denomina- 
\~ n i 

tor of Eq. (17) is very large (-40.04 eV). 

The acn bonds are not significantly repolarized during the n - ~ *  excitation 
since the interaction of the dipole ~1 ~ with the charge a ~ n ~ n  has the same sign 
and nearly the same values, than the interaction of the dipole ~1 rc~ with the charge 
nn: so the dipole-dipole interaction (~cn~*n, re*re 1 - n n )  is nearly zero. When 
passing from formaldehyde to acrolein, we have to take into account: 

e) the repolarization of the ~c=o bond induced by the excitation n ~ * = 0  
which is nearly the same as in formaldehyde. 

¢/) the repolarization of the ~c=o bond induced by the n~rc~ excitation, but 

this effect is negligible in spite of a strong matrix element between the ~b(n~ ) / - "  

and the ~b (~rc~t  ( -6 .88 eV); but the contribution of the ~b(n~* ) configuration 
\n ~i/ 

upon the wave function of the n ~ rE* state is very weak. 

7) the repolarization of the 7c 2 bond induced by the n-~ rc~ excitation, but this 
effect is very weak, since the dipolar term a ~  - a=~ is nearly zero. 

In the polyenic aldehydes the repolarization of some bonds during the n ~ ~* 
excitation is a very localized phenomenon. The C=0 region is the only one to be 
repolarized. The ~c=o and the ac= 0 bonds are repolarized mostly by the ~ ~ C=0 
excitation since the weight of the others excitations n--~(c=c) k decreases expo- 
nentially; the other ~ or a bonds are not significantly repolarized by the n-~ ~=0 
excitation since the dipole-dipole (7~kTCk,7ClT~ 1 --nn) or (aka k -rc*rc*--nn) 
interaction decreases as 1/R 3. 

The lowering effect of the doubly excited determinants upon the n ~ z *  state 
has been also obtained on both semi-empirical 1-20, 21] and ab initio calculations 
[3 l, 333. 

3 .  Conclusion 

This work shows that in the n ~ zc* excitation, the delocalization of the hole 
and of the particle does not extend very far. So the n ~ re* excitation appears to be 
localized in the ~c=o region: This fact explains very well why the n ~ ~z* transition 
energy ofa  polyenic aldehyde reaches a constant value for a very small value of the 
number n of double bonds. 

After Configuration Interaction, both the delocalized and localized models 
appear to be equivalent. In the same way as in the ~z ~ ~* excitation, the CI used 
in delocalized model tends to relocalize the excitation, but in the case of the 
n ~ ~* excitation, the relocalization of the excitation does not come from a reducing 
of the long range delocalization effects: the CI simply relocalizes the excitation 
towards the C=0 regions. 
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We have also shown that in the same way as in all excited states, the n ~ *  
state presents a charge migration i.e. a charge reorganisation with regards to the 
ground state, so some bonds are repolarized during the n ~ *  excitation. This 
phenomenon is also localized in the ~c=0 region. 

So all polyenic aldehydes with an infinite number of double bonds N, are 
similar to acrolein with regards to the n--* ~z* excitation. 

We thank Dr. J. P. Malrieu for many fruitful discussions and for his interest and very helpful 
critiscisms. 
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