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504. The Prediction of the Spectra of Aromatic Hydrocarbons.
By E. HEILBRONNER and J. N. MURRELL.

The abilities of the Hiickel molecular-orbital theory, and of the Dewar
approximation to this theory, to predict the position of the 1L, (p) band in
the spectra of aromatic hydrocarbons, have been tested by statistical
methods. The Hiickel method is found to be the better on a 109, significance
level. The regression line for the Hiickel calculation is found to be

AE[B = —0-3736 + 04558 X 1074y, (cm.?),
and the variance about this regression V(AE/B) = 725 x 107%.

IN order to obtain a satisfactory interpretation of the electronic spectra of aromatic
hydrocarbons, it is necessary to take into account the electron interaction terms in the
Hamiltonian. A theory based on a one-electron Hamiltonian, such as the Hiickel or the
free-electron theory, fails even to predict the correct order of the excited states. However,
Dewar ! has shown that such a theory can be used to correlate the position of the first
strong absorption band in this series of compounds: Platt’s 1L, band 2 and Clar’s p-band.?

Dewar used an approproximate method of calculating the Hiickel excitation energies.
The molecule is divided into two fragments, each containing an odd number of conjugated
atoms. From the coefficients of the non-bonding orbitals of these fragments ¢ he obtained,
by first-order perturbation theory, an estimate of the separation of the highest bonding
and the lowest anti-bonding Hiickel orbital of the complete molecule. This is then taken
to be proportional to the frequency of the 1L, band. Dewar stated that this approximate
method predicted excitation energies better than the exact Hiickel calculation, but he
could not explain why this should be so. This statement has become established in the
literature.®

Unfortunately Dewar’s conclusion is due mainly to his determination of the magnitude
of the resonance integral B from the benzene spectrum, which is just one case for which
the one-electron theory breaks down, for reasons of symmetry. In this paper we give a
re-appraisal of the Hiickel and the Dewar method of predicting the position of the 1L,
band, and by a statistical analysis of the calculated and the observed frequencies obtain
an estimate of the accuracy with which the position of this band can be predicted for
molecules whose spectra have not yet been determined.

The Table contains the experimental and theoretical results for all aromatic hydro-
carbons which contain up to five condensed benzene rings, and some which are larger;
it does not, however, include benzene and triphenylene which owing to their high symmetry
are special cases (there is degeneracy in the highest bonding and the lowest anti-bonding
orbital).

For the catacondensed hydrocarbons 1—19 we have made a linear regression of the
calculated frequencies on the observed frequencies. We have assumed that once the
17, band has been identified, then the errors in measuring these frequencies are negligible,

1 Dewar, J., 1952, 3532.

Platt, J. Chem. Phys., 1949, 17, 484; Klevens and Platt, ibid., p. 470.

Clar, ‘“ Aromatische Kohlenwasserstoffe,”” Springer Verlag, Berlin, 1952, 2nd edn.
Longuet-Higgins, J. Chem. Phys., 1950, 18, 265, 275, 283.

E.g., Daudel, Lefebvre, and Moser, ‘“ Quantum Chemistry,”” Interscience, New York, 1959, p. 90.
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so that these frequencies can then be used to test the usefulness of a theory. The calculated
frequencies, on the other hand, are obtained from theories which involve a large number
of assumptions. We assume that the differences between these calculated values and
those which could be obtained by an exact calculation differ from compound to compound
in an uncontrolled way, so that the calculated frequencies can be treated as our dependent
variable in the statistical sense.

In the series 1-—19 there are two compounds, nos. 5 and 14, for which the identification
of the 1L, band is uncertain. In both cases the vibrational structure in the region in
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Fi1c. 1. Regression of AE/B, calculated according to Huckel’s method, on observed

Yeorr. Values of compounds nos. 1-—19.

Regression: AE/B = —0-3736 + 0-4558 X 107%,,,.

Variance about the regression: s? = 7254 X 107 (¢ = 17).

Predicted 9, values from: 107%, . = 0-8196 4 2-1940AE/B.

Mean standard error of predicted values of J,,,,. of compounds nos. 1—19: s = 0-059 X
104 cm.™.

Confidence limits for predicted ¥, values at a 5%, security level (¢ = 2-11 for ¢ = 17)
are given by the broken lines (these limits are: 4-0-128 X 10* cm.™ at AE/f =
0-933, 40-135 X 10* cm.™* at AE/B 4 0-300 and +0-154 X 10* cm.™ at AE/B
40-600).

question is unusual and could possibly arise from the overlap of two electronic transitions.
There are three vibrational peaks, any one of which might with justification be taken as
the maximum of the 1L, band. For both molecules the first peak is slightly weaker than
the other two. For no. 5 Clar chooses ; as the wavelength of his p-band, for no. 14 he
chooses %,. We have chosen 2, in both cases since it agrees much better with the wave-
lengths expected from the two theories.

Compound no. A Ap A; (mp)
5 359 344 329
14 385 367 349

Figs. 1 and 2 show the regression lines obtained for the Hiickel and the Dewar
calculations according to standard statistical procedures.® The linear regression line is
the straight line obtained by the method of least squares. The scatter is measured by the
variance of AE[B about the regression lines: Hiickel V(AE/B) = 725 x 108, Dewar

6 Linder, * Statistische Methoden,” Birkhauser Verlag, Basle, 1957.
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V(AE|B) = 1469 x 1075. The regression lines do not go through the origin, as the simple
one-electron theories would predict. However, we are not in this paper testing the
theoretical validity of these one-electron theories, which has been done many times before,
but we are testing their usefulness for predicting spectra and this is increased if the line
is not restricted to passing through the origin. Dewar does make this restriction, and this
is a further reason why he finds the Hiickel theory inferior to his own, since the intercept
of the regression line on the y-axis is smaller for Dewar’s calculation.

For any new molecule the Hiickel or the Dewar energy can be calculated. Using the
regression line we obtain the most probable value of the experimental frequency. We
then require a measure of the uncertainty of this value. This is given by the confidence
limits which are shown in Figs. 1 and 2, and which have been calculated according to

1 1 1
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Fi1G. 2. Regression of AE/B, calculated according to Dewar’s method, on observed
Veorr. Values of compounds nos. 1—19.

Regression: AE/f = —0-0938 -+ 0:4650 X 1074 9.,

Variance about the regression: s? = 1469-4 X 107 (¢ = 17). Comparison of Hiickel’s
and Dewar’s methods: s? (Hiickel)/s? (Dewar) = 2-03. [For P = 0-05, F = 2-3;
for P = 0-10, F = 1-9, with ¢ = 17 (F single-tailed).]

Predicted 9, values from: 107%,,, = 0-2016 4 2-1505AE/B.

Mean standard error of predicted values of 9, of compounds no. 1-—19: s = 0-082 X
10% cm.™L.

Confidence limits for predicted 9, values at a 5%, security level (¢ = 2-11 for ¢ = 17)
are given by the broken lines (these limits are: 40-178 X 10* cm.™? at AE/B =
1-239, 40-188 X 10* cm.™ at AE/8 40-300, and 0-221 X 10* cm.™® at AE/B
+0-600).

Fieller’'s theorem 7 for a 5%, security level. That is, there is a 19/20 probability that the
true value lies within the limits shown by the broken lines, provided that the molecule
belongs to the same class as those on which the regression line is based.

It appears from the Figures that the Huckel method is better for predicting spectra,
and a statistical test shows that this is indeed so on a 109, significance level.

From Figs. 1 and 2 we have predicted the frequencies of the 1L, band for the cata-
condensed hydrocarbons nos. 20—25 and for the pericondensed compounds nos. 26—43.
Even though the pericondensed hydrocarbons are not of the same class as our calibration
sample the results are still quite good. Pyrene (26) and 2,3-benzopyrene (28) show the
greatest deviations from the predicted values of both the Hiickel and the Dewar method.

? Fieller, Quart. J. Pharm. Pharmacol., 1944, 17, 1117.
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The standard errors for the predictions for compounds nos. 20—43 are bigger than those
for the compounds nos. 1—19, but nevertheless the Hiickel gives better results than the
Dewar method.

It is hazardous to extrapolate the regression far beyond the range spanned by the
compounds nos. 1—19. As we have pointed out, the regression has an intercept on the
v-axis. It is very likely that for large molecules the experimental frequency will not tend
to zero with the Hiickel energy, because of deviations from uniform bond length. This
occurs, for example, with the linear polyenes. We have assumed that our approximate
calculations differ from the exact calculation by random quantities. However, any
systematic error, such as that introduced by an alternation in bond length, will be con-
tained in the regression line. If we adopt Dewar’s hypothesis that the regression line
must go through the origin, then this also imposes certain restrictions on the nature of the
uncontrolled error. The error must either tend to zero as we approach the origin, or it
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Fic. 3. Comparison of linear regression of AE/B cal¢ulated according to Hiickel's
method on observed ¥, values (Fig. 1) and the corresponding quadratic regres-
sion going through the origin.

Regression: AE/B = 0-1616 X 1074, + 0-05586 X 1078 (V...)2
The broken lines give a first approximation to the confidence limits for predicted Yoo
values at a 5%, security level based on the above regression.

must become unsymmetrically distributed about the regression at this point. If one
assumed the former, say that the variance is proportional to AE/B, then the points can be
fitted by a quadratic regression going through the origin. This is shown in Fig. 3 for the
Hiickel calculation. The exact treatment of such a heteroscedastic regression involves
statistical difficulties, but a first approximation to the corresponding confidence limits can
easily be obtained and these are shown as broken lines in the Figure. Inside the range
covered by the compounds nos. 1-—19 the results are very close to those obtained by the
linear regression; however, outside the range things are very different owing to the
different assumptions, and this again illustrates the danger of any extrapolation.

We thank the CIBA Aktiengesellschaft in Basle and the Schweizerische Nationalfonds for
financial support.
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