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ABSTRACT

Semi-empirical molecular orbital-perturbation method has been applied to the study of the
electronic spectra of some monosubstituted aromatic polynuclear hydrocarbons using new
molecular orbital parameters determined previously by I'Haya (1959) and Chandra (19615). The
present analyses show that the spectral shifts in p-band of the substituted hydrocarbons could
be understood in terms of the mesomeric and inductive effect of the substituents on the = electronic
energy levels of the hydrocarbons. It also shows that the molecular orbital parameters which
were originally meant for tae monosubstituted benzene derivatives are equally applicable to
those of the polynuclear hydrocarbons.

Introduction of a methyl group into an alternant hydrocarbon causes the
bathochromic shifts in the longest wavelength band of the ultraviolet spectra.
The bathochromic shifts due to a monoatomic substituent are quite similar to
those due to a methyl group. The effect of some common monoatomic substi-
tuents on the ultraviolet spectra of alternant hydrocarbons has been discussed
in terms of simple Huckel theory by several authors (Pullman and Pullman
1952, Dewar 1953) previously. The longest wavelength band in hydrocarbons
arises from the electronic transition from the highest bonding orbital to the
lowest antibonding orbital. When electron interaction is neglected this
transition refers to the lowest excitation energy. When electron interaction is
included, it is believed that this particular transition called p-band retains its
identity and there is no mixing of the upper state with other excitated states
(Dewar and Longuet-Higgins 1954). It is this transition on which the effect
of some common monoatomic substituents was studied by David Peters (1957).
In his calculation inductive effect of the substituents was neglected and only
the conjugative effect was dealt with. Besides this, he used in his calculation
some arbitrary parameters which are not always justified although they were
in relative proportion to the electronegativities of the elements.

1t is to the same transition that the present calculations are applied using
different molecular orbital parameters which were determined semi-empirically
by I’'Haya (1959) and by Chandra (19615). In the present investigations, the
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effect of some common monoatomic substituents like chloro, bromo- and
hydroxy groups and the substituents possessing unsaturation like aldehyde and
nitrile groups on the p-transition has been studied. Both the mesomeric
effect and the second order inductive effect were dealt with.

MerHoD OF CALCULATION

In the present treatment a semi-empirical method has been followed.
The orbital energies of the parent hydrecarbons were determined by the
molecular orbital method of Pople (1953) which is comparable in simplicity
with Huckel procedure but yet retains the important qualitative feature of
electron interaction. The molecular orbital theory expression for ionization
potential corresponding to the orbital ¢ is (using the notations of Pople)
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In these expressions V,(r) is the potential due to nucleus « so that H,, is the
matrix element of one electron Hamiltonian for motion in the field of bare
nuclei. The atomic orbital coefficient X;, was determined by Huckel proce-
dure and the electron repulsion integrals were obtained by the method due to
Pariser and Parr (1953).

There are two ways in which a substituent containing one or more p-
orbitals may affect the energies of the = orbitals of an aromatic hydrocarbon.
One of these is the mesomeric effect in which the # electrons of the substituent
enter into conjugation with aromatic system. The other is the inductive
effect which modifies the potential acting on the # electrons of hydrocarbon.
The magnitude of the mesomeric and inductive effects can be evaluated by the
second order perturbation method.

Inductive Effect:

In view of the fact that |X,|=|X,,| for even-alternant hydrocarbons
where b and a refer to the highest bonding and lowest antibonding orbital
first order inductive effect on the transition energy of the p-band is zero.
The second order inductive effect, although small, cannot be always negligible
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and may have appreciable eontribution for strong electron-attracting substi-
tuent. The second order inductive effect on the transition energy of the
p-band is given by

_ xbr x;r ) xar x]i 2
(A Esb)inductive = [jfblj_zb i fal —7 ] (dwx,) (2)

where I;’s are determined from equation (1) and X;, refers to atomic orbital
coefficient of the rth carbon atom to which the substituent is attached in the
jth molecular orbital of the parent hydrocarbon. 8x, is the alteration in the
coulomb integral of the rth carbon atom.

M esomeric Effect :

It can be shown by Coulson and Longuet-Higgins (1947) second order
perturbation treatment that orbital energies of the two conjugated systems
will change if they are joined by a single bond across which conjugation can be
established. If B, be the resonance integral of the bond formed between the
rth carbon atom of the parent hydrocarbon and sth atom of the substituent, "
then it can be shown that the magnitude of mesomeric effect is

2 .2
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In the calculation of mesomeric effect, I, and I, are taken as ionization
potential and the electron affinity of the parent hydrocarbon. For mono-
atomic substituents like Cl, Br and OH groups considered in the paper, I,’s
are taken as the ionization potentials of the corresponding hydrogen com-
pounds (e.g. HCl, HBr and H,0), while X,, = 1. For the carbonyl and the
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nitrile substituents which offer two orbitals to the conjugation, the orbital
energies and atomic orbital coefficients of the substituent molecules were
determined by the SCF MO method by Chandra (1961%) and they are repro-
duced in Table I. It is to be noted that the second order perturbation method
is not valid when any energy level of the substituent is very close to the =
electron level of the parent compound to which the substituent is attached.
As a matter of fact the energy of the vacant «=-orbital of the nitrile substituent
is close to the electron affinities of aromatic hydrocarbons. So formula (3)
cannot be applied for quantitative treatment of cyano-hydrocarbons.

In these cases the simple interaction method, based on the molecular
orbital theory which was discussed by Chandra (196la), was employed to
estimate the resultant magnitude of the inductive and mesomeric effects. In
accordance with this interaction theory only the interaction between the highest
occupied and lowest vacant orbital of the parent hydrocarbon and the occupied
and unoccupied =-orbitals of the substituent is considered. So for cyano-
substituted hydrocarbon two-third order secular determinants of the type:

2
Ej+xj'8a7—E xjrxlsﬁrs xjrx2sBrs
Xjrxlsﬁrs E,—~E 0 =0 .. .. 4)
XerZSB rs 0 E 2"E

are to be solved, where j stands for the highest occupied and lowest vacant
orbital of the hydrocarbon. In other words E; stands for the ionization
potential and electron affinity of the hydrocarbon. The subscripts 1 and 2
refer to the two =-orbitals of the substituent. The solution of these two
determinants give with sufficient accuracy the perturbed highest occupied and
lowest unoccupied orbital energies of the hydrocarbon after the substituent has
been introduced. It is to be noted that in this treatment second order induc-
tive terms are not taken into consideration. The magnitude of the calculated
shift in electron volts units for 9 cyano anthracene and 3 cyano pyrene are
recorded in Table II.

REesvLTs

The various molecular orbital parameters for the substituents considered
in this paper were evaluated semi-empirically from the ionization potentials
and the near ultraviolet spectra of the monosubstituted benzenes by I’'Haya
(1959) and by Chandra (1961b). The values of those parameters in electron
volts units are reproduced in Table I. These values were taken in the present
calculation while the iomization potentials and the electron affinities of hydro-
carbons were taken from Pople and Hush (1955). In present approxima-

tion the (AE,)cutont = (A Eu)imguctive T (A Eop)mecomeric Lhe magnitude of

the resultant spectral shifts in electron volts units for chloro, bromo,
hydroxyl and carbonyl substituted aromatic hydrocarbons were determined
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with the help of equations (1), (2) and (3) while for nitrile substituted hydro-
carbons they were determined from the secular determinants (4). The results
are tabulated in Table I1 where the calculated shifts are also compared with the
observed ones. It should be noted that the calculated and observed shifts in
Table 11 are always negative indicating bathochromic shift.

With regard to the choice of bands from the published experimental
curves, the p-band is always longest wavelength intense band. While the
a-band occurs at longer wavelength, it is much less intense and so there is
hardly any difficulty in identification. But difficulty arises on some occasions.
Although a-band occurs at longer wavelength and less intense than p-band in
hydrocarbons, the differences are reduced and sometimes eliminated in the
substituted hydrocarbons where «-bands sometimes have nearly same wave-
length but greater intensity and the p-band is shifted bathochromically but
being unchanged in intensity. In extreme cases two effects often combine to
produce complete merging of the p and « bands. In spite of these compli-
cations, the shift of the p-bands of some substituted hydrocarbons can usually
be estimated from the published curves sufficiently accurately to test our
methods.

Discussion

In Table II are given the calculated results for those substituted aromatic
hydrocarbons for which unambiguous spectral data are available from the
literature. Table II shows that there is overall agreement between the experi-
mental and calculated results. One can conclude therefore that introduction
of a substituent always results in the bathochromic shift in the p-band of the
aromatic hydrocarbons. The present calculation shows that the mesomeric
effect is always negative while the second order inductive effect may be posi-
tive or negative depending on the position where the substituent is attached
in the parent hydrocarbon. Since magnitude of the second order inductive
effect is small compared to that of mesomeric effect, the resultant effect is
always negative, so that the spectral shift is always bathochromic.

It was shown by the previous authors (I'Haya 1959, Chandra 1961b) that
same molecular orbital parameters chosen in this paper were very much
successful in predicting the transition energies of particularly the a- and p-
bands of monosubstituted benzenes. It seems clear from the present investi-
gations that same molecular orbital parameters are equally applicable to the
monosubstituted derivative of condensed ring systems. The method given
here is thus a means of predicting the position of the p-bands of some alternant
aromatic hydrocarbons.

The halogen substituents cause rather small spectral shifts and there is
good agreement between the experimental and the calculated results for
naphthalene and for other known hyvdrocarbons. The hydroxy substituents
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give rise to comparatively larger shifts. This may be attributed to the selec-
tion of larger molecular orbital parameters for the phenolic group. In the
phenanthrene ring the 4-position is not reliable for comparison owing to the
intervention of steric effects. It has been tacitly assumed in this calculation
that the molecule along with its substituent is planar and there is no method
available for estimating this effect theoretically. There is also good agree-
ment between the experimental and calculated results for nitrile substituted
anthracene and pyrene but not for aldehyde substituted hydrocarbons. Since
spectral data for aldehyde and nitrile substituted hydrocarbons are very
scanty, no conclusion can be drawn at this stage in regard to the applicability
of the molecular orbital parameters for these two groups in the condensed ring
systems.

It may be asked why the calculated transition energy is not compared with
the observed energy of the p-band instead of the change in transition energy.
This is because the transition energy needs more than the difference in energies
of the two orbitals involved in transition. In fact, more elaborate treatment .
including the configuration interaction, electron interaction and the use
of SCF orbitals is indispensable for this study.
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