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140. The n-Orbital Energies of the Acenesl) 
by Patricia A. Clark2), F. Brogli and E. Heilbronner 

Physikalisch-Chemisches Institut der Universitat Base1 

(17. IV. 72) 

Summary. The ‘observed’ n-orbital energies cv,j = - Iv, j derived from the vertical ionization 
potentials obtained by a photoelectron spectroscopic investigation of the acenes benzene A ( l ) ,  
naphthalene A(2), anthracene A(3), naphthacene A(4) and pentacene A(5) have been compared 
with n-orbital energies calculated by three different approximations : (a) the standard Huckel HMO 
model; (b) a first-order perturbation treatment, based on (a), that takes into account bond length 
changes which follow the ionization process; (c) a SCF n-electron model of the type proposcd by 
Pople and by Pariser & Purr. In  agreement with previous experience i t  is found that model (b) 
yields the most satisfactory parametrization of the experimental data. 

A t  least since the fundamental work of Clar [2]  and his school on the higher 
acenes A(N) and on other benzenoid hydrocarbons, it has become obvious that the 
physical and chemical properties of these molecules are smooth, monotonic functions 
of the number N of annelated rings. 

A(1) A(2) 4 3 )  A(4) A(5) 

The comparison of the observed dependence on N of a given property (e.g. 
position and intensity of bands in the electronic spectra [3], first ionization potentials 
[4], polarographic reduction potentials [5] ,  interatomic distances [6]) with the cor- 
responding calculated dependence has been used as the touchstone for the 
predictive qualities of the various theoretical moleculnr orbital models used for 
description of the electronic structure of the z-systems of acenes and of ‘aromatic’ 
hydrocarbons in general. 

Concerning the early history of the calculation of mo‘c ular orbital energies for 
largemsystems, the reader is referred to the now classic treatise of Pullman & Pullmalz 
[7] and to the first tabulation of such values by Coulson & Daudel [S] .  Summaries of 
more recent developments can be found in the books of Slreitwieser [9], Salem [lo] 
and Dewar [ll]. 

Although molecular orbital energies for large n-systems have thus been known for 
some time [7] [12], they have so far escaped experimental verification, with the 
exception of the energies of the highest occupied (HOMO) and the lowest unoccupied 
(LUMO) molecular orbitals which can be correlated with first ionization potentials 
[4] or electron affinities [5 ] .  With the advent of photoelect) on (PE.) spectroscopy [13] 

l) 

2) 
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Fig. 1. PE.spectra of the acevzes A(,V) 
The labels refer to the orbitals given in Table 1. (Axes defined as shown in (4)) 

such a verification has now become possible for almost the whole set of 7c-orbital 
energies. 

Koopmans has shown [14] that the self-consistent field (SCF) orbital energies 
E? calculated for a closed shell molecule M in its electronic ground state 

= (y1)2(y2)2 . . . (yj)z . . .   HOMO)^ (1) 

yield directly the vertical ionization potentials Iv,j for the process leading to the 
radical cation M+(yj-l) : 

( 2 )  SCF Iv,j = - E j  

Iv,j is the energy of the radical cation M+ with the same geometric structure as M 
and in the electronic state 

pj = (yl)2((yz)2 . . . (yj)' . . . ( Y H O M O ) ~ ,  (3) 
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relative to the energy of M in state (1). Note that in (1) and (3) the orbitals yi (i = 

1,2,  . . . HOMO) are the SCF orbitals of groundstate M. 
Although theorem (2)  is subject to severe limitations due to neglect of changes 

in the orbitals yi under the influence of the distribution of positive charge in M+(y;' 
and of the corresponding differences in correlation energies [15], i t  has proved a useful 
tool in PE.-spectroscopic investigations. It has become custoniary to equate observed 
vertical ionization potentials Iv, j with negative 'observed' orbital energies ev, j = 

We shall adhere to this convention in the present communication. FuIthermore, 
we shall substitute in (2) for EY the orbital energies q calculated from simple 
HMO models. A comparison of - Iv,j  with ej provides a test for the quality of such 
models, which depend, in the last analysis, only on the connectivity pattern of the 
individual 2pz-AOs in the n-system as represented by the topological (Huckel) matrix. 
This approach implies the assumptions: (a) that in extended n-systems, such as those 
of the hydrocarbons A(N), the relative spacing of the Huckel molecular orbital 
energies E~ is close to that of the SCF orbital energies e y ;  (b) that the limitations 
inherent in (2) are less severe for molecules containing large n-systems than for small 
a-bonded molecules. 

- Iv ,  j .  

Fig. 1 shows the I'E. spectra of A(1) to  A(5) recorded on a PS16 spectrometer of Perkin- 
Elnzev Ltd. (Beaconsficld, England), provided with a high teniperature inlet system and a heatcd 
target chamber. A(1) and A(2) were recorded a t  room temperature, the higher acenes at 100°C 
jA4(3)), 1 7 5 T  (h(4)) and 240°C (A(5)) .  The labels assigncd to  the bands refer to the convention 
summarized in (4), (6 ) ,  (7) and (8). Thc corresponding vertical ionization potentials I", j are given 
in Table 1. Vor comparison we have included the n-ionization potentials previously reported by 
other authors for X(l) ,  A(2) and A(3).  

Model: HMO 
CouZson has shown 1161 that in the framework of standard HGckeZ-MO theory [9] 

the 4N+2  n-orbital energies of an N-acene A(N) can be obtained in closed form, i. e. 

where J = 1 , 2 . .  . N. Using the abbreviations E = c( + xp andrJ = (9 + 8 cos (nJ/(N+1))'l2 
the 2 N  +l bonding orbitals have energies determined by the coefficients 

xo = 1 
"j = tc + xjp I xf = (rJ + 1)/2 1 xr = (rJ - 1)/2 

(5)  

The corresponding linear combinations y belong to the following irreducible re- 
presentations of Dzh, if the axes are chosen as indicated in the diagram of formula (4) : 
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(6) 

yJ': B3g K1u (7) 
YT 1 All Jhs 

N :even odd 

J : even odd 
yo  : B 1 u  K s g  

The correlation E = E(N, J), which at first sight seems to be the 'natural' one, is 
that with J = N-K, where K is constant for each set of correlated orbitals, e.g. K = 0 
(or J = N) for the set of the highest occupied n-orbitals (HOMO). However, as seen 
from (7) and from Fig. 2 (dotted line connecting the HOMOS), this type of correlation 
has the disadvantage that the orbitals in each set belong to two different irreducible 
representations. 

Therefore we prefer to  conelate the orbitals yJ' or yT with the same quantum 
number J ,  i.e. &S- = &+(N,J) and 8- = E - ( N ,  J) with J = constant, as indicated by the 

ri- 

0.5 - 

1.0 - 

1.5- 

2.0 - 

2.5' 

w4- 
w" 

3% 

Fig. 2. Correlation diagram of the acene H M O  orhital energies as given by Coulson's formula (4) 
The definition of yf,  15 and yo corresponds to that given in (5). The orbitals connected by solid 

lines carry the same label. With reference to (6) and (7) we have 
- 

yJ Yo 
B3g A B3u 

0 Rzg O B1u * B1g 

yf 
Au 

The orbitals connected with a dotted line are the Y H ~ M O ,  i. e. the highest occupied n-orbitals of 
the A(N) 
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solid lines in Fig. 2. In this fashion orbitals belonging to the same irreducible re- 
presentation and having the same nodal properties are collected in the same set. 

For the purpose of this correlation the n-orbitals of benzene belonging to  Atll and E, of Dah are 
written in thc usual real form and classified as Bl,, Bsa and B s ~  relative to the lower symmetry 
group Dzh. 

As is evident from (5) and from Fig. 2, the set of orbital energies E; and the set EJ 

plotted as a function of N form the same pattern, the former being displaced down- 
wards by 2 p  relative to the latter. All orbitals yo have &" = cc + /3 and thus lie above 
the orbital energies E J ~  for all N and J because of the relationship 1 < rJ < vfi. 
Accordingly the symmetry labels of the x-orbitals are uniquely definable as follows: 

As mentioned above, a characteristic feature of the HMO model is that to every 
acene A(N) there is assigned an orbital yo of energy CI + 6 (see (6)), whch belongs to 
B1 , or Bsg depending on whether N is even or odd and which, for N odd, is accidentally 
degenerate with an orbital of the class yJ' belonging to B2g or A, (see Fig. 2 ) .  These 
orbitals yo are all modelled after the same pattern shown schematically in (9) : 

0 a ............ #-JJ-J ..... 

Fig. 3a  shows the correlation diagram based on the 'observed orbital energies 
E ~ ,  j = - Iv, j .  While the general trend for the 'observed' energies of yJ' and y J  cor- 
responds closely to the one derived from the simple HMO model, there is one striking 
difference, namely, the increasing upward displacement of &! with increasing N, from 
E: = -9.2, eV for N = 1 to .&' = -8.3, for N = 5. As a consequence the accidental 
degeneracy of 2b3g and la, predicted for A(3) is lifted; the corresponding correlation 
lines cross near -8.7 eV between N = 2 and 3. On the other hand a new near-de- 
generacy (inside the limits of experimental error) occurs for 3b1, and 2bzg of A(4) at 
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Fig. 3. Orbitat correlation diagrams for  
the acenes A ( N )  

a) EXP. : Experimental 'observed' 
orbital cnergies E", j = - I", j. (See Table 1, 
column 3) 

b) HMO+ PERT : Orbital energies E ;  

calculated according to  formula (11) with 
least squares adjusted parameters a, /3 
and b. (See Table 1, column 8). 

c) SCF: Selfconsistent orbital energies 
cyF calculated from the Pariser-Parr- 

Popte eigenvalues (parameters see 
(12)) according to formula (13) with least 
squares adjusted parameters A and B. 
(See Table 1, column 10). 

The convention for the individual 
points is that given in the legend to Fig 2. 
For convenience the labels have been 
added to the correlatjon lines of c). They 
are the same for a) and b). 
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-8.4 eV, which is absent in the HMO results. Finally the degeneracy of 3b3g and 
2bzg calculated for A(5) is again lifted, the experimentally found difference in 
'observed' orbital energies being - 0.6 eV. 
Model: HMO including corrections for ionization-induced bond-length changes. 

As pointed out in a previous communication 1171 the major error in applying the 
standard HMO technique to the calculation of PE. spectroscopic data of n-systems 
consists in the neglect of the change in equilibrium bond lengths AR,,,, j = Rf, j - R,, 

Table 1. Experimental and calculated vertical iontzation potentials of the acenes A ( N )  
The values given in columns 3, 6, 8 and 10 are in eV 

Column 1 : Acene A(N) 
Column 2: Orbital label; symmetry group 
Column 3 : Vertical ionization potentials; these refer to the vibrational coniponcnt of highest In- 

tensity (Franck-Condo.n factor) ; Values in brackets are unccrtain due t o  overlap 
with bands of higher intensity 

axes oriented as shown in (4) 

Column 4 : Ionization potentials previously given in the literature 
Column 5 : Coefficients for orbital energies cj = c( + xj/3 from standard HMO theory. (See formula (5)) 
Column 6 :  Orbital energies obtained from a (least squares) regression of I", j on xj 
Column 7 : Perturbation tcrm calculated according to (10) 
Column 8 : Orbital energies obtained from a (least squares) regression based on formula (11) 
Column 9 : Pariser-Purr-PoFb SCF eigenvalues calculated with the parameters given in (12) 
Column 10 : Orbital energies obtained from a (least squares) regression based on formula (13) 

1 2 3 4 5 6 7 8 9 10 
I", j HMO HMO+ PERT. SCF 

Yj  (inev) Ref. xj - & j  Yj  -Ej '  p -&F 
9.24 
9.24 

12.25 
8.15 
8.88 

10.10 
7.40 
8.52 
9.16 

10.13 
10.21 
7.01 b) 
8.41 

9.56 

10.25 
6.64 
7.93 
8.35 
9.00 
9.39 
9.80 

10.26 

(8.6) 

(9.7) 

8.12 [26]; 8.11 [27] 
8.90 8.79 

10.00 9.96 
7.41 [28] 
8.55 
9.16 

10.16 

6.95 [29] [30] 

6.23 [30] [31] 

1.000 8.98 
1.000 8.98 
2.000 11.89 
0.618 7.87 
1.000 8.98 
1.303 9.86 
0.414 7.28 
1.000 8.98 
1.000 8.98 
1.414 10.18 
1.414 10.18 
0.295 6.93 
0.778 8.34 
1.000 8.98 
1.194 9.55 
1.295 9.84 
1.467 10.34 
0.220 6.71 
0.618 7.87 
1.000 8.98 
1.000 8.98 
1.220 9.62 
1.303 9.86 
1.496 10.42 

0.000 9.06 
0.000 9.06 
0.000 12.25 
0.035 8.11 

-0.046 8.70 
-0.024 9.84 

0.026 7.39 
-0.066 8.54 

0.001 9.07 
-0.029 10.16 
-0.013 10.28 

0.030 7.04 
0.014 8.46 

-0.076 8.46 
-0.013 9.58 
-9.028 9.78 
-0,032 10.30 

0.024 6.76 
0.018 7.98 

-0.083 8.41 
-0.002 9.05 
-0.041 9.44 

-0.029 10.42 
-0.020 9.87 

0.8005 9.03 
0.8005 9.03 

1.9146 7.93 
0.9384 8.89 

2.5575 7.30 
1.0150 8.82 
0.7844 9.04 

- 2.0952 11.88 

-0.0816 9.90 

- 0.3950 10.21 
- 0.4117 10.22 

2.9511 6.91 
1.4466 8.39 
1.0611 8.77 
0.2172 9.60 
0.0030 9.81 

3.2163 6.65 
1.9379 7.91 
1.0908 8.74 
0.7821 9.05 
0.2704 9.55 

-0.1000 9.92 
- 0.6525 10.46 

- 0.5673 10.38 

a) 

b) 

Classification of the orbitals in real representation rclative to I>,h with axes as defined in (4). 
These values have been reported previously in [l]. 
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which follows the vertical ionization process M + hv --f M+(yF1) f e. Here R&,j and 
R,, are the lengths of the bond p,v in M+(y,-l) and M respectively. The necessary 
correction Sq can be estimated from the changes in bond order ppy on removal of an 
electron from orbital yj,  by a simple first-order perturbation treatment [18] : 

Here pILy is the bond order of the bond pv in M, p,'y,j in M+(yF1) and po = 2/3 the 
bond order for a n-bond of standard length R, = 1.39 A, i.e. in A(1). The constant b 
depends on the force constants of an sp2-sp2 single bond and of a double bond of 
length R,, as well as on the derivative da/dR of the resonance integral. In practice b 
is handled as an adjustable parameter [17], [18] (see also [l]). Table 1 contains the 

ACENESC HMO 9 PERT 3 
I C P I  3 
C A L C .  / 

12.0 

11.0 

10.0 

9 .o 

8 .a 

7 .O 

6 .O 

6 .O 7 .O 8 .o 9.0 10.0 11.0 iz.dCPI I 

Fig. 4.  Computer drawn regression I", j ( =  I ( P I )  E X P )  US. cj' (=  I ( P I )  CALC) 
The lattcr values have been calculated from formula (11) with least squares adjusted parameters 

a, @ and b 
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parameters yj calculated according to (10) and the orbital energies E; obtained by 
combining (5) and (lo),  

EJ = cc + x j + b yj , (11) 

and by subjecting (11) to a least squares treatment. The latter yields the following 90 
percent confidence limits: cc = (-5.864 & 0.110) eV, /3 = (-3.196 f 0.107) eV and 
b = (-7.859 f 1.475) eV; residual variance about the regression V(q) = 0.0109 eV2, 
corresponding to a standard error of SE(q) = 0.104 eV. (For comparison [17]: 

The remarkable agreement between the observed (Iv, j )  and calculated (I; = - E; )  

ionization potentials is evident from the data given in Table 1, the regression shown 
in Fig. 4 and the correlation diagram of Fig. 3 b. Apart from the general numerical 
precision, the most gratifying feature is that our perturbation model explains satis- 
factorily the observed upwards trend of EO as a function of N. Indeed, as expected 
from the character of the orbitals yo shown in (8) and as can be seen from the values 
yj contained in Table 1, the E O  values are those affected with the largest corrections 

for each system A(N). Furthermore the magnitude of ~ E O  increases with increasing 

Note that the observed accidental degeneracy of 3bl, and 2bzg for A(4) is reproduced. 
Previous calculations based on formula (11) have shown that the correction (10) 

leads to an equally striking improvement of the predicted n-orbital energies for linear 
unsaturated, non-alternant and non-benzenoid hydrocarbons [17] and for the five 
isomeric benzenoid molecules CI8H,, [l]. In contrast, a correction for the uneven 
distribution of the excess positive charge in M+(yil), (e.g. by a first-order perturbation 
treatment) does not yield a further significant improvement of the E; values. 

Model: SCF 
I t  seemed of interest to investigate whether the discrepancies between the results 

of a simple HMO treatment (sj) and the experimental data ( E ~ ,  j )  can be removed by a 
self-consistent field calculation, i.e. by taking electron-electron interaction into 
account. The SCF method used is the one described by Pople [19] and by Pariser & 
Parr [ZO] (neglecting configuration interaction). To ensure a straightforward com- 
parison with the simple HMO results, we assume all bonds of equal length, i.e. R, = 
1.397 A and all angles 120”. The parameters used are [21] : 

p” = -2.371 eV; 

= -5.85 eV, 1 = -3.33 eV and b = -7.73 eV.) 

N :  0.000, N = 1 ;  -0.046, N = 2; -0.066, N = 3; -0.076, N = 4; -0.083, N = 5. 

PV 

y a p  = 10.959 eV; yPy (bonded) = 6.783 eV (12) 
328.77 + R,, 

30.0 + 12.341 R,, -t RLv y p v ( R  < 6 A;  not bonded) = eV 

ypv(R > 6 A) = 14.395/R,,, eV 

The orbital energies w : ~ ~  so obtained (relative to the energy of the basis 2pz - AOs) 
are given in Table 1. A least-squares calculation based on the linear regression function 

ep”” = A + Bw? (13) 
yields the following 90 percent confidence limits: A = (-9.816 & 0.078) eV, B = 

(0.984 & 0.054) eV, i.e. not significantly different from unity; residual variance about 
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the regression V(E", j) = 0.0325 eV2, corresponding to a standard error of S E ( E ~ ,  j) = 

0.183 eV. The residual variance is thus significantly greater than the one found by 
the perturbation treatment: F = 0.0325/0.0109 = 2.98 as compared to  F = 2.2 for 
95 percent security and 18 degrees of freedom for both variances. As can be seen from 
the correlation diagram of Fig. 3c, the inclusion of electron interaction also tends to 
shift yo  towards higher orbital energies with increasing N. However, this interaction 
accounts for only a third of the observed effect, and we are led to the conclusion that 
the major part of the observed displacement is due to the change dR,, in interatomic 
distances, i.e. to the perturbation B F ~  given in (10). 

The overall agreement between F? (from (13)) and .zv,j is shown in Fig. 5. 

ACENESC PPP 1 
I t P I  1 
C A L C .  

12 .o 

1 1  .o 

10 .o 

9 .o 

8 .o 

7 .O 

6 .D 

3 
EXP 

Fig. 5. Computer drawn regression o f Z v , j  (= Z ( P I )  E X P )  us. F?' (=  Z(PZ)CALC)  
The latter values have been calculated from formula (13) with least squares adjusted parameters 

A and B 

Remarks 
1. The calibration of formula ( l l ) ,  which relies on 18 degrees of freedom, yielded 

values for the parameters U, j3 and b which did not differ significantly from those 
90 
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obtained previously [l], [17]. Consequently we are in a position to assign rather 
reliable confidence limits to  unknown or uncertain n-ionization potentials, e.g. the 
lower Iv,j values of the acenes A(2) to A(5) or the set of Iv,j values of A(6). Such 
values have been collected in Table 2. 

Table 2. Low-lying n-orbital energies of the acenes A ( N )  

Yj - E v , j  Xj - F.4 9 Pj - E j ' b )  0Jj X F  - $ C F C )  

10.86 

11.9 
12.64 
") 
12.0 
9 
e ,  

"1 
9 
"1 

d) 

1.618 
2.303 
2.000 
2.414 
1.778 
2.194 
2.467 
1.618 
2.000 
2.303 
2.496 

10.77 5 0.44 0.003 
12.77 * 0.50 - 0.084 
11.89 0.47 - 0.064 
13.09 & 0.51 - 0.112 
11.24 & 0.45 - 0.058 
12.45 & 0.49 - 0.094 
13.25 f 0.52 - 0.125 
10.77 f 0.44 - 0.058 
11.89 0.47 - 0.085 
12.77 & 0.50 - 0.110 
13.33 + 0.52 - 0.131 

11.06 -j= 0.20 -1.0240 
12.57 .+ 0.22 - 2.8257 
11.75 i 0.21 - 2.0079 
12.70 & 0.24 - 3.0995 
11.09 & 0.20 - 1.3775 
12.14 0.22 - 2.5094 
12.77 .fi 0.24 - 3.2289 
10.58 & 0.20 - 0.9004 
11.59 0.21 - 1.9745 
12.36 5 0.23 - 2.7929 
12.81 & 0.24 - 3.2999 

~ 

10.82 0.33 
12.60 5 0.37 
11.79 ,C 0.35 
12.87 0.38 
11.17 & 0.34 
12.29 f 0.36 
12.99 5 0.38 
10.70 & 0.33 
11.76 i- 0.35 
12.57 0.37 
13.06 + 0.39 

a) 

h, 

C) 

d) 

c )  

Calculated according to ~j = a f p x j  with CI = - (6.074 t 0.234) eV, B = - (2.907 t 0.210) eV. 
(90% confidencc limits). 
Calculated from formula (11) with the least squares parameters CI 2 - (5.864 & 0.100) exr, 
,6 = - (3.196 & 0.107) eV, b = - (7.859 + 1.475) eV. (90% Confidence limits). 
Calculated from (13) with A = - (9.816 0.078) eV, B = (0.984 + 0.054) eV. (90% confidence 
limits). 
This orbital could be thc one corresponding to the double band at 12.36 and 12.5 eV. 
Thc corresponding n-bands are strongly overlapped by o-bands (set? Figure 1). 

2. In the case of benzene A(l)  the 90 percent confidence limits for the second 
n-ionization potential, corresponding to ejection of an electron from lazu  (in Deb; 
classified as lblu relative to the sub-group D2h), are 12.05 and 12.49 eV. This con- 
firms nicely the assignment proposed by Lindholrn and his coworkers r22] for the 
PE. spectrum of A(1). 

3. The comparison of the &;-values obtained from formula (11) with the 'observed' 
values E ~ ,  j = - I", j, as shown in Fig. 4, indicates that  the regression is linear ivz xj 

with no significant quadratic component. The simple HMO treatment thus yields 
orbital energies appropriate for a correct description of the PE. bands of unsaturated 
hydrocarbons corresponding to iz-ionization processes. 

The correction for a fixed overlap integral S,L, between nearest neighbour atomic 
orbitals introduced some time ago by Wheland [23] does not yield a correlation of the 
same quality. The independent variable xi, to be used instead of xj in formula (ll), 

(14) 
is defined as 

XJ = X j / ( l  + SP"Xj) 

with S,, = 0.25. As a result, a curve of the type 

E; = a + YXJ + byj (15) 
passing through the points E;  = -6.64 eV for 3bzg of A(5) and E ;  = -12.25 eV for 
lbl of A ( l )  (see correlation of Fig. 4) would be in erIor by about 0.6 eV in the region 
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E;  m -8 to -10 eV. This is roughly six times the standard error observed for the 
regression based on the standard Hiickel approximation. We conclude that the once 
popular Wheland-correction is to  be avoided when the HMO model is used for 
interpretation of PE. spectroscopic data of unsaturated hydrocarbons or of other 
molecules containing n-systems. 

4. Once the n-bands have been identified in the PE. spectra of the acenes, the 
onset of the strongly overlapping o-bands can be determined: A(1): 11.4 eV [22]; 
A(2) : 11.4 eV; A(3) : N 11.0 eV; A(4) : N 10.9 eV; A(5) : N 10.8 eV. 

5. The vibrational fine structure of the first band in the PE. spectra of the acenes 
A(N) with N > 1 (benzene A(l)  is a special case in view of its high symmetry; see 
[22]) shows a dominant progression with the following spacing: 

A(2) Orbital: la, Y(cm-l): - 1370 
1380 i- 90 4 3 )  2bz g 

A(4) 2% 1380 & 80 
4 5 )  3b2 g 1300 & 110 

In all these cases the photoelectron vacates the highest occupied orbital YHOMO. The 
observed invariance of with respect to N is in agreement with earlier electronic 
spectral results for the lL, +- lA transition, i.e. the transition to an excited state 
involving mainly the singly excited configuration with WHOMO and YLUMO singly 
occupied: A(3): i = 1400 cm-l; A(4): = 1410 cm-l; A(5): i = 1380 cm-l [24]. 
Because of the alternancy of A(N) [25],  HOMO and YLUMO differ only in the sign of 
the starred set of atomic orbitals. Consequently the change Ap;, in bond order on 
electronic excitation to  the lLa state is always exactly twice the change Ap; on 
ionization, and therefore the normal mode stimulated in both processes must be the 
same. It follows that the explanation given by Murrell [24] for the constancy of C in 
the vibrational fine structure of the acene 'La band is also valid for the first n-band 
in the PE. spectra. 

The relationship AptY = 2 . p t  would imply that the frequencies listed in (16) 
should be smaller than those derived from the 'L, bands. This seems to be the case: 
from PE. spectra: Fm 1350 cm-l; from electronic spectra: Fm 1400 cm-l. However, 
this result is not conclusive in view of the experimental uncertainties in the PE. 
spectroscopic data. 

(16) 

For the YE. bands at  higher ionization potentials one finds: A(3) : 

A(3) 2b3, Y: 710 40; 410 f 100 cm-l 

4 5 )  2% 1320 f 40 cm-l 
1 a, 1320 50 cm-1 (17) 
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