
Theoret. chim. Acta (Berl.) 6, i41--158 (1966) 

The Electronic Spectra of Acenaphthylene and Fluoranthene 

A ~omment on the (~lassification of Electronic Spectra 

EDGAR HEILBRONNER a n d  JEAN-I)IERRE WEBEI~ 

Laboratorium fiir Organische Chemie, Eidg. Technische Hochschule, Ziirieh 

~OSEF ]V[ICHL a n d  ~:~UDOLF ZAHI~ADNIK 

Institute of Physical Chemistry, Czechoslovak Academy of Sciences, Prague 

Received June 3, ~966 

Acenaphthylene (I) and fluoranthene (II) in their electronic ground state are often regarded 
as consisting of two weakly interacting subsystems (naphthylene/ethylene or naphthalene/ 
benzene), which conserve much of their individuality. This seems to suggest that  the lower 
electronically excited states of I and I I  can also be linked in a simple fashion to the low 
energy L~, L~, Bb and B~ states of naphthalene and of benzene in I I  and of naphthalene in I, 
according to either SI~PSOlV's "Independent System Approach" or the" Molecules in Mole- 
cules" scheme proposed by LO~CVET-HIGGr~S and MV~RELL. Contrary to expectation this 
approach fails even for the lowest excited states of I and II ,  because of the extensive mixing 
of high energy locally excited and charge transfer configurations. These involve molecular 
orbitals of the subsystems naphthalene/ethylene or naphthalene/benzene, which do not con- 
tribute to their low energy L~, L~, Bb or B~ states. 

Es wird oft angenommen, dab sich Acenaphthylen (I) und Fluoranthen (II) in ihrem 
elektronischen Grundzustand in gnter lq~herung so verhalten, wie wenn sie sich ans zwei 
nur locker miteinander gekoppelten Teilsystemen (Naphthalin/Aethylen, bzw. Naphthalin/ 
Benzol) zusammensetzen wiirden. Dies legt zun~chst die Vermutung nahe, dab auch die 
niedrigst liegenden elektroniseh angeregten Zust~nde yon I und I I  in einfacher Weise mit den 
Lb, L~, B~ und B~ Znst~nden des l~aphthalins nnd des Benzols in Beziehung setzen lassen, 
indem man sich des yon SrMPSON vorgeschlagenen ,,Independent System Approach" oder 
des ,,Molecules in Molecules" Verfahrens yon LONGV~.T-HmGINS und MIm~ELL bedient. Es 
zeigt sich aber, dab dies nicht der Fall ist. 

Der Grund f'dr das Versagen der genannten Betraehtungsweise ist darin zu suchen, dab 
sowohl in I als aueh in I I  bereits in den elektronisch angeregten Zust~nden niedrigster Energie 
lokal angeregte Konfigurationen der Teflsysteme eine Rolle spielen, die nicht zu deren L~, L~, 
B~ und B~ Zust~nden beitragen, sondern zu Zust~nden h6herer Energie. 

On suppose souvent que dans leurs ~tats ~lectroniques fondamentaux, l'ac~naphtylbne (I) 
et le fluoranth~ne (II) se comportent pratiquement eomme s'ils 6taient eompos6s de deux sy- 
statues partiels faiblement coupl6s (naphtal~ne/6thyl~ne, respectivement naphtal~ne/benz~ne). 

On peut alors croire que les premiers 6tats 61ectroniques exeit6s de I e t  de I I  peuvent ~tre 
simplement mis en rapport ~vee les 6tats Lb, L~, Bb et B~ du naphthalene et du benz~ne, par 
exemple en se servant de la m6thode (~Independent System Approach ~> propos6e par Sn~Psoiv 
ou de la m6thode ~Moleeules in Molecules ~> proposSe par LO~UET-H~G~I~S et MU~RE~L. 

Contrairement ~ eette attente, l '~pproximation mentionn~e n'est plus valable, m~me pour 
les ~tats excites de plus basse ~nergie. Ceci est dfi au fair que des configurations d'excitation 
locale et de transfert de charge qui contribuent ~ ees ~tats, et qui ont une ~nergie ~lev~e, sont 
bas~es sur des orbitales mol~culaires des syst~mes partiels - -  naphtal~ne/~thyl~ne ou naph- 
tal~ne/benz~ne - -  qui ne eontribuent pas aux ~tats d'excitation locale de basse ~nergie, 
L~, L~, B~ ou B~, de chaeun de ees syst~mes. 

~0 Theoret. chhn. Acta (Berl.) Vol. 6 



t42 E. HEILBRONNER, J. MICIIL, J.-P. WEBEI~ and R. ZA~I~ADNII~: 

There are in the main four types of classification currently used for the inter- 
pretation of the electronic spectra of aromatic hydrocarbons and their derivatives : 

1. Clar's empirical classification [1] 

This has been deduced from "spectral resemblances" [2] between the electronic 
spectra of series of benzologous aromatic hydrocarbons. Bands which show similar 
intensities and vibrational fine structure and which react in a similar fashion to 
substitution or "annelation" (that is to the enlargement of the ~-electron system 
by additional ortho-condensed benzene rings) are given the same label : e.g. p-band, 
c~-band, fi-band, fi'-band [3]. 

2. Platt's classification (for catacondensed ~-electron systems) [4] 

The basis of this classification is a simple free electron model (or an equivalent 
one-electron MO-model) for the peripheral chain of atomic orbitals of catacon- 
densed x-electron systems. The cross bonds in these systems are treated as per- 
turbations. The labels for the electronic transitions which can be calculated for 
the fully symmetrical unperturbed perimeter are chosen according to the change 
in total angular momentum which results when an electron is promoted to a 
higher state. These labels are then carried over to the corresponding transitions 
of the perturbed i.e. crosslinked 7~-electron systems and matched in essence with 
those obtained empirically by  CLA~: e.g. ~-~ 1Lb, p--+ 1La, fl-~ 1Bb, f l '~  1Ba; 
see however [5]. The Plat t  classification yields, therefore, an explanation for the 
empirical rules observed by Clar and allows for a more systematic extrapolation 
of the "spectral resemblance"-scheme to new systems. 

3. The independent system classification of BURAWOY [6] 

Interest in this classification, which has been neglected for a long time, has 
been revived through the theoretical investigations of SIMPSON [7] and of LONGV]~T- 
HIGGINS and MUItRELL [8]. In these the electronically excited states of a loosely 
coupled system R - S  are described in terms of locally excited states of the 
individual parts R, S and in terms of charge transfer or charge resonance states. 
Absorption bands which correspond primarily to a locally excited state in one of 
the subsystems R or S are called R-bands (or B-bands) by Bm'awoy, those which 
show high charge transfer or charge resonance character, K-bands. This nomen- 
clature is now obsolete in view of the more precise way in which the transitions 
can be characterised through the theoretical treatments indicated above [7, 8]. 
The fundamental contribution of Burawoy to this subject should nevertheless be 
recognised. 

4. Classification according to symmetry [9] 

This classification characterises each band in the electronic spectrum according 
to the direct product of the irreducible representations F(i), F(J) (symmetry types) 
of the two states ~i ,  ~ j  involved in the transition ~ ,  -~ Wj. I t  is the only clas- 
sification which can fullybe subjected to an experimental verification. The selection 
rules for the electronic excitation of the system and the orientation of the transi- 
tion moment of the allowed transitions depend in a unique way on the symmetry 
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types P(t), F(J) of the states involved. The classification is therefore largely in- 
dependent of the choice of a particular model for the g-electron system. However, 
the classification has the drawback that  bands in systems belonging to different 
symmetry groups can not always be correlated. 

Classification i. has stimulated a considerable amount of experimental and 
theoretical work. I t  is invaluable for predicting the gross structure and the shape 
of electronic spectra of many unknown u-electron systems, as long as the implicitly 
underlying assumptions are fulfilled. Among other things, the system should be 
altcrnant or only "weakly" non-alternant, which means that  it  consists of alternant 
subunits linked by non-essential double bonds [10] in such a way that  although 
alternancy is lost for the compound system, the subunits retain much of their 
individuality. As we shall see later, a system may sometimes be classified as "weakly" 
nonalternant as far as its ground-state properties are concerned, while exhibiting 
"strong" non-alternant bchaviom" in its electronically excited states (e.g. ace- 
naphthylcne and fluoranthene). 2. and 3. are really attempts to correlate in 
different aromatic systems those bands which correspond to similar electronic 

I K 

mechanisms of excitation. In this at tempt 2. and 3. represent in a way two 
extreme points of view: 2. has proved to be an excellent approximation for eata- 
condensed, tightly conjugated systems while 3. is only adequate for loosely coupled 
systems R -- S where the link between R and S can be treated, even for the excited 
states of R -- S, as a small perturbation. In intermediate cases both classifications 
fail if  taken individually. However, use of both of them, together with a CI-model 
of the P~aIS~a-PA~-POPLV. type [11] will yield a reasonably good insight into the 
electronic mechanism underlying the spectra of such systems. This is exemplified 
by the following analysis of the electronic spectra of acenaphthylene (I) and 
fluoranthene (II). 

The electronic spectra of acenaphthylene and fluoranthene 

The electronic spectra and the fluorescence polarisation spectra of acenaph- 
thylene (I) and of fiuoranthene (II) are shown in Fig. i and 2. (For previous results 
concerning these spectra see Ref. [12]). Characteristic values ( ~ in cm -1, ~ in nm, 
E in eV and intensities in log ~ units) are collected in Tab. I and 2. 

The relative directions of polarisation of the individual absorption bands have 
been determined according to the well known method of measuring the degree of 
polarisation, P, of the fluorescence emission at gF relative to tha t  of the polarised 
excitation radiation ~, the molecules being trapped in a rigid matrix of ethanol 

10" 
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glass at  100 ~ K [13]. The measurement is carried out for light emitted at  the fixed 
wavenumber position ~r indicated by  a vertical arrow in Fig. t and 2, tha t  is at  
19000 cm -1 for I and at 21500 em -1 for I I .  These values correspond to the location 
of the intensity maxima of the fluorescence emission bands. P is a function of ~, 
the wavenumber  of the exciting radiation and is computed according to : 

P ( i )  = (Ill -- I• / (Ill + I •  

Ii1 and I•  are the intensities of the components of the emitted radiation (~F) 
polarise4 parallel (Ill) or perpendicular ( I I )  to the plane of polarisation of the 
radiation ~ absorbed by  the t rapped molecules. In  Fig. t and 2 the curve re- 
presenting the function P ( ~ )  is superimposed on the electronic spectra (curve 
AP ( F ) =  polarisation of fluorescence at  variable absorption wavelength). For 
details of the experimental procedure the reader is referred to the original litera- 
ture [16]. P depends on the orientation of the transition moment  ~ (~) of the 
state to which the molecule is excited by  the absorbed radiation ~, relative to the 
transition moment  ~ (~F) of the fluorescent state. I f  to is the angle encompassed 
by  ~ (~) and ~ (~F), then 

P = (3 cos 2 o~ -- 1) / (cos 2 o) + 3) �9 

For o) = 0 we have P = �89 ; for ~o = ~/2, P = - �89 The experimental results are 
interpreted as follows: 

Acenaphthylene I (Fig. 1, Tab. 1) 

E [eV ]  ' ' ' ' , ,~ , ~ , ~ , ~ ,, r , ,~ , r , 9 
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Fig. 1. Electronic spectrum (A) and  fluorescence polarisa~ion spectrum [AP (r)]  of acenaphthyle~e (D. Solvent: 
ethanol. A: room tem!oera~ure; AP (F): I00 ~ K. Concentration fo rAP (F):~2.10"~ ~ .  Vertical arrow: maximum of 

fluorescence intensity (~'F = 19000 cm--~). The numbering of the bands  refers to Tab.  1. 
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Band 

@ 
| 
| 
| 
| 

Table ~. Electronic spectrum o[ acenaphthylene 

Y ~ E log e 
(cm -x) (nm) (ev) 

(2.66) b (1.4) b 
3.66 3.7 
3.84 4.0 
4.5t 3.5 
5.39 4.7 

(21500) b (466p 
29500 339 
31000 322 
36400 275 
43500 230 

I (c.f. fig. I) 

t~el. Pol. = relative polarisation (i.e. relative to first band). 
b Values in brackets refer to shoulders. 
o Assigned reference orientation. 
d Assignement according to EGGE~S [17]. 

l~el. Pol.~ 

([113) ~c x~- 
$ y 

IJ_ y 
II ~: 

The drop (with increasing ~) in the AP (F) curve underneath the first weak 
band (D (21000 to 28000 cm -1, s ~ 200) is typical for a strong vibronie coupling 
with an intense band, here the band | at 29000 cm -1 (s ~ 6000). This band | 
gives rise to a sharp minimum in the AP (F) curve at 29500 em -1 and is therefore 
polarised perpendicular to the first band (!). As the AP (F) curve indicates the 
third intense band | in the region from 3i000 to 35000 em -1 (s ~ t0000), which 
dominates the preeeeding second band | and to which the general shape of the 
electronic spectrum in this region (29000 - 35000 cm -~) is due, is polarised parallel 
to the first band (positive value of P). The steady decrease of the AP (F) curve 
(from 31000 to 35000 cm -~) is in all probability due again to vibronic coupling 
with the following fourth transition (band | at 36000 to 38000 cm -1. This fourth 
band (e ~ 3000) is polarised perpendicular to (D and hence to |  as can be seen 
from the pronounced dip in the AP (F) curve at 37000 cm -1. 

Little can be said concerning the direction of polarisation of the very intense 
(~ ~ 70000) fifth band | at 43000 em -1. The fluorescence intensity was too weak 
to allow a reliable measurement for ~-values higher than 38000 cm -1. However, 
the onset of a steep increase in the AP (F) curve at that  point seems to indicate 
that  | is polarised parallel to O. The existence of the five independent electronic 
transitions (D to | has also been inferred from a study of the substitutent 
effects [16]. 

These results are collected in Tab. 1, where the polarisation of each band 
relative to the first weak band (D are given in the last column. 

Fluora~thene I I  (Fig. 2, Tab. 2) 
The AP (F) curve for this system measured at ~F = 21500 cm -1 (solid line in 

Fig. 2) is flat and without prominent features, which renders an assignement of 
relative orientations of the transition moments impossible on the basis of this 
information alone. Moreover it would suggest that  the band | at 27800 em -~ 
corresponds to the transition of lowest energy in II .  

In  contrast, a careful investigation (the details of which shall be reported at a 
later date [15]) of the electronic spectrum of I I  and its methyl- and aza-deriva- 
rives, recorded at the temperature of liquid nitrogen in a solid solution of 3-methyl- 
pentane, allows the assignment of seven transitions to the spectral region be- 
tween 26000 and 43000 cm -1. I t  clearly indicates that  three transitions (0-), | 
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Fig. 2. Electronic spectrum (A) and fluorescence polarisa~ion spectra [FP and AP (F)] of fluoranthene (ID. Solvent: 
ethanol. A: room temperature; FP and AP (F): 100 ~ K. Concentration for ~P and AP (F): 1 �9 10---a5~. The number- 
ing of the bands refers to Tab. 2. AP (F): a) solid line, measured at ~'F = 21500 era--l; b) brocker line, measured 
at ~ F  = 24500 cm -1 .  FP: a) solidline, measured at either ~ '  = 27800 cm--1 or ~ ' "  = 34900 ore--l; b) broekeu 

line measured at "~" = 31800 era - 1  

Table 2. Electronir spectrum o//luoranthene (c.f. fig. 2) 

Band ~' k E log e P~el. Pol. ~ 
(em -I) (nm) (ev) d e , 

| 
| 
@ 
| 
| 
| 
| 

( N 26000)~ ( ~ 390)b ( N 3.2)b 
27800 359 3.45 
30800 324 3.82 
34800 287 4.32 
38200 262 4.74 

(40000) b (250) b (4.96) b 
42400 236 5.25 

( - 2)b 
4.0 
3.8 
4.7 
4A 

(4.2)b 
4.7 

I l l ]  o 
y [11] c / 
x • Jl 
y ~[ ! 

y I]? [-? 
(?) (?) (?) 
x • IJ 

Rel. Pol. = relative polarisation (i.e. relative to first band). 
Values in brackets refer to shoulders. 

o Assigned reference orientation. 
a Assignment according to EGGEgS [17]. 
e Assignment according to AP(F) curve of Fig. 2 (~e = 21500 era-l). 
r Assignement according to AP (l~) curve of Fig. 2 (~'F = 24500 cm-1). 

a n d  O ) a r e  r e spons ib le  fo r  t h e  b road ,  f i n e - s t r u c t u r e d  m a x i m u m  e x t e n d i n g  f r o m  
26000 cm -1 t o  31000 cm -1, i.e. t h a t  i t  is c o m p o s e d  o f  t h r e e  bands .  (See also ref.  [12]). 
N o t e  t h a t  t h e s e  conc lus ions  are  in  p e r f e c t  a g r e e m e n t  w i t h  t h e o r e t i c a l  p red ic -  
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tions [18], such as those contained in Tab. 4. The numbering of the individual 
bands in Fig. 2 and in Tab. 2 corresponds to these results, which - -  of course - -  
yield no information concerning the relative polarisation of these transitions. 

Such information has been obtained for I I  by  EGG~S, using the stretched film 
technique [17]. In  this procedure one measures the dichroism of a stretched poly- 
ethylene film, in which host molecules, dissolved in the film, are partially oriented 
with their long axis parallel to the stretch direction. The assignment is as follows : 
The bands O (27000 to 30000 cm-1), O (34000 to 37000 cm-1), | (around 
38000 cm -1) and the high energy par t  of (D (shoulder at 44000 em -1) have their 
transition moments oriented parallel to the twofold axis (y) of the fluoranthene 
molecule. The bands | (30000 to 34000 cm -1) and @) (at 42000 cm -1) are polarised 
perpendicular to the molecular y-axis. The information concerning the low inten- 
sity bands (D and | (at 26000 and 40000 cm -1 respectively) is inconclusive because 
of the proximity of the overlapping high intensity bands | and (D. 

While there is no doubt tha t  the assignment based on the low-temperature 
spectra, the substituent effects and the stretched-film dichroism is the correct one, 
there remains the question, why the AP (F) curve recorded at  g~ = 21500 cm -1 
(i.e. at  the position of maximum fluorescence intensity normally used for this type 
of measurement) fails to give any indication concerning the composite nature of 
the longwave par t  of the spectrum. Furthermore, as the fluorescence radiation is 
due to the transition from the lowest electronically excited state, corresponding 
to the band (j) at 26000 cm -1 to the ground state, the AP (F) curve seems to 
indicate tha t  the second transition (band (X) at  27800 cm -~) is polarised parallel 
to the first transition (band (D). This is in sharp contrast to the experimental 
results obtained by  EGGs.~s [17] and to the theoretical predictions. 

An indication as to why our AP (F) curve fails to yield the correct information, 
can be obtained by  rereeording it at  gF = 24500 cm -1 (dashed curve in Fig. 2), 
tha t  is nearer to the 0-0-position of the first transition (j). This curve is no longer 
flat and featureless, but  shows the first two transitions (D and | with their correct 
relative directions of polarisation, thus confirming the previous assignment (c.f. 
Tab. 2, last column). Also the direction of polarisation of the bands following (X) 
at higher energies are now in agreement with those quoted above. 

This result can be interpreted as follows: while the 0-0-transition moment  of 
the first transition (j) is polarised parallel to the x-axis, this is not necessarily the 
case for the 0-v-transitions, where v is a higher vibrational quantum number of 
the ground state. Such transitions could easily exhibit substantial y-components, 
in view of the weakness of the electronic transition moment.  This would let us 
expect strong vibronic coupling with the second y-polarised transition. As a result 
the emitting transit ion-moment at  gl~ = 21500 cm -1 could well be in-plane polar- 
iscd, but  not isotropically, which would explain the inversion of the polarisation 
directions shown by  the AP (F) curve recorded at ~F = 2r cm -1, tha t  is at a 
position corresponding to higher vibrational levels of the ground state. In  fact 
calculations show tha t  such an assumption would limit the P (~)-values to the 
range from P = § 0,05 (for y-polarised transitions) to P = + 0,25 (for x-polarised 
transitions). The strong overlap between the individual bands in the spectrum 
of I I  [17] is the reason why the value + 0,05 is never reached. 
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"~/.uv -- 

Models C and D: 

= -  2 . 3 2  

Yi,~, = 10.84 
14.399 

R + 1.3283 

Configuration interaction models of aeenaphthylene and fluoranthene 

As a basis for the discussion, configuration interaction models of the PAI~ISm~- 
PAm~-PorL~ type [11] have been calculated independently in Zurich (A, B) and 
in Prague (C, D), using Hffcl~nn MOs (A, C) or SCF-MOs (B, D) as basis functions 
and the following sets of parameters: 

Models A and B: 

2.37 ev 

i0.96 ev 

6.79 ev for bonded centers/~, v 
328.77 +1% 

for nonbonded centers/, ,  v if R _< 6 A 
30.0 + 12.341 R + R ~ 
t4.395 / R for nonbonded centers/~, v if  R > 6 A 

for all pairs of centers # ~ u. 

The following sets of ground-state configuration (/') and singly excited con- 
figurations (~j1 ~Og) have been used in our calculations : 

Acenaphthylcne (I): Models A and B, 21 configurations; Model C, t3 con- 
figurations [18]; Model D, 28 configurations. Fluoranthene (II): Models A and B, 
17 configurations ; Model C, 23 configurations [18, 19] ; Model D, 28 configurations. 

In  all cases the interatomic distance between bonded centers has been assumed 
to be i.40 A and the geometry is the most regular one that  can be ontained under 
this restriction. 

Notwithstanding the differences in the choice of parameters and of basis func- 
tions, the theoretical results agree satisfactorily with each other. In  particular the 
same symmetry sequence has been found for the low energy states and good 
agreement was obtained for the oscillator strengths of the corresponding transi- 
tions (see Tab. 3 and 4). Furthermore the low lying states have been found to be 
dominated by  the same configurations ~ 1  ~OK in all three models. 

For both I and I I  the calculated sequence of transitions matches the one found 
experimentally and the relative intensities as given by  the corresponding f-values 
are also in fair agreement with observations, as can be seen from Fig. 3. In  this 
connection it should be remembered that  log e-values do not necessarily reflect 
the oscillator strengths, especially when weak bands are overlapped by  strong 
bands (e.g. bands | and | of II). Furthermore, the theoretical values of the 
oscillator strengths,/o-~i, depend in a critical way on the coefficients of the con- 
figurations ~j1 yJK in the linear combination ~t- Finally, significant changes in 
the ]-values could be produced by  taking into consideration higher energy con- 
figurations and multiply-excited ones. The theoretical excitation energies, i.e. the 
theoretical predictions for the band positions, show deviations from the experi- 
mental values which are of the order expected for the kind of t reatment used. 



The  Elec t ronic  Spec t ra  o f  A c e n a p h t h y l e n e  a n d  F l u o r a n t b e n e  149 

y, 

:or acenaphthylene I Table  3. CI-models 

A C 
T j  a E l  b Et b ]o+j ~ Ej  n 

% 

% 

B 

0.04 2.86 0.05 
0.25 3,83 0.29 
0.13 3.93 0.18 
0.00 5.01 0.00 
0.78 5.82 0.94 

2.70 
3.82 
4.05 
4.84 
5.86 

2.6t  0.04 
3.70 0.24 
3.93 0.16 
4.55 0.04 
5,63 t . 08  

2.75 
3.75 
3.83 
4.75 
5.56 

a T j  = electronical ly  exc i ted  s ta te .  
b E~ = exc i t a t ion  ene rgy  in  ev. 
~ = oscil lator  s t r e n g t h  for t h e  t r ans i t i on  T o -+ T~. 

Pol .  = d i rec t ion  o f  po lar i sa t ion  re la t ive  to  t h e  axis  g iven  above.  

y 

Table  4. CI-models ]or fluoranthene I I  

D 
fo-+f P~ 

0.04 x 
0.31 y 
0.22 x 
0.00 y 
1.21 x 

% 
% 

% 

A 

Ej~ /o+/ 

B 

3.41 0.02 
3.66 0.47 
4 . t 6  0.05 
4.89 0.11 
5,40 0.01 
5.62 0.01 
5.72 0.73 
5.87 t . 5 t  

3.56 0.02 
3.68 0.52 
4,13 0.06 
4,83 0 . t 3  
5,42 0.00 
5.73 0.86 
5.80 0.03 
5,81 t . 5 t  

C 

EJ b ] o ~ f  

3.33 0.02 
3.58 0.64 
4.09 0.07 
4.70 0.20 
5.20 0.03 
5.25 0.00 

D 

El  b ]0 ~ f  

3.32 0.01 
3.51 0.52 
3.93 0.08 
4.48 0.22 
5.08 0.01 
5.13 0.05 
5.26 0.60 
5.39 t . 28  

T j  = e lectronical ly  exc i ted  s ta te .  
b Ej  = exc i t a t ion  ene rgy  in  ev. 

f0-~: = osc i l l a to r s t reng th  for t h e  t r an s i t i on  T o -~ Tj .  
1)ol. = d i rec t ion  of  po la r i sa t ion  re la t ive  to t h e  axis  g iven  above.  

~:)O] d 

according  to  
Model 
A B C D 

X X X X 

Y Y Y Y 
~7 X X X 

Y Y Y Y 
x x x y 
y y y x 

Y Y Y 
X 22 X 
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Fig. 8. Comparison of observed and predicted band  positions and  band intensities for acenaphthylene and  fluor- 
anthene,  x, y refer to the axis given in Figs. 1 and 2, The experimental x, y polarisations are those given by EGG~RS 

[17]; [[, _~ from the AP (F) curves of Figs. 1 and  2 

Discussion 

Some of the chemical evidence and zero order ~ M O  calculations seem to 
indicate, tha t  I and I I  are best regarded as systems in which a naphthalene unit 
is weakly coupled with a strongly localised double bond (I) or an essentially un- 
perturbed benzene ring (II) [23]. This would suggest tha t  SI~Pso~'s "Independent  
systems approach" (ISA) [7] or the MIM-treatment  ( =  Molecules in Molecules) 
proposed by  LO~GV~-HIGGINS and Mvna~LL [8] - -  which underlie the classifica- 
tion scheme C - -  are the methods of choice for correlating the electronic transitions 
observed for I and I I  with those of the subsystems naphthalene/ethylene or 
naphthalene/benzene. Calculations carried out along these lines have however 
shown tha t  not even qualitative agreement with observation can be obtained, 
when the locally excited states 1La, 1L~, ~Ba, XB~ of naphthalene are mixed with 
the corresponding four states in benzene (for II) ,  or the locally excited B-state of 
ethylene (for I). Inclusion of the relevant charge transfer or charge resonance 
states in the MIM scheme does not materially improve this situation. 

The aim of this t rea tment  was to allow the states of I and I I  to be labelled 
according to those locally excited states of the subsystems which contribute with 
greatest weight to the hybrid state of the joint system. The reason for its failure, 
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despite its apparent appropriateness to the systems under discussion, is revealed 
through an analysis of the CI-results given in the previous paragraph and in the 
appendix. (We shall limit our discussion to model A which is based on simple 
ItMO-LCAO orbitals.) 

Fig. 4 is a graphical representation of the upper bonding and lower anti- 

bonding HMOs 

of naphthalene and of benzene. (Open and shaded circles represent coefficients cz, 
of opposite sign; their diameters are proportional to the absolute value I cj, [). 

N_~ N-3 
�9 ,0` "(3 +..2o.* r~ "-O.u.O-* 

B-1 B-z N-1 N-z 
O-Q o 3 q  [ i I 

a..01<0.o OvOvO B2g 

,o-0, 
O.o.,~.O.~ OvO~@ 

B~ & M & 

& ~ . . o ~ . ~  "~176  " ' O.o.-.o.O % 
N+ & 

The ground states of our systems - -  taking naphthalene as an example - -  
will be represented by  a Slater-determinant 

r(N) = [t N3~3 N~ ~2N1 Yl II. 
N+ and Nj standing for naphthalene orbitals occupied by electrons with spin 

orfl. 
Electronically excited singlet configurations ~0j 1 ~Og where an electron has been 

promoted from ~j  to ~oK are defined relative to F, as shown here for our example 
naphthalene : 

i N21-N-1 = ~ {  il-N3 ~3 N2 ~-1-N1-~1 t[ -[- II NaNaN-1N2N1N1 ll}" 

The locally excited states of ethylene, benzene and naphthalene can be represented 
in a fair approximation by the linear combinations of configurations given in 
Tab. 5 [20]. In  this table the locally excited states are labelled according to the 
Plat t  nomenclature and matched with the corresponding absorption bands ob- 
served in the electronic spectra of the subsystems, e.g. ethylene, benzene and 
naphthalene. 
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State 

iB 

IL~ 

t B  b 

iLb 

1L a 

1Bo 

iJBa 

Table 5. Locally excited states o/ ethylene, benzene and naphthalene [20] 

Function Sym. E (in ev) d 

Ethylene 

E~ 1 E-1 

Benzene 

i 1 ) s  (ST B-2 - B ;  1 B_~) 

1 B-1 (Bi- B_~ + 2 B-s) 

/ ~ ( B ; i  B-~ + B~" B-1) } 

t i - ~  ( B[ B- 1 - B [  1 B - s )  

Naphthalene 

~ -  (~V11 ~T-- 2 -- ~V~ -1 .L~T_I) 

N~ -1 N _  I 
I 

N~ -1 _IV_ 2 

7.0 

Bz, , 4.9 

B~u 6.1 

Ei~ 6.9 

Bs~ 4.1 

B~u 4.5 

Bs~ 5.6 

0.3 

6 - 0  / \ 
A_ 3 o " ~  

O.oAo.6 

0 - 0  / \ 
0 .o- o. O 

A-I ~ . O X O )  " 

e--o / \ 
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- . 0 . 0 . 0  . .  
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The bonding and antibonding HMOs of I and I I  are represented in Fig. 5 and 6. 
These are the orbitals used in our CI treatment (model A: For I, all pairs of con- 
figurations A21 A~ with J = l, 2, 3, 4; K = - t ,  - 2 ,  - 3 ,  --4 and the four con- 
figurations A~ ~ A/~ with K = - t ,  - 2 ,  - 3 ,  - 4 .  For II ,  all pairs of configurations 
F2 ~ FK with J = l,  2, 3, 4; K = - t ,  --2, - 3 ,  - 4 . )  

The Tabs. 9 and 10 given in the appendix show that  the lower electronically 
excited states }Pi of I and I I  can be represented to a good first approximation by 
only one or two configurations y~21 ~0K namely by those with the highest coeffi- 
cients CI,jK in the linear combination ~r~l. The weights given in the following 
Tab. 6 are the squares of the corresponding coefficients CI,jK, expressed in per- 
cent. (The same conclusions, with minor changes in the absolute values of the 
weights, can be drawn from models B, C and D.) 

Table 6. Major contributing con/igurations to the low energy states ~ 
o/acenaphthylene (I) and fluoranthene (II) 

Configurations ~nd weights in brackets refer to the second, most important, component. 
Minor components (weight < 10%) are not listed. 

State 

% 
% 

% 

Accnaphthylene 
Configuration Weight 
~ i  ~0~ % 

/~(A) 97 
A[ -i A- i 91 
A~ ~ A- i 86 
A~ ~ A_~; (A~ ~ A_s) 65; (25) 
A ~-I A-~ 93 
A~ 1 A-~ 51 

(Ai-~A-a; A~ 1 A- V A~ -i A-i) (10; 13; 16) 

Fluoranthene 
Cmffiguration Weight 
~Yi~K % 

F (F) 99 
F~ i F-i 90 
F~ -~ F- i 90 
Fa iF- i ;  (F~iF-a) 57; (31) 
F~ ~ F_~; (F ~F_2) 52; (31) 
F[ -i F-2 81 

F~ i F-  a 88 
F~ 1F_e; F~ iF_ i 45; 39 
Fi-i-~-a; (F~lF-i) 62; (28) 

The configurations listed in Tab. 6 can be correlated with those given in Tab. 5 
for the subsystems ethylene, benzene and naphthalene using an "HMO resemblance 
scheme" originally proposed by S i~Do~Y [21] and which also underlies the well 
known LCMO approximation of D~wA~ [22] (LCMO = Linear Combination of 
Molecular Orbital@ Comparing the schematic representations of the basis ttMOs 
of naphthalene and ethylene (Fig. 4) with those of acenaphthylene (Fig. 5) shows 
that  the HMOs of the subsystems have retained much of their individuality in 
those of the compound system I. This is of course a direct consequence of the fact 
that  the HMOs of I could be obtained in a fair approximation through Dewar's 
LCMO scheme using only two energetically nearest HMOs in a second order per- 
turbation calculation. The correlation suggested in this way is shown graphically in 
the schematic Fig. 7 for the system I. An analogous comparison based on Figs. 4 
and 6 will yield the HMO correlation diagram for fluoranthene shown in Fig. 8. 

The correlation diagrams of Figs. 7 and 8 make it  possible to determine in a 
unique way which locally excited configurations ~ l  ~g of the subsystems [and 
therefore which locally excited states (Tab. 5)] contribute mainly to the low- 
energy states bY1 of I and II.  The result of this analysis is given in Tab. 7. 



154 E. HEILBRONNEI% J. M~C~L, J.-P. Wm~E~ and 1~. Z~mU)NIK: 

Naphthalene Acenaph/hylene E/hy/ene 
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Fig. 7. Correlation diagram for the contribution of locally excited s~ates of naphthalene and ethylene to the low 
energy configurations of acenaphthylene 
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' ,,~ . . . . .  -2~< ..... F~ ~ ..... - ..... ~j 
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Fig. 8. Correlation diagram for the contribution of locally excited states of naphthalene and benzene to the low 
energy configurations of fluoran.thene 

Tab le  7. Correlation o] ca~/igurations /or aeenaphthylene and fluoranthene 
with those of the naphthalene nucleus according to the diagrams of Fig. 6 and 1 

A c e n a p h t h y l e n e  (I) 

S t a t e  Conf igura t ion  

S t a t e  

A~ -1 A _  1 

Ai -I A-1 -~ 5r~ -i N- i  
A~ -1 A _  i -~ N~ -1 N _  i 

(A~ -i A_~) ~ 5r~-I N-1 (Ni -i N_~) 
Ai -1A_~ ~ N~ -1 N_~ 
A~ -1A_~ - ,  Ni -1N_~ 

(Big) 
(B3a; iL~) 

(B~.;  iZb, IBQ 

(Ag) 
(B~.; ~L~; ~B~) 

Fluoranthene (II) 
Conflgttration 

F f  l /~- I  --" iV~ 1 N- i  
F i  -i F-1 -" I i  -1 N- i  

F ~ l  F_ i (Fi-1 F_s) _. N~l 2r 1 (Ni-i ~r_s) 
/~ '1  -~--1 (-F~ -1 2t~--2) "--~/V1 ''1 "LV-1 ('LV31 -/-~-3) 

F~ -i F_ 2 -~ Ni  -1 .zu 
F[ I F-s -~ N~ -1N_~ 

F71 F_~; F~ ~ F-i -~ ~V~ i N-s; Ni -~ N_~ 
F{ 1 F-3; (F~ ~ F-i) -~ NE ~ N_~ (NE ~ N_~) 

(Big) 
(B3,; 1t~) 
(B~.; 1Lb, 1Bb) 
(B3.; ~La) 
(Bi~) 
(Ag) 

(B2, ;  iBb, iLb) 
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From this it is immediately evident why a description of the~lower excited 
states ~ j  of I and I I  in terms of the locally excited 1Lb, 1La, 1Bb, iBm-states of 
naphthalene and benzene will fail in both the ISA- and the MI1V[-method: The 
configuration N~ 1 5Y-1 of the subsystem naphthalene necessary to describe satis- 
factorily the first excited band, i.e. the low energy states W1 of I and I I ,  is one 
pertaining to a locally excited naphthalene state which is of higher energy than  
those given in Tab. 5. Such states are normally not included in MIM or ISA 
calculations for the simple reason that  the relevant empirical data  are not known. 
Furthermore the charge transfer configurations which would have to be included 
in an MIM-scheme demand a knowledge of higher ionisation potentials and electron 
affinities of the subsystems, and again there are no satisfactory empirical data  for 
determining the energies of such configurations. 

For example, in I, the configuration A~ 1 A -  1 which dominates k~l, includes 
the transfer of 0.32 of an electron from the double bond to the naphthalene system. 
This corresponds to the inclusion of the configurations E~ -1 N-~. and ~V~ 1 E-l, 
the latter involving the orbital N a. ~//5 of I, which has major  components A~ -1 A-a, 
A~ 1 A_ 1 and A~ l A_I, includes also some smaller amount  of electron transfer from 
the double bond towards the naphthalene nucleus, which is due mainly to the 
incorporation and partial cancellation of transfer configurations Ei  -1 N_4, N~ 1 E_  1 
(in Ai -1 A_a) , N~ 1 E_ 1 (in A~ 1 A-l)  and of N~ 1 E -  1 (in A~ 1 A-l).  None of these 
can be introduced in a reasonable way into the MIM-treatment for lack of relevant 
empirical data. 

In  I I  the same situation prevails, although to a lesser degree. The lowest 
singlet excited state W1, is mainly based on the F~ 1 F 1 configuration which in- 
volves transfer of 0.37 of an electron from the benzene to the naphthalene nucleus. 
This transfer is the resultant of B~ ~ N-~ and N~ 1 B-~, the latter of which involves 
a low lying HMO. kg 4 on the other hand needs for its description the inclusion of 
N~ 1 B -  2 and B~ 1 N-a,  both of which contribute to F ;  1 F-~ included with a 
weight of 3i% in ~4. 

As a consequence of the above analysis, it becomes difficult to assign reasonable 
Platt-labels to the transitions from the ground state to the lower states of I or II. 
It would certainly be unreasonable to base such a classification on the states of 
the odd perimeter in these molecules - -  which would have to be charged positively 
to be a closed shell - -  perturbed by a central orbital of negative charge (I, I I )  and 
a cross bond (II):  

This type of approximation would exaggerate greatly the non-alternant properties 
of both hydrocarbons and will not lead to a reasonable interpretation of the 
observed spectral data. I f  Burawoy's scheme (3.) is used in conjunction with the 
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resul ts  of  our  analysis  (Tabs. 6 and  7) some of  the  bands  can be charac te r i sed  
according to  the  P l a t t  label  of  the  m a j o r  con t r ibu t ing  local ly  exci ted  s ta te  (or 
s ta tes)  of  t he  la rger  subsys t em ( = naphtha lene) ,  l~owever ,  some bands  wilI escape 
such a classification. 

Clar 's  a pos ter ior i  ass ignment  of  a ,  p, fi and  fi' labels to  ind iv idua l  bands ,  
according to  the i r  spec t ra l  behav iou r  under  anne la t ion  and  subs t i tu t ion ,  can of  
course be c a r d e d  th rough .  However ,  i t  should be recogniscd t h a t  the  electronic 
mechan i sms  under ly ing  such bands  will be va s t l y  different  f rom those  responsible  
for  bands  ca r ry ing  the  same des igna t ion  in  o the r  hyd roca rbons  (e.g. the  acenes). 

To summar i se  : Even  in  hydroca rbons ,  such as I and  I I ,  which migh t  be expec ted  
on chemical  and  s t ruc tu ra l  g rounds  to  behave  a s  an  ensemble  of  loosely coupled 
sys tems  and  therefore  to  exhib i t  to  a good a p p r o x i m a t i o n  the i r  spec t ra l  charac te r -  
istics, considerable  mix ing  m a y  occur  in  the  exci ted  s tates .  This  ~_11 ob l i t e ra te  
to  a large degree ~he ind iv idua l  spec t ra l  fea tures  of  the  subsys tems  and  i t  can 
br ing  loca l ly  exc i ted  s t a tes  in to  p l a y  which  arc no t  n o r m a l l y  inc luded  in  calcula- 
t ions  according  to  ~he ISA-  or  MIM-schemes.  This  makes  i t  diff icult  to  label  such 
bands  according  to  t he  p rocedure  a d v o c a t e d  b y  Bv~AwoY [6]. 

Appendix  

The  Tabs.  8 a n d  9 con ta in  t he  coefficients Cj,JK of t he  i nd iv idua l  configura- 
t ions F and  ~o~ 1 yJK which en te r  the  l inear  combina t ions  

~'j = ~j,o l-' + ~ Oj,J~ ~Y 1 WK 
JK 

for the  lower s ta tes  of  acenaph thy lene  (I) and  f lnoranthene (II) ,  ca lcu la ted  accord-  
ing to  the  model  A. The  energy  values  Ej,  measu red  re la t ive  to  the  energy E 0 = 0 

Table 8. Acenaphthylene (I). CI.states /or model A 
Configurations try: tvK 

J, K = 
I ,  - 2  
t ,  - 3  
1, - 4  
2, - t  
2, - 2  
2, - 3  
2, - 4  
3, - t  
3, - 2  
3 , - 3  
3, - 4  
4, - 1  
4, - 2  
4, - 3  
4, - 4  
5, - t  
5, - 2  
5, - 3  
5, - 4  
P 

0 0.954 0 0.2t3 0 0.t42 
0.013 0 -0.029 0 0.965 0 

0 -0.030 0 -0.162 0 - 0.308 
- 0 . 0 t l  0 -0.188 0 0.019 0 

0.1.36 0 0.927 0 0.049 0 
0 - 0.048 0 - 0.500 0 0.718 

0.043 0 -0.091 0 0.053 0 
0 0.038 0 0 0 0.192 
0 - 0 . 2 8 2  0 0.805 0 0.355 

-0.04t 0 0.230 0 0.015 0 
0 0.048 0 -0.116 0 0.110 

-0 .0 t8  0 -0.018 0 -0.185 0 
0.048 0 0.141 0 - 0A 54 0 

0 -0.004 0 -0.036 0 0.200 
0.005 0 0.061 0 0.063 0 

0 -0.002 0 0.094 0 0.017 
0 -0.056 0 0.022 0 0.402 

0.035 0 0.048 0 0.011 0 
0 -0.034 0 -0.077 0 0.002 

0.025 0 0.030 0 -0 .0 t2  0 
0.986 0 -0.126 0 -0.018 0 
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Table 9. Fluoranthene (II). CI-states /or model A 
Configurations ~ 1  ~K 

157 

J, K = 
1, - 2  
t, - 3  
1, - 4  
2 , - 1  
2, - 2  
2, - 3  
2, - 4  
3, -1  
3, - 2  
3, - 3  
3 , - 4  
4, -1  
4, - 2  
4, - 3  
4, - 4  

0.051 0 0.949 0 -0.102 0 -0.047 0A53 0 
0 0.103 0 0.083 0 0.900 0 0 -0.095 
0 0.001 0 - 0.560 0 0.15t 0 0 0.786 

0.034 0 0.023 0 0.290 0 0.216 -0.235 0 
0 0.947 0 0.233 0 -0.100 0 0 0.179 

0.009 0 -0A98 0 -0.563 0 -0A12 0.668 0 
0.0t8 0 0.016 0 0.010 0 0.936 0.283 0 

0 0.034 0 -0.070 0 0.30t 0 0 -0.225 
0 -0 .296  0 0.757 0 0.060 0 0 0.529 

-0.015 0 -0.009 0 0.028 0 -0.t35 0.041 0 
-0.025 0 0A89 0 -0.238 0 -0.022 -0.056 0 

0 0.053 0 -0.109 0 0.008 0 0 0.019 
-0.060 0 0.016 0 0.721 0 -0.200 0.621 0 

0 0.037 0 0.059 0 0.249 0 0 0.074 
0 0.008 0 0.182 - 0 -0.029 0 0 -0.067 

-0.011 0 0.t49 0 0.096 0 0.047 -0.064 0 
0.996 0 -0.040 0 0.039 0 -0.035 0.025 0 

of the ground state  ~0  are given in  Tabs. 3 and  4 together  with the oscillator 
strength/o-~J for the t rans i t ions  ~0-~  Tt" The energy depressions of T0 relative 
to F are : - 0 . 1 4  ev for I and  - 0 . 0 5  ev for I I .  For  the z -cont r ibu t ions  to thedipole  
momen t s  I ~ J l  the values given in  Tab.  10 have been found. I n  all cases the 
positive end of the dipole is s i tuated on the side of the naphtha lene  nucleus. 

Table 10. re-Contributions to the dipole moments o] acenaphthylene and fluoranthene 
in their ground and electronically excited states 

Values in debye units. Positive end of dipole on the side of the naphthalene nucleus 

State I II 

~o 

% 

0.73 
2.91 
2.29 
2.12 
3.85 
1.18 

0.51 
4.31 
0.36 
1.42 
1.54 
5.t7 
8.37 
2.75 
1.01 

Acknowledgement. This work was supported by the Schweizeriseher Nationalfonds (Projekt 
Nr. 3745). We thank Dr. J. H. EOGE~S for making his results available to us and for the 
many suggestions and comments concerning their interpretation. 

References  

[1] CLam, E. : Polyeyclic Hydrocarbons. lqew York: Academic-Press 1964. 
[2] KLv, v ~ s ,  H. B., and J. R. PLATT: J. chem. Physics 17, 470 (1949). 
[3] FORBES, W. F.: Ultraviolet Absorption Spectroscopy. In:  Interpretative Spectroscopy, 

~EEMAN, S. K., Editor. New York: Reinhold Publishing Corp. 1965. 
[4] Pr~AT% J. R. : J. chem. Physics 17, 484 (1949). 
[5] ttEILB~O~C~CE~, E., and J. N. MVl~RELL: Molecular Physics 6, I (1963). 

11 Theoret. chim. Aeta (Berl.) Vol. 6 



i58 E. HEILBRONNER, J-. MICHL, J.-P. WEBER and R. ZAm~ADNIK: Acenaphthylene 

[6] Bv~Awou A.: J. chem. Soc. 1939, ~i177. 
[7] SIMPSON, W. I. : Theories of Electrons in Molecules. New York: Prentice-Hall t962. 
[8] LONCVET-I-~CGI~S, H. C., and J. N. MVR~LL: Proc. physic. Soc. (A) 48, 601 (1955). 
[9] Co~To~, F. A. : Chemical Applications of Group Theory. New York: Wiley 1963. 

[10] HEILBaO~ER, E. : Molecular Orbitals in Chemistry, Physics and Biology (B. Pullman and 
P. 0. LSwdin, editors), p. 329. New York: Academic Press 1965. 

[11] PAP~, R. G. : Quantum Theory of Molecular Electronic Structure. New York: Benjamin 
t963. 

[12] F~n~DEL, R., and l~I. ORCm-~: UV Spectra of arom. Compounds. New York: Wiley i95i 
(Acenaphtylene No. 234, Fluoranthene l~r. 439); Organic Electronic Spectral Data. 
New York: Interscience i960--i963 (Acenaphtylene: I, 425; l~luoranthene: I, 646); 
see reference [18]; for Fluoranthene especially, see: STUBBS, It. W. D., and S. H. 
TreKs.R: J. Chem. Soc. 1954, 227 ; VA~ DU~REIV, B. L., and C. E. BARDI: Anal. Chem. 
85, 2200 (1963). 

[13] DS~,  F., and M. ItELI): Angew. Chem. 72, 287 (1960). 
[14] - -  Z. anal. Chem. 197, 241 ((i963). 
[15] MIc]~, J. : To be published. 
[16] Micm~, J., and R. Z~tRAD~IK: To be published. 
[17] EGGE~S, J. It., and E. W. TH~ST~U]e: Lecture: 8th European Congress on Molecular 

Spectroscopy (1965). 
[18] KOVTECKY. J., P. ttOC~MA~, and J. MIC]tL: J. chem. Physics 49, 2439 (i964). 
[19] ZAm~AI)~IF:, R., J. Mic~ ,  and J. KOUTECK:~: J. chem. Soc. 1963, 4998. 
[20] DEw~,  M. J. S., and H. C. LO~GVET-HmGnVS: Proc. physic. Soc. (A) 67, 795 (1954). 
[21] SA~DORVY, C.: Les spectres 41ectroniques en chimie th~orique. Paris: Editions de la 

Revue d'Optique 1959. 
[22] DEW~, M. J. S. : Proc. Cambridge philos. Soe. 4~, 638 (i949). 
[23] Recent experimental evidence concerning substituted fluoranthenes suggests however 

that in cases where conjugation in the system is enhanced by substitutents, the sys- 
tem should be considered as markedly non alternant, even in the electronic ground 
statc. [MzC~L, J., and R. ZA~RAI)~lX: Coll. Czechoslov. Chem. Commun. 81, 3471, 
3478 (i966). 

Professor Dr. E. HEILBRONNI~R 
Laboratorium ffir Organische Chemie 
der Eidg. Technischen Hochsehule 
CH 8006 Ziirich 
Universitatsstrai~e 6 


