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The orbital energies of several unsaturated hydrocarbon molecules have been calculated using a modified CN-
DO/2 method, with the electron repulsion integrals evaluated from Klopman’s formula and the ¢—7 separation

factor proposed by Tinland and Jaffé.

The empirical parameters are determined to reproduce the observed ioni-

zation potentials for ethylene and benzene via Koopmans’ theorem. The results are shown to agree well with the
available experimental ionization potentials and with the assignments of the photoelection spectra.

Photoelectron spectroscopy provides much informa-
tion on the ionized states of molecules; not only
are the adiabatic first ionization potentials and the
higher ionization potentials determined by the measure-
ment of the excess kinetic energies of photoelectrons,!=7)
but also information on the symmetry of ionized states
can be obtained from the observed angular distribution
of photoelectrons.®’ On the other hand, based upon
Koopmans’ theorem,? the development of molecular
orbital methods made it possible to compare the ob-
served vertical ionization potentials with the cal-
culated orbital energies not only for z-electrons but
for o-electrons. They also enable us to compare the
assignments of the electron energy levels expected from
the observed angular distribution of photoelectrons
with those derived from the symmetry of molecular
orbitals. However, the methods have not been sufficient
to give reasonable interpretation of the observed photo-
electron spectra.

Although the all-electron ab initio methods have
also been advanced, the calculations are time consum-
ing and not always more reliable than the semi-em-
pirical calculations.

In the present paper, we modified the CNDO meth-
od introduced by Pople et al.1%1) and established
a simpler and more reliable method for the assignment
and prediction of photoelectron spectra of unsaturated
hydrocarbon molecules.

Method and Parametrizations

The method used here is almost the same as the

CNDO/2 method proposed by Pople and Segal;t)
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the following semi-empirical parametrizations are
taken.
(1) The electron repulsion integrals, y,5, are eval-

uated from Klopman’s formula:1%
YaB = 32/1/ Riz + Gis
and:
e
Gyp = T(}’Ai + Vb

where R, is the interatomic distance between A and B.
For one-center repulsion integrals, the semi-empirical
values are used:

for carbon atoms, y,,(C)=11.144 ¢V,
and
for hydrogen atoms, y,,(H)=12.845¢V.

(2) The resonance integrals, f,5, are determined
by the use of the following formula;

pan=DAESE 5,
where S,; is the overlap integral between the two
atomic orbitals. f3 is an empirical parameter de-
pending upon the kind of atom. For carbon atoms,
we introduced another parameter, £, which is a o-=n
separation factor proposed by Tinland!® and Jaffél4);

B°(Cm) = kB°(C),

B°(Ca) = p°(C).
Now, we have three unknown empirical parameters,
p°(H), p°(C), and £, for unsaturated hydrocarbon
molecules. These parameters must be determined in
order to reproduce the observed spectra. As the
simplest parametrization, we chose the first three
levels of ethylene, (wb,,), (oby,), and (¢a,), and the
first two levels of benzene, (we;,) and oge,,), as the stan-
dards; they should be fitted to the first three observed
ionization potentials of ethylene and the first two of
benzene respectively.

The orbital energies of ethylene and benzene were
calculated as a function of the unknown parameters,
the ranges of the parameters, —10.0eV=8°(C)=
—14.0eV, —6.0eV=p°(H)=—10.0eV, and 0.2=<
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£k=0.6, the calculated orbital energies were arranged
as (mwby,), (oby,), (0a,), (aby,), -+ for ethylene, and as
(mer), (9e€y,), (mag,), -+ for benzene, and no inter-
changes of the orders were found. Although the
optimization was not completely carried out, a set
of the following values for the parameters leads to
satisfactory results with regard to the standard levels;

B°(C) = —12.0eV, B°(H) = —7.0eV,
k=0.40.

With these parameters, the orbital energies of other
unsaturated hydrocarbon molecules were calculated
by means of a FACOM-270-20/30 Computer.

and

Results and Discussion

The parameter values determined in the previous
section were used in the calculations of the orbital
energies of ethylene, trans 1,3-butadiene, benzene,
naphthalene, and azulene. Based upon Koopmans’
theorem, the absolute values of the calculated orbital
energies were compared with the (vertical) ionization
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potentials obtained from the available data of the
photoelectron spectra, and also with the calculated
values by Dewar'® and others.1$-21) The results are
shown in Tables 1—5. As can be seen in the tables,
the calculated ionization potentials smaller than
16 eV agree, in general, with the observed values.
Especially for ethylene and butadiene, our results
seem much better than the MINDO calculations by
Dewar. From the present results, it may be concluded
that both of the first two levels for trans 1,3-butadiene
are to be attributed to m-electrons, as has been pre-
viously reported.??:23)  Furthermore, we are encour-
aged by the fact that the assignment of the photoelectron
spectra for benzene from the calculated orbital energies
and their symmetries completely coincides with the
recent assignment from the angular distribution data
of the photoelectrons reported by Carlson and An-
derson.®) These assignments are not only consistent
with the analysis of the vibrational structure by Tur-
ner;% they also agree with the order of the orbital
energies predicted by Jonsson and Lindholm.®) In
addition, since the three lowest IP bands of naphthalene
are sharp,%7 it seems reasonable to assign these
bands to the three highest occupied z:-orbitals, as as-

TasLE 1. IONIZATION POTENTIALS OF ETHYLENE (in eV) signed in Table 4. In the case of azulene, our cal-
Calcd culation also explains the first three bands as n-excita-
041:)’5‘1 tions.
This calen MINDQO% ab initio'® The general conclusion of our results is that the
10.51 10.62 71b,q 10.37 7 10.17 zlb,, calcu!ated z-electron ionization. potentials are .in com-
12.38 12.96 1by, 11.47 14.00 1by, paratively good agreement with those obtained by
14.47 14.51 3a 11.65 15.81 3a the MINDO calculations, but that the calculated
g ' © ionization potentials for ¢-electrons are quite different
15.68  18.61 1lbyy 14.37 17.82 1by, :
from these obtained by MINDO. It seems that the
18.87 21.61 2bg, 19.21 21.66 2by, . . . .
introduction of the fairly small o-n separation factor
29.54 2a, 28.01 28.29 2a, h . .
as led to appropriate separations between the o-
TaABLE 2. JONIZATION POTENTIALS OF BENZENE (in eV)
Obsd Caled
a) b) c) d) This calen MINDOQO® CNDOW™ ab initio'®
9.25 9.3 9.2, 9.5  7ey 9.77 ney, 9.54 7 9.4 ne,, 10.31 7e,s
11.49 11.4 11.6 €o 11.48 e, 10.07 9.8 e, 14.30 e,
11.7, 12.2 12.1 12.3 Mgy 12.55 ma,, 11.30 13.0 e 14.64 ra,,
13.8 13.8 14.0 € 14.68 e, 12.29 13.8 by, 17.04 e
14.7 14.7 14.8 by 15.30 by, 12.49 n 14.3 by, 17.96 by,
15.4 15.4 15.4 byu 16.34 by, 14.80 15.2 nag, 18.33 by
16.8 16.9 16.8 2, 20.93 a,, 15.22 19.6 a;, 20.16 a,
18.3, 19.9 19.2 19.0 Cog 22.50 ey, 19.24 20.1 ey 23.09 e,
28.18 en 26.05 24.8 e 28.38 e,
35.74 ay, 32.75 31.2 ay 31.94 a,
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TABLE 3.

Modified CNDO/¢ Calculations of lonization Potentials for Some Unsaturated Hydrocarbons

1,3-BUTADIENE (in eV)

JONIZATION POTENTIALS OF irans

Obsd Calcd
3) This calen MINDQO*» CNDO9¥ ab initio?”
9.08 9.78 nbg 9.51 n 9.40 zbg 9.78 mby
11.34 11.47 7a, 10.30 10.00 a, 13.01 za,
12.3 11.97 a, 11.27 11.47 a, 14.04 ag
13.1 13.03 a, 11.38 7 12.20 b, 15.5¢ b,
(14.0) 13.99 b, 11.68 12.69 na, 15.68 a,
15.2 16.85 b, 13.47 14.90 b, 18.03 b,
18.0 17.63 a, 13.72 16.33 a, 18.14 ag
19.4 21.42 b, 18.00 19.30 a, 21.17 b,
20.2 22.18 a, 19.58 19.71 b, 22.89 a,
27.93 b, 25.81 24.45 b, 27.89 b,
31.92 a, 30.36 27.62 a, 30.30 a,
TaBLE 4. IONIZATION POTENTIALS OF NAPHTHALENE (in eV)
Obsd Caled
673 Thiscalen @~ MINDOW  ab initio™
8.12 9.21 nla, 8.62 n 9.30 nla,
8.91 9.48 72b,, 9.30 n 10.20 n2b,,
10.08 10.49 nlb,, 9.37 11.84 nlb,,
10.85 10.62 6b,, 9.86 13.51 mlbyg
11.05 10.83 9a, 10.24 14.20 9a,
11.35 11.56 7lby, 10.32 #  14.41 6b,g
11.90 12.43  7b,, 11.21 15.43 7bs,
12.5 13.13 mlbyy 11.31 = 15.66 mlb;y
13.5 13.52  6by, 11.62 16.57 7byu
13.7 13.62 7b,, 11.63 17.15 6by,
14.45 14.56 5b,, 12.00 17.26 5by,
15.9 15.25 8a, 13.17 = 17.99 8a,
16.25 15.77 6byy 13.19 18.19 6byy,
17.81 4b,, 14.04 19.52 7a,
17.86 7a, 14.65 20.25 5byy
20.03 5b,, 15.97 20.36 4b,,
22.90 5b,, 18.93 23.15 6a,
23.37 6a, 19.16 23.71 5by,
23.39 4b,, 19.99 24.11 4b,,
26.89 3b,, 24.10 27.88 3by,
27.76 Ha, 25.48 28.47 ba,
29.97 4b,, 27.60 29.64 4b,,
33.89 3by, 30.21 31.16 3bs,
37.18 4a, 34.23 33.00 4a,
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TaBLE 5. IONIZATION POTENTIALS OF AZULENE (in eV)
Obsd Calcd

6) This calen MINDO®™  ab initio™

7.42 8.59 7n2a, 8.22 n 8.26 n2a,

8.52 9.04 n3b, 8.73 n 9.44 3b,

10.0 10.71 n~nla, 9.74 12.37 rla,

11.0 11.18 17a, 9.91 13.49 n2b,

11.35 11.38 12b, 10.15 14.08 17a,

12.5 11.55 n2b, 10.51 15.08 12b,

13.2 11.94 16a, 10.59 = 15.44 7lb,

14.5 12.46 11b, 11.02 15.44 11b,

15.7 13.03 10b, 11.37 = 15.72 16a,

13.05 =nlb, 11.46 16.28 15a,

13.56 15a, 12.90 7 16.87 10b,

16.16 14a, 12.93 18.24 9b,

16.32  9b, 13.23 18.36 14a,

18.14 13a, 14.65 19.56 13a;

18.20  8b, 15.13 20.31 8b,

20.28 12a, 16.07 21.20 12a,

21.86 1la, 17.12 21.43 lla,

22.28 7b, 19.60 24.06 7b,

924.29 102, 20.78 24.99 10a,

26.49  ©b, 23.68 27.05 6b,

27.98  9a, 25.08 28.21 9a,

30.34  5b, 27.97 30.02  5b,

33.49 8a, 30.32 31.13 8a,

37.31  7a, 33.72 32.84 7a,

electron levels and the z:-electron levels. Moreover,

the parameters, p°(C) and p°(H), were adjusted to
reproduce the shallow levels for ethylene and benzene;
thus, it is natural that the present results are plausible
for the ionization potentials smaller than about 16 eV.
Although the physical meaning of the choice of the
empirical parameters is not very clear, the present
method may provide, as in the sense of the Pariser-
Parr-Pople calculations for the electronic spectra of
m-electron system, a complementary means for inter-
preting or predicting the photoelectron spectra of un-
saturated hydrocarbon molecules.






