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An LCAO-MO-SCF-CI model along the lines introduced by Del Bene and Jaffé is developed
that is capable of reproducing the better identified observed spectra of nitrogen heterocycles with
a rms error of ~ 1000 cm™*. The model is applied to the spectra of pyrrole, benzene, pyridine, the
diazines, symmetric triazine and symmetric tetrazine. The benzene and pyridine spectra are reproduced
nearly exactly. The band observed in pyrrole at ~6.5 eV is calculated as two bands at ~6.5eV, but
they ate assigned n—o¢* and not z—z*. No evidence is found for the low lying 'B,, in pyrazine,
reported at ~ 30400 cm ™! in pure crystals. The lowest excited singlet of sym. triazine is calculated
as 'E” (n—w*), not 'A% (n—n), in agreement with a recent interpretation of Fischer and Small. Several
bands are reassigned, and the electronic nature of the transitions discussed. Naphthalene and quin-
oxaline are examined to insure that no large drift of results are met with molecules of other sizes.
Comparison of eigenvalues with molecular ionization potentials is made. Here the numerical a-
greement appears satisfactory for the first few ionization potentials only.
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Introduction

The purpose of this work is to examine the spectra of nitrogen containing
heterocycles. Although the molecules of initial interest were of somewhat more
ambitious size than those reported here, it was discovered that none of the quantum
mechanical models available did an accurate job on smaller molecules, and that
many interesting experimental uncertanties still existed in the spectra of pyrrole
and the azines.

The first part of this paper develops a quantum mechanical model which
seems to be capable of reproducing the observed singlet spectra of the compounds
studied with a rms error of approximately 1000 cm™': the second applies the
method to the spectra of pyrrole, benzene, pyridine, the diazines, symmetric
triazine and symmetric tetrazine. To insure that there is no systematic drift in
the accuracy of the method with molecular size and shape we also report results
on naphthalene and quinoxaline.

The Model
a) INDO/1

Considerable success has been met in organizing the z — * spectra of aromatic
compounds utilizing the Pariser-Parr-Pople SCF CI model [1]. Extensions of
this method to incorporate lone pairs and inductive effects, still basically within
the pi electron framework have increased accuracy and allowed a rudimentary
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analysis of n—z* transitions [2]. With the introduction of approximate all
valence methods of rapid execution, models which automatically introduce the
polarizability of the core, as well as extending consideration to all low lying
excitations became readily available. Perhaps the most appropriate model to
employ is -.the Complete Neglect of Differential Overlap (CNDO) or Inter-
mediate Neglect of Differential Overlap (INDO) method of Pople and
coworkers [3,4], as aspects of the Pariser-Parr-Pople model responsible for its
successes in explaining =—=* spectra are systematically incorporated. Toward
the goal of describing spectra Del Bene and Jaffé reparameterized CNDO/2 [5]
and were able to reproduce many of the spectral features of nitrogen containing
compounds, although with considerable less accuracy than we desired. Never-
theless, their initial success stimulated us to believe that the basic method could
be called upon for more accuracy and greater detail.

The method we employ is a modification of INDO. We chose INDO over
CNDO as the former includes the one-center exchange integrals necessary in
accurately separating different terms from within a configuration. (For example,
the singlet and triplet arising from n— #* transitions are degenerate within the
CNDO approximation). In addition, we have found that these integrals increase
the interaction between states arising from n—zn* and o—¢* transitions, in
many cases reducing the calculated transition energies and oscillator strengths.

“INDO/1” is used in this study in preference to “INDQO/2”. The former refers
to a technique in which the one-center core integrals, U,,, are obtained from
ionization potentials only (as in CNDO/1), but the evaluation of nuclear attraction
integrals is retained as V5 =Z 7,5 (as in CNDO/2), where y 5 is the appropriate
two-center Coulomb integral between atoms A and B.

The choice of one-center core integrals from ionization potentials, rather
than from ionization potentials and electron affinities, is supported in several
ways. Electron affinities for many valence states of many atoms are not accurately
known. Secondly, the calculations which relate minimum basis sets to negative
ions without orbital expansions are less accurate than such calculations on cor-
responding neutral and positive ions (using Slater’s exponents [6] for neutral
atoms). This fact sheds some doubt on the validity of the equations relating
minimum basis set calculations to electron affinities. Thirdly, ab-initio calculations,
properly core-orthogonalized, and then symmetrically orthogonalized more
closely resemble INDO calculations with parameters only from ionization
potentials [7]. Finally, spectroscopic results are improved.

The approximation V,;=Z,y,p is sound, as it compensates for errors in-
troduced by assuming an orthogonal basis set (and thus Zero Differential Overlap),
while in practice employing a basis set of non-orthogonal Slater functions [3c].
For the core integrals, assuming the exponent of an s orbital is equal to that of
the p, we derive

Z
Up= (m— 1272 — 4 4 V|u)
Ry
=1,—(Z,—1)F°(ss)+1/6m G' (sp) s a.0.

=1,—(Z,—1)F%ss)+ 1/61G" (sp) + —%(m— 1)F*(pp) pa.o.
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where orbital y is centered on atom A,V is a pseudo-potential accomodating
the neglected inner shells, and I, the ionization potential for the process
s'pm—stTip™ 4 (s) or s'pm - s'p™ ! 4 (p). Table 1 gives the values of the ionization
potentials and Slater-Condon Factors (G'(sp) and F%(pp)) that we use. These
are obtained from the atomic spectral tables of Moore [8] in a straight-forward
fashion [9].

The INDO method is now summarized for a closed shell configuration as:

FC,=¢,C,

A
Fuu: Uﬂﬂ+ ZPO'U[(MI’”O-O-)_ 1/2(‘U,O'|,LLO')] + Z (PBB_ZB)’VAB ,U.EA

B#A4

Fuv: 3/2Pﬂv(,uV|,LlV)_1/2Puv(/1[.l|VV), /‘thEA

Fuv:§uv(ﬁA+ﬁB)/2_Puv'yAB/2ﬂ ,U,EA,VEB

P,=2Y CuCu 2)
A

Py= Z Pﬂu
u

(v104) = [de,desgf(D0) - = 2 O00)

Vap= (Uu|vv), ued,veB

In the above, F is the Fock matrix, C, the coefficients of molecular orbital
a, &, the m.o. eigenvalues, P, the first order density (the charge and bond order
matrix in the orthogonal set), and i is the y’th a.o. treated as if it were of s symme-
try.

For first row atoms five types of one center integrals are encountered, and
they are treated in an exact fashion, but from the semi-empirical Slater Condon
factors of Table 1.

(ss|ss)=(ss|pp)=F°

(5plsp) = 5 G (57)

4

2
(p.p.lp,p,)=F°(pp)— 5 F *(pp)

3
(P<pylPp)) = 52 F *(pp)-

For further details of the INDO technique, its rationale and its successes,
one is referred to the original work of Pople, Beveridge and Dobosh [4].
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b) Calculation of Spectra

The calculation consists of two parts. The first of these is the calculation of
the ground state yielding molecular orbital coefficients and eigenvalues. The
ground state calculation is then followed by a configuration interaction calcu-
lation.

In all cases studied, the ground state is closed-shell (singlet). Those molecular
orbitals which do not have electrons assigned to them (virtual orbitals) are used
to generate the “pure” configurations.

Excitation of an electron from a filled orbital “i” to a virtual orbital “a” gives
rise to a singlet and a triplet configuration. The energy corresponding to a singlet-
singlet transition between pure configurations is given by:

G629>
1

AEiaZSa_Si—Jia+2Kia (4)

where ¢; and ¢, are the orbital energies of orbitals i and a respectively; J;, is the
molecular Coulomb integral:

Ju= 5¢?‘(1)¢,~(1)¢:‘(2)¢.,(2)ri—zdrmz )
= (iilaa) ;

and K, is the molecular exchange integral:

1
K= [ ¢F(1)¢a(1) ¥ (2)$,(2) ——drdry (6)
12
= (ia|ai).
The corresponding expression for the singlet-triplet energy is:
AEia:‘ga—si—Jia' (7)
Under the CNDO approximation the integrals
. 1
(jlkD = [ ¢¥(1), (1) (2),(2) ——dr,dr,
Fi2
(@)
= Y. CiCypChyCus(Bl79)
apyé

(where the indices i, j, k, I refer to molecular orbitals; the «, §, , 9, refer to atomic
orbitals) reduce to:

({1 kDenpo = Z Ciacjackyclyyay . ©)
ay

This term is equal to zero when o and y are a pi and a sigma orbital respectively.
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Under the INDO approximation many terms of Eq. (8) do not reduce to zero,
as indeed they should not. We obtain:

1kl =Y. CiuCiyCy,Crsla|p3)34%5°P5%
a#f
y#o

+ Z Cia CjackyclyaAcAay + (Ul kl)CNDO (10)
ay

aeAd, feB,yeC,6eD
Ay = (aa|yy) — FOay) .

The first term refers to the situation when «, 8,7 and & are all on one center; the
second term refers to the situation when o and y are on the same center. An ex-
pansion of this expression in terms of the actual atomic orbitals (for first row
elements) and Slater-Condon factors is given in the Appendix.

The transition energies calculated in this manner then enter as the diagonal
elements of the configuration interaction (CI) Hamiltonian. The off diagonal
elements of the CI Hamiltonian are:

CyolH'p,L,> =0  (Brillouin's Theorem)
Cina HI'W; ) =2(ailjb) — (ablij) .

The triplet states are also calculated by this method by means of Eq. (7) from
the value of the Coulomb integral, J,,. However, the triplets will not be considered
at present. The necessary scaling of the Coulomb integrals for the case of singlets
partially corrects for electron correlation. Since triplet states might be expected
to have very different electron correlation our choice of integrals for singlets
may not be as appropriate.

(11)

c) Parameterization

Many models have been suggested for the evaluation of the Coulomb integrals.
After an examination of several of these ideas, we chose a modification of the
Mataga-Nishimoto recipe [10]

YaB= fy
2f,/(vaa+7v8p) + Ry

where R ,p is the distance between the two centers in Bohr radii. 7, is obtained
from Pariser’s observation [11]

Yaa=F(A4)=1,~4, (13)

the values of which are presented in Table 1. The modification is the introduction
of the parameter f, as suggested by Weiss [12], which we set equal to 1.2. This
has the effect of raising the value of the two-center integral above that of the
unmodified recipe. The value of 1.2 was chosen to reproduce the benzene spectrum,
and especially the second excited singlet (*B,,), which is difficult to reproduce
by any other recipe.

(12)
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Table 1. Atomic parameters (eV)

I, I, G'(sp) F(pp) FO i
H ~ 13.06° 12.85 — 9.00
C —19.84 ~1093 6.90 4.51 11.11 ~17.00
N — 2560 ~14.05 $.96 6.46 12.01 ~26.00

f,=12[Eq. (12)]: f, = 0.585, f, = 1.266 [Eq. (15)].

® Calculated with {=1.2.

The two-center Fock elements are given by
Fuv=§uv(ﬁA+BB)/2——Puv'yuv/2' (14)

In Eq. (14) B, is a bonding parameter characteristic of atom A. S is a special
overlap related to the ordinary orbital overlap S by

msns — N
msnp = Smsnp (15)
Smpnp =fa' Gchmpanpa +f1tG1tSmp1mpn

where G, and G, are the appropriate geometric factors necessary to rotate the
overlap from the local diatomic system to the molecular system, and f, and f,
are empirical factors adjusted to give the best agreement with experiment. Del
Bene and Jaffé also found necessary a scaling down of the n—n two-center inter-
action: we have found a scaling up of the o—o interaction greatly beneficial. Both
of these scalings can be justified from an examination of ab-initio calculations,
properly core orthogonalized and symmetrically orthogonalized. This investi-
gation, however, might suggest that these scaling factors, especially f, be distance
dependent.

From Eq. (14) it is apparent that the values of §, f, and f, are coupled in their
effect on the Fock matrix. We fit the product of f, fic to reproduce the benzene
spectrum, and then evaluate f, ¢, f,, By from the spectrum of pyridine. f is then
obtained from its effect on the spectra of benzene, pyridine and pyrrole. The values
we derive for B are given in Table 1, and are identical to those of Del Bene and
Jaffé. The values of f, and f; are also given in Table 1: the value of f, is that of
Del Bene and Jaffé.

nmsns

I =

Procedures

LCAOSCF-MO calculations using the INDO/1 approximation outlined in
the previous section were done for benzene and several nitrogen-containing
heterocycles-pyrrole, pyridine, pyrazine, pyrimidine, pyridazine, symmetric
triazine, symmetric tetrazine, naphthalene, and quinoxaline (Fig. 1).

The computer programme used performs the INDO/1 calculation, with the
parameterization outlined previously, from an input of molecular geometry and
atomic numbers. A ground state calculation is followed by a configuration
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Fig. 1. Nitrogen containing heterocycles of this study, and the axis convention. References are for

coordinates. a) Bacon, G.E., Curry, N. A., Wilson, S. A.: Proc. Roy. Soc. 279 A, 98 (1964). b) Wheatly,P.J.:

Acta Cryst. 10, 182 (1957). ¢) Wheatly, P.J.: Acta Cryst. 8, 224 (1955). d) Bertinotti, F., Giacomello,G.,
Liquori, A.M.: Acta Cryst. 9, 510 (1956). ¢) Cruickshank,D.W.J.: Acta Cryst. 10, 504 (1957)

interaction calculation which results in the desired spectroscopic transition
energies and oscillator strengths. These oscillator strengths are estimated using
the dipole length operator. The dipole length evaluation includes the one center
charge and polarization terms, but neglects two center “bond” contributions.

The molecular coordinates used in the calculation were obtained from the
crystallographic data referenced in Fig. 1. When such data was not available,
bond lengths and angles were estimated from those of representative com-
pounds.

The parameters chosen for this study are based solely on the results obtained
for benzene and pyridine. No attempt was made to optimize these parameters
over the series of molecules studied. Consequently, some adjustment of param-
eters may result in a better over-all agreement with experiment. Occasionally
we have shifted parameters in specific molecules where agreement was not es-
pecially good, and found our results insensitive to modest change.

Where the experimental information was definitive, we have calibrated
calculated results to band maxima (v,,,). This seems most reasonable as we are
estimating a point of the potential surface of the ground state near its experimental
minimum, and points on the potential surface of excited states which are directly
above the ground state minimum (Frank-Condon principale). What is observed
IS Ve =T + V' + V' — Te” — V" — V" where Te represents the global minimum
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of the potential energy curve, V, the zero point vibrational energy, V the vibra-
tional energy above ¥, and the primes and double primes represent the excited
state and the ground state respectively. Most often, V”=0. When the geometry
of the ground and excited state is identical, we calculated Te' — Te” =v,,. and
Vinax = Yoo = Veate + (Vo — V). The intrinsic error between calculation and ex-
periment is caused by differences in the vibrational structure of the two states.
If the excited state geometry is quite different, v, =T + V5 + V' —T¢", and
Vinax = Veate — Vo » Where Vy' for a large molecule is a sizeable quantity. The tacit
assumption here, then, is that the excited states have similar geometries to the
ground state, or at least their minima differ only along few normal coordinates.
Our calculations then might be greater than the observed v,,, by the zero point
energy of the corresponding vibrations.

Choosing proper configurations for the excited state configuration inter-
action is an art, and in this it is difficult to claim we are artists. For pyrrole, benzene,
and benzene analogues we have included all configurations that lie up to
~ 75000 cm ™! above the ground state, as well as some additional selected con-
figurations (all =—=* plus others of interesting symmetry type). Inclusion of
excitations with energies much above this value seems unreasonable as we have
not included double excitations, which generally start to appear at ~85000 cm™?;
nor have we a mechanism for including Rydberg states which begin to occur in
these molecules as low as ~ 55000 cm™*. The calculated energies of the first
five to six excited states appear to be relatively stable to additional configuration
interaction; states calculated to be higher than ~ 60000 cm ™! are still somewhat
sensitive. We believe, however, that the limited CI performed (generally 45--55
singly excited configurations) is not a factor affecting our comparisons with
experiment. Shortcomings in the correlation with experiment are attributed
to shortcomings of the model itself.

In general, the Hartree-Fock scheme produces occupied orbitals appropriate
for an n-electron system and virtual orbitals for an (n + 1)-electron system [13].
Our parameterization on spectra might be expected to alter this, and reproduce
a more balanced transition state. If we assume that our occupied orbitals are
appropriate for an (n—1/2)-electron system, and our virtual orbitals for an
(n+ 1/2) system, then we reproduce a transition state, half way between the
neutral species and positive (negative) ion, which is also useful in estimating
ionization potentials (electron affinities) from orbital eigenvalues. Where possible,
we have made this comparison.

Results

Throughout this section we will make heavy use of the compilation of ex-
perimental data on the azines by Innes, Byrne and Ross and their interpretation
of this data.

a) Benzene

Benzene calculations were used to obtain values for the product of parameters
fxBc, and to set a value of 1.2 for the factor “f,” in the Mataga-Nishimoto formula
for the Coulomb repulsion integrals. These parameters were adjusted to give
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spectral results which are in good agreement with the experimentdlly determined
Vinax (Table 2).

The uv spectrum of benzene is well known to have three dominant n—n*
bands: 'B,,«<'4,,, 'B;,«'A4,,and 'E,,«"A, . The first two of these transitions
are dipole forbidden, while the third is allowed with an experimental oscillator
strength of 0.690. The results obtained for these three bands are very good; it
is noted that the use of the Mataga-Nishimoto formula and the introduction of
the INDO terms into the calculation have cause the ' B, state to rise considerably
in value over that calculated with the Pariser and Parr formula [11, 5]. Indeed
this state is now calculated to be exactly where it is found by experiment.

It is reported by Parkin and Innes [14] that there is some intensity in the
benzene spectrum over 60000 cm ™ '. They believe that this may result from the
presence of o—rn* transitions. In these calculations, a series of 7—¢* states has
been found in the region over 59000 cm ™. Above this the density of electronic
states is calculated to be high. None of these states, however, are calculated to
have intensity.

The calculated oscillator strength for the 'E,, (n—=*) transition is 2.1, roughly
three times the observed value. This is a common observation: intense transitions
are calculated two to four times more intense than observed. A rather large

Table 2. Benzene

Observed® Calculated
Symmetry Type  Energy (cm™?)  Oscillator Symmetry Type Energy{(cm™!) Oscillator
strength strength

1B,, nw* 38090 0.001 'B,, m-n* 37964 0.0

'Bi. n—n* 48972 0.100 o n—n* 48951 0.0

Eiw ¥ 55900° 0.690 'Era n-n* 54957 2.14(x,y)
(6-7*) >60000 'E,, n-c* 59459 0.0

* Ref. [14].

b ynax Value. (Those bands not marked as v, are 0-0 bands).

Table 3. Orbital energies of benzene (eV)

Tonization potentials® Calculated
This work  Ab-initio®

9.24 9.0 10.2 tey,(n)
11.5 12.6 143 3ey,
123 134 14.6 1a,,(m)
13.8 15.3 169 3,
14.7 17.3 17.8 1b,,
154 175 18.0 2by,
169 23.6 20.1 3a,,
192 25.1 230 2e,,
28 32.7 282 2e,,

* Ref. [16]. — ® Ref. [18].
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body of evidence seems to suggest that employment of the velocity operator
instead of the dipole length operator [15] does much to correct this deficiency,
at least for larger molecules. The calculated oscillator strength within the CNDO
approximation is 2.4: the reduction to 2.1 has been accomplished by a rather
small admixing of o—o* states (~ 3% each state) through the additional INDO
terms of the CI.

The first three n—r* transitions in benzene set a pattern for the other compounds
under investigation, for the other molecules may be viewed as perturbations of
the benzene system. The success of the calculations for benzene gives some confi-
dence that the chosen parameters will be suitable in the other cases examined.

Table 3 compares calculated molecular orbital energies with ionization
potentials of benzene as determined using photo-electron spectroscopy [16].
As is often the case with ab-initio calculations, the first few ionization potentials
agree fairly well, while the deeper ones are generally calculated too low. This
trend may well be a shortcoming of Koopmann’s approximation: relaxation
processes becoming more important for the deeper electron holes. At any rate,
a reparameterization of the entire CNDO technique seems necessary to obtain
better agreement (see, for example, Ref. [17]).

The symmetry assignment of the photo-electron spectra is the same as that
obtained from the ab-initio calculations of Schulman and Moskowitz [18], and
that inferred from experimental substitution [16]. The bands at 12.3eV and
14.7eV appear as poorly resolved structures, overlapping other bands. It is
interesting to note thatif the band at 12.3 eV is associated as part of the e, structure
(split through the Jahn-Teller effect), the calculated and observed results are in
far better accord. Against this reinterpretation stands the fact that Fridh, Asbrink,
and Lindholm [17] were able to accurately reproduce all the experimental
numbers with a modified INDO technique. The 1b,, and 2b,,, states are calculated
nearly degenerate in this work, and in the calculations reported here by Schulman
and Moskowitz. The position of the 1b,,, however, appears to be very basis set
dependent [18].

b) Pyridine

Pyridine was used to complete the parameterization by determining values
for B2, B and £,. By varying these factors a good fit was obtained for the pyridine
spectrum (Table 4).

The electronic spectrum of pyridine closely resembles that of benzene in
that the presence of the nitrogen atom can be regarded as a perturbation which
breaks the symmetry. In C,, the “'B,,” and “'B,,” states of benzene are now
allowed. The presence of the lone pair is responsible for two calculated n—n*!
transitions, one of which at 34771 cm ™! is symmetry allowed and is observed
experimentally as sharp bands overlapping the 'B,(!B,,)n—n* band at
~38350cm ™', The second n—n* transition is calculated to lie at ~44000cm™!
and has not been observed. The next two n—n* bands are observed as broad,
allowed systems; the second of these, with v,,,, ~55000 cm ™!, is correlated with

! If the sum of the product of nitrogen coefficients squared times the square of the coefficient
of the configuration in the state of interest is greater than 0.5, we will call the excitation n—, if not, ¢ —.
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Table 4. Pyridine

121

Observed® Calculated
Symmetry Type Energy (cm™ 1) Oscillator Symmetry Type Energy (cm™!) Oscillator
strength strength
'B, n—mw* 34771 ~0.003 'B, n—n*¢ 34702 0.010(x)
'B, n—n* ~38350° ~0.04 'B, a-n* 38611 0.066(y)
14, n-n* 43984 0.0
4, n—n* 49750 ~0.10 14, n—n* 49684 0.062(z)
'B,,'4; m-n* ~55000 ~1.3 14, ¥ 56861 0.909(z)
'B, n—n* 56868 0.882(y)
14,,1B,? n—=m* ~356405 diffuse 14, n—o* 59363 0.0
‘B, n—n* 61803 0.01(x)
'B, n-n¥ 62660 0.01(y)
* Ref. [19].

b diffuse, v, ~39000 cm ™!, see Ref. [20].
¢ All orbitals of ¢ symmetry with greater than 50% nitrogen character are designated as “n”.

Table 5. Orbital energies of pyridine (eV)*

Ionization potentials Calculated
This work Clementi®
9.28 (n) 9.14 12.16 1ay(rn)
10.54 10.02 12.49 2b,(n)
12.22 (n) 10.16 12.65 ila,
(13.43) 13.14 15.77 7b,
14.44 14.20 16.93 1by(n)
15.49 14.40 17.40 10q,
16.94 15.16 18.23 6b,
(19.39) 17.43 19.07 9a,
(20.14) 18.91 19.75 5b,
2293 21.20 8a,
25.96 25.08 7a,
25.98 24.60 4b,

® Parentheses around experimental values indicate uncertainties,

see Ref. [21].
® Ref. [22].

the 'E,, in benzene. The calculated oscillator strength of 1.8 is in much better
agreement with the observed value of 1.3 than in the corresponding case of benzene.
The 0—o* admixing in this case is ~ 9 % in both states.

Above 56000 cm ™! is observed a broad diffuse system overlapping with the
preceding intense one. The calculations show many bands crowded above
59000 cm ™!, three of which are presented in Table 2. Several of these transitions
are group theoretically allowed but are calculated to have little intensity.

The ionization potentials found for pyridine by Al-Jobourg and Turner are
illustrated in Table 5, along with the calculated values. The agreement is satis-
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factory with the assignments of Al-Jobourg with the exception of the 2b,(n)
calculated at 10.02 eV and assigned at 12.22 ¢V, if the nearly degenerate 1b,(n)
and 10a, (o) are both assigned to the band observed at 14.44 eV.

For comparison, the eigenvalues obtained by Clementi [22] from an ab-initio
Gaussian calculation are also presented in Table 5. With the exception of the
4b,{c) molecular orbital, our order is the same as Clementi’s. Of interest is the
fact that the ab-initic calculation also predicts the 11a;(¢) and 2b,(n) nearly
degenerate.

Table 6. Pyrrole

Observed®*® Calculated
Symmetry Type Energy (eV) Oscillator Symmetry Type Energy (eV) Oscillator®
strength strength
n-n*  ~5.7¢ Very 14, a-m*  5.51 0.004(z)
diffuse 'B, a-m*  5.51 0.269(y)
n—n* 6.5¢ Continuum 'B, n—o% 647 0.001(x)
4, n—o* 657 - 0000
m-n*  TA° Weak, 14, n—m* 7.3 0.824(2)
. diffuse !B, n—n*  7.36 0.217(y)
14,8 n—-c* 7.80 0.0(f)
8.2° Single, ‘¢ n—a%* 8.03 0.002(x)
sharp band
* Ref. [24].
b Ref. [25].

° The letter in parentheses denotes the polarization; “f” is forbidden.
¢ Above 7eV the configuration interaction is somewhat thin: the calculated value of this transition
must be considered as suggestive only.

¢ Vax Value
Table 7. Molecular orbital energies (eV)

Pyrrole® Pyridazine Pyrimidine Pyrazine® s-Tetrazine
8.01 1a,(n) 9.40 8b, 9.83 2b,(n) 9.29 1by,(n) 10.27 3bs,
9.29 2b,(n) 9.68 1a,(n) 9.94 8b, 9.95 6a, 10.84 1b,,(n)

13.75 6b, 10.50 2b, (%) 10.82 1a,(n) 11.25 1b, (m) 12.00 5b,,

1392 9a, 11.64 11a, 11.23 11a, 11.62 5b,, 1234 1b, ,(n)

14.67 1b,(x) 14.40 10q, 14.51 10a, 14.08 3bs, 12.83 6a,

15.47 8a, 14.52 7b, 14.66 7b, £5.00 1b4,(%) 12.96 4b,,

15.86 5b, 15.18 1b, (%) 15.10 1b(n) 15.04 4b,, 16.24 1b;,(%)

22.56 7a, 17.76 6b, 16.63 9a, 18.00 4b, 17.13 4b,,

23.18 4b, 20.44 9a, 20.25 6b, 20.36 3b,, 21.01 5q,

2432 6a, 23.14 8a, 22.79 8a, 21.80 54, 23.37 3b,,

2 Ab-initio calculations by Clementi [22] indicate several order reversals.
® The order is the same as that obtained by Clementi [22] with the single reversal of 1b, (=) and
6a, (see text).
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c) Pyrrole

Three of the five pi molecular orbitals of pyrrole are filled. A simple analysis
would lead one to expect three n—n* transitions in the near uv-visible region.
Bands centered at 5.57, 6.5 and 7.1 eV have been assigned as n—=*, but such an
assignment has been difficult to ascertain both experimentally [23] and theo-
retically [2]. The present calculations indicate a more interesting assignment,
as shown in Table 6. The numerical precession lends some degree of confidence
to the assignments. Two transitions are calculated at 6.5 eV, both of which are
n—o* type. Reasonable reparameterization will not greatly split the degeneracy
of the two n—n* bands reported at 5.5¢V.

The orbital energies found for pyrrole are given in Table 7. The observed
value for the first ionization potential is 8.9 eV [24].

d) Pyridazine (1,2-diazine)

The principal features of the n—n* spectra of the diazines can again be con-
sidered to be derived from a perturbation of benzene. Three n—n* bands are
observed; the presence of lone pairs introduces additional structure.

The lowest band of pyridazine, of !B, symmetry, is calculated at 25150 cm ™!
in good accord with the experimental band at 26649 cm ™! [19], Table 8. There
seems to be little evidence for the '4, (n —n*) band calculated at 33500 cm™*,
nor that calculated at 45600 cm™'. Both are formally forbidden. The !B, (z—n*)
and 'B, (n—n*) found nearly degenerate at ~ 51000 cm ™", are calculated nearly
degenerate at ~ 50000 cm™'. The experimental assignments appear somewhat

Table 8. Pyridazine

Observed® Calculated
Symmetry Type  Energy(cm™')  Oscillator Symmetry Type Energy (cm™') Oscillator
strength strength
‘B, nnt 26649 ~0.0058 1B, n—m* 25155 0.016(x)
4, n-n* 33482 0.0
4, n—n* 39500 ~0.020 14, n—n* 40543 0.058(y)
4, n-n* 45642 0.0
'B, —n*  ~ 50000 ~0.10 'B, n-n* 50440 0.069(z)
(continu-
ous)
1,7 nn* 50865 ; ‘B, n—n* 49760 0.011(x)
or 51503
1B, ner* 57317 0.004(x)
'B,,*4,? =m-n* 57300 ‘B, n—n* 57486 0.851(z)
A, n-n* 57964 0.783(y)

(R) Not observed

a Ref. [19].
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uncertain {14, 19]. Unfortunately, one cannot distinguish the order of bands
calculated so near in energy with much confidence.

The orbital energies of pyridazine are reported in Table 7. The first ionization
potential is observed at 8.91 eV [26].

¢) Pyrimidine (1,3-diazine)

The electronic spectrum of pyrimidine is illustrated in Table 9. Three n—n*
bands are found. The n—n* band (*4,, ! B,?) lying highest in energy is described

Table 9. Pyrimidine

Observed® Calculated
Symmetry Type Energy (cm™ 1) Oscillator Symmetry Type Energy(cm™!) Oscillator
strength strength
B, n—m* 31073 ~0.0069 B, n—g* 32392 0.015(x)
14,7 n—m* ? 14, n—n* 36286 0.0
B, n—m* 40310 ~0.052 B, n-n* 41648 0.076(y)
14, n-n* 43236 0.0
B,? n—m* 511432 ~0.005 'B, n-n* 49979 0.009(x)
14,7 n—n* 52340? ~0.16 14, n—n* 52819 0.084(z)
4, R 56271 ~0.25
'4,,'B? mw* ~358500 ~1 14, —n* 59304 0.795(z)
14, n—zn* 60143 0.0
'B, n—n* 60808 0.817(y)
® Ref. [19].
Table 10. Pyrazine
Observed® Calculated
Symmetry Type Energy (cm™%) Oscillator Symmetry Type Energy (cm™!) Oscillator
strength strength
'B,,? n—n*  ~30425?
'B,. n—m* 30875 ~0.010 B, n—m* 28513 0.014(x)
'B,., n—n* 37839— ~0.10 'B,. n—n* 37361 0.179(y)
38808 B,, n—n* 37768 0.0
“ n—n* 40993 0.0
'Bl. n—n* 50880 ~0.15 B,, n—n* 50068 0.196(z)
'B,.? n—n* 540007 Fragmen- 'B,, n-n* 55790 0.0
B,, R 55154 tary
'B,,., By, wmn* 60700 ~1.0 'Bi. n-n* 60016 0.578(2)
'B,, n—n* 61043 0.0
'Bs, n-n* 61833 0.0
14,, n-o* 62734 0.0
!B, n-n* 62764 0.799(y)
'B,, R 65746

s Ref. [19].
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as being very diffuse — its identity as a separate system is based on an analogy
with pyrazine. The calculations show two n—n* bands (the 'E,, of benzene)
separated by about 1500 cm™*, both with high intensity, in this region.

The lower lying n—n* transitions are calculated very nearly where they are
observed. The assignment of the A, (n—n*) band at 52340cm ™! is verified.
As with pyridazine, two 'A4, (n—n*) bands are calculated at approximately
35000 cm ™! and 45000 cm™ . In this case, however, there appears to be some
evidence for the existence of the lower of the two [27].

The first ionization potential of pyrimidine is observed at 9.83 eV [26]. The
orbital energies calculated are listed in Table 7.

Pyridazine Pyrimidine Pyrazine
23 N (.50
3b (m) 3bl(7r) 1au(1r) ‘E-‘-a-
N
|}
-.54
57 N 32
2a, ('n) 232(17) 2b3u(1r)
N
-.42 N
4 3
N34 N 50
1b T
8b, () 2b, (m) .én NL 1™ [lj
NS =27 N
«33s-. 12py+ 55pz -.46 )
.26$+ 52pz
8b, (o) 6a_ (o)
2 N N g
\
-.27s8+.52py~-.24pz
-.15 .61
'31% s-57 N\ 26
2b. (7)) I 1la,(m)
N
-.57 N
.39_.15
N
N
11a1(0) | 11a1(c) %
N
N N
/! \ x
.21s-,38py+.36pz -.31s+.34py-.38pz .31s-,60pz

Fig. 2. Nodal patterns of the diazines. The diagrams are arranged in increasing energy order; the
bottom three are doubly occupied. Numbers refer to M.O. coefficients
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f) Pyrazine (1.4-diazine)

Three n—n* bands are observed to be centered at ~38300cm™' (*B,,),
~50900cm™* (*B,,) and 61000cm™~' (*B,,, 'B,,), in good agreement with
the calculated values 37400 cm ™!, 50100 cm ™!, and two bands at 60000 cm ™'
('B,,) and 62800cm ™! (*B,,), Table 5. The latter two bands (the split 'E, of
benzene) are calculated to enclose three other transitions. One of these is 'B,,
(n—n*) which might do considerable damage to the band. This system, which
is higher in energy than the corresponding 'E,, bands of benzene, is reported
to be very diffuse with a weakly developed structure.

The lowest transition is calculated as *B;, (n—n*). We find no low lying 'B,,
(n—7*) and thus question the assignment given the band found in pure crystals
at ~30400cm™! [27]. In all the diazines we find the lowest singlet transition
to be of the same nature: from a sigma orbital with between 67 % (pyrazine) and
82% (pyridazine, pyrimidine) assymmetric nitrogen lone pair to the two-noded
n* counterpart of the e,, molecular orbital of benzene with the most amount of
nitrogen character.

The observed band at 54000 cm ™! is assigned 'B, , (n—*), and its counterpart
is found in all three diazines. At first glance the assignment would seem odd as
B, (in C,, for pyrimidine and pyridazine) corresponds to Bj, (in D5, for pyrazine)
and not to By, (as assigned in the calculation). The principal = molecular orbital
involved is this transition is the two-noded component of the benzene e,, with
the least mitrogen character: for pyrazine this molecular orbital has a node
through the nitrogens, for pyridazine and pyrimidine it has nodes through the
bonds, Fig. 2. The ¢ molecular orbital leading to the transition is between 65%
(pyrimidine and pyridazine) and 92% (pyrazine) the symmetric sum of nitrogen
lone pairs.

The energies of the highest occupied molecular orbitals appear in Table 7.
An ionization potential of 9.29 eV has been extrapolated from 'B,, (2n—nm)
Rydberg series [14]. A second value observed at 10eV is attributed to the loss
of a sigma electron [14]. Our calculation is in good accord, whereas the calculation
of Clementi implies a reverse order [22].

g) s-Triazine

Extensive experimental data is not available for the higher excited states of
symmetric triazine, Table 11. The ' A} (z—=*) transition reported at 44000 cm™ !
is in reasonable agreement with the calculated value of 45919 cm™'. The first
two n—n* transitions reported [19, 28] have been recently reassigned by Fischer
and Small [29]. The new assignment agrees with our calculated order; the 'E”
(n—n*) is observed and calculated ~1000cm™' below the 147 (n—m*). Both
bands are calculated ~4000cm™' above their observed vy, values. Modest
changes in molecular geometry and parameterization do not appear to lessen
this discrepancy to any great extent. As these transitions represent our worst
agreement with experimental numbers, we cannot exclude the possibility of
ignored configurations that would depress the calculated transition energies.
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Table 11. s-triazine

Observed® Calculated
Symmetry Type Energy (cm %) Oscillator Symmetry Type Energy (em™!) Oscillator
strength strength
A n—m* 31574 ~0.018 o n-n* 35817 0
AT TETY pem* 32500 Diffuse Y n-m* 36778 0.040(z)
14y n—n* 38474 0
L4, ¥ 44000 ~0.002 L4, a—n* 45919 0
'ASorEf R 55782 'E” n—r* 55163 0
L4, n-n* 56758 0
'E n—n* 61253 0.836(x,y)
* Ref. [191.

b Ref. [29] reverses these two assignments.

Table 12. Orbital energies for s-triazine (eV)

Tonization potentials® Calculated
10.4(0) 10.4 6¢’
11.7°(n) {1.1 te"(n)
12.2%
13.2(0) 13.5 54
14.6(x) 14.8 5¢
14.8 15.8 1af(n)
17.9 216 1a,
223 23.6 44}
2719 4¢
* Ref. [16].

® The splitting is attributed to Jahn-
Teller effects (see text).

A more extensive CI calculation has eliminated the possibility of singly excited
configurations contributing to a significant lowering.

A series of ionization potentials for s-triazine is illustrated in Table 12 along
with the molecular orbital eigenvalues. As seen in the case of benzene, the first
few calculated energies are in very good agreement with the experimental values,
while the deeper values are calculated too low. Robin, Kuebler and Brundle [16]
suggest that the observed values of 11.7 eV and 12.2 eV are associated with ¢” ()
split by Jahn-Teller effects. This is consistent with our calculation as we find no
band between 1e” (n) and 54} (0), but it does seem odd that no similar effect has
been recognized in benzene. The experimental spectrum shows a broad structured
band from ~ 14.5-16.0 eV with considerable assymetry on the high energy side.
The 5¢” (6) and 14 (r) are calculated to lie in this region. If the observed bands
at 14.65 eV and 14.85eV are assigned to 5¢ (o), the assymetry of the band could
be prescribed to the 14} (n). Such an interpretation would lead to the conclusion
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that there is little shift between this = molecular orbital and the corresponding
one in cyanuric fluoride (tri-fluoro s-triazine), while the 1¢” (m) shows a shift of
0.4 eV. This trend — that the e(x) shift more than the a(x) upon fluorination —
is already noted for benzene and hexafluorobenzene [16].

h) s-Tetrazine

The observed spectrum of s-tetrazine is given in Table 13 where it is compared
with the results of calculation. A !B, (n—n*) transition is found at 18129 cm™?;
the calculation also predicts that the lowest transition is ' B;, (n—n*)at 20500 cm ™ 1.
A transition occurs at ~ 31250 cm ™! and is seen as a shoulder on the next band.
The calculations indicate a forbidden band at 31979 cm™" of 'B;, symmetry.
This n—n* transition demonstrates an unusually high degree of configurational
mixing; the m,—n, pushed down by n,—m,, (1,-nodes through opposite
atoms, opposite bonds, etc.). The n—n* band has an onset at ~35000cm™*
with v, at 40486 cm ™!, in good agreement with the calculation. At the onset
(~35000cm™") we note a calculated A, (n—n*).

The calculated orbital energies for s-tetrazine are given in Table 7. We have
not been able to find experimental values for comparison.

Table 13. s-tetrazine

Observed® _ Calculated
Symmetry Type Energy (cm ™) Oscillator Symmetry Type Energy (cm™!) Oscillator
strength strength
. n—n* 18129 ~0.0042 !By, n—n* 20499 0.023(x)
'Bs,? n-n*  ~31250° ~0.001 ‘B, n—-n* 31979 0.0
~35000? A, n—n* 34536 0.0
'Bi n—m* 40486° Broad, B a-n* 39262 0.190(y)
structure- 'B,, n—n* 40160 0.0
less 4, n—n* 43387 0.0
!B, n—n* 51378 0.0
!B, n—n* 52689 0.0
!B, 7-n* 53911 0.062(2)
'Bi, n—n* 57219 0.025(x)
1B, n—n* 59757 0.828(2)
By, n—n* 62012 0.0
B n-n* 63713 0.554(y)

2 Ref. [19]. — ® band shoulder. — ¢ v, value.

i) Naphthalene

Preliminary calculations were made on naphthalene and quinoxaline in order
to determine the validity of the method on larger systems. The results obtained
for naphthalene are shown in Table 14 along with the experimental values reported
by George and Morris [30].
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Table t4. Naphthalene

Observed® Calculated
Symmetry Type Energy (cm ™ %) Oscillator Symmetry Type Energy (cm™') Oscillator
strength strength
'B,, n-m* 32020 0.002 'B,. z—n* 32505 0.002(x)
'Bl. —m* 37500° 0.102 B, n-n* 37743 0.148(y)
‘4, n—n* 44759 0.0
'B,, T—n* 47530 1.0 'B,. n-n* 45823 1.866(x)
'Bs, n-n* 46707 0.0
'Bi. n—n* 49510 0.3 'B, 7-n* 48630 0.672(y)
N -t 52650 0.1 'By, n—o* 52672 0.0
'Bs, a—n* 52680 0.0
R > 54000
‘4, n—n* 55966 0.0
'B,, o—n* 57190 0.0
'B,, n-o* 57363 0.0
‘B, -t 60510 0.415(x)

® Ref. [30]. — ¥ v, value.

Five n—n* transitions are observed in the vapour spectrum: the calculated
values are in excellent agreement. The calculated oscillator strengths for these
bands are also close to those observed. The calculations indicate forbidden
n-n* bands at 44759 cm™' (*4,) and 46707 cm ™' ('B;,). A large number of
forbidden bands are calculated to be in the region between 58000 cm ! and
62000 cm™*.

George and Morris report a band at 52650 cm ™!, On the basis of calculations
by Hummel and Ruedenberg [31], and on the basis of the intensity of the band,
it is assigned as ! B,,. In this region we calculate two forbidden bands, *B,, (n—0*)
and 'B;, (n-n*). The next band of 'B,, (=—n*) we find at 60500cm™?, to be
compared with Pariser’s [32] estimate at 64700 cm™~'. Extensive singly excited
configuration interaction of 'B,, states does not lower our calculated value
significantly. The most likely explanation we have for the band observed at
52650cm ™' is that it is 'B,,, borrowing from the 'B;, band at 48630 cm™!
through one of the b,, modes.

Analysis of the Rydberg bands beginning at 54000 cm ™! has led to an ioniza-
tion potential of approximately 8.1 eV [33]. The calculated value of this orbital
energy is 7.95eV.

Jj) Quinoxaline

The observed spectrum of quinoxaline, Table 15, contains a B, (n—n*)
transition at 27071 cm ™! which is in good agreement with our calculated value
of 26382cm™'. The first 'A, (m—n*) band is observed and calculated at
~ 31950 cm ™! (v, value). This system is reported to consist of broad structureless
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Table 15. Quinoxaline

Observed® Calculated
Symmetry Type Energy (cm™1) Oscillator Symmetry Type Energy(cm™!) Oscillator
strength strength
!B, n—m* 27071 'B, n—r* 26382 0.013(z)
A, n—m* 31959° 14, a-n* 31916 0.156(x)
'B, z—n* 34412 0.105(y)
4, n—n* 36248 0.0
14, n-m* 42309 0.0
'B, n—n* 43898° 14, n—r* 42667 0.565(x)
~48309 'B, n—n* 47179 0.092(y)
> ~ 50000 4, n—n* 49509 1.017(x)
!B, n—n* 50241 0.549(y)
'B, n-n* 50954 0.0(z)

2 Ref. [34]. — ® v, values.

bands [34], the structure of which is believed to be a manifestation of internal
conversion mechanisms within the molecule [35]. We calculate a 'B, (n—n*)
of nearly equal intensity 2500 cm ™! from the !4, (m—=*), or within the reported
structure for this band.

The second observed n—n* band is seen at 43898 cm ™! to be broad and
diffuse with intensity five times greater than that of the first n—n*; our calculations
are in good accord. There is evidence in the spectrum of a further band at
~48300cm™! with intensity of approximately one fifth that of the previous
band. The calculation produces a B, (n—n*) at 47179 cm ™~ 1.

We calculate two intense transitions at ~ 50000 cm ™ !; the observed spectrum
shows great intensity in this region with onset ~49000cm™ 1.

Many bands are calculated above ~55000cm™!. Of particular interest are
two allowed !B, (n—n*) states calculated at ~ 58000 cm™ 1,

The first few ionization potentials of quinoxaline are calculated as a,(n) 8.6 eV,
by(m) 8.8eV, a,(60% N,)9.8 eV, b,(90% N,) 11.5eV, a,(n) 11.7 eV.

Discussions
a) Comparison With CNDO Calculations

The calculations reported here are in considerably better agreement with
experiment than are the original calculations of Del Bene and Jaffé [5] that
utilized the Pariser and Parr recipé [11] for the two electron Coulomb integrals.
In a very recent paper, however, Ellis, Kuehnlenz and Jaffé [36] refined the original
CNDO model of Del Bene and Jaffé, and incorporated the Mataga-Nishimoto
formula for these integrals. A comparison of the results reported by Ellis et al.
with those reported here might be expected to reflect principally the refinement
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Table 16. Comparison of some CNDO and INDO calculations: eV {osc. strength)

CNDO/s? INDO/S* 0bs®

Pyridine 1B, 4.2(0. 00) 43(0.01) 4.3(~0.003)

iB, 4.9(0.06 48(0.07) 4.8(0.04)

‘4, 5.6(0) 5.5(0) Not obs.

4, 6.00022) 6.2(0.06) 6.2(0.1)

14,,'B, 6.8(0.76) 7.0(1.79) 7.0(~1.3)
Pyrazine B, 32(001) 3.5(0.01) 3.8(0.01)

‘B, 48(0.16) 46(0.18) 4.8(0.10)

18, 4.5(0) 47(0) 37

14, 52(0) 5.1(0) Not obs.

1B, 6.3(0.12) 6.3(0.20) 6.3(0.15)

'B,, 6.9(0) 67-6.9

‘B, 7.2(048) 7.4(0.58)

‘B, 7.6(0)

1B, 7.2(0) 7.5(~1.0)

4, 72(0) 7.8(0)

B, 7.5(0.97) 7.8(0.80)

* Ellis, Kuehnlenz, and Jaffé: Ref. [36].
® This work. — © Ref. [19].

in going from the CNDO to INDO approximations, although, to be sure, dif-
ference in the degree to which parameters have been optimized within the two
models are a factor. Table 16 presents such a comparison of results for pyridine
and pyrazine.

The results and conclusions reached for pyridine from both calculations
are very similar. The numerical accuracy of the INDO technique developed
within this paper seems better, but only marginally so if one considers that pyridine
was one of the molecules on which we parameterized, and that the experimental
values might be in doubt by as much as +0.1 eV.

The example of pyrazine is more typical of the comparison between results
obtained by the two methods. Again the numerical accuracy is somewhat better
for the INDO calculations. More important, however, is that some different
conclusions are reached. The 'B,, state at 4.5eV, calculated to lie below
the allowed 'B,, (see Table 16) by the CNDO technique, has been as-
signed by Ellis et al. to the 3.7¢V band observed in pure crystals [27]. We
calculate the 'B,, state to lie slightly above the allowed transition, and find it
difficult to support the observation at 3.7 eV (see discussion on pyrazine). Ex-
tended CI within our model does not change these conclusions. The ab-initio
studies of Hackmeyer and Whitten [37] confirm the order we obtain for these
two states, but do indicate that the ' A, (n—=*) might be the second excited singlet
state, lying nearly degenerate with the !B,,. The observed band at 6.9¢eV we
assign to 'B, , The CNDO calculations have reported no counterpart for this
state.
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A more exhaustive comparison of results does not seem appropriate here,
but rather might be of interest in trying to explain the observed spectrum of
a specific molecule. In general the results obtained by the two techniques are
similar: even so, assignments made by Jaffé and coworkers [5, 36] for observed
bands are not always in agreement with those we have made.

b) Comments on the Model

We have refined a model for the calculation of electronic spectra which seems
to be capable of good reliability, reasonable accuracy, and rapid execution. (The
spectrum of symmetric triazine with 58 configurations is estimated on an IBM
370/155 in one minute). We have made no systematic attempt to optimize param-
eters, and it is possible that such an investigation might improve our “average”
results. For the most part, however, the results appear to be relatively insensitive
to all parameters except f,.

In a similar fashion the parameters f,. f, and f, might be distance dependent,
and we have assumed them constant. At large enough R, f, must equal unity,
as 75—/, /Ryp. For f,=1.2 [Eq. (4)] this aesthetically unpleasant conclusion
is not reached until R ~ 6-8 A, and the integral is already relatively small. f, and
f, [Eq. (7)] should probably approach unity also with increasing internuclear
separation, but again, the overlap itself becomes small. f,, however, might be
strongly distance dependent, especially in normal bonding situations. The p, —p,
overlap goes through a zero and then increases, before it uniformly decreases
with increasing R. An examination of the integrals absorbed in S reveals that
they have this general behaviour also (see, for example, Ref. [7]), but their zero
and maximum values do not coincide with those of the overlap. Such consider-
ations indicate that f, should increase in value until the overlap maxima, which for
2p,—2p, interactions is the point when g = {R =4.5, where { = average exponent.
For much smaller values of ¢ Eq. (14) might become totally inappropriate. For
non-nearest neighbor atoms ¢ > 4.5: the principle of maximum overlap gives for
bonded atoms ¢ ~4.5. At any rate, our preliminary investigations on other
molecules of quite different size and shape do not demonstrate any great de-
terioration of results.

Possible refinements to, and shortcomings of, the model not withstanding,
we find that the results obtained are of sufficient accuracy to aid in the under-
standing of the singlet spectra of the compounds studied. It should be relatively
straightforward to incorporate other atoms of interest into the scheme.

Since our parameters do not differ greatly from those chosen by Jaffé and
Del Bene [ 5], their values should make appropriate starting choices when examin-
ing atoms not included in this study.
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Appendix

Added to the CNDO molecular integrals to convert the CI to INDO is the following correction.

Correction = X Cy, C 5 Cy,, Cy5(ex|79)

1.
2.

[e. 7. 6]€A
a#f
7#6
={[CixCjs + C;,C;, 1[Cp. Cis + C,Ci ]
+[C;,Cjs + C;,C, 1[C,, Cis + Cpi s C b

isC iy
G
+[Ci.Cj+ CisCp 1 [Cr, Ciy + Cp € 1} —

+{[CChy+ Cy Cpd[CCoy + G G
+[CiCp + Ci. € 1[G G + G, Cii]

3
+ (€ Cre + €1 [y + Cua CyJ} 5= F2

iy™jy iz ™ jz

4
+{CixCix Cix Ci + €, C;, G, Gy + €. C Ckzclz}z—SFz

{[Cw Jrckycly + Ciycjyckxclx]
+ [Clx Jx Ckz Clz + CIZ C]z Ckx Clx]

2
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