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Semi-empirical Parameters in z-Electron Systems. XIV.

Parameters for the Methoxy and Ethyl Groups

GERMUND HOJER, SARA MEZA-HOJER and FERNANDO GAYTAN

Division de Estudios Superiores de la Facultad de Quimica, Universidad Nacional Auténoma de México,

Ciudad Universitaria, México 20, D.F.

The parametrization of the methoxy and ethyl
groups for the modified PPP method originally
proposed by Roos and Skancke has been ana-
lysed. From the basic assumptions of the
method it is found that the method should be
able to distinguish between the methoxy group
and the hydroxy group, which was treated in
an earlier paper, while 1t cannot always account
for the experimentally observed differences be-
tween methyl- and ethyl-substitution. Ioniza-
tion potentials and electronic spectra of sub-
stituted benzenes are presented.

INTRODUCTION AND DETAILS OF THE
CALCULATIONS

Some years ago Roos and Skancke ! proposed
a systematic way to parametrize the PPP
method on the basis of an analysis of the ZDO
approximation by Fischer-Hjalmars.? This work
has been extended to include various hetero-
atoms and substituents in conjugated sys-
tems.’™ Later on Roos %% generalized the
method to metal complexes and Sundbom and
Henriksson applied it to the interpretation of
the electronic spectra of metal-organic com-
plexes (copper and iron) with very good re-
sults.l'l—lﬂ

In Refs. 3 and 7 the methyl and hydroxy
groups were parametrized. In some vanadium-
porphyrins, which the present authors are
studying now, the porphin ring has methoxy
and ethyl groups as substituents. To include
these groups in this method one can think of
two different ways. Either one can try to build
them with the existing parameters for — CH,
and —OH, just adding the missing ones, or
one can treat them as complete groups. The
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way to include these two new groups in the
method is determined by the following ex-
periznental findings. The ionization spectra
and the UV absorption spectra of substituted
benzenes show a strong similarity between
methyl- and ethyl-substitution and between
hydroxy- and methoxy-substitution. The ex-
change of a hydrogen atom for a methyl group
leads only to a small modification of the in-
ductive and mesomeric effects of the original
group. In our model this means that the orig-
inal oxygen =-orbital in the hydroxy or
the pseudo =-orbital in the methyl group is
perturbed by this exchange. How this affects
the original — OH, respectively —CH,, param-
eters is discussed below. But first we want to
make a remark about an alternative approach
to our problem. One could try the hypothesis,
that the methoxy group contributes to the
n-gystem & real zm-orbital on the oxygen atom
and a pseudo =-orbital on the methyl group
with a total of four electrons. That would im-
ply a hyperconjugation effect across the O—
CH, bond. Some preliminary tests on anisole
along this line gave very unsatisfactory results
and clearly demonstrated that this second ap-
proach is unrealistic.

Fischer-Hjalmars 2 showed, that in the for-
mally orthogonalized atomic orbital basis the
core parameter W, is local to the first order in
the overlap while B4y and yuy are local to the
second order (we use the notations of Ref. 1).
For that reason Roos and Skancke made Wy
dependent on the nearest neighbours while
the other parameters were directly transfer-
able. In the discussion of the various param-
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eters we let y stand for the n-orbital of the sub-
stituent in question. Going from -—-OH to
—~OCH; and from —-CH; to —C,H; should
then be accomplished by reoptimizing Wy in
the first place. The one-center integral y,, has
previously been estimated from atomic spec-
tral data or from the assumed form of y. In this
cage it is very difficult to say how y is modified
by changing a hydrogen atom for a methyl
group in the substituent. We will return to
this problem later on. Experiments with this
parameter show, that the results are very in-
sensitive to reasonable variations in the value
of yyx. The two-center integrals yy. and By
have been obtained in the earlier papers by
fitting to experimental data on a few standard
molecules. In this case we do not have enough
data to make a least squares fit for Wy, yye
and fyc. But yyc and gy are local to the second
order and should not vary by a change in the
environment of y, unless y is strongly affected
by this change. Again the results vary rather
slowly with these two parameters. And at last
AWc(yx), which is the correction to W due to
x as nearest neighbour to C, depends only on
x and not on the environment of y. This analysis
turns out to hold quite well for the hydroxy-
methoxy case as our results will show in the
next section.

For the ethyl group the situation is more
complicated. Experimentally it is found, that
ethylbenzene has a lower ionization potential
(IP) and a smaller red shift of the 'L, band
with respect to benzene than methylbenzene.
Apparently the method cannot reproduce both
these properties at the same time. We will
discuss several points connected with this
problem. Diminishing the absolute value of
Wy lowers the IP but increases the red-shift
at the same time. The first observation we
want to make is that, the method gives a too
low transition energy for the 1L, band in ben-
zene, 39.2x 10 * m—! compared to the experi-
mental value of 39.5x10° m™. Roos used
methyl-substituted ethylenes to determine the
methylparameters. The calculated energy of
the 1L, band in toluene comes out right on the
observed value. This means, however, that
the calculated red shift of toluene (and also
for the other methyl-substituted benzenes) is
too small if we take the calculated spectra of
benzene as standard. In this sense the value

obtained for ethylbenzene is better though the
absolute value of the transition energy is off
compared to the experimental one. Secondly,
looking at the suggested form of the z-orbital
of the methyl group, one should expect the
replacement of one of the hydrogens for a
—CH, to affect to a greater extent the form
of the orbital and thus the parameters of this
group, than in the hydroxy-methoxy case,
where the m-orbital is the oxygen 2p, orbital.
In the ethyl group it is not unreasonable to
think that the z-orbital partly spreads into the
CH, group. CNDO calculations * do show such
a shift in the highest occupied =-orbital in
ethylbenzene. The size of the shift depends on
the conformation. It is only a few percent for
the case with the ethyl group in the benzene
plane, while it is quite large when the group
is rotated out of the plane. This discussion sug-
gests, that the =-orbital of the ethyl group is
a little more diffuse and centered further away
from the ring than the methyl n-orbital. That
should lead to poorer overlap with the ring,
which means a numerically smaller beta value
for the bond and smaller repulsion integrals,
both yyy and yyc. The effect on AW (x) is not
80 obvious from the change in y. Variations
along these lines were not able to lower the
IP and the red shift at the same time. The
last point we want to make is that the rota-
tional barrier in ethylbenzene is very small.
Experimentally it has been estimated to be
around 5.4 kJ/mol2! Both ab initio #* and
CNDO # predict a barrier of about 8.4 kJ/mol
and the conformation with the ethyl out of
the benzene plane as the most stable one. In
this conformation the strict symmetry separa-
tion of ¢ and = breaks down. It is not surprising
then that the parametrization, which does not
take into account o¢-z-mixing, cannot com-
pletely reproduce the experimental results. A
detailed study of the difference between methyl-
and ethyl-substitution is really beyond the
limits of the applicability of the =-electron
theory.

GEOMETRY

The same geometries have been used as for
the corresponding hydroxy- and methyl-sub-
stituted molecules. This is very reasonable as
neither the hydroxy ? nor the methyl param-
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Table 1. Comparison of calculated and experimental ionization potentials (eV).
Molecule Cale. Symmetry Observed
(for C,,) Adiabatic Vertical
Benzene 4 9.25 ay, by 9.257 9.40 5
Phenol 8.45 L 8.46/ 8.75 %
9.14 a, 9.341 9.45
Anisole 8.20 b, 8.201 8.54 7
9.12 ay 9.10/ 9.37%
1,2-Dimethoxybenzene 7.77
8.53
1,3-Dimethoxybenzene 7.88
8.34
1,4-Dimethoxybenzene 7.61 b, 7.90 &
9.00 as 9.19
1,4-Bromohydroxy-
benzene ¢ 8.43 b, 8.52 %
1,4-Bromomethoxy-
benzene 8.22 by 8.49 %
9.06 s 9.65 h
p-Methoxybenzaldehyde 8.55 b, 8.874
9.66 as 9774
9.98 n
Benzaldehyde ¢ 9.44 b, 9.46/ 9.80 %
9.71 as 10.00 *
10.10 n
Toluene * 8.84 b, 8.84 7 8.9 4
9.19 as 9.157 9.13 %
Ethylbenzene 8.77 b, 8.77¢8
9.18 ay .
1,2-Diethylbenzene 8.50 8.91°*
8.92
1,3-Diethylbenzene 8.54 8.99"
8.88
1,4-Diethylbenzene 8.36 b, 8.93
9.11 as

2Ref. 1. bRef. 7. Ref. 9. 4Ref. 14. * Ref. 3./ Ref. 24. & Ref. 25. # Ref. 26. ? Ref. 27, electron impact data.
* Estimated by us from the unresolved first band in Fig. 11, Ref. 26. The Refs. 24 and 26 refer to photo-

electron spectroscopy data.

eters ® are distance dependent. A change in
the distance ring-substituent would only af-
fect the coulomb integrals between the sub-
stituent and its non-nearest neighbours with
very small influence on the final results.

RESULTS AND DISCUSSION

The parameter Wy was optimized by fitting
the first IP and the first transition in anisole
and ethylbenzene to experimental data. The
other parameters retained their values (from
—OH and —CH,) in agreement with the anal-
ysis above.

The new parameters are

WOCHQ= —-10.42 eV; WC;H;'_- —11.18 eV
Acta Chem. Scand. B 31 (1977) No. 6

As mentioned in the previous section the results
for the ethyl group are not entirely satisfactory
but we give them for completeness. In the
tables we include also some molecules treated
in earlier papers in this series to simplify the
discussion.

Ionization potentials. The calculated and ex-
perimental ionization potentials (IP’s) are
presented in Table 1. When Roos and Skancke !
initiated this method only adiabatic ionization
potentials were available for the molecules of
interest. In the following papers *-'¢ this prac-
tice was continued for consistency. Experi-
mentally the difference between the adiabatic
and vertical IP’s is of the order 0.2 to 0.4 eV.
Our theoretical values are obtained as usual
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as minus the energy of the orbital in question
according to Koopmans’ theorem. For the
comparison theory-experiment the adiabatic
IP’s or the vertical IP’s lowered by the above-
mentioned difference should be used.

For the parametrization we used for anisole
the adiabatic photoelectron spectroscopy value
given by Turner,* which is the same reference
as was used for the hydroxy group.” For ethyl-
benzene we used the adiabatic spectroscopic
value reported by Hammond et al.?®

The degenerate e, level in benzene is split
into b, and @, in O, (monosubstitution and
para-disubstitution). The substitution orbital(s)
is (are) of b, symmetry and can mix directly
with the b, orbital of the e,, level and also to
a smaller extent with the deeper lying a,,
orbital, which also transforms as b, in C,, sym-
metry. The a, orbital, which cannot mix di-
rectly with the substituent orbital(s), should
be less affected by the substitution than the
b, orbital. The table shows a very good agree-
ment between calculated and experimental
data for the first ionization potential b,. The
second ionization potential, which corresponds
to the a, orbital, requires a comment. The
—CH,;, —C,H;, —OH and —OCH, groups
have very small effect on the a, level as ex-
pected and the agreement between theory and
experiment is very good for this band too. It is
only in the case of bromosubstitution the
method fails to show a fairly strong stabiliza-
tion of the a, level experimentally observed.
In all the other cases this level remains very
near the e;; level in benzene.

Electronic spectra. The calculated and ob-
served spectra are collected in Table 2. In the
cases where we have used Petruska’s? com-
pilation of the spectra of substituted benzenes
for the comparison of theory and experiment,
we have assumed that the shifts of »,,. are
very similar to the shifts in the 0—0 bands
given by Petruska. Most of the experimental
spectra are taken in solution. Unfortunately
this makes the comparison of the effects of the
hydroxy and methoxy groups rather difficult
asg the former group but not the latter one is
readily available for hydrogen bonding, solute-
solute and when the solvent is an alcohol also
solute-solvent. It is quite probable that the
solvent shifts (including effects solute-solute)
will be different for the two groups. The ob-
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served differences are very near the experi-
mental accuracy too. For these reasons the
evaluation of the results for the electronic tran-
sitions will not be as clear as in the case of the
ionization potentials, where the experiments
are in the vapour phase.

The calculated positions of the bands are
very good. But the methoxy group is always
predicted to give larger red shifts than the
hydroxy group, while the experimental data
do not show a definite trend on that point.
The agreement on the variation of the inten-
sities of the bands is very good between theory
and experiment. The methoxy group should
intensify the 1L, and 1L, bands and lower the
intensity of the !B band compared to the hy-
droxy group.

CONCLUSIONS

The comparison of the hydroxy and meth-
oxy groups and the methyl and ethyl groups
provides a good illustration of the consistency
in the basic approximations of the method.
The reoptimization of W, to account for the
change from —OH to — OCH; or from —CH,
to —C,H; gave very good results for the pre-
diction of the first IP’s while the results were
not so conclusive with respect to the electronic
spectra. However, this might be related to
the fundamental problem of relating theoretical
spectra, which correspond really to the vapour
phase, and experimental solution spectra. We
feel this problem is specially serious for the case
—OH and —OCH, Experimentally —CH,
and — C,H; substitutions are very similar and
apparently the method cannot account for
the fine differences due to the reasons given
at the end of the introduction.
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