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ABSTRACT

A simple method of determining the energy of the highest occupied and the lowest vacant »
orbital of mono-substituted aromatic hydrocarbon with hydrocarbon substituent possessing
unsaturation is given based on the interactions between the highest occupied and lowest vacant
# orbital of aromatic hydrocarbon and the = orbitals of the substituent hydrocarbon.

There are two ways in which a substituent containing = electrons may
affect the energies of the = orbitals of an aromatic hydrocarbon. One of
these is the conjugative effect in which the = electrons of the substituent
enter into conjugation with the aromatic system. The other is the inductive
effect by virtue of which the substituent perturbs the potential acting on the
= electrons of the hydrocarbon. If, however, the substituent is an un-
saturated hydrocarbon with carbon atom in Sp2 hybridized state, the induc-
tive effect will be absent. In this case, therefore, only the conjugative effect
or charge transfer effect is of importance in determining the = electronic
energy levels of the hydrocarbon.

Of the many = orbitals of a hydrocarbon, the energy of the highest
occupied orbital and that of the lowest unoccupied orbital are of special im-
portance because these two orbital energies determine the ionization potential
and the longest wavelength band in the near ultra-violet absorption spectra of
the hydrocarbon. The semi-empirical LCAO MO method of calculation of
. the energies of the = orbitals involves the solution of a high order determinant.
But this method is very laborious for large molecules and for molecules of
lower symmetry. Application of generalized second order perturbation
theory may sometimes lead to simplification but this method is not valid
when any energy level of the substituent is very close to one of the = electron
leve's of the hydrocarbon to which the substituent is attached. As a matter
of fact, the = electron energy levels of a substituent, when the latter is a
conjugated system of hydrocarbon, are in most cases close to the occupied
energy levels of aromatic hydrocarbons and so it may be concluded that the
second order perturbation theory is not suitable for quantitative treatment
of such -a molecule.
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In this paper a simple method based on the interaction theory of I’Haya
(1959) is presented to estimate the energy of the highest occupied = orbital
and that of the lowest vacant orbital of some mono-substituted aromatic
hydrocarbons with hydrocarbon substituent possessing unsaturation. In
fact, it will be shown that this interaction theory which is based on the mole-
cular orbital method leads to the orbital energies which are close to the ones
computed from the complete secular equation.

MEeTHOD OF CALCULATION

According to Dewar’s (1949) formulation of linear combination of mole-
cular orbitals (LCMO) we expand the molecular orbitals in the form

XJ=§1A1]1/1' e . . e (1)

where ¥, to ¢ are the orthonormal molecular orbitals of the aromatic hydro-
carbon formed by 2P, atomic orbitals ¢, while ¢, , to ¢, are the
orthonormal molecular orbitals of the substituent and in general are not
orthogonal to the above m wave functions. The six orthonormal molecular
orbitals of benzene formed by six carbon 2P, atomic orbitals ¢, are given by

‘/’1=;/"6_;:._—*ﬁ(¢1+¢2+¢3+¢4+¢5+¢6)
‘/’2=\/4:_4S(¢2+¢3—¢5—¢6) e e @
Y3 = \—/ﬁl—ﬂg’ (2¢1+bs—d3— 24— b5+ b6)

1

Y= VZ—:Z@ (Ppp—d3+ds—dbe)

Py = WEI:—ES’ (241 — b2 — b3+ 2b4 — b5 —be)

Yo = :\76-{-——_12S ($1—d2tds—dutds—o)-

In a perturbation field of Oy symmetry which is the symmetry of mono-
substituted benzene, the molecular orbitals ¢, and ¢, have B, symmsetry
while ¢, ¥s, ¥ and ¢ have 4, symmetry which is also the symmetry of the
molecular orbitals of the substituent. In accordance with the simple inter-
action theory the interaction between the highest occupied and the lowest
vacant molecular orbitals of benzene and the occupied and unoccupied =
orbitals of the substituent are considered. We could consider, therefore,
for mono-substituted benzene, the interaction between ¢3 and ¢; and the
molecular orbitals of the substituent. Orbital energies produced as a result
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of .intera.ction ‘between 3 and Yi1r ¥uys -+ $,—the molecular orbitals of
the substituent and between i, and Yorr ¥ +g> -+ then could be found by
solving the determinants

[Hjj—E Hjuy1—Bj,ni1B Hj pro—Dj ppoll ———————— - _ Hj .— 4, .B ]
Hj, m+1'—Aj,m+1E Hm+1,m+l'—E Hm+1, m+2_Am+1,j»-;-2E"_'—Hm+l, n—'Am+l,nE
Hj, ,,,+2—Aj,,,,+2E Hl+2, wm+17T AM+2, m+1E Hm+2; m+2_Ef - H,.+2,',.—A,.+2, nE

I l ] I
] | | )
I ! ! |

L H]' AJHE - - - = - - - = Hﬂ,n E -

where

Hj, = J Yillp,dv, Aj, = j Yitbadv.

In the above determinant j stands for the highest occupied and lowest
vacant molecular orbital, thus for benzene j = 3 and 5. If the molecular
orbitals ., to ¥, are orthonormal then the non-diagonal elements of the
determinants (3) except in the first row and first column vanish. The solu-
tions of these two equations give with reasonable accuracy the perturbed
highest occupied and lowest unoccupied orbital energies of the hydrocarbon
after the substituent has been introduced.

The various matrix elements of the secular equation (3) after neglecting
the overlap can be written as

Hp’, = E0+nJB
Hy = E0+n.'B
Hps = Noﬁ

where P indicates the aromatic hydrocarbon and § the substituent hydro-
carbon. The n; stands for the eigenvalues corresponding only to the energy
of the highest occupied and lowest vacant molecular orbital of the unsubsti-
tuted hydrocarbon and the n; stands for the various eigenvalues of the zero-
order problem for the substituent hydrocarbon. The magnitude of N, is
determined by the product of the atomic orbital coefficients of the two atoms
involved in forming a bond between the two conjugated systems. In this
way the various matrix elements can be evaluated for each molecule.

For the vinyl derivatives of the hydrocarbons considered in this paper,
the symmetry orbitals of the vinyl substituent are chosen. They are :

g = ;}—é<¢a+¢b>

1
b= 5 (4=
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where ¢, and ¢, are the two 2P, orbitals on each carbon atom of the
ethylenic group. F¥or phenyl butadiene, the molecular orbitals corresponding
to different eigenvalues of the zero-order problem for butadiene are chosen
here.

In view of the fact that cyclopropyl group is, to some extent, unsaturated,
phenyl cyclopropane is also considered in this paper. According to Sugden
(1947), of the four orbitals on a carbon atom, three form Sp2 hybrids whqse
axes lie on plane and make angles of 120° with each other. The fourth, an
unhybridized P, orbital, has its axis perpendicular to those of three hybrid
orbitals. Two of the hybrids are bonded to hydrogen atoms which lie on
either side of the plane formed by three carbon atoms. The axes of the
third or ‘ carbon bonded ’ hybrid orbital and of the P orbital lie in the plane
of carbon atoms. The three unhybridized P, orbitals form an independent
set and confer the unsaturation properties to the molecule. The symmetry
orbitals of such a trigonal set are :

1
= WE ($a+¢b+ o)

1

Y
1
bs = 75 (B0

¢ (2¢a—¢b—dc)

If the phenyl group is substituted on atom a of the cyclopropane Ting, 3 is
orthogonal to the benzene functions. In evaluating the matrix element H,,
it should be borne in mind that in the integral g, the positive lobe of one P,
orbital overlaps the negative lobe of the adjacent one. The resonance
integral between atom one of the phenyl ring and atom @ of the cyclopropyl
group is over parallel P, orbitals just as in styrene. On the other hand,
resonance integrals in the cyclopropyl group are over P, functions which
make angles of 120° with each other. In this paper it is assumed that the same
considerations apply for this integral as for integral over parallel P, orbitals
(Matsen and Music 1950).

In Table T are given the overlap corrected energies of the highest occupied
and the lowest vacant orbital of the substituted hydrocarbons assuming all the
neighbour overlap integrals of 0-25 in each molecule. Actually, in the present
calculation, first the energy values were derived from the secular equations (3)
neglecting the overlap integral, then these energy values were modified accord-
ing to Wheland (1941) taking into account the overlap integral of 0-25.

These energy values are also compared with the ones computed from the
complete secular equation.
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TaBLE I
Energy of the Energy of the Energy of the Energy of the
Compounds highest occupied | highest oceupied | lowest vacant lowest vacant
orbital orbital orbital orbital
(a) (b) (a) (®)

Styrene E,+0-5538 8 E,+0-5681 8 E,—0-7724 B E,—0-7933 8
a<Vinyl naphthalene| Ej-+0-4428 8 E,+0-4432 8 Ey,—0-5701 B8 E,—0-5688 8
B-Vinylnaphthalene | Eg+0-4921 8 E,10-4807 B E,—0-6502 B E,—0-6327 8
9.Vinyl anthracene Ep+0-3159 8 E,+0-3163 8 Ey—0-3749 8 E,—0-3757 B
4-Vinyl diphenyl Ey10-4961 B8 E,1+0-4988 8 E,—0-6595 8 E,—0-6601 8
Vinyl fulvene Eq+0-5353 8 Ey+0-5353 8 E,—0-1677 8 E,—0-1680 8
Phenyl butadiene | Eqo+0-4044 8 E,+0-4234 8 E,—0-5071 8 Eg—0-5371 8

Phenyl cyclo-

propane * E,+ 05624 B E,+0-5980 8 E,—8 Eo—B

(2) The energies were computed from secular equations (3).

These values were
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(b) The energies were computed from the complete secular equation.

taken mostly from Coulson and Daudel (1955). ,
* For this molecule the energy values were given neglecting the overlap integral and compared

with the ones calculated by Matsen and Music (1950).

Discussion

Table I shows that the agreement between interaction -calculation
and Huckel calculation is fairly good. This points to the fact that in deter-
mining the energy of the highest occupied orbital or the lowest vacant orbital
of the mono-substituted aromatic hydrocarbon only the interactions between
the highest occupied orbital or the lowest vacant orbital of aromatic hydro-
carbon and the = orbitals of the substituent are of importance. Moreover,
the energies of the highest occupied and the lowest vacant orbital of the alter-
nant hydrocarbon determined from the secular equations (3) neglecting
overlap integral occur in equal and opposite pairs as they do in the straight-
forward Huckel calculation. If however we allow for the interaction be-
tween all the = orbitals of the two conjugated systems ‘having the common
symmetry, the energy values will be identical with that obtained by the
straightforward Huckel calculation.

The method as discussed in this paper is simple, although it gives the
approximate values but it is by far the most rapid method of evaluating the
ionization potential and the longest wavelength band in the near ultra-violet
absorption spectra of some mono-substituted hydrocarbons. This method is
particularly advantageous for the molecules of lower symmetry, e.g. « and
vinyl naphthalenes, in which cases to obtain any energy level by Huckel’s
method one has to solve the 12x 12 order determinant. Although illustra-
tions were taken from the hydrocarbons with hydrocarbon substituents,
extensive other applications should be possible. For example, applications
to cyano-benzene, nitroso-benzene, etc., will be of much interest provided
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their coulomb parameters and the exchange integrals are known. In these
cases, besides the charge transfer effect, there is strong inductive effect which
should be taken into account.
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