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A detailed analysis of the n-electron version of the LCI-SCF method (PPP) resulted in an "ob
jective" parameter set based on atomic spectral data. For a series of 65 compounds this para
metrization was used to calculate heats of atomization, ionization potentials, electron affinities, 
bond lengths, dipole moments and electronic spectra. Compared to standard treatments and 
parametrizations, this method, which utilizes a single set of parameters, gives better agreement 
between the theory and experiment, including both ground state properties and electronic spectra. 

Semiempirical LCI- SCF methods within the n electron approximation have long been used in stu
dies on conjugated molecules1,2. Although nonempirical and semiempirical all-valence electron 
methods are now available the n electron approximation will remain for a long time to come, 
the most manageable for large conjugated systems. Unfortunately it must be observed that in spite 
of the great number of papers on this topic, there is no versatile procedure applicable to all 
cases and that the variety of approximations employed make it difficult or impossible to compare 
the results obtained by different authors. 

For this reason we thought it useful to try to identify those approximations which 
can be employed with as many systems as possible, and to examine their applicability 
to the study of various molecular properties; this became especially topical when 
ab initio calculations demonstrated the inadequacy of the (J-n separability with 
ordinary conjugated systems3

. Finally, it is highly desirable to reduce the number 
of parameters determined empirically. 

On the basis of our recent extensive calculations, we formulated a version of the n 

electron method which, in our opinion, satisfies the above requirements. With it we 
performed calculations on a representative series of compounds of various structural 
types, and compared the results with experimental data on electronic transition 
energies, oscillator strengths, dipole moments, bond lengths, charge densities, 
heats of atomization, ionization potentials, and electron affinities. We also examined 
the (J-core polarization effect, in particular with polar molecules and ions with 
a localized charge. 
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3040 PancH" Matousek, Zahradnik: 

THEORETICAL 

Our calculations are based on the Pariser-Parr-Pople method (PPP). For the basic 
approximations involved cf. original publications1

, 2. Here we shall be concerned 
only with the problem of choice of semiempirical parameters for coulomb integrals 
(Q(,,) , resonance integrals (P"v), and repulsion integrals (')1"1" ')I"v)' The version of PPP 
method developed in our laboratory4 is used throughout unless otherwise noted. 
Calculations on excited state properties and electronic spectra were based on the 
limited configuration interaction using the basis set covering singly excited states; 
this corresponds formally to all possible electron promotions from the five highest 
occupied molecular orbitals to the five lowest vacant molecular orbitals. With mole
cules having less than 10 MO's, we considered all singly excited configurations. The 
actual calculations were performed on Elliott 503 and IBM 360/40 computers using 
programs in autocode Elliott and DOS PL/r Subset Language written by the first 
author of this paper. 

CHOICE OF PARAMETERS 

It was found possible to replace the coulomb integrals, (I"Ji' by negative valence state ionization 
potentials, provided the P"v integrals were well approximated (vide infra). The necessary ioniza
tion potentials were taken from the papers of Hinze and Jaife S

, 6. 

With nonpolar systems and hydrocarbon ions with delocalized charge, we found that neither 
the variable electronegativity method (VESCF)7 nor the a-core polarization8 need be employed. 
As a matter of fact, the VESCF method actually gives inferior results for the electronic spectra 
of some nonalternant hydrocarbons. However with systems having a localized a charge and mole
cules having strongly polar groups (e.g. - N02 , N< + l-O< - l), the assumption of a non polarizable 
core is open to question. It appears that this fact introduces subjective feature into calculations, 
which unfortunately cannot be avoided in the framework of the 7t electron theory. 

The problem of a-bond polarization was studied in detail in several recent papers8 -1 0, in which 
the procedure of Hammond9 appears to be the most successful. Following Hammond, the a 
charge fraction, /;;.Z", introduced by the atom v on the atom II can be expressed as 

(1) 

where r"v is the distance between atoms J.1. and v, and X/I and Xv are e1ectronegativities for atoms J.1. 

and v. In this paper we employ the electronegativities of Mul\ikenll rather than those of Pau
Hng12 as being easier to evaluate from atomic spectral data. For atoms bearing a localized a 
charge (Q,,), we corrected the electronegativities by means of the following formula 

(2) 

Constants x~ and all were determined from atomic spectral dataS
,6 and are listed in Table I 

for atoms occurring most frequently in conjugated compounds . 
In contrast to Hammond, the summation in Eq. (1) extends over all atoms in our calculations, 

i.e., not only over the atoms in conjugation. The constant C was fixed at the value 0·295. Core 
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charges, ZI" were corrected through Eq. (1) and subsequently employed to evaluate Coulomb 
integrals all' one-center repulsion integrals )'1'1" and Slater effective charges (vide infra) using the 
following expressions 

(3) 

(4) 

(5) 

Constants bl" el" dJl' eJl' fl" sZ and t>..SI' were also calculated from the atomic spectral dataS
,6 

and are listed in Table I for atoms occurring most frequently in conjugated compounds. On ap
plying Eq. (1) the nonvanishing charges are also on atoms out of conjugation and therefore it was 
necessary to reformulate the diagonal HZ~,re elements as follows 2 

Hz~re = IXI' - L ZV)'l'v - L Z")'I''' • (6) 
V=FJl a 

The second summation in Eq. (6) runs over a-bonded atoms only. The respective), integrals 
were set equal to n electronic), integrals, the value for hydrogen being determined by extrapola
tion. 

Resonance integrals, PI'V' were approximated by means of the following general formula 

(7) 

where SI'V stands for overlap integrals calculated from Slater orbitals and the meaning of all 
other symbols is given above. Trial calculations resulted in the choice of the following formula 

(8) 

which combines the expressions of Cusachs13 and Yeranos14
. It is noteworthy that Eq. (8) 

belongs to relationships which are best substantiated on theoretical grounds15
. The constant 

C' is the second empirical constant used in our calculations. Its value was fixed at 0·542 if a-core 
polarization was allowed for (Eqs (1)-(6», and 0'5246 if 1Xil' )'Jtl" and SI' were set equal to con
stants pertinent to a given valence state (i.e. core charges were integers). 

For correcting bond lengths in the SCF procedure we tested the Julg formula16 

r =-= --- (1'523-0'19p ) J( 3·25 ) 
"V SI' + Sv p.v ' 

(9) 

where P
JJv 

is a bond order between atoms JJ. and v of the preceding iteration. We found that the 
validility of this formula is restricted to first-row elements and, moreover, that bond lengths 
were considerably in error if atoms JJ. and/ or v contributed two electrons to conjugation. Therefore 
we modified formula (9) as follows 

(10) 
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Here Nit and N v are the principal quantum numbers in Slater orbitals for Il and v, the constant e" 
was so chosen that the square root in (10) was unit for the C- C bond in benzene. This formula 
gave bond lengths closely matching the experimental values. 
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As noted by other authors 1 7 -19, a considerable improvement results if nonvanishing resonance 
integrals are taken into account for all atoms. This approximation is subsequently called "AB 
(all-beta) approximation", with a-core polarization accounted for as aAB. By TB we shall imply 
a conventional tight-binding approximation . The theoretical quantities calculated by the aAB, 
AB and TB approximations are denoted by the upper indices (ll), (b) and (c) , respectively. 

After a long series of calculations we selected the Mataga-Nishimoto formula2o as the most 
appropriate for evaluating two-center repulsion integrals: 

(11) 

where 

(12) 

Eq. (11) is applicable, in particula"r, to singlet-singlet spectra. We found that in spite of wide
spread opinion to the contrary21, it also can be employed in calculations on ground-state pro
perties. We would stress that all but three constants appearing in (1) to (12) can be independently 
determined from experimental atomic spectral data. The three constants mentioned (in (1), (8) 
and (10» are universal constants which were determined empirically and do not depend on types 
of atoms. 

Finally, it should be noted that several recent theoretical studies (e.g. refs7 - 10,15 - 27) had 
aims similar to ours. To our knowledge, however, the semiempirical relationships have never 
been studied as extensively as in our paper. Without going into details, we point out that we 
tested 6 different approximations for Coulomb integrals, 72 for resonance integrals, 4 for y!'!' 

integrals, and 8 for y !'\. integrals. 
The compounds studied are given in Scheme I. 

RESULTS AND DISCUSSION 

Heats of atomization of hydrocarbons. These were calculated by means of the Dewar 
formula 21 

(13) 

where E~c and E~H are bond energies of a C-C (j- bond and of aC-H bond, 
respectively, and ncc and nCH are the numbers of C- C and C-H bonds in a mole
cule. Ecc and ECH are treated as empirical parameters and their values determined 
statistically (Table II). E" is a calculated total n bonding eilergy in a molecule. 
The E" values predicted for hydrocarbons studied are presented in Table III to
gether with the experimental i'lHa and their theoretical counterparts calculated 
through (13) according to both (jAB and AB approximations. 

Theoretical values well reproduce the observed heats of formation; with exception 
of biphenylene the probable error amounts to 0·29 ((jAB) and 0'17 (AB) eV. A sole 
exception was found with diphenylene where the predicted value is about of 3 eV 
too low. This discrepancy is probably due to strain energy of the four-membered 
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ring which is not accounted for in our simple calculation. With acenaphthylene and 
fluoranthene, owing to the strain energy of the five-membered rings, the corresponding 
error is 0·4-0·7 eV23. 

Ionization potentials. n-Electron ionization potentials were estimated by the 
Koopmans theorem3 8 from energies of occupied MO's. The values for first ioniza-
tion potentials calculated by the (JAB, AB and TB approximations are compared 

TABLE I 

Values of Coefficients for Some Atoms in Equations (2), (3), (4) and (5) 

Atom XO 

" a" b" e" d" ell I" 
SO 

" !lS" 

H 7·170 6·630 1·000 
B 6·419 8·126 3·138 3·326 1·866 6·797 0'114 1·300 0-175 
C 8·788 10·844 1·319 8·561 1·280 2·084 9·050 1'625 0·175 
N 12·873 11·992 1·894 8·919 3·307 4-423 7·918 1·950 0·175 
0 17·070 13-633 1-403 12·211 4·083 3·593 11-630 2·275 0·175 
F 20·136 18·038 0·888 16-476 3·497 4·387 12·975 20600 0·175 
Si 7·903 7·190 0·280 6·510 2·385 -0,202 7·381 1·383 0·117 
P 9·675 10·192 -0,096 9·263 2·469 0·019 9·818 1-600 0·117 
S 10·881 10·831 1'070 7·890 3·742 2·211 7·735 1-817 0·117 
Cl 13-500 21·289 0'156 11 ·158 3·726 1·628 9·687 2·033 0·117 
As 8·530 10·060 -0,290 9·400 2·130 0·300 8·300 1·575 0·087 
Se 10·410 8·840 0·780 9·160 2·640 1·890 8·340 1·738 0·087 
Br 11-590 10·120 0·300 9·100 3·700 1·360 8·040 1·900 0·087 
Sb 8·920 7·590 -0-430 8·850 2·090 -1 ,720 9·460 1·575 0·087 
Te 10·050 8·050 -1,390 11 ·100 2'580 -2,260 11'&.50 1·738 0·087 
I 10·370 9-480 -0'260 9·270 3'520 1·360 7·810 1·900 0·087 

TABLE II 

Sigma Bond Energies in Hydrocarbons 

Sigma Bond energies, e V 

bond oAB approximation AB approximation Observeda 

C-C -3,522 - 3,450 - 3'548 

C-H -4'703 -4,281 -4,316 
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3046 Pancii" Matousek, Zahradnik: 

with experimental data in Table IV. There is experimental evidence52 that with pyrida
zine, pyrazine and pyrimidine the first ionization potential is due to electron remo
val from a nonbonding orbital. The same situation is also likely with p-benzoquinone, 
as implied by a large gap between the n ~ 11:* and 11: ~ 11: * bands in the electronic spec-

TABLE III 

Total n-Bond Energies and Heats of Atomization of Conjugated Hydrocarbons 
All values are given in eV; En(a), En(b) total 1t-bond energies calculated by oAB and AB ap-

proximations; I'1He, I'1Hia) heats of atomization observed and calculated by the oAB approxima-
tion; de al , deb), d(c) errors in heats of atomization given by the aAB approximation , AB approxi-
mation and by the Dewar procedurez2 . 

Compound En(a) En(b) 
I'1 H e 1'1 Ht(a) deal deb) d(C) 

Fulvene - 6·73 - 9·62 - 56·08 
Heptafulvene - 8·88 -12,99 - 74·68 
Pentalene -I3-1(i 

Heptalene - 19-48 
Azulene - 12,73 -17,17 89'19a - 89·10 0·09 -0,17 - 0,27 

Acenaphthylene - 18 ,10 -22'22 -104·32b - 105·03 -0,71 -0,44 -0,54 

Aceheptylene - 24'52 
Fluoranthene - 24'56 -30,40 -138' U b - 138'51 -0-40 -0'64 -0,56 

Tropylium cation 2·08 - 55-49 
Fluorenylium cation - 8·28 - 14,83 -103,44 

Fluorehylide anion -24,63 -119'79 
Ethylene - 1·23 23·47c - 23·56 -0,09 

trans-Butadiene - 3·31 5·77 42'05c - 42·09 -0'04 . 0·25 0·00 
cis-Butadiene - 5·90 41'95d 0·02 - 0,14 

Hexatriene - 5·36 - 9·26 - 60·59 
cis-trans-Octatetraene -12,56 
Decapentaene -15·61 
1,2-Dimethylenecyc1o-

butene - 7·00 56·35 
Benzene - 7-88 - 10,80 57'16c 57·23 -0,07 -0,02 0·00 
Naphthalene -14,11 - 18,55 90·61 e 90-48 0·13 -0.13 0·00 
Anthracene -20'09 - 26·04 -123'93J -123'47 0·46 -0'11 0·04 
Phenanthrene -26'37 -124'20J -0'17 -0,02 

Tetracene - 33-45 -157'56J 0·30 0·45 
Pyrene - 30,53 -138·88 g 0·00 0·26 
Styrene - 9·58 -14,10 - 75·83c - 75·38 0-45 -0,11 -0,08 

Biphenyl -1 6,79 -21 ·88 -109'76h -109-61 0·15 0·23 0·01 
trans-Stilbene -25·42 -128·48; - 0'05 -0·05 
Biphenylene - 18 '18 -22-41 -102'00i -105,11 - 3,11 -2'95 -2'87 

a Ref.29. b Ref.30. c Ref.31. d Ref.32. e Ref.33. J Ref. 34. g Ref.22. h Ref.35.; Ref. 36. j Ref. 37. 
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TABLE IV 

First Ionization Potentials 
All values are given in e V; lIe' 11[a), 11~b), 1 I~e) experimental and theoretical first ionization 

potentials calculated by the oAB, AB and original PPP methods; d(aJ, d(bJ, d(e) errors in re-
spective predicted values. 

Compound lIe Ilia) 1 I~b) I
lt

(e) d(a) d(b) d(e) 

Fulvene 8·55a 8-43 8·92 9·51 - 0·12 0·37 0·96 
Azulene 7·42b 7·25 7·83 8·54 - 0·17 0·41 1·12 
Acenaphthylene 8·0ze 8·05 8·58 9-40 0·03 0·56 1·38 
Fluoranthene 7·80c 7·92 8·36 0·12 0·56 
Ethylene 1O·52d 10·60 0·08 
trails-Butadiene 9·07e 8·98 9·35 9·73 - 0·09 0·28 0·66 
Hexatriene 8·23 f 8·19 8·73 -0·04 0·50 
cis-tralls-Octatetraene 7·80f 8·31 0·51 
1,2-Dimethylenecyclo-

butene 8·80a 8·n - 0·08 
Benzene 9.249 9-41 9·84 10·65 0··17 0·60 1-41 
Naphthalene 8·12b 8·12 8·67 9·68 0·00 0·55 1·56 
Anthracene 7·38b 7·36 7·95 9·07 - 0·02 0·57 1·69 
Phenanthrene 8·07 h 8-40 9·59 0·33 1·52 
Tetracene 6.88 9 7·50 0·62 
Pyrene 7.70 11 7·96 0·26 
Toluene 8.81 9 9·31 9·11 0·50 0·30 
Styrene 8-46i 8·55 9·02 0·09 0·56 
Biphenyl 8·2i 8·14 8·85 - 0·13 0·58 
Biphenylene 7·95b 7·58 7·92 -0·37 -0·03 
Phenol 8.529 8·77 9·37 9·88 0·25 0·85 1·36 
p-Benzoquinone 1O·88 j 10·99 10·94 0·11 0·06 
Anthraquinone 9.349 9·29 9·91 - 0·05 0·57 
Aniline 7·71 k 8·04 8·73 9·38 0·33 1-02 1·67 
FIuorobenzene 9·19' 9·32 9·62 0·13 0-43 
ChI oro benzene 9·00' 8·95 9·08 -0·05 0·08 
Furan 8·90m 8·63 8·86 -0·27 -0·04 
Pyrrole 8.9711 8·33 8·71 -0·64 -0·26 
Pyridine 9.409 9·63 9·89 10·33 0·23 0-49 0·93 
Pyridazine 10·53° 10·20 10-46 -0·33 -0·07 
Pyrazine 10·15° 9·85 -0·30 
Pyrimidine 10·39" 10·17 10·40 -0·22 0·01 
Quinoline 8·67b 8·55 8·97 -0·12 0·30 
Isoquinoline 8·53b 8·40 8·85 -0·13 0·32 

a Ref.39. b Ref.40. c Ref.41 . cl Ref.42. e Ref.43 . f Ref.44. 9 Ref.45. h Ref.46. i Ref.47. j Ref.48. 
k Ref.49. 'Ref. 50. m Ref.51. II Rer. 52 . ° Ref.53. 
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TABLE V 

Second Ionization Potentials 
All values are given in eV; 2Ie, 21[a) experimental and theoretical second ionization potentials 

calculated by the oAB approximation; d(a) errors in predicted values. 

Compound 21e 21[a) d(a) 

Fulvene 9·54D 9·56 0·02 
Azulene 8-48 b 8-45 -0·03 
trans-Butadiene 12·20c 12·40 0·20 
1,2-Dimethylenecyclobutene 9-44D 9·30 -0·14 
Benzene 12·20D 14·07 1·87 
Naphthalene 8·79b 8·94 0·15 
Styrene 9·18b 9·35 0·17 
Biphenyl 9·08d 9·31 0·23 
Phenol 9·36b 9-41 0·05 
Aniline 9·25c 9·23 -0·02 
Fluorobenzene 9·80c 9-63 -0·17 
Chlorobenzene 9·60c 9·59 -0·01 
Quinoline 9·07e 9·09 0·02 
Isoquinoline 9·24e 9·40 0·16 

D Ref.39. b Ref.48. c Ref.50. d Ref.41. e Ref.53. 

TABLE VI 

Electron Affinities 
All values are given in eV; Ae observed electron affinity; Ala), A[bJ, A[C) theoretical electron 

affinities calculated by the oAB, AB and TB approximations. 

Compound Ae 

Azulene 0·67 D 

Tropylium cation 6·24b 

Naphthalene 0·15D
, 

Anthracene 0·56D
, 

Phenanthrene 0·31 D
, 

Pyrene 0·59D 

Biphenyl 0·41 c 

D Ref.56. b Ref.57. c Ref.58 . 

A~a) 

1·57 
5·73 

0·65c 0·77 
1·19c 1·28 
0·69c 0·69 

0·60 

A(b) 
t 

2·10 

1·29 
1·85 
1·29 
1·78 
0·82 

2·32 
2-93 
2·41 
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TABLE VII 

Bond Lengths in Ground Sta tes 
All values are given in A; re experimental bond length; r}a), r~b) theoretical bond lengths 

calculated by the oAB and AB approximations; d(a) , d(b) errors in respective predicted values. 

Compound Bonda 
r e r~a) r}b) d( a ) d(b) 

Fulvene 1- 2 l'346b 1·355 1·353 0·009 0'007 
2- 1-435 1-460 1-459 0-025 0-024 
1- 1-439 1'463 1-464 0-024 0-025 
5- 1·343 1·350 1·353 0·007 0-010 

Heptafulvene 1- 1'357 1·358 
2- 1-448 1-451 
3- 4 1-361 1·361 
1- 7 1·458 1·460 
7- 8 1-358 1·356 

Azulene 1- 1'399c 1·404 1·400 0-005 0·001 
4 - 1-406 1·399 1-399 -0-007 - 0'007 
5- 1-403 1-399 1-400 - 0-004 -0,003 

\- 9 1-41 8 1-406 1-404 - 0·012 - 0-014 
4 - 10 1·383 1-401 1-406 0-018 0·023 
9-10 1-501 1-469 1·473 - 0-032 - 0,028 

Aceheptylene 1- 2 1'393d 1-404 0·011 
2-12 1-411 1·399 - 0-012 
3- 12 1-437 1-431 -0-006 
3- 4 1-379 1-377 -0-002 
4- 5 1-433 1·429 - 0-004 
5- 6 1-367 1-373 0-006 
6- 14 1-449 1-436 - 0,013 

12- 13 1-472 1·443 - 0-029 
13-14 1·429 1-401 -0-028 

Ethylene 1- 2 1-335e 1·335 0-000 

trans-Butadiene 1- 2 1-344f 1-344 1-344 0-000 0-000 
2- 1·467 1-461 1-460 - 0-006 - 0-007 

Hexatriene 1- 1-345f 1-346 1·345 0-001 0-000 
2- 3 1-450 1·458 1-458 0·008 0·008 
3- 4 1·345 1·355 1·354 0·010 0-009 

Benzene 1- 1-397 9 1-397 1·396 0-000 -0-001 

Naphthalene 1- 1'371" 1-379 1-378 0-008 0·007 
2- 3 1·412 1-418 1-418 0·006 0·006 
1- 9 1·422 1·422 1-423 0-000 0-001 
9-10 1·420 1-412 1-415 -0-008 -0-005 
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TABLE VII 

( Continued) 

Compound Bonda 
re r[') r[b) d(a) d(b) 

Anthracene 1- 2 1·368c 1·373 1·372 0·005 0·004 
2- 3 1·419 1·427 1·426 0·008 0·007 
1-11 1-436 1·431 1·433 - 0·005 - 0·003 

10- 11 1·399 1·404 1-404 0·005 0·005 
11-12 1·428 1-422 1·422 -0·006 -0·006 

Phenanthrene 1- 2 1·381 i 1·385 0·004 
2- 3 1·398 1-409 0·01l 
3- 4 1·383 1·385 0·002 
4-12 1·415 1·413 -0·002 
1-11 1·457 1·415 -0·042 

11-12 1·420 1·411 - 0·009 
12- 13 1-448 1·444 -0·004 
9-10 1·372 1·366 -0·006 

11 - 10 1·390 1·438 0·048 

Pyrene 1- 2 1·376k 1·396 0·020 
3-12 1-416 1 .. 405 -0·011 
4- 12 1·436 1-442 0·006 

12- 16 1·411 1·418 0·007 
4 - 5 1·315 1·363 0·048 

15-16 1-411 1-439 0·028 

Styrene 1- 2 1.3901 1·394 1·394 0·004 0·004 
2- 1·390 1-402 1·398 0·012 0·008 
3- 4 1·390 1·400 1·395 0·010 0·005 
4- 5 1·390 1·398 1·396 0·008 0·006 
5- 1·390 1·396 1-402 0·006 0·012 
1- 1·390 1-401 1·403 O·Oll 0·013 
6- 1·450 1·463 1·466 0·013 0·016 
7- 1·330 1·345 1·342 0·015 0·012 

Biphenyl 1- 1·361 m 1·398 1·397 0·037 0·036 
2- 1·421 1·395 1·396 - 0·026 -0·025 
3- 11 1·383 1-401 1·399 0·018 0·016 

11-12 1·506 1·465 1-481 - 0·041 -0·025 

Biphenylene 1- 2 1·423n 1·410 1-409 - 0·013 -0·014 
2- 3 1·385 1·387 1·387 0·002 0·002 
1-10 1·372 1·386 1·388 0·014 0·016 
9-10 1·514 1·481 1·485 -0·033 - 0·029 

10-11 1·426 1·412 1·416 -0·014 -0·010 
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TABLE VII 

(Continued) 

Compound Bonda 
Ye 

y~a) db) d(a) d ( b) 

Phenol 1- 2 1-397 1-396 
2- 3 1-397 1-397 
1- 6 1-397 1-400 
6- 1-382 1-351 

Thiophenol 1- 1-397 
2- 1-398 
1- 1-399 
6- 1-761 

p-Benzoquinone 1- 1-322° 1-349 0-027 
2- 1-477 1-479 0-002 
3- 1-222 1-262 0-040 

Nitrobenzene 1- 2 1-426P 1-392 1-405 -0-034 -0-021 
2- 1-363 1-355 1-398 -0-008 0-035 
1- 1-367 1-399 1-405 0-032 0-038 
6- 1-486 1-410 1-459 -0-076 -0-027 
7- 1-208 1-251 1-227 0-043 0-019 

Aniline 1- 1-397 1-395 
2- 1-399 1-397 
1- 1-403 1-403 
6- 1-426 1-393 

Fluorobenzene 1- 1-400Q 1-396 1-396 -0-004 -0-004 
2- 1-400 1-397 1-396 -0-003 -0-004 
1- 6 1-400 1-394 1-398 - 0-006 -0-002 
6- 1-305 1-338 1-308 0-033 0-003 

Chlorobenzene 1- 2 1-404' 1-396 -0-008 
2- 3 1-404 1-397 - 0-007 
1- 6 1-404 1-397 -0-007 
6- 1-706 1-718 0-012 

Furan 1- 2 1-354s 1-358 1-357 0-004 0-003 
2- 3 1-440 1-443 1-440 0-003 0-000 
1- 5 1-371 1-364 1-335 -0-007 -0-036 

Thiophen 1- 2 1-370t 1-365 -0-005 
2- 3 1-419 1-436 0-017 
1- 1-714 1-734 0-020 

Pyrrole 1- 2 1-371" 1-373 1-372 0-002 0-001 
2- 3 1-429 1-430 1-420 0-001 -0-009 
1- 5 1-383 1-403 1-372 0-020 -0-011 
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TABLE VII 

( Continued) 

Compound Bonda 
re r<a) 

t 
rlb) d(a) d(b) 

Pyridine 1- 2 1'390v 1·391 1-400 0·001 0·010 
2- 3 1·340 1·339 1·336 - 0,001 -0,004 
1- 6 1-400 1'396 1·394 -0,004 -0·006 

Pyridazine 1- 2 1·287 1·283 
2- 3 1·330 1·329 
3- 4 1·393 1·401 
4 - 1·392 1·393 

Pyrazine 1- 2 1'378x 1·387 0'009 
2- 1·334 1·336 0·002 

Pyrimidine 1- 1'338Y 1·339 1·338 0·001 0·000 
2- 3 1·315 1·333 1·334 0·018 0·019 
1- 6 1'373 1·390 1·396 0·017 0·023 

Quinoline 1- 1·323 1·321 
2- 3 1·410 1·412 
3- 4 1·379 1·382 
4-10 1-419 1·422 
5-10 1·422 1·423 
5- 6 1·379 1·379 
6- 1·417 1·416 
7- 1·378 1·380 
8- 9 1·417 1·421 
1- 9 1·365 1·360 
9-10 1·409 1·417 

Acridine 1- 2 1'370z 1·373 0·003 
2- 3 1·417 1-426 0·009 
3- 4 1·372 1'372 0·000 
4-12 1·431 1·425 -0'006 
5- 12 1·344 1·349 0·005 
1-11 1·425 1·430 0·005 

11-12 1·432 1·418 -0,014 
10-11 1·389 1·402 0·013 

a For positions of atoms see Chart 1; b Ref. 61 . c Rer. 62 . d Ref. 63 . e Ref.64. f Ref.65 . 9 Ref.66 . 
h Ref.67. i Ref.6s. j Rer. 69. k Ref. 7o. I Ref.71 . m Ref.n . n Ref. 73 . 0 Ref.74. p Ref. 75 . q Ref. 76, 
r Ref.77 . s Rer.78. t Ref.79. u Ref.so. v Ref.s1. x Ref. 82 . Y Ref.s3. z Ref.s4. 
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trum. In the cases of mentioned compounds the theoretical values are compared with 
second experimental ionization potentials. The best agreement between experimental 
and theoretical data was achieved with calculations according to the a AB approxima
tion. This is the sole version yielding values which need not be corrected; for the set 
of 28 compounds studied, the probable error is 0·15 eV. If a-core polarization is not 

TABLE VIII 

Molecular Dipole Moments in Ground States 
All values are given in Debyes; u e observed dipole moment; u~a), u~b), u~c) dipole moments 

calculated by the oAB, AB and TB approximations; the direction of theoretical dipole moment 
is indicated by arrow or by the angle from the x-coordinate (for positions of molecules see Scheme 1); 
d(a), d(b), d(c) errors in predicted values. 

Compound u/ u~a) u~b) u~c) d(a) d(b) d(c) 

Fulvene HO 0-69*- 0-64*- 1-41*- -0041 -0046 0-31 
Heptafulvene 0-70b 1 · 06~ 1'11~ 0'36 0·41 
Azulene 0-79c 2-12~ 1-99->- 2-84~ 1-33 1-20 2'05 
Acenaphthylene 0-25d 0-73 j 0-54j 0-91 j 0-48 0-29 0-66 
Toluene 0040 0-53t !-08j 0-13 0-68 
Phenol I-53 0'59(157°) 0-79t 0-70t --0-94 - 0,74 -0-83 

Resorcinol 2-09 0-81 *- -1,28 

Thiophenol 1-19 0-62(- 166°) -0-57 
a-Benzoquinone 5-10 5'66~ 0-56 

Nitrobenzene 4·00 7-99j 3-32j 3-99 -0-68 

Aniline 1·53 1-27t 1'52t 1-43t -0-26 -0'01 -0-10 

1,3-Diaminobenzene 1-80 l'46j -0-34 

Benzonitrile 3-94 3-98j 2-02j 0-04 - 1'92 

Fluorobenzene 1-47 1-57j 0'48t 0-10 - 0-99 

Chlorobenzene 1·58 0-61 j 0-83t -0,97 -0,75 

Furan 0-71 0-03*- 0-99~ -0-68 0-28 

Thiophen 0-52 0-9~ 0 -49~ 0·44 -0,03 

Benzothiophen 0·62 1'20(66°) 0-58 

Dibenzothiophen 0·83 0-55j -0-28 

Thiazole 1·65e 2-75( _12°) 1-10 

Pyrrole 1-80 1 - 67~ 2-06~ -0-13 0-26 

Pyridine 2-21 l'88t 1-18t 1-05t -0'33 -1,03 -1-16 

Pyridazine 3-97 3 ' 38~ 2-23~ -0'59 -1·74 

Pyrimidine 2044 1-87 t 1-11t -0-67 -1-33 

Quinoline 2-20 2-06(83t 1'33(97°) -0-14 -0-87 

Isoquinoline 2-55 2-39(15°) 1-49W) -0-16 -1'06 

Acridine 1·94 2-28t 0-34 

a Unless otherwise stated, experimental data are taken from rer. 85 . b Ref_86_ c Ref_87.d Rer. 88 . 
e Ref. 89. 
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TABLE IX 

Molecular Dipole Moments in First Excited Singlet States 
All values are given in Debyes; u; observed dipole moment; ut(·), ut(b), ut(c) dipole moments 

calculated by the aAB, AB and TB approximations; direction of the theoretical dipole moment 
is indicated by arrow or by angle from the x coordinate (for positions of molecules see Scheme 1). 

Compound u; ut(·) ut(b) ut(c) 

Fulvene 5·13--+ 5·30--+ 4·95--+ 
Heptafulvene 4·68+- 4-49+-
Azulene 0·42a 2·20+- 2·35+- 2·18+-
Acenaphthylene 0·70b 1·90! 2·19! 2-68! 
Toluene 0·54! 0·93i 
Phenol 1·65c 1·59 (-110°) 1·12! 0·94! 
Aniline 2·38c 3·03i 2-75! 2·34! 
Benzonitrile 4·58i 2·24i 
Fluorobenzene 1·37i 0·60! 
Chlorobenzene 0·04! 1·56! 
Furan 1·24--+ 0·50--+ 
Thiophen 0·91--+ 0·50--+ 
Benzothiophen 2·12 (42°) 
Dibenzothiophen I ·S3i 
Thiazole 5-69 (-70°) 
pyrrole 0·64--+ 3·31--+ 
Quinoline 2·14 (62°) 1·32 (54°) 
Isoquinoline 2·55 (24°) 1·72 (24°) 
Acridine 1·67! 

a Ref.S? b Ref.SS. c Ref.9o. 

accounted for, a systematic error is found in predicted first ionization potentials. The 
AB theoretical values are an average of 0·38 eV higher; by the TB approximation 
this error is as high as 1·18 eV. It thus is convenient to correct the calculated values. 
Correlations of data from Table IV can be expressed by the following relationships 

lI~orr = 1·07I~ - 1·02, 

lI~orr = 1·38I~ - 4·83, 

(14) 

(15) 

where lI~orr and lI~orr are, respectively, corrected first ionization potentials calculated 
by the AB and TB approximations. It may be noticed that the slope is near unity 
only in (14) and therefore corrections using a constant offset are justifiable only 
with the AB approximation. 
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Plots of anodic half-wave polarographic potentials 54 against the first ionization 
potentials given by oAB and AB approaches are presented in Fig. 1. Comparison 
of the correlation coefficients shows the superiority of the (JAB approximation, 
although in both cases the linear dependence is satisfactory. 

7·5 8·5 
'["eV 

g.5 

FIG. 1 

Correlation of Half-Wave and Ionization Potentials for Hydrocarbons 
Experimental data for half-wave anodic potentials E'02 are taken from ,ref. 54; full line (full 

circles): E'02 = 0·55 1 l~a) - 3·12 (r = 0'979), dashed line (empty circles): E'02 = 0·63 1 l~b) -
- 4·11 (r = 0'994); 1 l~a), 1 lib) first ionization potentials calculated by the aAB and AB approxi
mations (Table IV); r correlation coefficient. 

1-5 

FIG. 2 

Correlation of Half-Wave Potentials and Electron Affinities for Hydrocarbons 
Experimental data for half-wave cathodic potentials E02 are taken from ref. 59; full line (full 

circles): E1/2 = 1·00A~a) - 3'19 (r = 0'981), dashed line (empty circles): E02 = O'84A~b) -
- 3·44 (r = 0·968); A~a), Alb) electron affinities calculated by the aAB and AB approximations; 
r correlation coefficient. 
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Second ionization potentials predicted by the (JAB approximation are in good 
agreement with experimental data. The comparison is given in Table V. If benzene 
is disregarded, the probable error for the compounds tested ammounts to 0·14 e V. 
The only significant discrepancy found, that for benzene, (1'87 eV), might be due 
to the unjustifiable application of the Koopmans theorem to the lowest molecular 
orbital. 

Electron affinities. Determination of electron affinities experimentally is a difficult 
task55 and data are available only for few conjugated molecules. These56

,57 are 
compared with the values predicted by the Koopmans theorem38 in Table IV. All 
three versions of the PPP-method overestimate electron affinities. The experimental 
method, however, does not exclude a systematic error in the observed data56

• Our 
calculated (JAB values closely match the data of ref. 5 8; the superiority of the (JAB 
approximation is also seen in Table VI. 

Plots of cathodic half-wave polarographic potentials against the electron affinities 
given by both the (JAB and AB approximations are presented in Fig. 2. A similar 
plot for several heterocycles is given in Fig. 3. Here the correlation coefficients are 
somewhat lower than with anodic half-wave potentials (compare Fig. 1), but never
theless high enough for the correlations to be regarded as statistically significant. 

25 r-....----,--.,-------,------, 

53 
2·0 

63 

15 
61 

64 

0.50'---~0.L5--.,LlO,-----:'15::-A-\a-~ e-v-='2'0' 

FIG. 3 

Correlation of Half-Wave Potentials and 
Electron Affinities for Heterocyclic Systems 

Experimental data for half-wave cathodic 
potential E1ji are taken from ref. 60; electron 
affinities A~a) are calculated by means of 
the oAB approximation; regression line: 
El/2 = 1·00A~a) - 2,70, coefficient of linear 
correlation r = 0·999. 

• 
1·48 

FIG. 4 

I 
. ~ 

I 

~ 
I 

Plot of Experimental C-C Bond Lengths r e 

against the Theoretical Lengths Calculated 
by the oAB Approximation r(a) for Hydro
carbons 

The values are taken from Table VII; 
dashed line denotes a perfect regression. 
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Bond lengths. Calculations by the AB approximation using (9) and the aAB ap
proximation using (10) gave very similar results. A comparison with the experimental 
data is presented in Table VII. Fig. 4 presents a comparison of the experimental and 
theoretical C-C bond lengths in hydrocarbons, the latter being calculated by the 
<TAB approximation. Agreement between theory and experiment is rather good: 
the average discrepancies are 0·012 A with the (TAB approximation and 0·014 A 
with the AB approximation. Hence the two versions of the PPP method give the 
observed bond lengths within an average error less than the range of experimental 
error. 

Dipole moments. Calculations of the PPP type predict the n component of the 
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dipole moment from the 11: electron charges on atoms and the molecular geometry. 
For the n-electron component of a dipole moment, U i , in a state described by the 
totaln-electron function, t/li> the following relation holds: 

U i = e<pdIrJllp) (16) 
Jl 

where r Jl is a position vector for the J.l-th atom and e is the electron charge. Within the 
TB and AB approximations, the n-component of the dipole moment should be 
identical with the total dipole moment, because a nonp~larizable core was considered 
in the choice of parameters. Hence the effect of (J electrons on the magnitude of dipole 
moment should be best reflected in the (JAB approximation. 
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In Tables VIII and IX we compare theoretical dipole moments given by O"AB, AB, 
and TB approximations with the experimental data. With all nonalternant hydro
carbons studied, a change of the dipole moment direction occurs on excitation to the 
first excited singlet state, as confirmed experimentally87.88. In general, however, the 
theoretical values are too high because the PPP method overestimates the n electron 
distribution. In contrast to the AB approximation, the 0" AB dipole moment of toluene 
is oriented from the benzene ring to the methyl group. This is in agreement with the 
positive inductive effect of the methyl group. Hence the O"-component of the dipole 
moment in toluene is oriented against the n-component and, provided it is not over
estimated by the 0" AB calculation, it predominates and determines the resulting 
dipole moment direction. With flu oro benzene and chlorobenzene the opposite direc-
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tions of the calculated AB and (JAB dipole moments can be explained as with toluene, 
viz_, that the (JAB approximation emphasizes the strong negative inductive effect 
of halogene atoms_ With benzonitrile the theoretical dipole moment is improved 
if (J-core polarization is allowed for. With furan the negative inductive effect of oxygen 
orients the (J-component of the dipole moment in the opposite direction to the n-com

ponent. As the two components are predicted by the (JAB calculations to be close 
in absolute value, the resulting dipole moment is near zero_ A discrepancy between 
the calculated and observed dipole moment can be explained here, as with nitrogen 
heterocycles, by the effect of a lone pair in giving rise to an atomic dipole which is not 
considered in the calculations_ With pyrrole, which has a similar electronic structure 
but no lone pair, a reasonable agreement between theory and experiment was found. 
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In general, the a AB approximation compared with the AB and TB approximations, 
provides superior values for dipole moments in ground states. Its superiority, how
ever, is not as conspicuous as for ionization potentials and electronic spectra (vide 
infra). For dipole moments in excited states, no improvement was effected by intro
ducing a-core polarization into the calculations. Unfortunately the paucity of in
formations about the structure of excited states of molecules makes it impossible 
to decide whether rather large errors of calculations are due to changes in the a-elec
tron part of the system on excitation or to changes in geometry (e.g . by deviation 
from planarity) . 

Electronic spectra. Results of calculations on singlet-singlet n ~ n* electronic 
transitions and the observed electronic spectra in the visible and ultraviolet regions 
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FIG.5f 

Electronic Spectra 
Unless otherwise stated, experimental absorption curves are taken from ref.9l

; I: ref.92 , 

II: ref.93 , IX: ref. 94, X: ref.95 , XI: ref. 96, XV: ref. 97 , XXIX: ref. 98 , XLIX: ref. 99, L: ref. loo, 

LII: ref. lol . Calculated values are indicated by vertical lines: oAB (solid), AB (dash) and TB 
(dot and dash) approximatio'ns. Heights of these lines are proportional to the oscillator strengths. 
Forbidden transitions are indicated by arrows. 

are presented in Fig. 5. We assumed the following relationship4 between the ex
tinction coefficient, e, at a wavelength of a given electronic transition and the theoreti-
cal oscilator strength, fij: . 

log e = logfij + 4·5 . (17) 

In general the adoption of oAB and AB approximations never impairs the agreement 
between theoretical and experimental values. In many cases, in fact, considerable 
improvement resulted. It is not surprising that for molecules with uniform charge 
distribution, in particular hydrocarbons, the AB and a AB calculations give very 
similar results. A remarkable feature of the AB approximation is the breakdown 
of pairing properties in alternant hydrocarbons, which destroys the rule for transitions 
forbidden by parity. In particular, the calculated oscillator strengths for r::J. bands 
of benzenoid hydrocarbons no longer now vanish. The breakdown of selection rules 
makes it possible to account for strong new observed bands which cannot be inter
preted by the standard TB approximation (e.g. with diphenylene). The (JAB approxi
mation is markedly superior for molecules with a localized a charge or highly polar 
functional groups (phenolate, nitrobenzene). When such molecules were calculated 
by the TB approximation without a core polarization, it was necessary to employ 
new empirical parameters for polar function groups. Predicted polarization directions 
of transitions for several symmetrical molecules are compared, in Fig. 6, with polari
zation directions measured on stretched polyethylene sheets102

. 
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FIG. 6 

Experimental Absorption Cur
ves102, Obtained by Means of 
Light Polarized along the Long 
(Solid) and Short (Dash) Axes 

Calculated value~ are indicated 
by vertical lines: oAB (solid), AB 
(dash) and TB (dot and dash) ap
proximations. Heights of the lines 
are proportional to the oscillator 
strengths. Transitions polarized 
along the long and short axes are 
indicated by full and empty circles, 
respectively, f denotes forbidden 
transitions. In cases c, d, e the long 
wavelength regions increased 20 
times, 20 times, 5 times, respec
tively. 
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CONCLUSIONS 

On the basis of critical examination of the approximations used in the PPP method, 
a new version is suggested, in which all parameters are determined from atomic 
spectral data except for three universal constants. This version has been tested 
on a series of conjugated systems of various structural types for predicting heats 
of formations, ionization potentials, electron affinities, bond lengths, dipole moments 
and electronic spectra. In all cases our version provided better results than previous 
approximations. The latter, moreover, require a larger set of empirical constants 
and parameters, and are, for the most part, applicable only to a limited range of the 
properties studied by us. 
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