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(13) Cf., e.g., F. Gerson, J. Heinzer, H. Bock, H. Alt, und H. Seidl, HeIv. Chim. 
Acta, 51, 707 (1968), or F. Gerson, U. Krynitz, and H. Bock, ibid., 52, 2512 
(1969). 

(14) F. Gerson, U. Krynitz, and H. Bock, Angew. Chem., 81, 786 (1969); Angew. 
Chem., Int. Ed. Engl., 8, 767 (1969). 

(15) The HMO parameters have been deduced from the photoelectron spectrum: 
«P = -8.5, ac<i,4) = -6.3, a c = -6.15, (3pc = -0.8, 0cc = -3 .1 eV. The 
ionization potentials calculated with this set—8.16, 8.52, 9.25, and 9.71 
eV—agree reasonably well with the experimental values (cf. Table I). 

(16) The parameter | Q\ = 2.4 mT (of. F. Gerson, "High-resolution ESR Spec
troscopy", Verlag Chemie, Welnheim/Bertstr., 1970) is probably smaller 
for radical trianions. 

(17) The hyperfine coupling of the alkali cations is not observed and must be 
smaller than 0.002 mT. 
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Spectral Differences between "Isospectral" Molecules1 

Sir: 

The past few years have witnessed a considerable increase 
in the number of papers concerning applications of graph 
theoretical methods2" to chemistry.20-0 As in other fields, major 
achievements have been a more transparent description of 
sequential processes (e.g., configurational3 and/or confor
mational4 changes), efficient methods for computer-assisted 
storage of structural information,5 and useful shorthand 
notations for involved mathematical formulae (e.g., in 
many-electron treatments6). In contrast, the numerous ap
plications of graph theory to simple Hiickel-type independent 
electron models7 have experienced (in our opinion) only 
moderate success, inasmuch as they have mainly led to more 
elegant and mathematically pleasing re-formulations of known 
results. All of these applications rely in the final analysis on 
a fundamental observation, due to Gunthard and Primas,8 that 
such models are purely topological in nature and are thus 
completely defined by simple, connected graphs G and their 
adjacency matrices A = A(G). Note that the latter are only 
defined up to a similarity transformation A ~ PAPT, where 
P is any permutation matrix. In particular the set \XJ] of the 
eigenvalues obtained by solving det{A - xl) = 0; i.e., the so-
called "spectrum" of the graph G9 is postulated to yield the 
orbital energies e,- = a + /3x,- of such models.10 

One of the few novel concepts to emerge from graph theory, 
when applied to molecular orbital theory, is the existence of 
"isospectral" molecules. Whereas {xj} ^ \x/\ necessarily 
implies that the underlying graphs G and G' are not isomor-
phous, G 5̂  G', surprisingly, the converse is not true. As late 
as 1957 Collatz and Sinogowitz9 discovered that two noniso-
morphous graphs G ^ G ' can indeed have the same spectrum 
[XJ\ = |x/ j , notwithstanding the fact that A' ^ PAPr for all 
possible permutation matrices P. Such graphs are called 
"isospectral" and a classical example is provided by the pair 
G1 and G2: {*,-} = (±2.214; ±1.675; ±1.000; ±1.000; ±0.5391. 

Molecular systems which can be associated with such graphs 
via a Hiickel-type model, e.g., 1,4-divinylbenzene (1) with G], 
2-phenylbutadiene (2) with G2, are called "isospectral mole
cules".7'1' Obviously Gi and G2 are meant to refer only to their 
Tr system. 

O: 
Apart from Gi and G2 many other pairs of isospectral 

graphs have been described in the literature,12 many of which 
are, however, unconnected and thus hardly relevant for 
chemistry. Even pairs of connected isospectral graphs, e.g., G3, 
G4 or G5, G6, will not have real molecules as counterparts, for 
which an independent electron model would give rise to adja
cency matrices corresponding to such graphs. 

<3^1X 
~Y~ 

The fundamental, admittedly pragmatic question is whether 
pairs of "isospectral" molecules, e.g., 1 and 2, possess mea
surable physicochemical properties which reflect their "iso-
spectricity". Clearly, a direct measurement of their Tr-ioniza-
tion energies by photoelectron spectroscopy is the method of 
choice12e to answer such a question, since all other properties 
depend to a much lesser degree on purely topological features 
of the molecular system. For this reason we have recorded the 
photoelectron spectra of mass- and NMR-pure samples of I13 

and 2,14 which are presented in Figure 1. In Table I are col
lected the observed ionization energies If (= positions of the 
band maxima) together with the ionization energies calculated 
by the SPINDO15 and ab initio STO-3G models,16 assuming 
planar 7r systems and standard geometries.17 

It is at once obvious that the photoelectron spectra of 1 and 
2 differ at least as much as those of any other "nonisospectral" 
pair having IT systems of comparable size, e.g., naphthalene18 

or azulene,19 except for the more pronounced vibrational fine 
structure observed in the latter cases resulting from increased 
rigidity of the molecules. 

It is important to realize that the difference between the two 
spectra shown in Figure 1 is not due to conformational changes. 
Thus, on the basis of previous experience20 both the C2^ and 
C2„ conformations of 1 will lead to identical 7r-band systems. 
Furthermore, slight deviations from coplanarity of the order 
ifi < 20° (for the vinyl/phenylene twist angle in 2), suggested 
by force-field calculations and by the conformational analysis 
of 1,3-butadiene or stilbene,21 cause only insignificant shifts 
of the band positions (~0.1 -0.2 eV). Support for the absence 
of major deviations from planarity can be found in the excellent 

Table I. Observed (If) and Calculated Ionization Energies for 1,4-Divinylbenzene (1) and 2-Phenylbutadiene (2)" 

j 

1 
2 
3 
4 
5 
6 
7 
8 

If 
8.60 
9.28 
9.5 

11.2 
11.54 

STO-3G 1J 

6.34 
7.54 
8.03 
9.26 

10.83 
11.63 
12.41 
12.89 

2 
rcalcd* 
'J 

8.43 
9.21 
9.54 

11.73 

,SPINDO 
1J 

8.77 
9.34 
9.73 

10.26 
11.39 
11.78 
12.30 
12.64 

orbital 

5a" ir 
4a" ir 
3a" TT 

20a'(T 
2 a " 7T 

19a' a 
18a' C 

la" a 

If 
8.11 
9.18 
9.80 

11.0 
11.46 
12.19 

,STO-3G 

6.00 
7.61 
8.57 

10.54 
11.50 
11.54 
12.38 
12.92 

1 
rcalcdi 1I 

8.21 
9.26 
9.89 

11.18 

SPINDO 

8.58 
9.34 

10.14 
11.14 
11.57 
11.91 
12.00 
12.68 

orbital 

3 b g i 
2bg7T 
2a u Tt 
l bg j r 

10ag a 
9agcr 

1Ob11 a 
lau -re 

"All values are in electronvolts. */?alc<i from linear regression — ej1 .53 If(Tr) - 6.56 (correlation coefficient r = 0.991). 
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Figure 1. He(Ia) photoelectron spectra of 1,4-divinylbenzene (1) and of 
2-phenylbutadiene (2). 

correlation between the observed ionization energies If (it) and 
the corresponding orbital energies, efT°-iG (Table I), calculated 
for the planar systems. Previous investigations have confirmed 
the validity of the ab initio STO-3G model as a reliable tool 
in the interpretation of the photoelectron spectra of unsatu
rated22 and saturated23 hydrocarbons. If the conformations 
of 1 and 2 were grossly at variance with the presumed 
geometries, such pleasing agreement between theory and ex
periment would not be expected. Thus, we are led to the con
clusion that even the photoelectron spectra of two "isospectral" 
molecules differ at least as much as those of any pair of mol
ecules for which the representative graphs are of same order 
(i.e., number of vertices) but not isospectral. 

Finally, this result, which relates to an optimal example of 
chemical interest, strongly suggests that the graph theoretical 
statement that two molecules are "isospectral" is of no rele
vance for their physical and chemical behavior. 
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Molecular Structure of Pentaphenylethane 
by X-ray Diffraction 

Sir: 

Strong interactions between the phenyl rings are expected 
to occur in pentaphenylethane (PPE). To evaluate the degree 
of deformation in the molecular framework and the preferred 
conformation of PPE, we have determined the geometry of this 
highly strained molecule by X-ray diffraction. Samples of the 
substance were kindly supplied by Professor G. Olah. 

Crystals obtained by fast evaporation of the solvent from 
a solution of PPE in THF belong to space group P2\, with eight 
molecules in the unit cell (structure 1). Of the four molecules 
in the asymmetric unit, two (molecules A) are ordered and 
related to each other by a pseudocenter of symmetry, while the 
other two (molecules B) are randomly disordered. The crystal 
structure consists of layers of molecules A (each layer being 
two molecules thick) adjacent to layers of molecules B. The 
stacking of the layers occurs along c*, with two different layers 
in the repeat unit. 
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