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Summary. The photoelectron (PE.) spectra of azulcno[l, 2, 3-cdjphenalene (1) and azuleno- 
[5,6,7-~d]phcnalcne (2) have bccn recorded. The first five bands of both compounds could be 
assigned to  transitions corresponding to  removal of electrons from 4az, 6b1, 5b1, 3az and 4bl 
orbitals. This assignment is based mainly on a comparison between the observed ionization 
potentials and orbital ciiergies calculated in a HMO and a PPP model. 

The UV./VIS. polarized absorption spectrum of 1 in the region 10000-45000 em-1 has been 
measurcd by means of the stretched film technique. The measurements were performed in p d y -  
cthylcne sheets at 77°K. Several bands could be assigned to x* c TZ transitions calculated by a 
PPP-CI method. 

X comparison between the electronic structures of 1 and 2 is made by means of a simple 
HMO diagram. 

Azuleno[l, 2,3-cd]phenalene (1) and azuleno[5,6,7-~d]phenalene (2 )  offer in- 
teresting opportunities for the application of perturbation theoretical arguments [l] 
in deriving their electronic structures from fragments. Two possibilities for 1 and 2 
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are suggestive as shown below: Either one formally adds rn-divinylbenzene to azulene 
in such a manner that Cav symmetry is preserved or one introduce, an additional 
bond in 10-annuleno[cd]phenalene (3) between positions 0 and 12 or 7 and 11 to 
yield 1 or 2. 

The recent synthesis of 1 [Z] and 2 [3] permits a comparison of the electronic 
structures of the two compounds. The UV./VIS. polarized ,ibsorption spectrum and 
the MCD. spectrum of 2 have been published by Thulstrul) et al. r.51. In this paper 
we will report the photoelectron (PE.) spectra of 1 and 2 and the polarized electronic 
absorption spectrum of 1 jn stretched polyethylene film, using the procedure of 
Eggers et al. [4j. 

PE. Spectra. - For the interpretation of the PE. spectra KOO~WLU~G’  theorem /7] 
is used. In  this approximation the orbital energy E J  is set equal to minus the measured 
vertical ionization potential Iv ,  J :  

& J =  - Iv , J  
The PE. spectra of 1 and 2 between 6 eV and 12 eV are shown in Fig. 1. The spectra 
show remarkable differences in the region between 6 eV and 10 eV 

I , I , , I 

6 7 8 9 ‘10 11 12 6 7 8 9 10 11 12 

I .  P. (eV) I. P. (ev) 
Fig. 1. Photoelectron sbectra of azuleno~l.2,3-cdl.bheizalene (1) avtd azitlenor5.6.7-ccllbhenalene 12) 

If it is assumed that the first peak in both spectra is due to a single transition 
(the transition from the ground state of 1 or 2 to the ground slate of the corresponding 
molecular ion) then the half-height-width of the third peak in the PE. spectrum of 
1 and that of the second peak in the PE. spectrum of 2 indicate that each of these 
peaks are due to two tranriiions. This is supported by the calculated results listed 
in Table 1. Here measured ionization potentials are compared with ionization energies 
calculated by the method of Brogli & Heilbronner [8] arid ionization potentials 
calculated in the PIT model [9] according to:  

Ippp - -0.9 E J  - 0.6 V, J - 
This formula was derived [lo] by comparison of MO calculations with PE. spectra 

of a large number of planar cyclic conjugated hydrocarbons. 
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Table 1. Vevtical ionizat ion potentials Iv, J and Koopmans' values ( -  EJ) of 1 and  2. All values in eV. 

Experiment Calculation 

Compound band IV .T Assignment HMO 181 PPP i9,lOl 

0 6.58 4 az 6.67 (4az) 6.52 (4az) 
0 7.85 6 bi 8.15 (6bi) 8.10 (6bi) 

1 0 8.6 5 bi 8.89 (5bl) 8.66 (5bi) 

0 9.43 4bl or (T 9.82 (4bi) 9.54 (4bi) 
@ 8.9 3 a2 9.22 (3a4 8.72 (3az) 

7.76 4 a2 7.01 ( 4 ~ )  6.89 (4az) 

2 0 8.25 3 az 8.51 (3az) 8.45 (3az) 
0 8.05 6 bi 8.28 (6bi) 8.22 (6bi) 

(2 9.05 5 bi 9.27 (5bl) 9.21 (5bi) 
0 9.43 4bl or rs 9.50 (4bi) 9.37 (4bi) 

0 

8 9.79 2az or rs 10.00 (2az) 10.07 (2az) 

A further confirmation of the assignment given in Table 1 is found in the steep 
ascent of the first peaks which we attribute to ionization from 3t orbitals. 

The strong overlap of bands @ and @ in the PE. spectrum of 1 can be explained 
by the result that the n MO's 3a2 and 5bl  are degenerate within the HMO model 
(see Fig. 4). 

&ii4bm 3a2 5b1 5b1 2% 

The 3a2 and 5bl  orbitals of 1 and the 5bl  orbital of 2 are composed of localized 
ethylene fragments as shown above. An orbital with a shape equivalent to 3a2 of 1 
is not possible in 2 for topological reasons. 

In  the simple HMO model the 5bl  orbitals of 1 and 2 are degenerate with the 
2b,, orbital of naphthalene (see above) with orbital energy E = cc + 1/3. A PPP 
calculation does not delocalize these orbitals to any significant extent (1-2%). 
Nevertheless, as a result of the SCF procedure, the 5bl  orbital of 2 is sta- 
bilized and the 5bl orbital of 1 is destabilized with respect to the Zb,, orbital of 
naphthalene. (With the PPP method we obtain: 1 (5 bl) : - 10.29 eV, 2 (5 bl) : - 10.90 
eV and naphthalene (2 blu) : - 10.48 eV.) This is due to the fact that both compounds 
1 and 2 are non-alternant hydrocarbons. Due to the electronegative character of the 
five-membered ring and the electropositive character of the seven-membered ring 
different potentials are obtained in the regions of the highly localized 5 bl orbitals 
of the two compounds. This is visualized in Fig. 2, where the relative atomic potentials 
are represented graphically. The lengths of the bars in the diagram correspond to 
the quantities A F,, = F E  - F& where FE, and I;F are diagonal elements of 
the PPP Fock-matrix before and after the SCF procedure, respectively. Note that 



1462 HELVETICA CHIMICA ACTA - Vol. 59, Fax. 5 (1976) - Xr. 155 

Fig. 2. Relatzve self-consistent PPP potentzals at the carbon posittons c n  1 and 2 (see the text) 

electron density in a region where A F  is positive leads to a destabilization and vice 
veysa. 

During the SCF process, the potentials in the nonalternant hydrocarbons 1 and 2 
are changed in different manners. For 1 (Fig.2a) the potential in the five- and six- 
membered rings is increased compared to that of an alt ernant hyi;rocarbon, which 
leads to a destabilization of the 5bl orbital of 1. For 2 (Fig. 2b),  however, the potential 
in the region of the six-membered rings is reduced. This yields a stabilization of the 
5bl  orbital of 2 with respect to  the 2b,, orbital of naphthalene. 

As a corollary of the theoretical discussion we expect that  tlie ionization potential 
corresponding .to the 2 b,, orbital of naphthalene lies between the ionization potentials 
of the 5bl orbitals of 1 and 2. according to the assignment, given in Table 1, the 
observed ionization potential for Zb,, of naphthalene (8.58 eV) .11j is intermediate 
between 5bl of 1 (8.66 eV) arid 5bl of 2 (9.21 eV). This lends further support to our 
interpretation of these bands. 

In tlie comparison of the PE. spectra of 1 and 2 (Fig.3:1, tlie most remarkable 
feature is the much larger energy difference found in 1 between the peaks corre- 

Fig. 3. Correlation of the f irs t  bands in the PE. spectra of 1 and 2 
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sponding to the 4a2 and 3a2 orbitals. This can be understood by simple first order 
perturbation arguments applied to 10-annuleno[cd]phenalene (3). The MO correlation 
diagram (Fig. 4) of 1, 2 and 3 shows clearly that introduction of a bond in 3 between 
atoms 7 and 11 will increase the energy of orbital 2a2 considerably, whereas introduc- 
tion of a bond between atoms 6 and 12 will raise the energy of 4az the most. This 
means that the energy splitting between the 3a2 and 4a2 orbitals will be much larger 

I 

- a5 

0 

0.5 

Fig. 4. Intramolecular HMO interaction diagram of 10-annuleno [cdlphenalene to yield 1 and 2 
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in 1 than in 2. It can be mentioned that the lowest unoccupied orbital of 3, 5a2, js 
shifted similarly to  4a2 when going to 1 and 2. This is one of the reason5 for the small 
energy difference between 7bl  and 5a2 in 2, as discussed elsewhere 15j YlZl. 

Electronic absorption spectra of 1 and 2. - The low temperature absorp- 
tion spectrum of 1 in stretchled polyethylene film is given in Fig.5. The curves were 

I I 
I I 
8 I 

I 
, I  1, 

10 20 30 40 kK 

Fig. 5. Top:  Polarized electronic absorption spectrum of 1 in stvetched polyethylew sheets at 77°K. 
The full line represents the long axis polarized and tlic dashed line the short axis polarized reduced 
absorption curve. The absorption in the region 10-20 kK is approximately 150 times enlarged 

relativc to the remaining part of the spectrum. 
Bottom: Gvaphic representatiorz o,f the calculated PPP-CI spectrum 0-f 1. Full and broken bars 
represent long axis and short axis polarized transitions, respectively. ’Thick bars indicate f > 0.1, 

cf. Table 2 

obtained from the experimental dichroic absorption spectra using the reduction 
factors [4] d i  = 0.50 and == 0.18. These values were determined from the assump- 
tions that the peaks a t  10 kEC and 21 kK are purely y- and 2-polarized, respectively. 
The reduction factors obtahed for 1 indicate that 1 orients somewhat better than 2 
( d l  = 0.50, d i  = 0.28) [5]. 1 probably ‘fills its corners’ better, although the fact that 
different brands of polyethylene sheets were used, may account for some of the 
difference. 

The measured s~ectroscopic data are collected in Table 2 together with the results 
of a PPP-CI calculation. The transitions predicted by the calculation are indicated 
schematically in Fig. 5. It appears that  the observed positions, polarizations and 
relative intensities of bands ‘4 and B are well reproduced by the calculation. 

Above the purely y-polarized 0-0 peak at 9.9 kK, band ‘4 shows strongly mixed 
polarization, with relatively intense z-polarized peaks froin 11.7 kK. This is in 
contrast with the first bandl of 2, which is almost purely y-polarized [5]. The z- 
polarized peaks of 1 appear ;as a series similar to the y-polarized series of peaks. In 
both cases the spacing of the peaks is around 1.5 kK. The z-polarized intensity can 
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hardly be described by a separate electronic transition; the first: calculated n* c ;z 
transition of 2-polarization is a t  21 kK, it h a s f =  0.7 and thr: observed band B can 
safely be assigned to it.  Introduction of doubly excited Configurations in the CI 
calculations for 2 did not introduce any new states below 30 kK [5], and we find it 
unlikely that the z-polarized component of band A can be described by a transition 
to a new electronic state. We find it likely that it is due to vibronic coupling between 
tlie first ( A )  and second (B) electronic states gaining intensity through a non-totally 
symmetric vibration. Similar cases have been observed e .g .  for acelieptylene [61 
and antliracene [4 b]. The vibration seems to have low frequency (-0.3 kK)  and must 
be of Bz symmetry. 

The shapes of the first bands in 1 and 2 are also quite different. In 2 the 0-0 
peak is the strongest in the series, whereas the 0-0 peak in 1 is niucli weaker than 
the following y-  and z-polarized peaks. According to  the Franck-Com!oFz principle, 
this iniglit indicate a significant change in geometry between the ground and first 
excited state of 1. 

The shape of the band B of 1 is quite similar to the shape of the corresponding 
band in 2. The small z-polarized band around 26 kK, C, does not seem to belong to 
any vibrational fine structure of band B and is not predicted by the PPP-CI calcu- 
lation using singly excited configurations. Inclusion of doublv excited configurations 
in the CI procedure may yield a transition in this region, considering the orbital 
energy picture and the low energy of the first transition ( A ) ,  The singly excited CI 
PPP (SCI) calculations on 2 as well as calculations including doubly excited con- 
figurations predict a weak y-polarized transition around 28 kK, but no z-polarized 
transition is predicted between 25 and 30 kK. The MCD. spectra of 2 give some 
indication of a transition around 27 kK. We feel that  band C of 1 probably is due 
to a fairly weak z-polarized electronic transition witli a 0--0 energy of 25.6 kK. 
The calculations do not predict such a transition, but further studies, experimental 
(MCD. spectrum) as well as theoretical (large scale CI  calculations) may allow a 
definite assignment. The week y-polarized absorption (band D )  around 27 kK can 
e a s i l ~ ~  be assigned to the calculated transition a t  29.2 kI< (Inainlj- 5aa -+ 6b1), but 
tlie detailed structure of band 1) is difficult to determine, because of the overlap 
with the much more intense band E .  

The strong z-polarized E-hand is much broader than band B. This can possibly 
be due to the presence of two strong z-polarized transitions, in agreement with the 
calculated results, which include strong transitions at  29.9 kI< (mainly 7bl t 6bl) 
and at  32.8 kK (a mixture of several configurations, such as 6al  t 4az). 

Above the region of 30 kIC a precise analysis of the bands arld their assignment 
to the numerous calculated electronic transitions is difficult. Under the intense E 
hand the weaker y-polarized absorption starting a t  27 liK ;LS discussed above has 
additional peaks a t  32, 35 and 38 kK. The PPP-CI model predicts in this region 
foury-polarized transitions at  30.9, 32.6, 34.9 and 36.6 kK (see Fig.5 and Table 2). 

In the region between 37 and 45 kK there are two peaks a t  38 and 44 kK corre- 
sponding to transitions polarized parallel to the z-axis. The  calculation^ predict two 
2-polarized transitions in this region. 

Many of the spectral features can be rationalized from the MO correlation diagram 
jFig.4). The fact that the first band ( A )  of 1 appears at a considerably lower energy 
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than the corresponding band in 2 (9.9 us. 13.3 kK) can be understood in simple terms, 
since both bands are well described by 7 bl c 4a2 transitions and the one center 
transition densities are approximately the same. The simple perturbation method 
applied to 3 shows that introduction of a bond between atoms 7 and 11 will lower 
the orbital energy of 7bl approximately by the same amount as introduction of the 
bond between atoms 6 and 12. The orbital energy of 4az will be raised the most by 
introduction of the bond between atoms 6 and 12. It is thus understandable that 
band A in 1 is lower in energy than the corresponding band in 2. The transition 
densities of the transitions 7bl c 4az, and 5az +- 4a2 of 1 are shown below. The 

transition densities of 2 are given in [5], where a discussion of the relationship between 
transition density, singlet-triplet splitting and transition energy i, given. For a more 
complete treatment see [13]. In short, the small transition density of 7111 -+ 4aa 
indicates small splitting between the resulting singlet and triplet, which in turn 
means that the excitation energy for the singlet will be relatively low. 

The second transition (B) in 1 and 2 is only quite approximately described by a 
5az c 4az transition ; considerable contributions come from 7bl t 6b1. The two 
transitions appear a t  20.8 kK (in 1) and 22.2 kK (in 2), that  is with a much smaller 
energy difference than for the first transition. This is understandable from Fig. 4, 
in which the orbital energy difference between 4az and 5a2 is almost the same in 
the two compounds. Moreover the one center transition density is quite similar in 
1 and 2 (see above and [5]). 

As for 2 [5] the large energy gap in 1 between bands A and B can be explainecl 
mainly from the fact that  the one center transition density is much larger for the 
second transition, 5 a z t 4 a z ,  corresponding to band B. This also accounts for the large 
difference in oscillator strength between the two transitions. 

The similarity of the orbitals relevant for the first band of 1 and 2 (4a2 and 7bl) 
with the HOMO and LUMO of azulene [5] [12] makes it possible to predict the shift 
of the first transition upon methyl substitution in the azulene moiety of 1 and 2.  
Assuming the same parameters as for azulene ( A  C12 = C1(7b1)* - C l ( 4 a ~ ) ~  = 812 
cm-1) [14], we obtain the following substituent shifts for 1 :  positions 6 and 10: 
573 cm-1; positions 7 and 9 : - 141 cm-1 and position 8 : 743 cm-1. For 2 the result is : 
positions 6 and 10: 417 cm-1; positions 7 and 9: 550 cm-1 and position 8 :  275 cni-I. 

Experimental part 
The synthcsis of 1 and 2 has been described in [Z] and [3] resp. Freshly purified samples of 

both compounds were used for the measurements. 
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The PE.  spcctra werc recordled on a P S  18 instrument of Perki.12 Elmer L t d .  (B-aconslield, 
England) equipped with a heated probe. The temperatures to  which the samples were hcated 
were 152" for 1 and 134" for 2. The spectra were calibrated with Ar. 

The electronic absorption spsxtruni of 1 was measured at 77°K ton a Cavy 17 spectrometer. 
.A polyethylene sheet was swelled with a chloroform solution of 1. Aftcr evaporation of the solvent 
and rinsing of the surface with methanol, the shcet was stretchcd and placcd over liquid nitrogen 
in a quartz dewar. 

The dichroic spectra were measured in thc manner described by .Eggem et al. [4]. I n  the long 
wavelcngth region the experimcmt was performcd using 15 polyethylene sheets containing 1 
combined to a clear 'thick' sheet through a procedure of heating and pressing. The dichroic ab- 
sorption curves and baselines were digitalized. The plots of the reduced [4] absorption curaes 
\r-crc obtained on a Hewlett-Packard 9800-30 computer. The UV./VI S. polarized absorption 
spectrum of 2 has been reported previously [S]. 

Calculations. - On 1 and 2 smsmiempirical calculations were performed. using a parametriziscd 
Hiickel-molecular-orbital (HMO) procedurc [8] and the self consistent ficld method by Pariser, 
Purr & Pople [9] with configuration intcraction (PPP-CI). Similar results wcre obtained by  
Zahvadnik [15]. For 1 and 2 CzV symmetry was assumed and all bondlengths were set equal 1.0 
1.4 A. Thc geometry of 1 was taken as three regular hexagons and one regular heptagon. 2 was 
composed of three regular hexagons and one regular pentagon and Ihc bond angle 6-6a-7 was 
chosen as 126". 

The CI procedure included 4 9  singly cxcitcd configurations. Thc elcctron rcpulsion integrals 
in thc PPP approximation were calculated according to  Mataga & Nzshiimdo [16]. 

This work was supported by Fonds der Chemischen Industrie and Deutsche Forschungsgemeiiz- 
schaft. The stay of E. W .  T .  in Darmstadt was made possible by  D A A D .  
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