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The ~ correlation effect of the first singlet states of polyacenes has been studied for naphthalene, 
anthracene, tetracene using a perturbation expansion up to second order. The influence of the extent 
of configurations has been analysed. 

1. Introduction 

The rc-Tr* transition energies of polyacenes are examined from the point of view 
of the effect of r~ orbitals in complete configuration interaction by a Rayleigh- 
Schr6dinger perturbation expansion up to second order. A minimal basis set has 
been used and the rc molecular orbitals obey self consistent conditions for the 
ground state. The study is concerned firstly with troncature effect of the configura- 
tion interaction expansion on transition energies, secondly with the variation 
in term of the cycles number  of the transition energies for naphthalene, anthracene, 
tetracene. 

2. The Theoretical Method 

The zero order hamiltonian matrix is built with the ground state self-consistent 
zt orbitals. These are given as the result of a Pariser-Parr-Pople calculation [1] 
using the program written by Bessis-Chalvet [21. The model hamiltonian is given 
by: 

N + + + H= 2Hpqapaq+12ypaapaqaqap 
Pq Pq 

+ and ap are respectively creation and annihilation operators for one where ap 
electron on the orbital 2pz. The parameters have been taken to be: 

Z = 3.25; E = 0.69; W =  11.22; fl = - 2.39. 

The Hartree Fock hamiltonian is: 

It ~ = ~ ~p b;  bp 
p 
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+ bp being the operator of creation of a self consistent orbital ~0p and the total 
hamiltonian according to the Moller-Plesset partition is merely given by: 

H = H ~  

The second order approximation on the energy of the ground singlet state So is: 

I<olvlt>l 
e~~ ,,oZ EO_E o 

whereas the second order energy of the S~ excited singlet state is given by: 

e~ z)= s l(c~lVlJ)[2 
, , ,  E ~  ~ 

S~ is assumed to be non degenerate. 
In the following expressions for the transition energy: 

gs ,-so = It?SCF lt?SCF _1_ _(2) ~ - - ~ o  . e ~  --e(o 2) 

an important cancellation [3] appears. Let: 

1I> -- T+ 10>, 

All the configurations [I)  and [J )  coming from the same excitation T + applied to 
[0) and ]c~) respectively, and so that this excitation T § has no orbital common 
with S +, disappear. 

The Epstein-Nesbet partition [4, 5] 

In practice, the M611er-Plesset perturbation expansion converges rather 
slowly. A new partition of H can be obtained by inserting certain groups of terms 
in the zeroth order hamiltonian: 

H = H'~ + V ' 

H'~ =H~ + Z ( I1Vt I )  I I )  (I1" 
I 

With this choice the diagonal elements of V' are zero. This partition (Epstein- 
Nesbet) has been used in our calculation. 

The second order energy is now: 

I<olviz>l 2 e(g)= Z 
I r  -(~0 - - ~ I  

The exact cancellation previously described does not occur because the 
denominators now differ by coulombian exchange integrals. It can be shown 
however that these terms contribute only to the third and higher order energy 1. 

a This means that, when one neglects the diagrams which previously cancel in M/51ler-Plesset, 
then the effect is of third and higher order on the Rayleigh-Schr~Sdinger perturbation using the Epstein- 
Nesbet partition of the hamiltonian. 
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In the degenerate case, we have to evaluate non-diagonal elements such as: 

(JlV[ ) 
= c F  - c F  

where I@ and ]fl) belong to the degenerate sub space D. 
The different perturbation subroutines were written by Levy and Malrieu 

[6, 7]. One calculates the oscillator strengths S o ~ S i  by a double perturbation 
technique to first order both in V' and d, the electric dipole moment. The program 
has been adapted to PPP  approximation and completely automatized. 

We expect from such a perturbation expansion the benefit of the inclusion 
of all interacting configurations; for instance, highly excited states are seen to be 
described as accurately as lowest ones. In the highly excited states however, 
frequently occurring quasi degeneracies necessitate a special treatment. Of course, 
the inconveniences linked to the choice of the basis and to the PPP  approximation 
do not disappear. The third order correction has been completely neglected. The 
computing time grows roughly as n 25 where n is the number of ~ electrons. 

3. Study of Some Polyacenes 

a) The Influence of the CI Extent 

Two calculations were carried out, the first concerning the c~ and fl naphthalene 
bands, the second, the p band of antracene. Let 

~Po = ao]0> -}-a 111) + a212) + -.. 

~P~ = bole)  + b~ I1~) + b212~) + -.. 

E 

6 

5,S 

5 -  

4 

3,5 
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exp 

0~I 0,01 0,071 C o 
1'0 2'0 :30 /~'0 50 60 70 n 

Fig. 1. Naphthalene - a and fl bands. Energy in eV in function of n, number of configurations and of Co, 
upper limit for the absolute value of the weight of the configuration 
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Fig.  2. A n t h r a c e n e  - p b a n d .  E n e r g y  in eV in f u n c t i o n  o f  n n u m b e r  of  c o n f i g u r a t i o n s  a n d  of  C O weight 
of the configuration 

with 
(OlV[1) vlJ) 

a1 - DoLTSCF _ a-'I~7'SCF ; bs - -  --~Fsc F _ ESCF �9 

In the first step, only the configurations which have a weight greater than a 
given Co have been taken into account 

laiI, Ib+l>--C0 
then Co is varied from 0 (all configurations) to 0.3 or 0.5 (1 configuration). The 
results are reproduced in Figs. 1 and 2. Oscillations are important when the 
number of configurations occurring is small because their amplitude is about 
I<v>l 2 

AE 

Table 1. M o s t  active configurations in the value of the transition energy in anthracene p - b a n d  

E x c i t a t i o n  C O = 0.06 
wi th  respec t  to  ground state 

7 - 7 ~ 8 - 8  
6 - 7  ~ 9 - 8  

wi th  respec t  to  7 - 8  { 4 4  8 

mono 7 ~ 11 

exc. 5 ~  9 
6 - - . 1 0  

7 - 8  ~ 1 0 - 9  

d o u b l y  6 - 5  ~ 7 - 8  
exc. 3 - 8  ~ 1 2 - 7  

6 - 8 - ~  9 - 7  
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The  curves show tha t  s t ab i l i za t ion  is ob t a ined  at  a b o u t  40 conf igura t ions  in 
the case of  e and  fi naph tha l ene  bands ,  90 in the case of the an t racene  p -ba nd ;  in 
bo th  cases, the value  of  Co can then  be es t imated  a r o u n d  0.01. 

F o r  ins tance  in Fig. 2 the  90 conf igura t ions  compr i se  10 m o n o e x c i t e d  B2,, 
40 doub ly  exci ted B2u with respect  to  7 -8  and  40 doub ly  exci ted with  respect  to  
the g r o u n d  state Ao; no m o n o e x c i t e d  conf igura t ion  with  respect  to the g round  
state can in tervene due to Br i l louin ' s  theorem.  Furthermore, all configurations 
giving equal contribution in both S o and S~ have disappeared. By these methods ,  the  
conf igura t ions  which mos t  influence the value  of the t r ans i t ion  energy are  selected;  
for ins tance  Table  1 r ep roduces  the  10 conf igura t ions  having  the highest  weight  
in the case of the an th racene  p-band .  

b) Calculation of the Singlet-Singlet Transition Strengths and Transition Energies 
of Naphthalene, Anthracene, Tetracene 

M a n y  theore t ica l  s tudies were unde r t aken  since Par i se r  [8]  pub l i shed  his 
i m p o r t a n t  and  exhaust ive  " theory  of  e lec t ronic  spec t ra  and  s t ructure  of the poly-  
acenes",  which includes  a conf igura t ion  in te rac t ion  very l imited,  on a L C A O  M O  
basis. N i s h i m o t o  [9] calculates  these t rans i t ion  energies with a var iab le  f i-modifi-  
ca t ion  of  the P a r i s e r - P a r r - P o p l e  method .  

Table 2. Naphthalene 

Etat Perturbation Pariser [8] Exper. 
Principal Trans) Oscil. Pol. Trans. b Oscil. Trans. b Oscil. 
excitation energ, strength energ, strength energ, strength 

1B~-,, 5-6 (p) 4.27 0.049 y 4.49 
4-7 5.48 0.608 y 6.31 
3-8 7.07 0.618 y 8.18 
4-10, 1-7 9.47 0.023 y 8.77 

1B ~-,, 4410, 1-~7 8.09 0 9.20 

1B~-~, 5-7, 4-6 (fl) 5.54 1.37 x 5.94 
5-10, 1-6 8.05 0.769 x 7.96 

1B~, 5-7, 4-6 (e) 3.52 0 4.02 
5-10, 1-6 7.37 0 8.01 

1 + Ag 4-8, 3-7 6.61 0 7.09 
5-9, 2-6 6.69 0 7.42 
3 10, 1-8 9.47 0 10.21 

~Ag- 4-8, 3-7 5.29 0 5.72 
5 9, 2-6 6.09 0 7.36 
3-10, 1-8 9.43 0 10.74 

1B~o 3-6, 5-8 5.47 0 5.50 
4-9, 2-7 7.73 0 7.56 

1Bi- o 3-6, 5-8 5.07 0 5.98 
4-9, 2-7 7.39 0 8.22 

0.256 4.29 a 0.18? 
0.699 6.51?" 0.21 
0.851 7.40 a 0.6?? 

0 0 

2.115 5.62 a 1.70 
0.043 

0 3.97 a 0.002 
0 

a Platt [11]. 
b Energy in eV. 
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Mestechkin [10] who performs a semi-empirical variant of a random-phase 
approximation, gives a review of all these works to which the reader is brought 
back. 

The experimental data concerning the absorption spectra of aromatic hydro- 
carbons studied here are mainly those of Klevens and Platt [11, 12] and we refer 
to their assignments except for a few ones, according to the indications, relating 
the polarisation given by Zimmermann and Joop [13]. 

The singlet-singlet transition energies (in eV) and the corresponding oscillator 
strengths for the u-bands of the naphthalene, anthracene and tetracene molecules 
are reproduced in Tables 2-4. In the first column the symmetry labels of various 
energy levels are indicated; in columns 2 to 5, our results are grouped under the 
heading "perturbation". We have named principal excitation this monoexcited 
configuration which represent at zero order the singlet state S~. Fig. 3 shows values 
calculated and observed for the energies of the p, ~ and fl bands. 

The experimental and theoretical results are seen to agree very well for the 
fl band and to be slightly too small for the ~ band. Generally, our result are smaller 
than experimental values, on the contrary of Pariser's one which were greater. 

Table 3. Anthracene 

Etat Perturbation Pariser [8] Exper. 

Principal Trans. Oscil, Pol. Trans. Oscil. Trans. Oscit. 
excitation energ, strength energ, strength energ, strength 

1B~, 7-8 (p) 3.08 0.099 y 3.65 0.386 
7-12, 3-8 5.35 0.324 y 5.25 0.091 
6-9 5.63 0.139 y 6.58 0.644 
5-10 5.80 1.16 y 7.84 

IB~ 7-12, 3-8 4.86 0 5.69 0 

XB~-, 7-9, 6-8 (/3) 4.89 2.016 x 5.50 3.23 
4-10, 5-11 7.15 0.10 x 7.22 0.091 

1B~,, 7-9, 6-8 (c0 3.09 0 3.71 0 
4-10, 5-11 6.47 0 6.24 0 

1 + Ag 4-8, 7-11 5.86 6.74 0 
6-10, 5-9 6.49 7.03 0 
1-8, 7-14 7.59 7.68 0 
2-10, 5-13 8.49 9.51 0 

1A~ 4-8, 7-11 5.04 5.00 0 
6-10, 5-9 5.06 6.81 0 
1-8, 7-14 7.15 7.75 0 
2-10, 5-13 7.82 9.17 0 

XB+ 5-8, 7-10 4.42 4.61 0 1o 

4-9, 6-11 7.32 7.19 0 

IBTg 5-8, 7-10 3.73 4.94 0 
4-9, 6-11 6.70 8.68 0 

3.27" 0.10 
5.61 u 0.28 

6.66" 0.65 

4.83" 

3,47 c 

2.28 

a Platt [1t] .  
b Platt [113, however this band 
~ Zimmermann and Joop. 

is given as an A~ band by Platt and a BE, band by Mestechkin [10]. 
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Table 4. Tetracene 

95 

Etat Perturbation 

Principal 
excitation 

Trans. 
energ. 

Pariser [8] Exper. 

Oscil. Pol. Trans. Oscil. Trans. Oscil. 
strength energ, strength energ, strength 

B+, 9-10 (p) 2.56 0.l l  y 3.11 0.44 
8-1l  4.83 0.141 y 4.68 0.16 
6-10, 9-13 4.87 0.998 y 6.54 0.001 
7-12 5.81 3.29 y 6.94 1.20 

B~u 6-10, 9-13 4.16 0 5.14 0 

B~" u 9-12, 7-10 (fl) 4.45 2.71 x 5.09 3.78 
7-13, 6-12 6.96 x 7.19 0.086 

B~, 9-12, 7-10 
7-13, 6-12 

A + 7-11, 8-12 

Ag 7-11, 8-12 

B + 8-10, 9-11 l g  
8-13, 6-11 
5-12, 7-14 

B~o 8-10, 9-11 
8-13, 6-11 
5-12, 7-14 

(~) 2.85 0 
5.42 0 

5.84 0 

4.38 0 

3.66 0 
6.04 0 
7.27 0 

2.98 0 
5.95 0 
6.33 0 

3.56 0 
5.78 0 

4.51 0 

6.33 0 

3.90 0 
5.09 0 
7.02 0 

4.26 0 
5.56 0 
8.12 0 

2.62 a 0.08 
4.23 b 
5.40 a 0.28 
5.87 a 0.45 

4.55 a 
6.89 a 
6.62" 

3.22 ~ 

1.85 
0.68 
0.27 

" Platt [11]. 
b Meyer [14]. 
c Zimmermann and Joop [13]. 

~~ o exp 
x ca[c 

xo • B3u + 

~ ~ _ _ _ . ~ x  o~ B3u- 

"-,o 
P B2u + 

Fig. 3. cg fl, p bands of naphthalene, anthracene and tetracene. Energy in eV in function of n, number 
of cycles 
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The  parametr iza t~on shou ld  eventua l ly  be bet ter  a d a p t e d  for this p e r t u r b a t i o n  
type  of  ca lcu la t ion  which includes  all  conf igura t ions .  

In  conclusion,  this work  firstly gives energy values which are  independen t  
of any  art if icial  t runca tu re  of  the  conf igura t ions  and  depends  only of  the  o rde r  of  
the p e r t u r b a t i o n  and  the numer ica l  results  show tha t  the second  o rde r  agree 
well wi th  exper imen t ;  secondly  shows tha t  the  evo lu t ion  of  the  energy is s tabi l ized 
a r o u n d  Co =0 .01  and  tha t  the  n u m b e r  of  mos t  in te rac t ing  conf igura t ions  is in 
general  greater  t han  usual ly  cons ide red  in classical  in te rac t ions  of conf igura t ions  
(the difference be ing  pa r t ly  impl ic i te ly  inc luded  in the semi-empir ica l  parameters) .  
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