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A simple Pariser-Parr-Pople n-electron SCF method (i.e. one in which parameter variation with 
charge densities and bond orders is neglected) is used to predict the first three electronic transitions 
and the ionization potentials of polysubstituted benzenes and five-membered ring heterocyclics con- 
taining nitrogen, oxygen, and sulfur. The parameters were chosen to fit results for the monosubstituted 
benzenes and then tested on the polysubstituted compounds, using charge transfer data and oxidation 
potentials to estimate the ionization potentials. No serious deviations other than those which could 
be ascribed to steric effects for the ortho disubstituted compounds were found, indicating that penetra- 
tion integrals and non-nearest-neighboreffects can be absorbed into the semi-empirical parameters. 
For  the five-membered ring heterocyclics it is shown that it is unsatisfactory to use the simple parent 
compounds, pyrrole, furan, and thiophene as reference molecules in choosing parameters, since 
satisfactory choices for these molecules often give quite unrealistic results for the corresponding benzo 
and dibenzo derivatives. Sets of parameters which give consistent results for the parent and the benzo 
and dibenzo derivatives are given for the nitrogen, oxygen and sulfur heterocyclics. 

Mittels eines PPP-SCF-Verfahrens (mit v o n d e r  Dichtematrix unabh~ingigen Parametern) 
werden die drei ersten Elektronentiberg~tnge und Ionisationspotentiale yon mehrfach-substituierten 
Benzolen sowie yon heterocyclischen Fiinfringen mit N, O und S berechnet. Die Parameter wurden an 
den einfach-substituierten Benzolen adjustiert. Bei Ubertragung auf polysubstituierte Verbindungen 
ergaben sich nur bei den ortho-disubstituierten Abweichungen, die auf den spezifischen sterischen 
VerhNtnissen beruhen diirften. Daraus wird der Schlug gezogen, dab Durchdringungsintegrale und 
Effekte tibern~chster Nachbarn in die Parameter eingeschlossen werden k6nnen. Im Fall der Ftinf- 
ringe zeigt sich, dab man besser nicht die einfachen und unsubstituierten Ringe fiir die Parameterwahl 
beniitzt, weil man sonst oft ftir Benzo- und Dibenzoabk6mmlinge unrealistische Resultate erh~ilt. 
Dagegen lassen sich Parametersiitze finden, die ffir alle drei Typen befriedigende Ergebnisse liefern. 

Une m6thode SCF Pariser-Parr-Pople pour 41ectrons n, sans variation des param6tres avec les 
charges et les indices de liaison, est utilis6e pour pr6dire les trois premi6res transitions 61ectroniques et 
les potentiels d'ionisation des benz6nes polysubstitu6s et des h4t6rocycles pentagonaux contenant 
de l'azote de l'oxyg6ne et du soufre. Les param6tres ont 6t~ ajust6s sur les benz~nes mono-substitu6s 
et test6s sur les compos6s polysubstitu6s, en utilisant les donn6es du transfert de charge et les potentiels 
d'oxydation pour 6valuer les potentiels d'ionisation. Peu d'~carts importants ont 6t6 obtenus, en dehors 
de ceux que l'on peut attribuer ~t des effets st6riques darts les compos6s di substitu6s en ortho; ceci 
indique que les int6grales de p6n6tration et les effets des voisins lointains peuvent ~tre introduits dans 
les param6tres semi-empiriques. En ce qui concerne les h6t6rocycles ~ cinq atomes, on montre qu'il 
n'est pas satisfaisant d'utiliser les compos6s parents simples: pyrrole, furane et thioph6ne, comme 
mol6cules de r6f6rence pour le choix des param+tres, car on obtient ainsi des r6sultats souvent non 
r6alistes pour les d6riv6s benzo et di benzo correspondants. On donne des param6tres permettant 
d'obtenir des r6sultats satisfaisants dans ces cas. 

* NASA Research Trainee 1967. 
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Introduction 

In a previous paper [1] we showed that it was possible, by a Pariser-Parr- 
Pople (PPP) 7r-electron SCF treatment, to obtain good agreement between experi- 
ment and theory for the first three ultraviolet transitions for different classes of 
hydrocarbons (polycyclic alternants and nonalternants, and conjugated polyenes). 
In the present paper we describe an attempt to predict, using one set of parameters, 
and also restricting ourselves to the simplest type of PPP theory (i.e. without 
penetration integrals or inclusion of doubly excited states in the configuration 
interaction), both excited states and ionization potentials of mono- and poly- 
substituted benzenes and five-membered ring heterocyclics containing nitrogen, 
oxygen, and sulfur. 

There have been many previous PPP SCF studies 1 on substituted benzenes, 
particularly monosubstituted compounds [2-7], and on the simplest five- 
membered ring compounds [8-10]. We could not, however, find any previous 
reports of systematic attempt to investigate the reliability of parameters, chosen for 
simple substituted compounds, for predicting the properties of the polysubstituted 
compounds (especially mixed) within the framework of the PPP SCF MO method. 
There is, however, a very thorough piece of work on the use of the Hfickel method 
for this purpose [12]. Also, there seems to be no previous report on how parameters, 
chosen specifically for the simple five-membered ring compounds, can be used 
successfully for both the corresponding benzo and dibenzo derivatives, with the 
exception of the very recent study of Fischer-Hjalmars and Sundbom on nitrogen 
compounds [11]. This latter task is not trivial because many of the parameters 
sets previously reported as being satisfactory for the simple compounds [8-10] 
give quite unreasonable results for the benzo and dibenzo heterocyclic compounds 
because, whereas the simple compounds are fairly insensitive to parameter choice, 
the dibenzo derivatives are very sensitive as is shown by our results in Table 3. 

Choice of Parameters 
In the initial stages of the work, it was hoped that a set of parameters could 

be found that would apply equally well to both five-membered heterocyclics and 
substituted benzenes. However, although it was possible to get mutually satisfactory 
parameters for the nitrogen and oxygen compounds, we ran into great difficulties 
with the sulfur compounds. 

As the starting point in our parameter evaluation, we adopted (a) the Nishi- 
moto-Mataga [163 method of calculating the two center integrals from the one 
center integrals, and (b) the usual I-A approximation for the one center integrals 
[173. The latter approximation gives rise to two different one center integrals 
for the heteroatoms depending on whether we consider the heteroatom to have 
a core charge of 2 (~x+) [2, 5-10] or, as has often been used recently, a core charge 
of only 1 [3, 7, 18] giving ?x. 

Corresponding to these two ways of choosing 7x values are two ways of 
choosing W x [as defined by Eq. (1)] values from valence state ionization potentials 
[i.e. for W x, the energy for the process X (trtrtrrc2)~X + (trtrtr re), is used while for 
Wx+, the energy for the process, X § (trtrtrrc)~ X +§ (trtrtr) is used]. An alternative 

1 Because of the vast number of published papers describing work on semi-empirical n-electron 
methods, we have made no attempt to compile a complete bibliography. 
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procedure also often used is the relationship W x = --IRx--7x, where IRX is the 
observed ionization potential of either HX or CH3X [3, 19]. 

None of these methods were found to be completely satisfactory for all the 
heteroatoms under consideration, and the only consistent method of getting good 
results appeared to be to use the one center repulsion integrals calculated for 7x+ 
and to adjust Wx+ empirically arriving at the values listed in Table 1. 

Table 1. Parameter summary 

Substituent 7x+ (eV) Wx+ (eV) fic-x (eV) rc_ x (A) 

C 11.13 11.16 -2 .32  1.397 
NH2 16.76 26.40 -2 .30 1.360 
NH(CH3) 16.76 24.80 -2 .30 1.360 
N(CH3) 2 16.76 24.30 -2 .30 1.360 
NH (pyrrole type) 16.76 24.80 - 1.80 1.380 
OCH 3 21.53 33.00 -2.11 1.360 
O (furan type) 21.53 33.00 -1 .80  1.370 
SCH3 13.05 22.20 - 1.00 1.700 
S (thiophene type set 1) 13.05 22.20 -1 .00 1.720 
S (thiophene type set 2) 13.05 22.20 - 1.50 1.720 

During our investigation on the monosubstituted benzenes, it was noticed that 
the values of 7x and W x were not completely independent, since the difference 
between them was the major influencing variable. This interdependence has also 
been noticed by Kwiatkowski for aniline [3], and was rationalized by him as 
being due to the quite small amount of charge transfer in the ground state. If this 
is the case, then the value of the n bond order of the amino nitrogen, PNN, remains 
close to 2 so that the main factor influencing the diagonal of the F matrix in 
Eq. (1) is the difference ( -  W x + Yx). 

Fxx = - Wx + PxxTx + ~ (Fee  - ZQ) 7XQ �9 (1) 
P~Q 

This appears to be a general phenomenon for the monosubstituted benzenes 
as can be seen by our data for aniline and anisole in Table 2, and the data on 
thiophenol shown graphically by Fabian e t  al. [20]. Thus, by considering mono- 
substituted benzenes alone, it is not possible to arrive at a unique set of parameters. 
In particular it is not possible to decide on a choice between using Yx* or ?x values 
for the one center repulsion integrals. 

On the other hand, we found for carbazole, that this interdependence of 7x 
and Wx, although operative for the excited states did not hold for the energy 
of the highest occupied molecular orbital (E(HO)) values (Table 2). A good fit 
between experiment and theory for the latter was found only when 7x* values rather 
than ?x values were used. 

The resonance integrals for the carbon-carbon bonds were calculated using 
a linear relation between flcc and the bond distance, assuming flcc= -2.3194 eV 
for a bond distance of 1.397 A (benzene) [21], and flcc= -2.473 eV for a bond 
distance of 1.335 • (ethylene) [1]. 

As starting points for the resonance integrals in the substituted benzenes, the 
values of/?CN [21] and/?co [5] were taken from the literature and found to be 
22 Theoret. chim. Acta (Berl.) Vol. i 1 



328 F. P. Billingsley, II and J. E. Bloor: 

Table 2, Interdependence of W x and ;~x 

Aniline ~ Anisole a Carbazole" 

W x (eV) 26.40 21.98 33.00 26.70 24.80 20.38 
7x (eV) 16.76 12.34 21.53 15.23 16.76 12.34 
E(HO) (eV) -8 .94  -8 .82  -9 .53 -9 .48 -8.81 b -8 .56 b 
E 1 (kK.) 35.25 35.14 36.92 36.94 31.61 30.80 

(0.05) c (0.05) (0.02) (0.02) (0.06) (0.07) 
E 2 (kK.) 43.18 42.16 46.08 45.71 35.98 35.08 

(0.34) (0.38) (0.15) (0.18) (0.10) (0,13) 
E 3 (kK.) 51.19 50.84 53.41 53.32 37.88 37.71 

(0.55) (0.50) (1.1) (0.90) (0.11) (0.11) 

a flc-x values as in Table 1. 
b E(HO) value estimated from Fig. 2 = -8 .88  eV. 
c Oscillator strength values given in parentheses. 

satisfactory for aniline and anisole. For tics a wide range of values were considered, 
but consistent agreement between experiment and theory for substituted benzenes 
was reached only when values much lower than the values for the other resonance 
integrals were used. The final value of t i cs - - -  1.0 eV is consistent with other 
work on similar sulfur compounds [20]. 

Slightly different parameters were used for the five-membered heterocyclic 
compounds because the Wx of a given atom is influenced to some extent by the 
type of atoms that surround it. Thus on passing from aniline to N-methylaniline 
and N,N-dimethylaniline, the resonance integral was kept constant and W x 
varied to take into account the effect of the addition of methyl groups to the 
nitrogen in accordance with the usual practice [3]. In going to carbazole, the same 
W x as for N-methylaniline was used since the environment of the nitrogen (two 
carbon atoms and one hydrogen atom) is the same in both cases. Then the value 
of/~cN was varied empirically to fit the spectra and E(HO) of carbazole. The same 
parameters were then applied to indole and pyrrole with surprisingly good results 
(Table 4 and Fig. 4). A similar argument was used with the oxygen and sulfur 
compounds.The final parameters for all three types of compounds are listed in 
Table 1. This contains two sets of sulfur parameters because we were unable to 
find a completely unique set which was completely satisfactory. 

In calculating the geometries of the molecules, the benzene ring in the sub- 
stituted benzenes was assumed to be a regular hexagon with sides of 1.397 •. 
The results of microwave studies were used for the geometries of pyrrole [22], 
furan [23], and thiophene [24], and used to construct thegeometrics for the benzo 
and dibenzo derivatives, for which no experimental geometries were available. 
The carbon-heteroatom distances used in the different compounds are listed 
in Table 1. 

In our configuration interaction (CI) calculations, all the singly excited states 
were included except for the calculation on carbazole using the method of Ref. [10] 
which was made for purposes of comparison and includes only the limited con- 
figuration interaction suggested by the authors. It was evident that further CI 
would not significantly improve the results in this case. 
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Resul t s  and Di scuss ion  

Substi tuted Benzenes 

Direct measurements of ionization potentials have been carried out on only 
a few substituted benzenes [25]. A much easier measurement, and one which 
has been found to give results in agreement with direct measurements for poly- 
cyclic hydrocarbons [26], is to use the first maximum in the spectra of the charge 
transfer complex produced by adding tetracyanoethylene (TCNE) to the donor 
hydrocarbon. Consequently, in out initial studies, we used a linear relationship 
between the charge transfer maximum and the energy of the highest occupied 
molecular orbital (E(HO)) to find the best Wx, using the extensive data of Zweig 
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Fig. 1. El~ 2 (ox.) values versus ~Tcr (TCNE) values. �9 Hydrocarbons. �9 Substituted compounds. 
For numbering system see Tables 7 and 8. Experimental data taken from References 1-12-15, 2 ~ 2 8 ]  

et al.for N(CH3)2, OCH3, and SCH 3 compounds [12-15] and the data of Ref. [27] 
for NH 2 and NHCH 3 compounds. Calculations on polycyclic hydrocarbons were 
taken as a reference. It was found that it was not possible to obtain satisfactory 
agreement for the excited states using parameters obtained in this way. The use 
of a plot between oxidation potential values in acetonitrile and E(HO)'s yielded 
much better results wherever the necessary oxidation potentials were available 
[12-15, 28]. A plot of oxidation potentials versus TCNE charge transfer maxima 
(VcT) revealed some scatter (Fig. 1) and also a definite fall off from linearity at the 
lower frequencies, especially for the polysubstituted compounds. This could be 
attributed, either to a considerable perturbation in energy levels on complex 
formation for very strong donor molecules, or to difficulties in getting a true charge 
transfer peak because of chemical reaction. In order to make full use of Zweig 
et al.'s extensive experimental data [12-15], we evaluated effective charge transfer 
22* 
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maxima, Vca-(est. ), from the oxidation potential versus VeT graph, using the hydro- 
carbons and weaker donors as a reference. These values are plotted against the 
calculatedE(HO) values in Fig. 2. The agreement between experiment and theory 
was good. It was especially gratifying to find that for 1,2,4,5-tetramethoxy- and 
1,2,4,5-tetramethylthiobenzene there was good agreement between experiment 
and theory. This demonstrates the applicability of the simple PPP SCF MO method 
to polysubstituted compounds, and appears to justify the assumption, which is 
implicit in our simple model; that penetration integral effects and sigma core 
polarizations can be absorbed into an empirically chosen Wx value. 
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Fig. 2. Calculated E(HO) values versus VeT (TCNE) values. O Compounds using TCNE data taken 
from literature 1-12-15, 271. �9 Compounds using effective TCNE values estimated from oxidation 

potentials in Fig. 1. For numbering system see Tables 7 and 8 

In the case of the ortho-disubstituted compounds where one of the substituents 
was N(CH3)2, the calculated E(HO) values were consistently too low, in accordance 
with the view that in the actual molecules there is sufficient steric repulsion to cause 
the lone pair of the N(CH3)a group to be forced out of conjugation with the 
benzene ring. Agreement with experiment would necessitate lowering the /3c~ 
value for these compounds, as was done, within the framework of Hfickel cal- 
culations, by Zweig [12]. 

The assignments for the excited states of substituted benzenes are now fairly 
well understood [-3, 29], so it is an easy task to correlate calculated excited states 
with experimental values for the first two excited states, and where available, the 
third (Fig. 3 and Table 7). The results for benzene, naphthalene, and also some 
monosubstituted naphthalenes (Table 8) are also included in Fig. 3. It can be seen 
that the overall agreement is satisfactory. 
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A trend was observed for the lowest transition (corresponding to the 1Lb band 
of benzene). This band was predicted to be low by up to 2.0 kK. However, it is well 
known for this transition that doubly excited states and inductive effects (sigma 
core polarizations) are particularly important  [29]. 

For  o-dimethoxybenzene we find that the calculated frequencies for the first 
two absorptions are in good agreement with experiment, indicating the absence 
of any special ortho effect as was postulated by Petruska [30], when using a 
perturbation theory of substituent effects on benzene. For  N,N,N',N'-tetramethyl- 
o-phenylenediamine, the lowest transition is predicted to be at much lower 
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Fig. 3. Comparison between observed and calculated spectral transitions for substituted benzenes and 
naphthalenes. O First transition. ID Second transition. �9 Third transition. Actual data in Tables 7 and 8 

frequencies (by 4.0 kK.) than the observed values. Again, as in the case of the E(HO) 
for this type of compound, we ascribe the discrepancy to steric hinderance. 

Five-Membered Heterocyclics 

Although there have been many previous of P P P  SCF calculations on the 
parent five membered ring compounds; pyrrole, furan, and thiophene [8-10],  and 
some on benzo derivatives [31], the only full report of an SCF calculation on a 
dibenzo derivative is the very recent one of Fisher-Hjalmars and Sundbom on 
carbazole [11]. 

In carrying out our calculations, it was found that the dibenzo derivatives 
were far more sensitive to parameter variation than the parent compounds, and 
therefore most of our studies on the variation of parameters were made for the 
dibenzo derivatives. A calculation was judged to be successful if it predicted 
correctly, within reasonable limits, the E(HO) (_+0.2 eV) as estimated from the 
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Vcx graph in Fig. 2., and the transition energies of the first three UV transitions 
(__ 1.0 kK.). As a secondary criterion, we looked at the intensities of the transitions, 
but since these are most  difficult to calculate correctly using a simple PPP  SCF 
model which includes only a limited number  of singly bxcited states in the confi- 
guration interaction, not too much importance was given to them [32]. 

The relative advantage of considering a series of compounds rather than just 
the parent molecule in choosing parameters  is shown by the results on carbazole 
reported in Table 3. Calculation 1 was carried out using the parameters  suggested 

T a b l e  3. Transferability of parameters from pyrrole to carbazole 

C a l c u l a t i o n  E1 a E 2 E 3 E 4 E 5 E 6 E 7 

I b 19.99 21.90 30.84 34.12 38.73 44.85 46.62 
(0.38) (0.19) (0.002) (0.06) (0.26) (0.06) (0.06) 

2 c 37.00 39.34 43.47 47.20 46.06 51.60 51.65 
(0.02) (0.48) (0.10) (0.71) (1.5) (0.48) (0.020) 

3 d 34.00 38.10 40.50 45.70 45.80 47.60 50.80 
(0.03) (0.24) (0.002) (0.20) (1.8) (0.27) (0.02) 

4 e 31.61 35.98 37.88 41.79 41.67 46.73 47.61 
(0.06) (0.10) (0.11) (0.13) (1.5) (0.38) (0.16) 

Experimental 30.00 34.50 38.80 42.70 48.00 
(3.6) (4.2) (4.3) (4.6) (4.3) 

a Transition energies are in kK. with the oscillator strengths in parentheses. For experimental, 
the values in parentheses are loge. 

b Parameters of Ref. I-8]. 
Parameters of Ref. [10]. 

a Parameters of Ref. [11]. 
e Parameters of Table 1. 

by Solony and Birss I-8] in their study of pyrrole. Calculation 2 utilized parameters 
suggested by Flurry et al. [10] from a similar study, but one which included non- 
nearest-neighbor resonance integrals. It  can be seen that these parameters are 
completely unsatisfactory for carbazole. Calculation 3 is that reported in Ref. [ 11 ] 
using parameters calculated for a small number  of standard molecules including 
aniline and pyrrole. These results are much better than either Calculation 1 or 2, 
although they still tend to give high results (by 4.0 kK.) for the first two transitions. 
Calculation 4 is the final result of our parameter  study and is in good agreement 
with experiment. We have also not lost agreement for pyrrole and indole (Table 4) 
in contrast to the previous work in which pyrrole was chosen as the reference 
molecule. 

Nitrogen Compounds. In varying our parameters  for carbazole, it was found that 
both the frequency and intensity of the second transition, and the E(HO) were 
particularly sensitive to W N. As we have already mentioned, the requirement of 
fitting both the E(HO) and the spectral transitions narrowed down the range of 
satisfactory parameters considerably (i.e. it required the use of YN+ rather than YN). 
On the other hand, we found that flcN was a fairly insensitive parameter  that also 
had to be varied to get a thoroughly satisfactory calculation. The parameters for 
carbazole were then found to be transferable to indole and pyrrole, although the 
E(HO) values for these two compounds  turned out rather poor. In the case of 
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Table 4. Summary of results (nitrogen and oxygen heterocyclics) 
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Compound E(HO) a Transitions c 

Calc. Est. b Calculated Experimental Ref. 

Pyrrole -9.63 -9.26 46.07 (0.23) 47.40 (0.12) [42] 
47.68 (0.08) 
58.85 (0.39) 58.50 (0.60) 

Indole -8.91 -9.19 35.03 (0.07) 34.50 (3.6) [43] 
37.26 (0.10) 38.00 (3.8) 
45.55 (1.1) 46.70 (4.4) 
48.70 (0.07) 
52.09 (0.48) 52.00 
53.45 (0.11) 

Carbazole -8.81 -8.88 31.61 (0.06) 30.00 (3.6) [44] 
35.98 (0.10) 34.50 (4.2) 
37.88 (0.11) 38.80 (4.2) 
41.79 (0.13) 
41.66 (1.5) 42.70 (4.6) 
46.73 (0.38) 
47.61 (0.16) 48.00 (4.3) 

Furan -9.73 -9.77 46.31 (0.31) 46.41 (3.7) [38] 
48.09 (0.02) 

Benzofuran -9.41 -9.66 36.29 (0.006) 35.59 (3.5) [45] 
41.14 (0.39) 40.90 (4.0) 
47.39 (0.72) 48.54 (4.4) 
50.39 (0.09) 
52.42 (0.52) 

Dibenzofuran -9.49 -9.45 34.69 (0.01) 35.71 (4.2) [441 
37.94 (0.06) 
39.93 (0.45) 40.16 (4.2) 
45.56 (1.3) 45.87 (4.5) 
46.65 (0.40) 
49.68 (0.32) 
52.55 (0.15) 

" Values listed are in eV. 
b Values estimated from reference line of Fig. 2. 

Transition energies are in kK. with oscillator strengths in parentheses. For experimental data, 
values in parentheses are loge. 

pyrrole ,  the highest  occup ied  M O  ( H O M O )  is of  a z symmet ry  in agreement  with 
all valence shell  e lec t ron  ca lcu la t ion  [33, 34];  however ,  it  does  no t  involve the 
subs t i tuen t  so tha t  any  i m p r o v e m e n t  wou ld  have to come from changing  the 
ca rbon  p a r a m e t e r s  (i.e. by  ca l ib ra t ing  the ca lcula t ions  to fit cis-butadiene).  O u r  
final results  are  s u m m a r i z e d  in Tab le  4 and  Fig. 4. 

Oxygen Compounds. Fa i r ly  g o o d  ag reemen t  was found for the excited states 
of  all  three  oxygen he te rocyc l ic  c o m p o u n d s  (Table  4 and  Fig. 4). W e  in te rpre t  the 
observed  increased  in tens i ty  of  the  first t r ans i t ion  in d ibenzofuran  re la t ive  to  
ca rbazo le  as be ing  due  to the  supe rpos i t i on  of two t ransi t ions.  The  poss ib i l i ty  of  
dec id ing  whe ther  this  a s s ignment  is cor rec t  or  no t  is by  a s tudy of  subs t i tuent  effects 
a t  different posi t ions .  This  is at  present  underway ,  bu t  is somewha t  h a m p e r e d  by  
lack  of  exper imenta l  data .  F o r  the E(HO)s ,  the  results  are  good  for d ibenzofuran  
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and furan, for which the HOMOs are ones with modes at the substituent position 
(a2 type). The HOMO for benzofuran involves considerable mixing of the hetero- 
atom, and its value is predicted to be much too high, indicating that perhaps our 
calculation predicts too much delocalization in the ground state. 

Sulfur Compounds. The spectrum of dibenzothiophene and the effect of sub- 
stituents on it is very similar to that of carbazole [35], but the E(HO) estimated 
from TCNE CT spectra [36] is more negative for the sulfur compound. Similarly, 
the spectrum of thiophenol is similar to that of N-methylaniline [37] but the 
E(HO) is more negative for the sulfur compound than the nitrogen compound. 

50C 

/-, 6.C 

~ 42.C 

38.6 

o 3/..C 

30.C 

2 6 . 0  
26.0 

OJ 
/ 
| 

I I I I I I I I I I I I 
30.0 3/,.0 38.0 42.0 46.0 50.0 

Calculated Transitions, kK. 

Fig. 4. Comparison between observed and calculated spectral transitions for heterocyclics. O First 
transition. ID Second transition. �9 Third transition. | Fourth transition. Actual data in Tables 4 and 5 

By contrast, the spectrum of thiophene is different from that of pyrrole and furan 
in having an absorption band below 45.0 kK. as is shown conclusively by Kiss 
in a study of the spectra of especially purified pyrrole, furan, and thiophene [38]. 

The E(HO) for thiophene is predicted from its TCNE CT spectrum to be quite 
close to that of benzene, which is in agreement with the direct measurement of the 
ionization potentials [25]. After many unsuccessful attempts to procedure a satis- 
factory match between experiment and theory for thiophene and dibenzothio- 
phene, we arrived at two sets of compromise parameters (Table 1), the results of 
which are reported in Table 5. For comparison, also included in Table 5 and Fig. 4, we 
have carried out calculations using parameters recommended by Fabian et. al. [20], 
who suggested, on the basis of unpublished work, that a much lower value of tics 
( -  1.6 eV) was necessary for the sulfur heterocyclics than for the thio substituted 
benzenes. Although all his parameters except tics (7ss = 7cc = 10.84 eV, tics = 0,7 rico 
Ws= 20.0 eV, and Wc = 11.42 eV) are quite different from ours, it should be 



Studies on Electronic Spectra. IV 

Table 5. Summary of results (sulfur heterocyclics) 
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Calculation E(HO) ~ E1 b E2 E3 E4 

Thiophene 
1 ~ -9.74 43.69 (0.20) 46.45 (0.33) 
2 d -9.54 38.94 (0.16) 43.96 (0.33) 
3 ~ -9.45 44.40 (0.17) 46.29 (0.35) 
Exp. [38] - 10.20 f 43.30 (3.8) 

Benzothiophene 
1 -9.23 35.06 (0.09) 38.04 (0.12) 44.33 (0.85) 
2 -9.16 34.50 (0.08) 38.53 (0.18) 43.81 (0.70) 
3 -9.05 35.53 (0.05) 39.15 (0.21) 45.32 (0.85) 
Exp. [45] -9.24 f 34.42 (3.3) 38.84 (3.7) 43.86 (4.4) 

Dibenzothiophene 
1 -9.16 32.40 (0.07) 37.50 (0.05) 37.70 (0.06) 
2 -9.14 33.20 (0.05) 37.10 (0.02) 38.40 (0.25) 
3 -9.04 33.30 (0.05) 37.60 (0.08) 38.70 (0.08) 
Exp. [44] -9.14 f 30.80 (3.5) 35.00 (4.1) 38.50 (str) 

41.59 (1.4) 
41.40 (1.0) 
42.30 (1.4) 
42.50 (4.8) 

" Values are in eV. 
b Transition energies are in kK. with the oscillator 

values in parentheses are loge. 
c Parameters of Ref. [20]. 
a Parameters of Table 1, set 1. 

Parameters of Table 1, set 2. 
f E(HO) values estimated from Fig. 2. 

strengths in parentheses. For experimental, 

no t i ced  tha t  the  difference W s - 7ss is the same in bo th  cases, aga in  emphas iz ing  
its i m p o r t a n c e  in n a r r o w i n g  down  the search for sa t i s fac tory  parameters .  

The  value  of  tics = - 1 . 5  eV is on ly  i n t roduced  in our  case as being necessary  
to  fit the longwave leng th  t r ans i t ion  of  th iophene .  This,  however ,  cou ld  poss ib ly  
be due  to a t r ans i t ion  n o t  involv ing  n-e lec t rons  at  all, bu t  cou ld  be due to n or  
o--electrons. The  low tics va lue  was also necessary  to increase  the osc i l la tor  s t rength  
of  the second  t r ans i t ion  in d i b e n z o t h i o p h e n e  to b r ing  it to a value of  the same o rde r  
of  magn i tude  as the  first t rans i t ion .  These  pieces of  evidence are  no t  compel l ing  
by  any  means ,  so we are  no t  p r e p a r e d  on  the basis  of  our  work  to s t rongly  favor  
this value  of  tics. 

W e  conc lude  for the sulfur heterocycl ics ,  tha t  the results  we r epor t  are  a b o u t  
as g o o d  as one can get  wi th in  the f r amework  of  the s imple  model .  There  is obv ious ly  
r o o m  for improvemen t ,  pe rhaps  t h rough  inc lus ion  of  d orb i ta l s  [9], doub ly  
exci ted states,  or  s igma core  po la r iza t ions .  

Electron Densities 

In c o m p a r i n g  n-e lec t ron  ca lcu la t ions  with exper imenta l  data ,  the n-e lec t ron  
densi t ies  are  often re la ted  to es t imates  of  the n-e lec t ron  d ipo le  m o m e n t  [2, 11, 20], 
and  to p r o t o n  chemica l  shifts [39].  In  our  recent  work  [33, 403 on  ca lcula t ions  
inc luding  all  the valence shell  e lec t rons  (the C N D O / 2  S C F  m e t h o d  [413), we 
were able  to ca lcula te  accura te ly  (if ag reemen t  with exper iment  m a y  be in te rpre ted  
in this way) the to ta l  d ipo le  m o m e n t  and  also the different con t r ibu t ions  to this 
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moment (i.e. the n-electron dipole, #~, the ix-electron d ipo le , / : ,  and the atomic 
dipole, #at.). The separation of the #~ value from the total # value enables us to 
make a direct comparison with #~ values calculated by n-electron only methods. 
This comparison is given in Table 6. It is seen that there is a fairly strong parallel 
between the two sets, particularly since, as can be seen from the values for aniline, 
N-methylaniline, and N,N-dimethylaniline, the #~ values are extremely sensitive 

Table 6. ~-electron dipole moments (#3) 

Compound this Work CNDO/2 Refi [11] 

Aniline 1.87 a 2.41 
N-Methylaniline 2.61 
N,N-Dimethylaniline 2.90 
Pyrrole 2.54 2.62 
Indole 2.43 2.47 
Carbazole 1.96 
Furan 1.42 1.83 
Benzofuran 1.28 
Dibenzofuran 0.97 
Thiophene 1.27 
Benzothiophene 1.11 
Dibenzothiophene 0.87 

a All values listed in debye units. 

1.60 

2.55 
2.27 
1.72 

to small changes in WN. Our #~ values are also very similar to those of Ref. [11]. 
It seems reasonable then to propose that we could use our parameters and those 
of Ref. I-11] to calculate values for molecules too large to economically carry out 
CNDO/2 calculations. 

In view of our previous conclusions [33, 40] that N MR chemical shifts are 
more closely related to total electron densities rather than to n-electron densities 
only, and that there can be considerable sigma core polarization even at the para 
position, we have not attempted to relate our n-electron densities to chemical 
shifts. However, the values are similar in trend to those we obtained in our CNDO/2  
calculations. 

Acknowledgement. Thanks are due to Mr. B. R. Gilson for making available to us his unpublished 
work on parameter variation, and to Professor I. Fischer-Hjalmars for preprints of her work on nitrogen 
compounds. This work was supported by the Air Force Directorate of Scientific Research through 
Grant No. AF-AFOSR-1184-67, and the National Institute of Health through Grant No. MH- 
12951-02. 
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Table 7. Summary of results (substituted benzenesj 
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No. Compound E(HO) ~ Transitions c 

Calc. Est. b Calculated Experimental Res d 

1 Benzene - 10.28 

2 N-Methylaniline - 8.38 

3 Aniline - 8.94 

4 o-Phenylenediamine - 8.26 

5 m-Phenylenediamine - 8.53 

6 p-Phenylenediamine - 8.09 

7 N,N-Dimethylaniline - 8.19 

8 N,N,N',N'-Tetra- - 7.29 
methyl-o-phenylene- 
diamine 

9 N,N,N',N'- - 7.71 
Tetramethyl- 
m-phenylene- 
diamine 

10 N,N,N',N'- - 7.07 
Tetramethyl- 
p-phenylene- 
diamine 

11 Methoxybenzene - 9.53 

- 10,28 38.44 (0.0) 
48.91 (0.0) 
55.56 (1.2) 
55.57 (1.2) 

32.97 (0.07) 
40.94 (0.46) 
48.98 (0.27) 
52.37 (0,76) 

- 8.96 35.25 (0.05) 
43.18 (0.34) 
51.20 (0.55) 
52.80 (0.87) 

- 8.50 33.58 (0.07) 
39.58 (0.22) 
48.23 (1.0) 
48.86 (0.45) 

- 8.64 34.26 (0.04) 
42.12 (0.11) 
46.99 (O.5O) 
47.01 (1.1) 

-8 .24  32.08 (0.11) 
40.51 (0.53) 
50.72 (0.0) 
52.98 (0.94) 

-8 .10  32.10 (0.08) 
40.40 (0.50) 
48.44 (0.22) 
52.26 (0.74) 

-7 .60  30.15 (0.12) 
35.25 (0.32) 
44.30 (0.24) 
45.97 (1.0) 
52.78 (0.002) 

-7 .80  31.38 (0.05) 
39.43 (0.05) 
41.07 (0.40) 
43.25 (1.2) 

-7 .14  27.17 (0.13) 
37.09 (0.74) 
42.36 (0.0) 
49.47 (0.0) 
52.16 (0.0) 
52.69 (0.89) 
52.94 (0.62) 

-9 .38 36.92 (0.02) 
46.08 (0.15) 
53.41 (1.1) 
53.73 (0.92) 

38.40 
49.50 
55.87 

33.90 
41.15 

35.50 
43.50 
51.60 
55.50 

34.00 
41.90 
45.90 

34.00 
41.90 
45.40 

32.70 
41.00 
49.50 

(3.4) 
(4.1) 

(0.03)* 
(0.14) 
(0.51) 
(0.57) 

(0.04)* 
(o.11) 

(0.02)* 
(0.19) 

( 0 . 0 4 ) *  

(0.17) 

33.56 (3.4) 
39.84 (4.2) 

34.01 (3.3) 
37.45 (3.8) 
42.92 (4.1) 

32.70 (3.6) 
39.53 (4.2) 

42.45 (4.5) 

29.00 (3.4) 
37.80 (4.3) 

36.36 (3.2) 
45.66 (3.8) 

[47] 

[37] 

[48] 

[48] 

[48] 

[47] 

[49] 

[49] 
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Table 7 (continued) 

No. Compound E(HO) Transitions 

Calc. Est. Calculated Experimental Ref. 

12 1,2-Dimethoxy- 
benzene 

13 1,3-Dimethoxy- 
benzene 

14 1,4-Dimethoxy- 
benzene 

15 1,2,4-Trimethoxy- 
benzene 

16 1,2,4,5-Tetra- 
methoxybenzene 

17 Thioanisole 

18 o-Bis(methyl- 
thio)benzene 

19 m-Bis(methyl- 
thio)benzene 

20 p-Bis(methyl- 
thio)benzene 

21 s -Tris(methyl- 
thio)benzene 

- 9 . 1 0  

-9 .23  

-8 .95  

- 8.69 

- 8.34 

- 9.03 

-8 .79  

- 8.90 

-8 .71  

-8 .85  

- 8.96 

-9 .18  

-8 .78  

- 8.59 

- 8.26 

-9 .04  

- 8.74 

- 9.04 

- 8.62 

-8 .95  

35.81 (0.03) 36.36 (3.4) 
43.82 (0.13) 44.44 (3.9) 
51.26 (1.1) 
51.68 (0.83) 

36.10 (0.02) 36.04 (3.3) 
44.91 (0.06) 45.45 (3.9) 
51.15 (1.2) 
51.32 (0.83) 

35.17 (0.30) 34.90 (3.5) 
44.21 (1.1) 44.25 (3.9) 
53.50 (0.0) 
53.53 (0.95) 

34.55 (0.06) 34.48 (3.6) 
42.93 (0.18) 
50.36 (1.2) 
50.83 (0.82) 

33.65 (0.07) 
41.77 (0.18) 
49.99 (0.81) 
50.04 (1.4) 
54.72 (0.0) 

36.43 (0.01) 36.36 (3.2) 
38.82 (0.20) 39.37 (4,0) 
44.72 (0.06) 
50.04 (0.09) 50.00 

35.31 (0.02) 
37.83 (0.10) 
40.78 (0.35) 
43.21 (0.06) 
46.88 (0.0) 
51.17 (0.06) 

35.51 (O.Ol) 
38.80 (0.09) 
39.34 (0.33) 
42.59 (0.09) 
47.07 (0.03) 
51.32 (0.09) 

35.03 (0.03) 36.00 (4.3) 
37.76 (0.33) 
41.21 (0.0) 41.00 
43.05 (0.0) 
45.84 (0.11) 
50.70 (0.23) 

36.89 (0.0) 
38.85 (o.o) 
40.36 (0.44) 
43.57 (0.18) 
43.58 (0.18) 
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Table 7 (continued) 
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No. Compound E(HO) Transitions 

Calc. Est. Calculated Experimental Ref. 

22 1,2,4,5 -Tetra- 
(methylthio)- 
benzene 

23 N,N-Dimethyl- 
p-anisidine 

24 N,N-Dimethyl- 
m-anisidine 

25 N,N-Dimethyl- 
amino-p-aniline 

26 N,N-Dimethyl- 
amino-m-aniline 

27 o-(Methylthio)- 
N,N-dimethyl- 
aniline 

28 m-(Methylthio)- 
N,N-dimethyl- 
aniline 

29 p-(Methylthio)- 
N,N-dimethyl- 
aniline 

30 o-(Methylthio)- 
anisole 

--8.41 --8.42 35.59 (0.06) 
37.16 (0.18) 
41.30 (0.0) 
41.86 (0.81) 
42.49 (0.0) 
43.42 (0.28) 

- 7 . 8 1  - 7 . 8 0  30.50 (0.10) 
39.59 (0.57) 
48.21 (0.07) 
52.13 (0.63) 
54.97 (0.75) 

- 8.06 - 8.06 32.42 (0.06) 
40.45 (0.45) 
46.36 (0.32) 
48.96 (0.91) 

- 7.52 29.34 (0.12) 
38.55 (0.65) 
46.38 (0.003) 
51.62 (0.19) 
53.24 (0.70) 
53.27 (0.71) 
54.65 (0.03) 

- 7.95 32.30 (0.26) 
40.30 (0.25) 
44.09 (0.37) 
45.80 (1.0) 

- 8.00 - 8.20 31.58 (0.09) 
38.46 (0.23) 
43.33 (0.51) 
45.39 (0.20) 
51.41 (0.04) 
53.32 (0.47) 

-8 .11  -8 .10  32.04 (0.07) 
39.45 (0.08) 
41.05 (0.68) 
44.01 (0.17) 
51.31 (0.10) 
53.65 (0.57) 

-7 .91  -7 .82  31.07 (0.09) 
38.49 (0.54) 
43.08 (0.0) 
44.80 (0.02) 
48.95 (0.24) 
52.26 (0.75) 

-8 .88  -8 .86  35.57 (0.03) 
39.47 (0.14) 
44.75 (0.20) 
47.80 (0.28) 
54.76 (0.90) 

31.85 (3.4) 
40.00 (4.1) 

34.13 (3.5) 
39.84 (4.1) 
45.87 (4.3) 

30.96 (3.3) 
39.06 (4.1) 

33.33 (3.3) 
40.00 (3.9) 
44.44 (4.4) 

33.90 (3.3) 
38.91 (3.9) 
43.10 (4.2) 

31.25 (3.4) 
36.37 (4.3) 

34.84 (3.5) 
40.00 (3.8) 

[49] 

[49] 

[491 

[50] 

[501 

[50] 
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Table 7 (continued) 

No. Compound E(HO) Transitions 

Calc. Est. Calculated Experimental Ref. 

31 m-(Methylthio)- - 8.92 - 8.98 35.82 (0.03) 
anisole 39.20 (0.17) 

44.91 (0.14) 
46.80 (0.30) 
54.50 (0.81) 
54.93 (0.78) 

32 p-(Metbylthio)- - 8.75 - 8.72 35.09 (0.04) 35.72 (3.0) [50] 
anisole 39.48 (0.27) 39.91 (4.0) 

44.43 (0.02) 43.48 
48.11 (0.004) 
53.71 (0.85) 
53.96 (1.0) 

33 3-Methoxy-4- -7 .80  -7 .76  31.45 (0.07) 
(methylthio)- 38.69 (0.46) 
N,N-dimethylaniline 43.92 (0.02) 

45.65 (0.08) 
47.17 (0.30) 
48.99 (0.87) 

a Values listed are in eV. 
b Values estimated from Fig. 2. 

Transition energies in kK. with oscillator strengths in parentheses. For experimental spectra, 
values in parentheses are loge, except those marked by (*) which are oscillator strengths. 

a Experimental spectra taken from Ref. [46] unless otherwise indicated. 

Table 8. Summary of results (monosubstituted naphthalenes) 

No. Compound E(HO)"  Transitions c 

Calc. Est. b Calculated Experimental Ref. d 

34 Naphthalene -9 .18  -9 .18  

35 1-Napthylamine - 8.43 - 8.44 

36 2-Naphthylamine - 8.61 - 8.54 

32.53 (0.0) 32.10 (0.0)* 
35.45 (0.24) 34.70 (0.18) 
45.90 (2.0) 44.30 (2.0) 
50.88 50.88 

31.48 (0.05) 30.09 (0.13)* 
31.82 (0.29) 31.46 (0.13) 
42.33 (0.64) 41.23 (0.34) 
43.73 (0.07) 
44.79 (0.08) 
47.21 (0.98) 47.44 (0.82) 
51.21 (0.58) 
52.79 (0.17) 

30.14 (0.08) 28.72 (0.03)* 
34.72 (0.14) 35.83 (0.10) 
42.33 (1.0) 
42.97 (0.64) 42.36 (0.86) 
45.16 (0.13) 
48.16 (0.69) 47.12 
49.45 (0.06) 
52.50 (o.18) 

[51] 

[52] 

[52] 
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Table 8 (continued) 

No. Compound E(HO) Transitions 

Calc. Est. Calculated Experimental Ref. 

37 1-N,N-Dimethyl- -7 .94  -7 .98 29.27 (0.28) 32.26 (3.7) 
aminonaphthalene 29.99 (0.11) 

40.43 (0.39) 
41.65 (0.23) 41.67 (4.2) 
43.45 (0.0) 
47.23 (0.77) 
50.28 (0.55) 
51.45 (0.59) 

38 2-N,N-Dimethyl- - 8.07 -7 .86  27.38 (0.12) 29.41 (3.4) 
aminonaphthalene 33.96 (0.16) 35.71 (3.8) 

40.00 (0.03) 
40.99 (1.5) 41.67 (4.7) 
43.04 (0.03) 
47.93 (0.65) 
49.38 (0.07) 
50.90 (0.35) 
52.52 (0.01) 

39 1-Methoxy- - 8.77 - 8.90 32.10 (0.02) 32.68 (3.5) 
naphthalene 33.83 (0.27) 34.13 (3.8) 

43.88 (0.77) 43.29 (4.5) 
44.83 (0.03) 
46.66 (0.90) 46.29 (4.5) 
47.07 (0.23) 
51.06 (0.57) 
54.72 (0.05) 

40 2-Methoxy- -8 .91 -9 .10  31.56 (0.04) 31.95 (3.2) 
naphthalene 35.17 (0.18) 36.76 (3.6) 

44.17 (1.0) 44.05 (4.8) 
46.12 (0.37) 
48.89 (0.41) 
49.57 (0.26) 
54.36 (0.05) 

41 1-(Methylthio)- -8 .71 -8.81 31.52 (0.24) 31.75 (2.6) 
naphthalene 32.50 (0.02) 

38.20 (0.04) 36.35 (3.7) 
42.17 (0.40) 
44.52 (0.04) 
46.85 (1.3) 
48.97 (0.25) 
51.07 (0.43) 
53.54 (0.32) 

42 2-(Methylthio)- -8 .83 -8 .88 31.28 (0.04) 31.45 (2.2) 
naphthalene 34.43 (0.14) 34.48 (3.5) 

37.92 (0.40) 37.04 (3.7) 
41.48 (0.26) 
46.98 (1.4) 
47.73 (0.22) 
52.28 (0.40) 

a Values listed are in eV. 
b Values estimated from Fig. 2. 

Transition energies in kK. with oscillator strengths in parentheses. For experimental data, 
values in parentheses are loge, except those marked by (*) which are oscillator strengths. 

Experimental spectra taken from Ref. 1-46] unless otherwise indicated. 
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