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Abstract-A basic set of electronic spectra for 46 compounds of widely divergent structures have been 
used to form a correlation with HMO transition energies for p-bands, and ~bands. Regression equations 
have been used to predict the location of these bands in a varied series of 88 additional compounds. The 
results serve to extend the applicability of the Hiickel method as a simple tool for the qualitative and 
approximate quantitative prediction of the basic elements of singlet transitions. 

INTRODUCTION 

APPLICATION of the Htickel MO-LCAO (HMO) method to the prediction of the 
basic features of electronic spectra has met with success within structurally limited 
families of organic compounds. iP6 Extension of the HMO technique to divergent 
structural types or to compounds containing a multiplicity of heteroatoms has been 
less frequent, and often less successful.6-‘o 

One reason for the lack of heteromolecular studies seems to be the difficulty in 
assignment of bands.’ These difficulties may be partially overcome by judicious 
selection of a number of compounds of structural categories sufficiently broad to 
embrace most varieties of organic compounds whose spectra, reported in non-polar 
solvents, show acceptable fine structure. 

HMO correlations using such a series of prototype compounds may then be 
employed to predict the location of similar bands in an even wider variety of organic 
heteromolecules. The present study demonstrates the applicability of the above 
approach and the general, albeit approximate and empirical utility of the HMO 
technique in such an application. 

RESULTS AND DISCUSSION 

The compounds used to obtain “reference” spectra-MO correlations are listed in 
Table 1. It can be seen that the range of values is comparatively wide for both p-bands 
and for p-bands. The calculated energy for the /?-transition is, in this case, expressed 
as the average of the second and third excitation energies. ’ The theoretical basis for 
the averaging technique used to obtain correlations with the higher energy P-bands’ 
is distinctly obscure. Configuration interaction will be simulated by this technique 
when the second and third excitation energies lead to states of similar symmetry, 
but this is not a frequent occurrence. However this may be, the correlation co- 
efficients obtained for P-bands using second or third excitation energies alone are 
statistically significantly lower than that reported above as the average of the two. 
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TABLE 1. BASC COMPOUND SFT FOR PREDICTION 

Name and number 
Energy of /?-transition band Energy of p-transition band 

Observed (eV) Calculated (p,,) Observed (eV) Calculated &) 

Benzene (1) 
Napththalene (2) 
Anthracene (3) 
Pentacene (4) 
Rubicene (5) 
Isorubicene (6) 
Be.nxo[a]naphtho[l.8.7-cde] 
Dibenzo[h.rst]pentaphene (8) 
9,10-Dibromoanthracene (9) 
Isoquinoline (10) 
Benxo[flquinoline (11) 
Benzo[h]quinoline (12) 
Benxo[flisoquinoline (13) 
Benxo[h]isoquinoline (14) 
Toluene (15) 
Quinoxaline (16) 
Quinazoline (17) 
Cinnoline (18) 
2-Chloroquinoxaline (19) 
2-Methoxyquinoxaline (20) 
Phenoxaxine-3-one (25) 
Naphtho[Z.l-b]furan 
Cyclopenta[c]axepine (27) 
Naphtho[2.3-blcarbazole (28) 
Hexamethylbenzene (29) 
Acridine (30) 
Acridinylium cation (31) 
1-Hydroxyacridine (32) 
I-Hydroxyacridinylium cation (33) 
3-Hydroxyacridine (34) 
4Hydroxyacridine (35) 
9-Aminoacridine (36) 
2,6Diamonoacridine (37) 
3-Aminoacridine (38) 
Riboflavin? (39) 
Beruo[a]acridine (40) 
Benzo[b]acridine (41) 
Benxo[c]acridine (42) 
3,6_Diaminoacridine (43) 
4,5-Diaminoacridine (44) 
2,3,6,7-Tetrahydroxyanthracene (45) 
Phenaxine (46) 

673 
5.61 
4.92 
410 
4.17 
3.91 
3% 
416 
4.73 
5.74 
466 
4.68 
4.99 
5.05 
6,57 
5.33 
564 
5.58 
5.19 
5.08 
4.66 
4.53 
4.53 
4.24 
6.12 
4.98 
4.87 
4.77 
4.55 
4.47 
4.83 
4.17 
4.55 
4.72 
4.65 
4.50 
4.33 
4.52 
4.72 
4.61 
4.67 
499 

2m 
1.6180 
1.4142 
0.7971 
1.0645 
10601 
09994 
1.0754 
1.4109 
1.6126 
1.3709 
1.3690 
1.3681 
1.3703 
1.9686 
1.5990 
1.6139 
1.5959 
I.5910 
1.5240 
1.2607 
1.2298 
1.2298 
1.1110 
1.8101 
1.4178 
1.4627 
1.3653 
140 
1.3656 
1.3586 
I.4113 
1.2343 
1.2572 
1.2366 
1.1732 
10763 
1.1690 
1.1967 
1.1531 
1.2905 
14028 

6.07 
4.34 
3.31 
2.12 
2.35 
2.20 
2.77 
3.19 
305 
4.07 
4.34 
4.20 
4.25 
4.20 
5.96 
3.91 
399 
3.85 
3.74 
3.68 
2.87 
3.73 
3.73 
2.67 
5.61 
3.27 
350 
3.10 
3.49 
3.44 
3.22 
3.05 
2.82 
3.02 
2.79 
3.23 
266 
3.23 
3.13 

* 2.91 
3.21 
3.10 

20000 
1.2360 
0.8284 
05414 
06531 
@6278 
0.6828 
0.7914 
@8218 
1.2268 
1.1926 
1.1948 
1.2097 
1.2026 
1.9185 
1.1981 
1.2304 
1.1919 
1.1989 
1.1680 
@6972 
09155 
09155 
0.7077 
1.8101 
08356 
09255 
08176 
0.8758 
@8339 
0.8036 
08226 
0.7435 
0.8062 
0.7863 
0.9158 
0.5950 
09001 
0.8080 
0.7207 
0.8172 
0.8056 

t Parent structure treated ; aliphatic side chain ignored. 
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While possibly fortuitous, therefore, the averaging technique seems more useful than 
single Hiickel energies for high energy transitions. 

Y, = 2555o/Io + 1.4111 I = 0.945 (1) 

Y, = 2.6582 fiO + 09062 r = 0.966 (2) 

Eqns (1) and (2) describe the relationship of the observed /3- and p-band energies 
in eV to the calculated energies using simple HMO techniques. j?e in these equations 
refers to the appropriate Hiickel transition energy in units of /3,,. The high correlations 
imply that the regression “tits” obtained may be of physical as well as statistical 
significance. Furthermore, the values obtained for PO, -2.555 and -2.658 eV are 
well within the range of values obtained by other authors,’ using more restricted 
groups of compounds, and close to the usual spectroscopic value for /3, = -2.944 
eV.*’ 

Figs. 1 and 2 graphically illustrate these correlations. It is clear that, whereas the 
estimates are seldom exact, the values obtained are entirely adequate to approximate 

FIG. 1. 
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FIG. 2. 

correct band positions generally within or close to the boundaries of the 95% re- 
gression lines (shown). The numerals on the points plotted in Figs 1 and 2 refer to 
the compounds in Table 1. 

The usefulness of the correlations obtained in this study is remarkable when 
viewed against the background of the complex variables involved in electronic 
spectral transitions. Whereas Hiickel MO’s are adequate to be used as a basis set 
for trial input to SCF-MO formulations, the precision of the simple HMO technique 
is dubious in that no distinctions are made between singlet and triplet states, 
degenerate states, which normally undergo Jahn-Teller distortion, remain degenerate 
in the HMO method, no provision is made for inclusion either of configuration 
interaction (except as a fortuitous and limited condition of the analytical technique 
used above) or of interelectronic repulsions. 
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TABLE 2. EFWCACY OF HMO BAND PREDICTION 

6893 

Compound name 

B-band P-band 

fi (ev) = 2.5550 /?s + 1.4111 eV p (ev) = 2.6582 B0 + 09062 

Observed Predicted Observed Predicted 

2H-Cyclopenta[d]pyridaxine 5.08 49853 401 3.6795 
2-Hydroxyphenaxine 484 4.8552 3% 30157 
1.3.4Trimethyl-2-hydroxyphenaxine 465 4.7689 3.03 2.8980 

I-Hydroxyphenaxine 4.73 48455 2.95 2.955 1 

6Ammoquinoxaline 4.88 5.1332 3.27 3.6370 

5-Aminoquinoxahne 4.73 5.2224 3.23 3.5205 

9-Vinylacridine 4.92 49079 3.22 2.8661 

CAminoacridine 4.72 4.6332 3Q3 2.8722 

2-Aminoacridine 4,78 4603 I 3% 29421 

4-Mercaptocinnoline 560 5.3039 4.09 3.8810 

4Hydroxycinnoline 5.50 54628 399 4.0224 

Phthalimide 5.74 54608 4.20 4.3879 
Phenothiaxine 487 5.1427 3.88 3.8557 
Benximidaxole 6.16 58139 4.96 4.8350 
Phenanthridine 5-05 4.9181 4.15 4.1069 

2Aminoquinoline 5.15 52423 3.96 4G216 
Fluorenone 484 4.8688 3.14 3.2420 

2-Methylfluorenone 4.92 48389 3.10 3.1604 
3-Methylfluorenone 4.77 48187 3.29 3.2518 
2,7-Dimethylfluorenone 4.71 4.8141 3.02 30888 
1,4-Benxoquinone-N-phenylimine 4.82 4.8568 2.76 2.7595 
Anthraquinone 457 4.2190 t 2.2962 
I-Aminoanthraquinone 458 44835 2.62 2.7847 
1,4Dihydroxyanthraquinone 4.43 4.6350 2.59 30806 
1,4-Diaminoanthraquinone 4.27 4.3425 2.12 2.4254 
1,5-Diaminoanthraquinone 448 41076 260 2.7364 
o-Naphthoquinone 498 4.8537 3.10 3.1279 
pNaphthoquinone 5.04 5.0990 3.73 3.2638 
Tetrachloro+benxoquinone t 46169 431 44982 
Benxo[b]naphtho[23d]thiophene @ 4.52 48494 3.76 3.8371 
9-Xanthone 5.24 5,4748 3.85 4.0458 
1,6-Dimethyl-9-xanthone 5.15 54076 384 4.0580 
2,6Dimethyl-9-xanthone 5.17 5.3685 380 3.9884 
3,6-Dimethyl-9-xanthone 5.18 5.3951 3-89 4Q964i 
lhl-lndaxole t 56831 481 44831 
2-Axapyren-1[2a-one 4.82 46074 3.29 29312 
3-Amino-7-oxophenoxaxine 4.36 44817 2.28 2.6452 
2-Aminophenoxaxine-3-one 4.55 4.3202 248 24001 
2-Hydroxyphenoxaxine-3-one 446 4.5216 264 2.6877 
Phenoxaxine 5.18 5.4518 3.93 4.3993 
1,5_Naphthyridine 5.20 5.5855 4.65 4.2279 
Chalcone 544 5.2229 396 3.8632 
Pentabromoaniline 548 5.9590 4.82 50971 
Styrene @ 5.78 584cn 499 4.8068 
lsophthalonitrile 550 5.4156 5.28 47819 
Phthalonitrile 5.33 5.3908 5.10 44809 
Terephthalonitrile 505 5.6345 460 4.3781 
Benxoic acid 6.04 l6 6.1100 548 5.2391 
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TABLE 2+ontinued 

Compound name 

/?-band p-band 
b (eV) = 2.5550 PO + 1.4111 eV p (eV) = 2.6582 /I,, + @9062 

Observed Predicted Observed Predicted 

3-Methylbenzoic acid 
4-Methylbenzoic acid 
Dibenzo[a.h]acridine 
Dibenzo[c.h]acridine 
Dibenzo[a.j]acridine 
Dibenzo[ai]carbazole 
Octaethylporphin 
Quinoline 
5,10,14c-Triazabenzo[a]naphth- 
[ 1.2.3de]anthraccne 
9,10,15,15b-Tetraaphtho- 
[ 1.2.3-fglnaphthacene 
9-Benzylidenefluorene 

604 6-0236 5.39 5.0450 
6.07 6.0259 5.29 51925 
420 3.7384 3.14 24884 
4.10 3.88t34 3.32 2.7752 
4.24 4,2420 3.31 3.5322 
4.47 4.4508 3.39 3.8709 
3.11 3.2502 2.35 2.3483 
5.49 5.5402 4.14 4.1819 
4.07 40872 2.83 3.0027 

3.96 3.8023 2.45 2.5165 

4.81 4.5468 t 3.3685 

f Spectra unavailable in this region. 
0 Orbital degeneracy present. 

A planar, especially a cyclic and planar molecule existing in a unique rigid con- 
formation, however, has the gross features of its electronic spectrum primarily 
determined by the comparatively crudest features of its geometry such as interatomic 
distances.’ For such molecules, by far the majority of compounds treated in this or 
other studies, it would seem that Hiickel orbitals account rather well for singlet 
transitions with a scaling factor equal to /lo. 

The predictive value of the correlations of equations (1) and (2), was tested with a 
selection of 88 additional compounds. The compounds so studied as well as observed 
values and predicted values for spectral transition energies are tabulated in Table 2. 

Our results indicate that, on the average, it is possible to predict band locations 
within &6 mu (0.18 eV) for P-bands, and within f7 mu (021 eV) for p-bands. 

It would be informative if the results of the present study could be compared with 
results of other workers. Unfortunately, while a number of highly successful studies 
have been published correlating HMO results with the electronic spectra of a variety 
of related hydrocarbons, practically no work along these lines deals with molecules 
containing multiple heteroatoms. One exception,” deals with a small series of 
mesoionic sydnones._This study found a deviation of +7 mu from the straight line 
plot using the omega technique. The studies on hydrocarbons,2*4* ’ show comparable 
deviations. 

It should be clear that, while the HMO technique is shown by the present study 
to be applicable to g very diverse group of organic chemicals as a predictor of the 
gross elements of electronic spectra, no overriding emphasis is to be placed on the 
surprisingly good predictability of the technique. The present work simply supports 
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the utility of the HMO approach as a simple tool for results of generally adequate 
precision. 

METHODOLOGY 

Hiickel calculations replace the formal inclusion of interelectronic repulsions and core Hamiltonians 
in the SCF method with empirical values for Coulombic and resonance integrals.’ Such empirical values 
are expressed as functions of a, and PO. respectively, the Coulomb integral and the resonance integral of 
an sp2 carbon in benzene for an aromatic C-C bond of about I.4 A length. The functions are given as : 

where h and k are empirically determined parameters of the atom and bond, respectively. Table 4 gives 
the values used in the present study. 

TABLE 3. HMO PARAMETERS FOR COUU)MB AND RESONANCE I~RALS 

Element h Typical molecule Bond k Typical molecule 

C 
C 
N- 
N: 
N+ 

0. 
0: 

0: 

F 
Cl 
Br 
I 
St 
C, 
C 

=H, 

0 Benzene 
0.1 Acetylene 
0.4 Pyridine 
I.0 Aniline 
2.0 Phenyltrimethylammonium 
I.2 Benmldehyde 
I.4 Anisole 
2-O Furan 
3.0 Fhrorobenzene 
2.0 Chlorobenzene 
I.5 Bromobenzene 
0.8 Iodobenxene 
0 Thiophene 

4.1 Toluene : C,--CHs 
-0.2 Toluene 
-c-5 Toluene 

c==c 
CEC 
c==c 
C-C 
C-C 
C-F 
CXI 
C-Br 
C-l 
C==N 
C-N 
C-N+ 
C%N 
CXN 
C-G 

c---St 
N=N 
C%H, 
S’--S”t 

IQ 
I.4 
1.1 
@9 
0.7 
0.7 
@4 
0.3 
0.2 
IQ 
08 
0.7 
1.5 
09 
0.8 
1.2 
@5 
I.0 
2.5 
I.0 

Benzene 
Acetylene 
Ethylene 
Butadiene 
Toluene 
Halobenzenes 

Pyridine 
Aniline 
Phenyltrimethylammonium 
Benzonitrile 
Benzonitrile 
Phenol 
Benmldehyde 
Thiophenol 
Cinnohne 
Toluene 
Thiophene 

t Divalent sulfur was treated, as in other studies, assuming pd-hybridization.“* ‘x 

Solutions of the Hiickel matrices, ignoring overlap, were performed by digital computer. The energy 
levels, in units of &, are shown for the calculation performed on acridme (Table 4). The lowest energy 
n + x* transition, symbolized by a one-electron jump from the occupied orbital of highest energy, 
numbered 0, to the unoccupied orbital of lowest energy, numbered - 1, is assumed to represent the p 
band.‘*” 

Similarly, a one-electron jump from the penultimate occupied orbital to the lowest empty orbital 
(1 -+ - I) is assumed to represent the p-band. ‘ezo Although the compounds studied were not all hydro- 
carbons, Clar’szO symbolism is used throughout. 
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TABLE 4. Z-ELKTI~ON ENLXGY LWUS (IN UNITS OF po)rn~ 

ACRIDINE 

Energy levels 

2.3830 
2m 
1.4142 
1.3386 
l.CQOO 
0.3417 
03417 -1t 

-04939 

-lQ(mO 1 
-l+nXn) 0 1 
- 1.4142 
- 15103 t 

Occupied molecular orbitalo 

-2.0000 
- 2.4590 

J 

7 For numeration see text 

The electronic spectra used in this study are taken from UV Atlas of Organic Compounds, Vols. 1, II, 
Plenum Press, New York, 1966, except where otherwise noted. 

Standard computational routines for linear correlation and regression were used to obtain the 
reported correlation coeliicients and regression equations. 
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