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Abstract-In spite of their almost identical ionization potentials (IP’s) and electron affinities (EA’s), azulene and 
anthracene differ considerably in their lowest singlet-singlet excitation enerpies. This is hard to understand in the 
simple Hiickei picture in which excitation energies are expressed as orbital energy differences. if orbital energies are 
taken from IP’s and EA’s. The difficulty is removed when electron repulsion is introduced explicitly. This is shown 
using simple intuitive concepts, which also account for the magnitude of singlet-triplet splitting and single out the 
structural features responsible for the difference between azulene and anthracene. so that generalizations are 
possible. 

Simple MO theory at the Hiickel level provides the 
organic chemist with a useful picture of phenomena 
related to electronic excitation. According to this theory, 
the first ionization potential of a molecule is equal 
to minus the energy of the highest occupied MO 
(HOMO); the first electron affinity of a molecule is equal 
to minus the energy of the lowest unoccupied MO 
(LUMO), and the excitation energy of the lowest elec- 
tronic transition, corresponding to the HOMO-t LUMO 
jump, is related to the HOMO-LUMO energy difference. 
Naively, one might expect the excitation energy to be 
equal to the orbital energy difference, but it has been 
known for some timei‘3 that this is not so. The linear 
correlation between excitation energies of the singlet L, 
band (Clar’s p-band) of alternant hydrocarbons (conju- 
gated hydrocarbons with no odd-membered rings), which 
corresponds to HOMO+LUMO excitation, and the 
Hiickel orbital energy differences does not pass through 
the origin.‘” Moreover, points for some non-alternant 
hydroc~bons, e.g. azulene (l), lie far off the regression 
line, while those for others, e.g. fluoranthene (2), do not.’ 
The situation is illustrated in the first four columns of 
Table 1. Clearly, the fact that azulene and anthracene (3) 
have almost identical ionization potentials and electron 
affinities, suggesting similar HOMO and LUMO energies 
for the two hydr~~bons, is hard to reconcile with the 
fact that one (1) is blue and the other one (3) white (in both 
cases, the longest wavelength singlet-singlet absorption 
band, which determines the color, is due to HOMO+ 
LUMO excitation). 

The purpose of the present article is to show how this 
apparent paradox is removed at the next higher level of 
approximation, which is still quite simple and easy to 

tPermanent address: Department of Chemistry, Aarhus Uni- 
versity, DK-8000 Aarhus C, Denmark. 

visualize in pictorial terms, and how the difference be- 
tween 1 and 3 can be simply rationalized in terms of 
molecular structure and of shapes of Hiickel molecular 
orbitals. 

Electron repulsion integrals. The step which needs to be 
taken in order to remove the above-mentioned discrepan- 

Table I’ 

I.P., E.A.-IT ,_.I S ,__, -J ,,-, +2K ,,.I J ,.-I 2K ,,-I 

Naphthalene 
(4) 8.2b 0.2’ 2.bd 4.3“ -3-7 5.4 I.7 

Anlhracene 
(3) 7,4b 0.6’ 1.8” 3.3” -3.5 5.0 1.5 

Azulene 
(I) 7.4” 0.7’ 1.3’ 1.8” -4.9 5.4 0.5 

‘Experimental values of ionization potential (I.P.,), electron 
affinity (E.A._+), and triplet and singlet transition energies (T,,_,, 
S,_ ,f, where HOMO is indicated by 1 and LUMO by -1. 
Electron affinities are in general not known very precisely, but 
relative values are probably reliable for the molecules included. 
The values for -J,, , + 2K ,.-,, J,,-, and 2K ,._, have been deter- 
mined from the experimental numbers according to: 

-J ,.-, +2K ,.-, = -I.P., tE.A.., is,__, 

J,,.,=I.P.,-E.A. 1-T,._, 

2K ,,_, = St_ , -T,,_, 

All quantities are given in eV. 
“P. A. Clark, F. Brogli and E. Heilbronner, Hell;. Ckim. Acta 55, 

1415 (1972). 
‘R. S. Becker and E. Chen, J. Chem. Phys. 45, 2403 (1966). 
“J. B. Birks. ~ho?5pkys~c~ of Aromatic Mofecules. Wiley- 

Interscience, New York (1970). 
‘R. H. Huebner, W. F. Frey and R. N. Compton, Ckem. Pkys. 

Leti. 23, 587 (1973). 
‘P. M. Rentzepis, Ibid. 3, 717 (1%9). 

205 



206 1. MCIICHL and E. W. THULSTRUP 

ties is explicit introduction of average electron repulsion. 
This is achieved in the self-consistent-field (SCF) model, 
in which an orbital energy corresponds to the energy of an 
electron which feels the field of the nuclei as well as 
time-averaged fields of the other electrons. Since only 
time-averaged effects are considered, one would expect 
that the mutual repulsion of two electrons I and 2 in two 
orbit& Jig and Jib is given by the classical electrostatic 
repulsion energy of the two charge distributions, J/,‘(l) 
and Gb’(2). Using Coulomb’s law, this can be expressed as 
an integral over all three spatial coordinates of each 
electron, xi, yl, zI and x2, y,, zZ, the so-called Coulomb 
integral Ja.b = JJJJJJllr,2(1)(e’lr,,)~,‘(2) dx&,dz&+ 
dy& where r12 = x.4(x, - x8 + (Y, - Y# + (z, - ~$1. 

However, this is only true if the two electrons have 
opposite spin. If they have like spins, the time-averaged 
energy of their repulsion is not Ja.b, but only Ja.b - KP.hr 
where K..b is called the exchange integral. It corresponds 
to the electrostatic interaction between an overlap charge 
density ~t.( I).&( I) due to electron I and the same charge 
density ~~(2).~~(2) due to electron 2: Ka.b= 
JJJJJJJl.(l)~~fl)(ez/r1~)51,(2)Jl~(2) dxldydz&dy&2. Un- 
like “real” charge densities r++‘(l), which are necessarily 
positive or zero, overlap charge densities JI.(I)$b( 1) can 
be positive in some regions of space and negative in 
others, depending on the relative signs of &(I) and &(I). 
Electrostatic interaction of overlap densities Jla( l)&,(l) 
and G&2)&(2) is thus composed of repulsion between 
regions of charges of like sign, as well as attraction 
between regions of unlike sign, but it can be shown that 
attraction can never dominate, i.e. Ka.b z 0. 

The physical reason behind the reduced repulsion of 
two electrons with parallel spins can be seen in the 
decreased probability with which they come near each 
other as a result of the Pauli exclusion principle,~ but 
more detailed analysis indicates that the situation is 
actually quite complicated.” 

Relation of excitation to ionization and electron cap- 

ture. We are now ready to keep proper track of changes in 
electron repulsion energies during the processes of ioniza- 
tion, electron capture and excitation of an ordinary 
(closed shell) organic molecule at the level of simple SCF 
theory. The first ionization potential still corresponds to 
minus the SCF energy of HOMO and the first electron 
aflinity to minus the SCF energy of LUMO (Koopmans’ 
theorem’). In order to derive expressions for singlet and 
triplet HOMO + LUMO excitation energies it is instruc- 
tive to separate excitation into two steps. The first one 
corresponds to removal of an electron from HOMO to 
infinity and requires energy equal to the first ionization 
potential (-eHoMo). In the second step, the electron is 
brought back and placed in LUMO. If the first step had 
not taken place, this would release an amount of energy 
equal to the first electron affinity of the neutral molecule 
(-er_uMo). The total energy required for the excitation 
would then be -(eHoMo - eLUMo), i.e. the first ionization 
potential minus the first electron affinity. However, the 
first step had, of course, been performed, so that a hole is 
present in HOMO while the electron is being brought back 
from infinity. One electron repulsion contribution will 
thus be missing, and this will facilitate the delivery of the 
electron from infinity to LUMO. The amount of energy . . 
saved will be just JHoMo.I.UMo or JHoYo.~~~o - KH~M~.I.vN, 
depending on whether the repulsion term which is no 
longer present would have been between two electrons of 
opposite spin (J,,.,,) or of like spin (Ja.b - Ks.b). In the former 

case, one ends up with a triplet excited state, since the 
electron which remained in HOMO and the one which has 
now been placed in LUMO have the same spin. Depend- 
ing on whether this is up or down, we end up with one or a 
second of the three isoenergetic components of the triplet 
state (Fig. I). In this approximation, the excitation energy 
for the HOMO-+ LUMO triplet excitation thus is 
-(rondo - E~“YO) - JHoMo.L~Mo (i.e. the difference of the 
ionization potential and electron affinity minus the 
Coulomb integral). 

One may now wonder what happened to the third 
component of the triplet state. Unlike the previous two, 
which had the total spin angular momentum pointing up or 
down (more accurately, a positive or negative projec- 
tion of this moment into the z-axis), the third one has its 
total spin angular momentum pointing sideways and its 
projection along the z-axis vanishes, just like that of the 
singlet state. As a matter of fact, both this third compo- 
nent of the triplet state and the singlet excited state result 
from the other mode of performing the second step in our 
stepwise generation of excited states, namely the one in 
which the electron being brought back from infinity to 
LUMO has the same spin as the one which had been 
removed from HOMO, i.e. the opposite spin than the 
electron which had remained behind in HOMO. The 
amount of energy saved now is only JWDMO.LC-.MO-- 
KHoroLuMo. Since the production of the triplets actually 
gave two states depending on whether the total spin 
pointed up or down, it is hardly surprising that the present 
attempt to produce a singlet also produces two states, 
since one or the other electron can have its spin up, giving 
two independent wavefunctions of energy equal to 
-(e,,oMo - e,_uMo) - JHOYO.I.UMO + KHOMO.LUMO. Now, both 
of these are 50% the desired singlet and 50% the hitherto 
missing third component of the triplet, and it is necessary 
to take linear combinations of the two wavefunctions in 
order to obtain the pure spin states. This will not change 
the average energy. Since we know that the energy of the 
third pure triplet component will have to be -(CHOMO- 

gLUMo) - JHoMo, it follows that the energy of the pure 
singlet state must be -(CHOHO - ELWO) - JHOMOLUMO + 
2KHoMo.LuMo in order for the average to be correct. 

The same answers for triplet and singlet energies can be 
derived by reversing the order of the two steps involved, 
i.e. adding an electron to LUMO first and removing one 
from HOMO afterwards. Both possibilities are schemati- 
cally represented in Fig. 1. 

To summarize, in the simple SCF picture, the triplet 
HOMO jLUM0 excitation energy is less than the first 
ionization potential minus the first electron atlinity, by an 
amount equal to JHOMo.LL.MO and the singlet 
HOMO+ LUMO excitation energy is less than the first 
ionization potential minus the first electron atlinity, by an 
amount equal to JHoMo.LL’M~ - ~KHOMO.LUM~. The singlet- 
triplet splitting thus equals ~KHOMO.LUMO. 

Estimating the Coulomb and exchange integrals from 
experimental data. If validity of the simple SCF model is 
assumed, it is possible to derive numerical values for the 
JnoMo.l.uMo and KHOMo.LUMo integrals from experimental 
data as shown in the last three columns of Table 1. We are 
now able to compare the situation in azulene (I), an- 
thracene (3), and naphthalene (4). The Coulomb integrals 
JHOIo.I.VMO in 1 and 4 (molecules of about the same size) 
are equal, while that in 3 is somewhat smaller. This 
reflects a general trend: J tends to decrease slowly with 
increasing size of the molecule. This is physically reason- 
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Fig. I. Relation of excitation energies to orbital energies. 

able considering that J describes the mutual interaction of 
two charge clouds extensively delocalized over the 
molecule. 

The values of K are generally much smaller and they 
also tend to decrease slightly with increasing molecular 
size, so that the value of -J + 2K generally changes even 
less than J or 2K separately. However, comparison of 
KaoMO.LuMO for 1 and 4 shows that molecular size is not 
the only or even the most important factor in determining 
the value of K. We shall see later in more detail how this 
can be simply understood. 

To summarize, the lower singlet (and triplet) HOMO + 
LUMO excitation energies of anthracene (3) compared 
with naphthalene (4) are due predominantly to changes in 
orbital energies (as reflected in the IP and EA values). The 
much lower singlet excitation energy of azulene (1) com- 
pared with naphthalene (4) is due about equally to changes 
in orbital energies between the two isomers (which can be 
understood simply* by reference to the common parent, 
[IO]-annulene), and to a change in 2KHOM0.LUY0 (which 
can also be understood simply as shown below). The 

lower triplet excitation energy of azulene (1) compared 
with naphthalene (4) is due solely to changes in orbital 
energies. Comparison of azulene (1) with anthracene (3) is 
also instructive since their orbital energies are virtually 
identical: the relatively small difference in triplet excita- 
tion energies is due to J being smaller in the larger 
molecule; the much larger difference in singlet energies is 
mostly due to the large difference in 2K. 

It is tempting to say that the main reason azulene is blue 
while anthracene is white, although they have similar 
ionization potentials and electron affinities, is that azulene 
has a much smaller singlet-triplet splitting. More cor- 
rectly, the difference in the lowest singlet-singlet excita- 
tion energies, and thus in color and the small singlet-triplet 
separation can be both explained by the low value of 
Kau~.l.~~o for azulene (the spin-forbidden singlet-triplet 
absorption is extremely weak and does not affect color 
noticeably). 

The next question, then, is, why is K so different in the 
two molecules? 

The exchange integral : neutral altemant hydrocarbons 
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versus others. As pointed out above, the exchange integral 
KHoMo.LUMo is a measure of the repulsion of the overlap 
charge density $aoMo( I).4LUMo( I) with identically distri- 
buted overlap charge density $HOM~(~).$~UM~(~). If the 
two orbitals, HOMO and LUMO, are spread over differ- 
ent regions of space, their overlap density will be small 
and KHOMo.LuMo can hardly be large. In altemant hyd- 
rocarbons, each bonding orbital is paired with an an- 
tibonding orbital.’ Putting an electron into one of them or 
the other leads to the same distribution of rr-electron 
density over the atomic centers of the molecule, since the 
squares of the expansion coefficients of the MO’s are 
equal (however, the contributions to the bond orders and 
thus to total bonding energy are exactly the opposite; 
after all, one of the orbitals is bonding, the other antibond- 
ing). The two orbitals thus occupy very much the same 
region in space, and their overlap density is relatively 
large. Since in neutral alternant hydrocarbons HOMO is 
paired with LUMO, one can see why KHOMO.L~~~ is 
relatively large. Within this class of hydrocarbons, it 
slowly decreases with molecular size, similarly as does 
J HoMo LuMo. The similarity in the behavior of J and K is not 
surprising: because of the identical absolute values of 
expansion coefficients of HOMO and LUMO, the spatial 
distribution of the overlap density +HOMO( I).$I.uMo(~) is 
just like those of the (equal) charge densities 
$HO~O(I)~HOY~(I) and &uno(2).~~~~~(2). Of course, the 
repulsion of the overlap density with an identical one, 
KHoMo.LuMo, is much smaller than that of the two just 
mentioned equal charge densities, since the overlap de- 
nsity is positive in some parts of space and negative in 
others. However, an increase in molecular size, and thus 
in the diffuseness of the charges, can clearly be expected 
to decrease the two repulsion energies, K and J, in a 
similar fashion. 

In Fig, 2, this situation is contrasted with that found for 
molecules other than neutral ahernant hydrocarbons. In 
these, orbital pairing need not, and usually does not, exist. 
As a result, HOMO and LUMO can frequently occupy 
quite different areas of space, and the overlap density as 
well as KHoMo.LuMo may be quite small. In Fig. 2, this is 
shown for azulene, but a similar situation occurs with 
many other non-alternant hydrocarbons, as well as 
charged ahernant hydrocarbons (ions with an odd number 
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of carbon atoms in conjugation, such as benzyl cation or 
anion). 

The reason why azulene is blue while anthracene is 
white, in spite of their similar ionization potentials and 
electron affinities, thus ultimately can be sought in the fact 
that the HOMO and LUMO of azulene are localized 
largely in different parts of space in the azulene molecule, 
and this is only possible because azulene is’non-alternant, 
while they are localized in the same parts of space in the 
anthracene molecule, as they must be, since anthracene is 
altemant. 

Similarly, one can expect many other non-alternant 
hydrocarbons to have their HOMO + LUMO transition at 
longer wavelengths than would be expected on the basis 
of their ionization potentials and electron affinities. In- 
spection of the form of their HOMO and LUMO reveals 
how much they avoid each other in space and thus 
indicates how large the “anomaly” in the energy of their 
HOMO+ LUMO transition will be. 

Other experimental eoidence. There is independent ex- 
perimental evidence showing that in many non-alternant 
hydrocarbons, including azulene, HOMO is largely local- 
ized in different areas of space than LUMO, while in 
alternant hydrocarbons they are distributed very much in 
the same areas of space. For example, an inductive 
substituent can serve as a probe for change of electron 
density upon excitation at an atom to which it is attached. 
If the density increases upon excitation, an electron- 
donating substituent such as methyl will destabilize the 
excited state relative to the ground state and cause a blue 
shift of the transition. If the density decreases upon 
excitation, the same substituent wilI cause a red shift. This 
permits a rough mapping of the difference in the densities 
due to an electron in HOMO and in LUMO respectively. 
It turns out that the shifts are large for azulene,” and their 
signs and relative magnitudes agree with expectations 
based on Hiickel MO’s shown in Fig. 2. On the other hand, 
the shifts are small in alternant hydrocarbons. 

An independent mapping of the spatial distributions 
of HOMO and LUMO is possible by analysis of the ESR 
spectra of the radical cation and radical anion of the 
hydrocarbons, respectively. Spin density distributions 
which can be derived from these measurements again 
show that HOMO and LUMO are distributed in like 

Jj,_l= mutual repulsion of electron I (charge distribution p,) and electron 2kharge distribution p_,) 

K,_, =mutual repulsion of electron 1 (charge distribution p,_, ) and electron PIcharge distribution p,_,) 

0.25 eV 0.85 ev 

Fig. 2. Azulene and antbracene orbitals (1 = HOMO, -1 = LUMO). Charge distributions for determination of 
Coulomb integrals J,.-, and overlap charge distributions for determination of exchange integrals K,.-,. 
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manner over the molecule of an alternant hydrocarbon, 
but can differ greatly in their spatial distribution in a 
molecule of a non-alternant hydrocarbon.” 

It is interesting to note a relation between the “ano- 
maly” shown by the HOMO + LUMO transitions of some 
non-~ternant hydr~~bons and the weak intensity of 
such transitions, e.g. of the first transition in azulene. The 
intensity of the HOMO+LUMO transition is propor- 
tional to the square of the dipole moment of the overlap 
density ~+&,,~(l).~~~~~(l). If HOMO and LUMO avoid 
each other in space, the overlap density is small, and 
as we have already seen, so is K, and the “anomaly” 
is large. If the overlap charge is very small in m~nitude, it 
can hardly have a very large dipole moment, so one can 
expect that these transitions will in general also be fairly 
weak. 

Correlations of singlet and triplet HOMO+LUMO 
excitation energies with HMO energy differences. The 
Hiickel MO energies are in good linear relation to the SCF 
MO energies and also to experimental ionization poten- 
tials and electron affinities. Consequently, one can expect 
that Hiickel HOMO-LUMO energy differences will cor- 
relate linearly with experimental HOMO --, LUMO singlet 
excitation energies if -JHOMO.~~~o + ~KHOMO.LU~~ is a con- 
stant quantity or if it is linearly related to the 
HOM~LUMO energy difference. We have already men- 
tioned that JHOMO,LVMO is fairly constant, ~though it tends 
to decrease with increasing molecular size. Of course, the 
HOMO-LUMO energy difference generally also tends to 
decrease with increasing molecular size. Moreover, we 
have seen that for neutral altemant hydrocarbons 
2KHOM0.LUM0 also changes very little and in such a way 
that -J + 2K remains almost constant. It is therefore not 
surprising that a good linear correlation between Hiickel 
HOMO-LUMO energy differences and HOMO + LUMO 
singlet excitation energies exists for these hydrocar- 
bons.‘.’ As seen in the example of azulene, for other 
hydrocarbons 2K can be quite different. This then de- 
stroys the constancy of the term -J + 2K and throws the 
point off the straight line in the plot. 

It is now also understandable why almost all deviations 
from the regression line for benzenoid hydrocarbons 
occur in one sense: the theoretical transition energies are 
too high.2.‘.‘2 The only exception is linear polyenes and 
similar species with strong bond length alternation. This is 
not taken into account in the ordinary HMO model and 
leads to prediction of unre~istically low exci~tion ener- 
gies. It is relatively simple to correct for this deficiency by 
allowing the resonance integral fl to vary as a function of 
bond length, which in turn can be quite accurately guessed 
from the calculated bond order. This simple self- 
consistent version of HMO will, of course, still fail to 
rationalize the difference between anthracene and 
azulene. 

Now, if the troublemaker in the Hiickel correlation is K 
rather than J, one should expect a fair linear correlation 
for the triplet HOMO+LUMO excitation energies, for 
which only J enters. Indeed, it has been known for some 
time that such a correlation exists for the O-Q bands of the 
lowest triplets and shows only one linear regression line 
for various kinds of hy~ocarbons, including non- 
altemants.” Azulene still deviates somewhat, and, sur- 
prisingly, points for polyenes now also lie on the same 
regression line even though the resonance integral 0 is not 
varied with bond length. This might be caused by the use 
of O-O bands in the correlation rather than vertical transi- 

tions, for which the calculations are made (assuming 
identical geometries in ground and excited states). 

Since J, but not 2K, appears to be fairly constant for a 
variety of molecules, it would seem best to view the 
Hiickel HOM~LUMO energy differences as approx- 
imating the triplet excitation energies (but for an additive 
constant), rather than averages of singlet and triplet 
excitation energies as is more commonly assumed. 

Beyond the simple SCF model. The explicit use of 
electron repulsion terms has allowed us to obtain deeper 
insight into the nature of electronic excitation in ?r- 
electron molecules. The level at which discussion has 
been led is, however, still very far from rigorous. First of 
all, it was based on a semiempirical model limited to n 
electrons and using a very limited basis set of atomic 
orbitals. Second, even within the framework of this 
simplified semiempirical model, we did not deal with 
exact solutions of the Schrbdinger equation, but only 
quite approximate ones. In order to proceed from the SCF 
level, at which our analysis was performed, to the exact 
solutions of the semiempirical model, one needs to intro- 
duce configuration interaction (CI). It then becomes har- 
der to visualize the results in simple pictorial terms. 
Fortunately, for the kind of molecules with which we 
have been dealing, even the most extensive CI calcula- 
tions agree that for the ground state and the HOMO+ 
LUMO excited state the mixing of confi~rations repres- 
ents only second-order corrections, so that already the 
simple SCF level should be meaningful. However, a 
reader who is more deeply interested in the problems of 
electronic excitation and wants to find out about interpre- 
tation of other transitions in the spectra of s-electron 
systems (and of other molecules) is referred to literature 
describing the configuration interaction method.ld. 
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