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Abstract: An ab initio investigation of several benzene and naphthalene isomers and hexatriene has been carried 
out. It was found that the relative order of total energies for the benzene isomers is benzene > fulvene > 2,3-
dimethylenecyclobutene > trimethylenecyclopropane > Dewar benzene. In the naphthalene isomer series, the 
relative order of total energies was found to be naphthalene > azulene > fulvalene. Examination of the electronic 
structure of the various isomers permits new insight to be gained into the concept of aromaticity, and also provides a 
rationalization for some of their chemical behavior in terms of their molecular orbital structure. 

Throughout the past century the rationalization of 
the differences in stability and reactivity of aro­

matic molecules compared to their open-chain analogs 
has been recognized as one of considerable importance. 
Several suggestions as to the most appropriate defini­
tion to be used to describe the aromaticity of a given 
molecule have been proposed2-6 which use a variety of 
different criteria for distinguishing the degree of aro­
maticity that is present. In each of these proposals, a 
detailed understanding of the electronic and geometric 
structure of the molecule in question is essential, either 
explicitly or implicitly, to the development of the pro­
posal. 

In the past, many semiempirical techniques have been 
employed to quantify these notions.7-9 Despite their 
several limitations, they have provided considerable in­
sight into the concepts of resonance, delocalization, and 
aromaticity. However, many of these limitations can 
be eliminated by the use of ab initio quantum me­
chanical techniques, in which all electrons and nuclei are 
considered explicitly. 

In this study, an ab initio technique10-11 has been ap­
plied to several isomers of benzene and naphthalene. 
1,3,5-frans-Hexatriene, although not an isomer of ben­
zene, has also been included in this study because of its 
importance to discussions of aromaticity. The ab 
initio method using molecular fragments that is em­
ployed in this study is particularly appropriate, for it 
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has been found to be one which allows the determina­
tion in a practical manner of the electronic structure of 
reasonably large molecules of arbitrary geometry. Fur­
thermore, the results are readily interpretable into con­
cepts familiar to chemists. Also, previous studies on 
benzene itself11 and other hydrocarbons indicate that 
the molecular orbital energy level ordering, molecular 
geometry, Hellman-Feynmann forces and fields at 
nuclei, and other properties are well predicted. 

The isomers chosen for this study do not exhaust all 
of the possible isomeric forms of benzene and naph­
thalene. Rather, the particular molecules chosen for 
inclusion were those in which a structure determination 
or extensive geometry search had been carried out, 
either on the parent hydrocarbon or a closely related 
substituted hydrocarbon. This procedure allows ex­
amination of the difference in electronic structure for 
the molecules as they actually exist, and eliminates per­
haps misleading hypothetical structures from consid­
eration. 

Theoretical Procedure 

The detailed development of the procedure to be used 
has been given previously1011 and will only be sum­
marized briefly here. The basis orbitals that are em­
ployed are normalized floating spherical Gaussian or­
bitals (FSGO), defined by 

GIr) = (2/^p4
2)'/' exp{ - [ ( r - R()/p.]2S (D 

where pt is the orbital radius and R1 is the location of 
the FSGO, relative to some arbitrary origin. When ir-
type orbitals are used, a linear combination of two 
FSGO's is employed, i.e. 

Gx = (G11 - Gd)/[2(1 - Aud)]v" (2) 

where Gu and Gd are FSGO's that are symmetrically 
placed above and below the plane of atoms, on a line 
perpendicular to the central atom. The nonlinear 
parameters for these orbitals are variationally deter­
mined by studies on molecular fragments. The param­
eters for the two molecular fragments of particular 
interest to these studies, CH4 and -CH3, are given in 
Table I. These fragments were found to be particularly 
suitable for hydrocarbon investigations in a detailed 
earlier study11 of various fragment possibilities. 

Journal of the American Chemical Society / 93:17 / August 15, 1971 



4105 
Table I. Molecular Fragment Data" (au)6 

CH4, tetrahedral, 
Rett = 2.05982176 

-CH3, planar, sp2, 
RCH = 1.78562447 

Orbital radius 

pen = 1.67251562 
Pc = 0.32784375 
PCH = 1.51399487 
Pc = 0.32682735 
px = 1.80394801 

Distance from 
carbon atom 

1.23379402 
0.0 
1.13093139 
0.0 

±0.1 

o See ref 10 and 11 for details of the parameter determination. 
b AU distances and energies are reported throughout as unsealed 
quantities, using Hartree atomic units, unless otherwise stated; 
see H. Shull and G. G. Hall, Nature (London), 184, 1559 (1959). 

Using the molecular fragment parameter data of 
Table I, ab initio SCF calculations have been carried out 
on benzene (I), fulvene (II), 2,3-dimethylenecyclo­
butene (III), trimethylenecyclopropane (IV), Dewar 
benzene (V), l,3,5-7ra«i-hexatriene (VI), naphthalene 
(VII), azulene (VIII), and fulvalene (IX). The geom­
etries that were used are given in Table II, and the co­
ordinate systems are shown in Figure 1. 

The molecular orbitals are taken to be a linear com­
bination of fragment FSGO's, i.e. 

P NA 

¥>, = E 2>«AG/ (3) 
A=I 4 = 1 

where the Gk
A's are the previously determined fragment 

orbitals, and the cki
A's are the coefficients to be deter­

mined by the solution of the SCF equations 

F e ; = Ac4E (4) 
where F is the Fock matrix, A is the overlap matrix over 
FSGO's, and e contains the orbital eigenvalues. For 
the cases not explicitly given, hydrogen atom positions 
have been chosen to bisect the corresponding CCC 
angle. In the case of benzene, the coordinates are 
those employed by Schulman and Moskowitz.12 The 
SCF calculations on benzene were reported earlier,11 

and are summarized here only for completeness. For 
fulvene, the extensive VESCF studies of bond distances 
and angles by Brown, Burden, and Williams13 were em­
ployed. For 2,3-dimethylenecyclobutene, the results of 
extensive geometric variations by Skancke and 
Skancke14 were used. For trimethylenecyclopropane 
and l,3,5-?m«5-hexatriene, the results of the electron 
diffraction studies were employed.1616 For Dewar 
benzene, the electron diffraction results of Cardillo and 
Bauer for the hexamethyl derivative17 were used. 
Naphthalene was constructed by fusing two benzene 
rings, and fulvalene was constructed by fusing two ful­
vene rings. Azulene coordinates were taken from the 
crystal structure data of Hanson.18 

All calculations have been carried out using double-
precision arithmetic on a GE-635 computer, and the 
convergence criterion that was used was 

|prs«+i> _ pro I < 0.00002 (5) 
(12) J. M. Schulman and J. W. Moskowitz, J. Chem. Phys., 43, 3287 

(1965). 
(13) R. D. Brown, F. R. Burden, and G. R. Williams, Aust. J. Chem., 

21, 1939 (1968). 
(14) A. Skancke and P. N. Skancke, Acta Chem. Scand., 11, 12 

(1968). 
(15) E. A. Dorko, J. L. Hencher, and S. H. Bauer, Tetrahedron, 24, 

2425 (1968). 
(16) M. Traetteberg, Acta Chem. Scand., 11, 628 (1968). 
(17) M. J. Cardillo and S. H. Bauer, J. Amer. Chem. Soc, 92, 2399 

(1970). 
(18) A. W. Hanson, Acta Crystallogr., 19, 19 (1965). 
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Figure 1. Numbering and coordinate systems. In all cases except 
Dewar benzene, the positive z axis points out of the paper. 

This corresponds typically to a root-mean-square error 
of approximately 10-7 or smaller. 

All of the benzene (except Dewar benzene) and naph­
thalene isomers and hexatriene were formed by using 
the • CH3 fragment parameters for the inner-shell carbon 
orbital, the ir orbital, and the C-C bonding orbitals. 
The CH bonding orbital was taken from the CH4 frag­
ment. In each of these cases the position of the off-
center FSGO was taken to lie along the internuclear 
axis, but at the same distance as found in the molecular 
fragment. Dewar benzene differs from the other iso­
mers in that the bridgehead carbons were treated as sp3 

carbon atoms, i.e., the inner-shell orbitals were taken 
from the CH4 fragment, and no TT orbitals were used. 

Results 
Each of the benzene isomers and hexatriene were as­

sembled using the six appropriate -CH3 and CH4 frag­
ment FSGO's, and the various total energy compo­
nents resulting from the SCF calculations are given in 
Table III. Since the scale factors in Table III are all 
quite similar, it is reasonable to make comparisons di­
rectly using the unsealed quantities as listed. Also, 
since the basis sets used for all of these molecules are 
identical (except for those of the bridging atoms in 
Dewar benzene), it is likely that error cancellations will 
be uniform, and that trends observed by comparisons 
using the energies and eigenvectors of these calcula­
tions would also be observed if more extensive basis 
sets were employed. Additional evidence supporting 
the view that the error cancellations are likely to be uni­
form is found in the per cent of the Hartree-Fock limit 
that is obtained. For all cases investigated here and 
previously1011 where this limit is known or can be esti­
mated, the SCF calculations resulted in approximately 
86% of the Hartree-Fock result, regardless of the par­
ticular molecule under consideration. 

The molecular orbitals for the benzene isomers and 
hexatriene are given in Table IV. As noted in the ear­
lier study on hydrocarbons,11 the ordering of the inner-
shell orbitals is not expected to be correct, since the or­
bitals are nearly degenerate, and a more extensive basis 
set is needed in order to establish the inner-shell or­
dering. However, in the outer-shell orbitals of usual 
interest in chemical reactions, previous studies11 indi-

Christoffersen j Ab Initio Calculations on Large Molecules Using Molecular Fragments 



4106 

Table II. Nuclear Geometries 

Molecule Point group Distance, A Angle, deg 

Benzene 

Fulvene 

2,3-Dimethylenecyclobutene 

Trimethylenecyclopropane 

Dewar benzene 

1,3,5-rra«.s-Hexatriene 

Naphthalene 

Azulene 

Fulvalene 

Deh 

Cu 

Cu 

Dih 

Cu 

Cu 

Dn 

Cu 

Du 

Rcc = 1.395 
Ren = 1.085 
.Rc1-Cs = 1.460 
K C l - c = 1.360 
Rc,-c, = 1.445 
Rc.-c, = 1.360 
Rcu = 1.070 
Kc,-c, = 1.468 
Kc1-C, = 1.353 
Kc1-C5 = 1.350 
KCJ-CS = 1.456 

KCH = 1.070 
Kc-c = 1.343 
Kc-c = 1.453 
KCH = 1.108 
Kc.-c, = 1.352 
Kc1-C, = 1629 
Kc2-C, = 1.523 
Ken = 1.134 

Kc-c = 1.458 
Kc-c = 1.337 
Kcj-c, = 1.368 
KCH = 1.104 

Kcc = 1.395 
Kcu = 1.085 
Kc9-C1 = 1.3995 
Kc1-C2 = 1.3925 
Kc.-c, = 1.3910 
Kc7-C8 = 1.3975 
K c - c = 1-3940 
Kc8-C10 = 1.4970 
KCH = 1.070 
Kc-c , = 1.3600 

/C 1 CjC 3 = 120.00 

/C 4 C 5 C 1 = 103.00 
/C 5 C 1 C 2 = 110.50 

/C 1C 1C 2 = 92.00 
ZC1C1C- = 137.00 
/C 1 C 2 C 3 = 88.0 

/C 2 C 5 C 3 = 118.00 

/C 3 C 2 C 0 = 124.50 
/C 2 C 1 H 1 = 115.90 
/ C 1 C 1 H , = 120.10 
/H 2 C 2 C 3 = 110.90 
/C 1 C 2 C 3 = 84.78 
/C 1 C 2 C 3 = 121.7 
/C 2 C 3 C, = 124.4 
/C 2 C 1 H 2 = 120.5 
/C 1 C 3 H 4 = 115.0 
/C 1 C 2 H 3 = 117.0 
/C 1C 2C 3 = 120.0 

/C1 0C9C1 = 106.315 
/C1 0C3C8 = 127,410 
/C 9C 8C 7 = 128.810 
/C 8C 7C 6 = 129.055 
ZC9C1C2 = 108.615 

a 

° Same ring geometry as fulvene. 

Table III. Total Energy Components for Benzene Isomers and Hexatriene 

-Energy components"— 
Potential-

Molecule Kinetic Electron-nuclear Electron-electron Nuclear-nuclear Total energy 2«i(ir) Scale factor6 

Benzene 
Fulvene 
2,3-Dimethylene­

cyclobutene 
Trimethylene­

cyclopropane 
Dewar benzene 
Hexatriene 

182.99669075 
183.08301544 
183.26167107 

183.54508591 

183.38595009 
184.52228737 

-855.31125641 
-850.68164825 
-843.94989777 

271.12976837 
269.10876846 
265.68368530 

203.83065414 
201.25369644 
197.84906387 

-824.18850708 256.02054214 187.60945892 

-864.31048584 
-836.95754242 

278.18297195 
261.23413467 

205.95754433 
193.05647087 

-197.35413742 
-197.23616791 
-197.15546608 

-197.01341438 

-196.78401184 
-198.14464188 

-0.82536 1.03922869 
- 0.75075 1.03865227 
-0.76913 1.03790699 

-0.76124 

-0.74308 

1.03668942 

1.03652968 
1.03691249 

° All energies and distances are reported throughout as unsealed quantities, using hartree atomic units, unless otherwise stated; see foot­
note b, Table I. h See P. O. Lowdin, J. Mot. Spectrosc, 3, 46 (1959), for the definition of the scale factor. 

cate that the ordering of the various symmetries is ex­
pected to be correctly given. 

The total energy components for the naphthalene 
isomers, formed from ten -CH 3 and CH 4 fragment 
FSGO's , are summarized in Table V. As in the case of 
the benzene isomers, the scale factors for the naph­
thalene isomers are quite similar, so comparisons will be 
made directly using the unsealed energies given in 
Table V. 

The molecular orbitals and associated symmetries 
that result from these calculations are given in Table 
VI. As in the case of the benzene isomers, it is not ex­
pected that the molecular orbitals will be well described 
for the inner-shell electrons. Consequently, most com­
ments will be directed toward the non-inner-shell 
"valence" orbitals. 

Discussion 

A. Comparisons with Other Calculations. It is im­
portant first to calibrate these results, in order to as­
certain the accuracy to be expected. Toward this end, 
it is instructive to examine where similarities and dis­
crepancies occur between these calculations and more 
extensive basis set calculations. 

In the case of benzene isomers and hexatriene, several 
comparisons are possible. For benzene itself, it was 
found in a previous study11 that the ordering of the 
molecular orbitals that results using the fragment or­
bitals described in Table I (a total of 36 FSGO's) is pre­
cisely the same for the "valence" orbitals as obtained by 
using a considerably larger basis set19 (a total of 222 

(19) R. J. Buenker, J. L. Whitten, and J. D. Petke, J. Chem. Phys., 49, 
2261 (1968). 
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Benzene 
(Deh) 

MO 

lbiu 
le2e 

le2e 

leiu 
leiu 
la l s 

2aie 

2eiu 

2eiu 

2e2g 

2e2g 

3aie 

2bIU 

Ib2U 
3em 
3elu 

la2u O ) 
3e2g 

3e2g 

leig (x) 
Ie18 (x) 

le2u (IT*) -
Ie2U (TT*) -
Ib28 (TT*) -
4e2g 

4e2g 

4e2u 

— e 

9.4535 
9.4252 
9.4252 
9.3517 
9.3517 
9.2684 
1.0874 
0.9686 
0.9686 
0.7605 
0.7605 
0.5848 
0.5566 
0.5031 
0.4783 
0.4783 
0.3915 
0.3900 
0.3900 
0.2169 
0.2169 

-0 .2913 
-0.2913 
-0.5441 
-0 .9999 
-0 .9999 
-1 .0406 

Fulvene 
(C2.) 

MO 

lai 
Ib2 

2ai 
2b2 

3ai 
4aj 
5ai 
6ai 
3b2 

7a, 
4b2 

8ai 
9at 

5b2 

1Oa1 

6b2 

l la i 
lbi (TT) 

7b2 

2bi (TT) 

Ia2 (x) 

3bi (TT*) 

2a2 (TT*) 
4b, (TT*) 

8b2 

12ai 
9b2 

Table V. Total Energy Components" 

Energy component 

Kinetic 
Electron-nuclear 
Electron-electron 
Nuclear-nuclear 
Total E 
Sioccei(u 

• ) 

Scale factor 

— e 

9.4265 
9.4253 
9.4067 
9.3322 
9.3291 
9.2419 
1.0840 
0.9705 
0.8994 
0.8042 
0.6570 
0.6371 
0.5748 
0.5034 
0.4408 
0.4389 
0.4030 
0.3758 
0.3652 
0.2156 
0.1594 

- 0 . 2 0 1 6 
-0 .4293 
- 0 . 4 8 1 1 
- 0 . 9 1 4 3 
- 0 . 9 3 1 2 
- 0 . 9 8 1 9 

2,3-Dimethylene-
cyclobutene 

(C2.) 
MO 

Ib2 

2b2 

Ia1 

2ai 
3b2 
3ai 
4ai 
4b2 

5a, 
6a! 
5b2 

6b2 

7at 

8ai 
7b2 

9ai 
Ib1 (x) 
8b2 

1Oa1 

Ia 2 (x) 
2b, (x) 

2a2 (TT*) -
3b! (x*) -
3a2(7r*) -
9b2 

Ha1 

1Ob2 

— 6 

9.4419 
9.4027 
9.3947 
9.3507 
9.3294 
9.2431 
1.1065 
0.9397 
0.9358 
0.7469 
0.7442 
0.5788 
0.5627 
0.4993 
0.4726 
0.4211 
0.3837 
0.3787 
0.3424 
0.2050 
0.1803 

-0.2654 
-0.3023 
-0.5572 
-0.8569 
-0.8765 
-0.9924 

for Naphthalene Isomers 

Naphthalene 

303.35664749 
-1667.78880310 

574.26500702 
462.05744553 

-328.10969543 
1.3770 
1.04079859 

J 

Ie ' 
Ie ' 
Ia1 ' 
2e' 
2e' 
2 a / 
3a / 
3e' 
3e' 
4a!' 
4e' 
4e' 
5a / 
5e' 
5e' 
Ia2 ' 
Ia2 ' 
6e' 
6e' 
I e " 
I e " 

2a2' 
2e" 
2 e " 
2a2' 
7e' 
7e' 

Trimethylene-
cyclopropene 

( C ) 
VlO -<• 

9.3986 
9.3986 
9.3919 
0.3355 
9.3355 
9.2370 
1.0518 
0.9371 
0.9371 
0.8458 
0.5947 
0.5947 
0.5277 
0.4715 
0.4715 
0.4645 

' ' ( i r) 0.3587 
0.2734 
0.2734 

' ( x ) 0.2012 
' ( x ) 0.2012 

' ( x * ) -0 .2041 
'(*•*) -0 .4819 
(x*) -0 .4819 

-0 .7549 
- 0 . 9 7 5 2 
- 0 . 9 7 5 2 

Azulene 

303.51782608 
-1653.77546692 

567.07115936 
455.22081757 

-327.96566010 
-1 .3690 

1.04027413 

t 

MO 

Ib2 

Ia2 

Ia1 

Ib1 

2b2 

2a, 
3at 

2b, 
3b2 

4at 

2a2 

4b2 

5a! 
3W 
6a! 
4b! 
5b2 

3a2 

7a, 
5bt 

8 a! 

6b2 

4a2 

7b2 

9a, 
6b! 
5a2 

Dewar 
senzene 
(C2.) 

— 6 

9.3265 
9.3203 
9.3207 
9.2264 
9.1974 
9.0790 
0.9925 
0.8751 
0.7437 
0.6676 
0.6389 
0.5155 
0.4962 
0.4724 
0.3607 
0.3139 
0.2530 
0.2047 
0.1758 
0.1345 
0.0546 

- 0 . 3 7 9 0 
- 0 . 4 2 2 3 
- 0 . 7 9 9 3 
- 0 . 9 7 6 5 
- 1 . 0 5 4 5 
-1 .0758 

Hexatriene 
(Cn) 

MO 

lbu 

lag 

2bu 

2ag 

3bu 

3ag 

4ag 

4bu 

5ae 

5bu 

6ag 

6bu 
7ae 

7bu 

8bu 

8ag 

9ag 

9bu 

10ag 

lau (x) 
lbg(x) 
2au (x) 
2bg(x*) -
3a u (x*) -
3bg(x*) -
10bu 
llbu 
l la g 

Fulvalene 

— e 

9.4136 
9.4122 
9.4016 
9.3442 
9.2833 
9.2479 
1.0261 
0.9870 
0.9130 
0.7604 
0.6732 
0.6581 
0.5252 
0.5028 
0.4705 
0.4402 
0.4051 
0.3993 
0.3767 
0.3320 
0.2631 
0.1480 

-0.2389 
-0.3782 
-0.4835 
-0.8496 
-0.9810 
-1.0154 

303.47954559 
-1631.76205444 

556.76239777 
443.62667084 

-327.89342499 
- 1 . 2 6 3 1 

1.04022326 

° All energies are reported as unsealed quantities. 

Gaussians). Furthermore, it was shown that the re­
maining energetic deficiency of the current description 
was primarily in the inner-shell-orbital description. It 
is interesting to note that another investigation,20 using 
a larger basis set than the one employed here, did not 
predict the correct ordering of the valence molecular or­
bitals, with the ordering of the lb2u and 2biu orbitals 
switched from that found by Buenker, Whitten, and 
Petke.19 Consequently, increasing the size of the basis 
set does not guarantee more satisfactory results, unless 
the balance of the basis set can be maintained. 

For the case of fulvene, direct comparisons with more 
extensive calculations are also possible. For a basis set 
of 174 Gaussians, it was found2 ' that all of the filled non-
inner-shell molecular orbitals are in exactly the same 
order as the order given in Table IV. This includes the 
ordering of most virtual, as well as filled, orbitals. As 
in the case of benzene, the basis set employed by Praud, 
et a/.,20 does not produce an ordering of molecular or­
bitals in agreement with PeyerimhofT21 and the current 
studies, with the ordering of the lbi and Ha1 orbitals 

(20) L. Praud, P. Millie, and G. Berthier, Theor. CMm. Acta, 11, 169 
(1968). 

(21) S. D. Peyerimhoff, private communication. 

switched. For the case of 2,3-dimethylenecyclobutene, 
the ordering is the same as that observed by Praud, 
et a/.,20 except for the 6b2, 7a pair, which is switched. 

It is also possible to make direct comparisons with 
more extensive basis-set calculations for the naphthalene 
and azulene molecules.22 For naphthalene, only one 
switch in ordering is observed in the filled non-inner-
shell orbitals. This occurs in the case of the 9ag and 
6big orbitals, whose energies are very nearly degenerate. 
In the case of the virtual orbitals, only the ordering of 
the very high-lying 8b3u and 8b2u orbitals is interchanged 
from that of Buenker and Peyerimhoff.22 Consid­
ering the large number of symmetry species that are pres­
ent (eight irreducible representations), the agreement is 
remarkably complete. Furthermore, a direct com­
parison of the molecular orbital coefficients of the x 
orbitals also shows striking similarities, as indicated in 
Table VII. 

For the case of azulene, the ordering of the molecular 
orbitals is again found to be identical with that found by 
Buenker and Peyerimhoff22 for the chemically inter-

(22) R. J. Buenker and S. D. Peyerimhoff, Chem. Phys. Lett., 3, 37 
(1969). 
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Table VI. 

Naph­
thalene 
(Du) 
MO 

lb2u 

lbi . 
Ia8 

lb3u 

2b2u 

2b lg 

2a8 

3b2u 

2b3u 

3ag 

4ag 

3b3u 

4b2u 

5a„ 
3bl8 

4b3u 

5b2u 

6ae 

4b lg 

5b3u 

7a6 

6b2u 

8ag 

5blg 

6b3u 

7b2u 

lblu(7T) 
7b3u 
9ae 

6b]g 

Ib28(Tr) 
lb3g (x) 
2bIU (x) 
lau (x) 
2b2g (x*) 
2b3g (x*) 
3bIU(x*) 
2au (x*) 
3b3g (x*) 
8b3u 

8b2u 

Molecular 

— e 

9.4516 
9.4497 
9.4295 
9.4232 
9.4172 
9.3817 
9.3607 
9.3396 
9.3083 
9.2666 
1.1188 
1.0538 
1.0040 
0.9654 
0.9246 
0.7997 
0.7687 
0.7453 
0.6255 
0.5803 
0.5561 
0.5255 
0.5009 
0.4725 
0.4686 
0.4522 
0.4261 
0.4234 
0.3781 
0.3755 
0.3304 
0.2658 
0.2002 
0.1545 

- 0 . 2 2 5 3 
- 0 . 2 8 4 5 
- 0 . 3 5 0 2 
-0 .4475 
- 0 . 6 3 1 0 
- 0 , 7 7 2 1 
- 0 . 9 3 6 3 

Orbitals f< 

Azulene 
(C2.) 
MO 

Ia1 

Ib2 

2a! 
3ai 
2b2 

3b2 

4B1 

4b2 

5ai 
6a! 
7ai 
8ai 
5b2 

9ai 
6b2 

10ai 
7b2 
Ha1 

12a, 
Sb2 

13ai 
14a! 
9b, 
1Ob2 

15a! 
Hb2 

16aj 
Ib1 (x) 
12b2 

17ai 
2b! (x) 
Ia2 (x) 
3K (x) 
2a2 (x) 
4bi (x*) 
3a2 (x*) 
5b, (x*) 
6b t (x*) 
4a2 (x*) 
18a! 
13bs 

Dr Naphtha 

— € 

9.4724 
9.4608 
9.4360 
9.4302 
9.4171 
9.3896 
9.3698 
9.3361 
9.3247 
9.2692 
1.1109 
1.0650 
1.0283 
0.9617 
0.9099 
0.8282 
0.7952 
0.6700 
0.6506 
0.6256 
0.5638 
0.5270 
0.5121 
0.4684 
0.4497 
0.4249 
0.4238 
0.4192 
0.4084 
0.3653 
0.3410 
0.2982 
0.1808 
0.2198 

- 0 . 1 8 2 2 
-0 .2137 
-0 .4216 
-0 .4974 
-0 .5368 
- 0 . 8 1 5 3 
-0 .8507 

lene Isomers 

Fulvalene 
(Dih) 
MO 

l b i , 
Ib2U 
lb3u 
lag 

2b 3 u 

2ag 

2b l g 

2b2„ 

3b3 u 

3ag 

4a„ 
4b 3 u 

5a8 

3^u 
3b l g 

5b3 u 

6ag 

4I)2n 

4b l g 

6b 3 u 

7ag 

7b3„ 
5b2U 

5b l g 

8ag 

6b2 u 

9ag 

8b 3 u 

l b l u (x) 
6b l g 

lb 2 g (x ) 
2b l u ( x ) 
l b 3 g (x ) 
l a u (x ) 
2b2 g ( x * ) 
3b l u (x*) 
2b3 g (x*) 
2au (x*) 
3I)28 (x*) 
7b2 u 

9b 3 u 

— e 

9.4321 
9.4311 
9.4247 
9.4182 
9.3918 
9.3478 
0.3432 
9.3377 
9.2752 
9.2473 
1.1020 
1.0781 
0.9581 
0.9112 
0.8986 
0.8319 
0.7137 
0.6719 
0.6455 
0.6190 
0.6033 
0.5241 
0.4486 
0.4400 
0.4301 
0.4190 
0.4081 
0.4062 
0.4026 
0.3574 
0.3461 
0.1862 
0.1672 
0.1610 

-0 .1528 
-0 .3429 
-0 .4198 
- 0 . 4 2 9 4 
- 0 . 5 5 2 1 
-0 .7633 
-0 .8689 

Table VII. x-Orbital Comparisons for Naphthalene 

MO 

lb l u (x) 

lb2g (x) 

Ib38 (x) 

2b lu (x) 

lau (x) 

2b2g (x*) 

2b3g (x*) 

3blu (x*) 

2au (x*) 

3b3g (x*) 

MO coefficients . 
This work 

0.31643 
0.21762 
0.17914 
0.21681 
0.33256 
0.27544 
0.33897 
0.15612 
0.38484 
0.00477 

-0 .35042 
0.39231 
0.25709 

-0 .49289 
0.31478 
0.53529 
0.00619 

-0 .51041 
-0 .47722 

0.53877 
-0 .23517 

0.39578 
-0 .61809 
-0 .84964 

0.53395 
-0 .41380 

Ref 22 

0.31307 
0.21139 
0.17409 
0.22442 
0.32958 
0.27703 
0.34500 
0.17837 
0.43450 

-0 .01850 
-0 .35344 

0.40142 
0.27262 

-0 .49692 
0.33223 
0.57492 
0.00268 

-0 .47500 
-0 .43572 

0.51696 
- 0 . 2 4 9 6 0 

0.38763 
-0 .57368 
-0 .67857 

0.45016 
-0 .38068 

° Refers to the atom on which the x orbital 
1). 

Atoms" 

9 + 10 
1 + 4 + 5 + 8 
2 + 3 + 6 + 7 
1 + 4 - 5 - 8 
2 + 3 - 6 - 7 
9 - 1 0 
1 - 4 - 5 + 8 
2 - 3 - 6 + 7 
9 + 10 
1 + 4 + 5 + 8 
2 + 3 + 6 + 7 
1 - 4 + 5 - 8 
2 - 3 + 6 - 7 
1 + 4 - 5 - 8 
2 + 3 - 6 - 7 
9 - 1 0 
1 - 4 - 5 + 8 
2 - 3 - 6 + 7 
9 + 10 
1 + 4 + 5 + 8 
2 + 3 + 6 + 7 
1 - 4 + 5 - 8 
2 - 3 + 6 - 7 
9 - 1 0 
1 - 4 - 5 + 8 
2 - 3 - 6 + 7 

is located (see Figure 

Table VIII. Relative Stability of Benzene and Naphthalene 
Isomers and Hexatriene 

Molecule 

Benzene 
Fulvene 
2,3-Dimethylene-

cyclobutene 
Trimethylene-

cyclopropane 

Dewar benzene 
Hexatriene 

Energy 
difference, 
kcal/mol 

74 
125 

213 

357 
- 4 9 6 

Energy 
difference. 

Molecule kcal/mol 

Naphthalene 

Azulene 

Fulvalene 

90 

135 

esting valence orbitals, with the exception of the near 
degenerate Hb2 and 16ai orbitals and the highest 
virtual orbitals (18ai and 13b2). Detailed comparison 
of the magnitudes of the individual coefficients also in­
dicates essentially complete agreement, with the largest 
error being 0.11 in the 4a2 orbital, the highest virtual or­
bital. 

Consequently, it is clear that, for the molecules where 
direct comparisons with more extensive calculations are 
possible, the electronic structure as predicted by the cur­
rent procedure is essentially identical, even to the point 
of detailed comparisons of molecular orbital coeffi­
cients. Therefore, comparisons of electronic structure 
differences in hydrocarbons to be made below are ex­
pected to yield reliable and useful measures of the 
differences in the actual electronic structure of the var­
ious molecules. The only exceptions to be expected are 
for nearly degenerate or very high-lying orbitals, and 
they will be noted accordingly. 

B. Relative Stabilities. Of considerable interest is 
the relative stability of the various isomers of benzene 
and naphthalene. The appropriate energy differences 
for these isomers are presented in Table VIII. It should 
be pointed out that the absolute magnitude of these 
energy differences is expected to be exaggerated, for 

several reasons. First, a similar magnification of en­
ergy differences was observed in studies of various 
hydrocarbon rotomers.11 Also, the correlation error 
for decreasing size ring systems will be likely to increase, 
further exaggerating the effect. Nevertheless, several 
interesting observations can be made concerning the 
relative stabilities. 

First, it is obvious that hexatriene itself (which is 
neither isoelectronic nor isonuclear to benzene) is not a 
useful reference molecule, if total energies are used for 
the comparisons. Correction for the extra hydrogen 
atoms does not alter this observation. However, the 
individual molecular orbital structure is more promising 
in this regard, as will be discussed later. 

Although the magnitude of these energy differences 
may be reduced by more extensive basis-set calcula­
tions, it appears unlikely that the relative ordering of the 
various isomers will be altered. For comparison pur­
poses, it might be noted that more extensive SCF cal­
culations21 indicate that benzene is more stable than 
fulvene by 40.2 kcal/mol, and that naphthalene is more 
stable than azulene by 50.3 kcal/mol.22 These very ex­
tensive calculations also overestimate the stability 
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difference,23 emphasizing the difficulty of predicting ab­
solute differences in energies without using configura­
tion interaction techniques. 

It should be noted also that the results of semiempir-
ical calculations using both the MINDO technique and 
a 7T procedure24 are not in agreement with the results of 
the current studies. In particular, the MINDO pro­
cedure predicts a relative ordering benzene, fulvene, 
2,3-dimethylenecyclobutene, Dewar benzene, trimethy-
lenecyclopropane, while the T procedure predicts a rela­
tive ordering benzene, fulvene, trimethylenecyclopro-
pane, 2,3-dimethylenecyclobutene. Since the current 
calculations (where comparisons are possible) have been 
found to give electronic structure predictions in essen­
tially complete agreement with the most accurate theo­
retical calculations available, it is believed that the rela­
tive order of stabilities given by the current studies is 
that expected to be verified experimentally. Conse­
quently, the <r electrons in these systems appear to play 
a very important role, both with respect to the overall 
stability and the stability of the TT orbitals, and should 
be explicitly considered if comparisons are to be made.26 

The ionization potentials, as estimated via Koop-
mans' theorem,26 are summarized in Table IX. Con-

Table IX. Ionization Potentials of Benzene and Naphthalene 
Isomers and Hexatriene 

Molecule 

Benzene 
Fulvene 
2,3-Dimethylenecyclobutene 
Trimethylenecyclopropane 
Dewar benzene 
Hexatriene 
Naphthalene 
Azulene 
Fulvalene 

IP, 
Calcd 

5.90 
4.34 
4.91 
5.48 
1.49 
4.03 
4.20 
3.53 
4.38 

eV s 

Exptl 

9.241« 

8.126 

7.41» 

"A. J. C. Nicholson, J. Chem. Phys., 43, 1171 (1965). 6 K. 
Watanabe, T. Nakayama, and J. Mottle, J. Quant. Spectrosc, Ra-
diat. Transfer, 2, 369 (1962). c T. Kitagawa, H. Inokuchi, and 
K. Kodera, J. MoI. Spectrosc, 21, 267 (1966). 

sistent with earlier observations,11 the values are found 
to be too low when compared with more extensive cal­
culations.19-22 However, the trends appear to be cor­
rectly indicated, as for other properties. 

It might be noted that the observation of Buenkei and 
Peyerimhoff22 concerning comparison of inner-shell 
orbital energies to extract differences in valence-charge 
distribution is not borne out in these studies. The 
inner-shell orbitals resulting from the current studies are 
not localized, so the identification of a given orbital with 
a particular nucleus (or a set of symmetry-related 
nuclei) is not possible without performing a separate 
localization procedure.2' 

(23) E. Perrottet, W. Taub, and E. Briner, HeIv. Chim. Acta, 23, 1260 
(1940). 

(24) N. C. Baird and M. J. S. Dewar, J. Amer. Chem. Soc, 91, 352 
(1969). 

(25) This observation has also been made for other hydrocarbons; 
see, for example, R. J. Buenker and S. D. Peyerimhoff, J. Chem. Phys., 
48,354(1968). 

(26) T. A. Koopmans, Phvsica, 1, 104 (1933). 
(27) See, for example, S. F. Boys, Rev. Mod. Phys., 32, 296 (1960); 

C. Edmiston and K. Ruedenberg, ibid., 34, 457 (1963); V. Magnasto and 
A. Perico, J. Chem. Phys., 47, 971 (1967). 

C. Molecular Orbital Structure and Chemical Char­
acteristics. Several comments regarding the nature and 
ordering of the various molecular orbitals are also 
appropriate. From Tables IV and VI, the first ob­
servation of interest is the considerable interspersing 
of u and IT orbitals. Only hexatriene has all of the w 
orbitals grouped together as the uppermost filled or­
bitals. The importance of this is emphasized by the 
fact that the interspersing is not uniform in the various 
isomers, e.g., three a orbitals appear between, the 
lbiu (TT) and the lb2g (IT) orbitals in naphthalene, and 
only one a orbital appears between the same symmetry 
orbitals in fulvalene. 

In the case of Dewar benzene, the lack of planarity 
destroys any identifiable w orbitals, and the electronic 
structure is considerably different from that of the other 
isomers. For example, the bx and a2 orbitals, which 
appear as w orbitals in the other isomers of C2„ sym­
metry, appear interspersed within the entire set of or­
bitals, and are not all grouped near the top of the filled 
orbitals. Indeed, Ia2 and lbj appear as inner-shell or­
bitals. 

In the Ci0H8 isomer series, both naphthalene and ful­
valene have Din symmetry and show several striking 
similarities in their electronic structure, as seen by ex­
amination of Table VI. For example, the number and 
kind of molecular orbitals that are filled are quite sim­
ilar, differing only in the number of b2u and b3u orbitals. 
Furthermore, the highest occupied orbital is lau in both 
cases, and the ionization potentials (Table IX) are quite 
similar. In addition, the detailed orbital shapes, in­
cluding FSGO molecular orbital coefficients, are quite 
similar, as indicated in Figure 2. As seen in the figure, 
carbons 5 and 6 in fulvalene play a role entirely anal­
ogous to that of carbons 9 and 10 in naphthalene, while 
carbons 2, 3, 8, and 9 in fulvalene correspond to car­
bons 2, 3, 6, and 7 in naphthalene, and carbons 1, 4, 7, 
and 10 in fulvalene correspond to carbons 1, 4, 5, and 8 
in naphthalene. Similar observations also apply to the 
shapes of the other filled ir molecular orbitals of the 
same symmetry in naphthalene and fulvalene. 

As far as the chemical reactivity of a molecule is deter­
mined by the nature of the highest occupied and lowest 
unoccupied molecular orbitals,28 naphthalene and ful­
valene should possess similar reaction characteristics. 
Azulene, on the other hand, does not contain a node at 
carbons 9 and 10 in its highest occupied molecular or­
bital (as is present at carbons 9 and 10 in naphthalene 
and carbons 5 and 6 in fulvalene), even though a total 
of two nodes is still present. Apparently the position 
of the orbital nodes remains relatively stationary (rela­
tive to the ±x coordinates), and is relatively insensitive 
to changes in the atomic geometry. Consequently, the 
susceptibility to electrophilic attack at carbons 9 and 10 
in azulene is expected to be greater than at carbons 9 
and 10 in naphthalene and carbons 5 and 6 in fulvalene. 

The other molecular orbital coefficients in Figure 2 
also reveal interesting points concerning the chemistry 
of these species. In naphthalene, the magnitude of the 
highest occupied molecular orbital coefficients (a mea­
sure of the electron density at various atoms in this 
molecular orbital) is seen to mimic the chemical reac­
tivity of naphthalene,29 where electrophilic attack would 

(28) For many examples of this notion, see R. Hoffmann and R. B. 
Woodward, Science, 167, 825 (1970), and earlier papers. 
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0.104 

P«.) 

Figure 2. Comparisons of the highest occupied orbitals in the 
naphthalene isomer series. The magnitude of the coefficient of 
the FSGO on the respective atoms is also given. 

be expected to be most favorable at carbons 1, 4, 5, and 
8, and nucleophilic attack would be favored at atoms 
9 and 10. Similarly, fulvalene would be expected to be 
susceptible to electrophilic attack at atoms 1, 4, 7, and 
10, and most susceptible to nucleophilic attack at atoms 
5 and 6. Azulene, on the other hand, does not have 
reaction characteristics that can be rationalized by ex­
amination of only the highest occupied molecular or­
bital coefficients, and a larger set of molecular orbitals 
must be considered. Further investigations are cur­
rently in progress to clarify this possibility. 

Although it is likely that the ordering of the various 
molecular orbitals is correctly revealed by these cal­
culations, there are several places at which accidental 
degeneracies approximately occur, in which the or­
dering may be altered by more extensive basis set cal­
culations. In addition to those already noted in direct 
comparisons, one should include the 9ag,9bu pair in 
hexatriene and the 5b2li,5big pair, the 9ag,8bsu,lbiu (TT) 
triad, and the lb3g (7r),lau (TT) pair in fulvalene. The 
ordering of the latter pair is of particular interest, since 
these orbitals represent the highest occupied orbitals. 
However, the overall reactivity at various carbon posi­
tions in fulvalene is not expected to be affected greatly by 
the ordering of the lb3g (7r),lau (T) pair, since both orbi­
tals have nodes at the same atoms (5 and 6 in fulvalene 
and 9 and 10 in naphthalene) and coefficients whose 
magnitudes are approximately the same in both molec­
ular orbitals at the various atoms.30 

D. Aromaticity Considerations. The determination 
of the electronic structure of the various benzene and 
naphthalene isomers also can be profitably examined 
with respect to the concept of aromaticity. This notion, 
useful in rationalizing the differences in stability of 
various ring compounds from their open-chain analogs,31 

is connected closely with the presence of delocalized IT 
orbitals in the ring compounds, which impart added 
stability ("aromaticity") that would not be present 
if these orbitals were localized. Consequently, some of 
the currently used procedures2 for quantification of this 
notion are based upon a comparison of a molecule of 

(29) J. D. Roberts and M. C. Caserio, "Basic Principles of Organic 
Chemistry," W. A. Benjamin, New York, N. Y., 1965, p 812. 

(30) For example, the r FSGO on carbon 4 in fulvalene has a co­
efficient of ±0.384 in the lb3g (ir) orbital, and a coefficient of —0.380 
in the lau (TT) orbital. 

(31) See, for example, M. J. S. Dewar, Tetrahedron SuppL, No. 8, 
75 (1966). 

interest with a corresponding hypothetical molecule 
having all "localized" w orbitals. However, it seems 
that, if properties that are intrinsically real chemical 
characteristics of molecules are to be compared, it is 
highly desirable to avoid comparisons based upon un­
real reference molecules. 

It appears from the data presented here that the no­
tion of aromaticity can be rationalized without the 
introduction of hypothetical reference molecules. In­
stead, the electronic structure as given by the wave 
functions for the actual molecules can be used to make 
the desired comparisons. In particular, the occupied 
7T orbitals resulting from these calculations exhibit char­
acteristics that provide an acceptable framework for 
both qualitative and quantitative discussions of aro­
maticity. It must be emphasized at the outset, how­
ever, that the relative energies of the TT orbitals are 
strongly dependent upon the particular a environment 
that is present. Consequently, explicit consideration 
of the a electrons must be included in order to obtain 
reliable 7r-orbital determinations. It should also be 
noted that, since aromaticity is a concept that is con­
cerned only with ir orbitals, the aromaticities of a set of 
molecules need not necessarily parallel the ordering of 
overall stability of the molecules. 

Considering hexatriene and the benzene isomers, we 
note first that the filled x orbitals in hexatriene all lie 
above the filled a orbitals and have not been stabilized 
by the particular a-electron and nuclear environment to 
any extent more than expected from particle-in-a-box 
considerations.32 However, in fulvene, the lowest ir 
orbital has been sufficiently stabilized by this particular 
environment to exchange its position relative to the 
highest a orbital (7b2). In 2,3-dimethylenecyclobutene, 
trimethylenecyclopropane, and benzene itself, the TV 
orbitals are further stabilized, with a pair of <r orbitals 
separating the lowest 7r orbital from the other filled ir 
orbitals. Consequently, a qualitative understanding of 
the aromaticity of these molecules can be obtained from 
simple examination of the relative ordering of molec­
ular orbitals. 

More quantitatively, the amount of lowering of a 
given ir orbital can be estimated by its orbital energy. 
Since all filled w orbitals contribute to the aromaticity of 
a given molecule, the sum of the filled 7r-orbital energies 
can be used to provide a simple measure of the extent of 
energy lowering. In Table III, these quantities are 
given for hexatriene and the benzene isomers. As ex­
pected, they parallel the qualitative observations made 
above, with benzene and hexatriene exhibiting the 
aromaticity extremes, and the other isomers falling be­
tween these two molecules. In addition, the quantita­
tive measure shows that the three-, four-, and five-mem-
bered rings all exhibit aromaticities (i.e., 2,occe((7r)) closer 
to hexatriene than to benzene, in agreement with their 
chemical behavior.is,IB,33,34 jh U S j the overall de­
scription that emerges is that the three-, four-, and five-
membered ring isomers are primarily nonaromatic, with 
only benzene having considerable aromatic character. 

(32) R. L. Flurry, Jr., "Molecular Orbital Theories of Bonding in 
Organic Molecules," Marcel Dekker, New York, N. Y , 1968, Chapter 
2. 

(33) P. A. Straub, D. Meuche, and E. Heilbronncr, HeIv. Chim. Acta, 
49, 517 (1966). 

(34) M. L. Heffernan and A. J. Jones, Chem. Commun., 120 (1966). 
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Dewar benzene cannot be included in the comparisons, 
since there are no identifiable ir orbitals. 

The quantitative description also results in fulvene 
taking on an interesting role. In particular, its aro­
matic character is less than that of the three- and four-
membered isomers, even though its total stability is 
greater than that of the other isomers. Consequently, 
the chemical characteristics of the 7r electrons in fulvene 
should exhibit more similarities to those of hexatriene 
than the other isomers. 

A perhaps more convenient quantitative measure of 
aromaticity can be obtained if the open-chain analog is 
used as a reference molecule. In this case, one can de­
fine the aromaticity (A) of a given molecule (M) as 

L £*(ref) J 

where £V(M) and ET(ref) are the sum of the occupied w-
orbital energies for the molecule in question and the 
open-chain reference molecule, respectively. Using 
this measure of aromaticity, the benzene isomer aro-
maticities are summarized in Table X. Also given for 

Table X. Aromaticities of Benzene Isomers 

Molecule 

Benzene 
Fulvene 
2,3-Dimethylenecyclobutene 
Trimethylenecyclopropane 
Hexatriene 

Aromaticity 
(A)-

11.073 
1.032 
3.506 
2.444 
0.000 

Dereali­
zation* 
Energyc 

36 
26 
22 
23 

a Calculated using eq 6. *> Calculated using / 3 = 1 8 kcal/mol. 
'Seeref 8. 

comparison are derealization energies, computed 
using Hiickel theory.8 

It might also be noted in passing that the terms 
"aromatic" and "nonaromatic" are not readily sep­
arable using this definition, except at the extremes. 
This is believed to be highly desirable, for it does not re­
quire an absolute decision that a particular molecule 
must be either aromatic or nonaromatic, but allows for 
an appropriate gradation of aromaticity that is more 
characteristic of the real molecules.35 

The naphthalene isomers provide similar examples of 
the above notion of aromaticity, as revealed by exam­
ination of Tables V and VI. Qualitatively, three <r 
orbitals separate the lowest TT orbital from the others in 
naphthalene, while in azulene two <r orbitals are present 
between the -K orbitals and only one a orbital is present 

(35) For a definition of antiaromaticity similar in spirit to the pro­
posed definition, see R. Breslow, Chetn. Brit,, 4, 100 (1968), and refer­
ences contained therein. 

in fulvalene between the x orbitals. As noted earlier, 
the 9ag, 8b3u, and lbiu (TT) orbitals have very nearly de­
generate energies, and more extensive basis set calcula­
tions may lower the relative energy of the lb l u (w) or­
bital so that its aromaticity is qualitatively more like 
benzene. However, the quantitative sums over orbital 
energies in Table V indicate the clear aromaticity de­
crease from naphthalene to fulvalene. Consequently, 
even though the orbital structure of fulvalene is quite 
similar to that of naphthalene, the particular environ­
ment in fulvalene does not produce a stabilization of the 
TT orbitals as in the case of naphthalene and the re­
sulting T electrons are expected to be considerably more 
reactive than those in naphthalene,36,37 although in 
reactions similar to those found for naphthalene. 

Further investigation of the similarities and differ­
ences of these isomers is underway, and various molec­
ular properties (e.g., dipole moments), molecular or­
bital contours, and a complete population analysis will 
be reported later. 

Conclusions 

The studies on the benzene and naphthalene isomers 
and hexatriene using the molecular-fragment approach 
allow several conclusions of both theoretical and chem­
ical interest. 

(1) The method provides a reliable and computa­
tionally convenient means of electronic structure deter­
mination of large molecules. 

(2) Examination of the filled w orbitals of the benzene 
and naphthalene isomers provides both a qualitative 
and quantitative rationalization of aromaticity. How­
ever, both a and IT orbitals must be considered ex­
plicitly to maintain the usefulness of the concept. 

(3) The relative stability of benzene isomers is found 
to be benzene > fulvene > 2,3-dimethylenecyclo-
butene > trimethylenecyclopropane > Dewar benzene. 
Only benzene has been found to have considerable aro­
maticity. 

(4) The relative stability of naphthalene isomers is 
found to be naphthalene > azulene > fulvalene. The 
molecular orbital structure of fulvalene is found to 
closely resemble that of naphthalene, but the molecule 
is considerably less aromatic. 
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