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Summary. MRINDO/S calculation completed by singly excited configuration
interaction was performed on the higher azines s-triazine, s-tetrazine and pen-
tazine. The results enable the main characteristics of the observed electronic
spectra to be interpreted. The importance of outer (Rydberg) atomic orbitals is
stressed and it is found that a few singlet-singlet transitions of the higher azines
lead to an excited state with considerable Rydberg character.
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1. Introduction

The semi-empirical scheme developed by Pople [1] by incorporating Pariser and
Parr’s assumptions [2] into the Roothaan’s LCAO-MO theory is popularly
known as the PPP method. This method was originally formulated within the
n-electron approximation. This and some of the other approximations of this
method are also used in other schemes such as CNDO (complete neglect of
differential overlap) and INDO (intermediate neglect of differential overlap)
[3,4}. The significant difference between PPP and these methods
(CNDO, INDO) is that CNDO and INDO treat all valence electrons explicitly
whereas PPP explicitly treats only the electrons in n orbitals.

Del Bene and Jaffe, using the configuration interaction (CI) technique, have
discussed the applicability of the CNDO method to the spectroscopy of
molecules containing © and lone-pair (n) electrons [§, 6]. They evaluated Cou-
lomb integrals semi-empirically, introduced K, a parameter to differentiate the
resonance integrals f,, from B,,, and readjusted B, the so-called bonding
parameters. With these modifications the CNDO-CI method turns out as a
useful tool for the interpretation of the electronic spectra of rather large
molecules containing = and »n (non-bonding) electrons. Nevertheless, INDO is
preferred over CNDO as the former includes the one-centre exchange integrals
necessary for accurately separating different terms from within a configuration.
The effect of neglecting such integrals is that the singlet and triplet arising from
n—gw* transitions are degenerate within the CNDO approximation. Krogh-
Jespersen and Ratner, following the idea of Del Bene and Jaffe, used the INDO
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model to account for the photoelectron spectrum of benzonitrile and found
encouraging results [7].

All of these methods used a minimum basis set of valence-shell AO (atomic
orbitals), and thus could not account for transitions which involve a change
in principal quantum number. The use of extended basis sets in semi-empirical
methods has received little attention. Salahub and Sandorfy [8] proposed
an RCNDOQO method, where R stands for Rydberg and excited atomic orbitals,
in which higher (Rydberg) atomic orbitals were included in the basis of ordi-
nary CNDO. The RCNDO method excludes one-centre exchange integrals, and
thus could not account for singlet-triplet splitting of an n —»n* type transition
(this is exactly what we expected within the CNDO approximation). To over-
come this deficiency of the RCNDO method a similar basis set was used in
INDO, and the method thus developed was termed RINDO (Rydberg INDO)
9]

In the RCNDO and RINDO methods the overlap integrals are treated on

an equal footing, and thus these methods cannot account for the effect of the o
electrons on the energy levels of n electrons. With the aim of gaining informa-
tion on this effect, we adapted the RINDO method and proposed a method,
which we called, following Del Bene and Jaffe, RINDO/S (S for screening or
spectral) [10]. The method we employ in the present work is a modification of
RINDO/S. This method ignores insignificant interactions involving Rydberg
atomic orbitals that are required in the RINDO/S method. Thus this method,
which is intermediate in complexity between RCNDO and RINDO/S, was
termed MRINDO/S (modified RINDO/S). We have applied this method with
some success to prediction of transition energies, oscillator strengths, Rydberg
characters and ground-state properties for small organic molecules [11]. We
report here the application of this method to elucidation of the electronic
spectra of s-triazine, s-tetrazine and pentazine. This represents a rather strin-
gent test of the method, since they contain n and lone-pair electrons and
exhibit n - n* and © — #* transitions. These molecules are of great interest to
spectroscopists and theoretical chemists. |

2. Outline of the work

In the MRINDO/S method we added to the basis H 2s, H 2p, C 3s, C 3p, N 3s,
and N 3p Slater atomic orbitals. The approximation described below ensures
that the method is invariant to the choice of internal axes.

Besides the neglect of differential overlap we make the following approxi-
mations: The electron repulsion integrals r,; depend only on the atoms, say A
and B, to which the orbitals u and A belong and on their principal quantum
numbers, say n, and n,, respectively. Thus,

Tpa = Tn A8y - (n
The core integrals are treated in the RCNDO manner [8], i.e.,

H, =@|(=DV2—=Valw) — Y u|Vsw
B#A

= Uuﬂ - B§A (HIVBIH) u on A9 (2)
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H,=U, — BEA (#|Vs|v) u, v on the same centre 3)

=P, u v on different centres. 4

The terms (u|Vg|w) for all orbitals on the same atom with the same principal
quantum number are taken to be equal. We set

(ﬂl VB|IJ) = an(AB)s

where V, (ap represents the interaction of an orbital y on atom A (and
belonging to the principal quantum number n,) with the core of atom B. If we
approximate this core by a valence-shell one-electron distribution multipled by
the nuclear charge, we have [8]

Vn,(AB) =Zyr n 1 (A)n,(B)> (%)

where n,, is the principal quantum number of the valence-shell of atom B.
If we use pure atomic orbitals

U,=0

nv

since # and v are on the same centre [12]. We neglect the remaining terms of
(2). This is consistent with the neglect of differential overlap.

B, is taken to be proportional to the overlap integrals with the factor of
proportionality depending only on the atoms to which u and v belong. This is
necessary for invariance. Thus,

ﬁuv = BSI(A)nz(B)Spv (6)

and the elements of the Hartree—Fock (HF) matrix under the RINDO/S
scheme become [10]:

A,n
F,=U,+ ; Pl | A2) — HpA | uA)]
A

+ Y Puy@ma Tnyamaa)
ryFn)

B
+ Z <Z Pnz(B)nz(B) T, (AmyB) — ZBrnl(A)nu(B)>’ konny, (7

B#A \n)
F,uv =puv[%(ﬂv 'IW) - %(ﬂ“ | VV)], H ¢ v _)nl(A)s (8)
F,,= ﬁ;I(A)nZ(B) w %puvrnl(A)nz(B)s H=Rya); V> Hyp). 9

Further, with the approximation mentioned in (1), the one-centre exchange
integrals transform as

(v [40) = 8,030 T, apn 009 -

Such integrals are necessary in order to account for the separation of atomic
states arising from the same configuration, the spin density in ¢ orbitals, and the
singlet-triplet splittings for molecular transitions which involve no common AQ
in the initial or final orbitals. These can be evaluated in terms of Slater—Condon
factors [12]. The exchange integrals involving excited AO’s may, however, be
ignored in the RCNDO manner. They are expected to be small. Thus we make
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the following approximation:

(v | 20) = 6,,,0:0 Tn, (Arm ) »

unless (uv Ha) are valence-shell one-centre exchange integrals.
Thus the HF matrix elements under MRINDO/S become [11]

Ang
Fuu=Uy+ ; Pul(up | AZ) — H(pd | )]

A

+ 2 Puam@ Tnyamam

na#ng

B

+ ) (Z By ®yny®) Tn (A, ®) — ZBfnl(A)nv(B)), By ay, (10)

B#A \nj

_ 1 )
F,w = Bz,(A)nz(B)Suv P Inyaypamy B M@y V7 M) (11)

These are just the RCNDO HF matrix elements.

The significant difference between the RCNDO and the MRINDO/S meth-
ods is that the former neglects all one-centre exchange integrals whereas the
latter retains the integrals which involve only the valence-shell AO’s and, in
addition, screens the n-type interactions.

The integrals were evaluated in the following way:

(a) Ionization potentials and electron affinities for valence orbitals were taken
from Pople and Segal [3b]. For the outer orbitals, average ionization potentials
were taken from Salahub and Sandorfy [8]. Electron affinities for these were
neglected as they are expected to be small.

(b) Two-electron integrals were treated as follows:
(i) One-orbital integrals:

(up |#ﬂ) =T @A) = Inyay — 4nya)-

The values for p electrons were those used by Del Bene and Jaffe [5].

(ii) Two-centre integrals 1, (a),,m Were calculated using Pariser and Parr’s
[2, 13] uniformly charged spflere extrapolation technique.

(i) One-centre two orbital integrals:

1
Iy (Any® = E(fnl(A)n w T rnz(A)nz(A))'

(c¢) Resonance integrals.
These integrals were calculated using the semi-empirical expression

B @ =T ) t+ Liym)s

where I, (a, is the average of n,s and n,p ionization potentials. #, the bonding
parameter, was taken as #n =0.45 for valence-valence interactions and as
n’ =0.045 for all others. This was necessary to keep the Rydberg orbitals
from entering too strongly into the ground state. An appropriate choice of
bonding parameters is desirable, since different atomic exchange integrals in
the MRINDO/S method may even change the RCNDO assignment (e.g.
with 7 =0.4;7"=0.05 [8]) of even the lowest energy singlet-singlet trans-
ition. This dependence of the nature of the singlet-singlet transition on the
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exchange integrals may itself depend upon the particular choice of bonding
parameters.

(d) Overlap integrals were calculated with the formulas of Mulliken, Rieke,
Orloff and Orloff [14], with n-type interactions screened. Del Bene and Jaffe
{5], following an earlier suggestion of Mulliken [15], pointed out that in the
Pople—Segal [3b] approximation it might be expected that the effective n-n
overlap would be screened differently from the 6-0 overlap. Accordingly, they
chose to replace S,, by

S,=3S, for o symmetry
=kS,, for m symmetry

The k parameter, for which Del Bene and Jaffe chose the value & = 0.585, is
the earmark of CNDO/S and MRINDO/S for valence-valence interactions.
For other interactions we chose a rational value k" =0.595. The use of
such parameters makes the =m resonance integral less negative. This less-
negative value will tend to raise the energy of the occupied m orbitals, and
thus to counteract the tendency for the occupied # MO’s (molecular orbitals)
to plunge below the ¢ MO’s as is observed when RCNDO or RINDO are
used.

In the present calculation the energy of the ground state was first minimized
in the usual way. Then configuration interaction was applied including the
lowest thirty singly excited configurations for both singlets and triplets. The
method was programmed in Fortran IV for the ICL 1900S. Jacobi diagonaliza-
tion iterations were continued until all off-diagonal elements were smaller than
10~* a.u. and the SCF (self consistent field) procedure was terminated. When
all eigenvalues agreed within 10~2 a.u. between successive iterations. CI matrix
elements and molecular integrals are given in Appendix A and Appendix B,
respectively.

3. Results

Table 1 contains the Koopmans theorem [16] ionization potentials and the
corresponding orbital symmetries. The experimental value for IP’s (ionization
potentials) and symmetry of orbitals are given in the first columns. These were
taken from Robin et al. [17] and Fridh et al. [18]. The second columns contain
INDO results listed by Ridley and Zerner [19].

Table 2 contains the lower singlet-singlet excitation energies, oscillator
strengths and symmetries of the excited states as computed in the approxima-
tion described above. Experimental values are given in the first columns. These
were taken from Innes et al. [20]. The second columns contain INDO results
listed by Ridley and Zerner [19]. The last columns of Table 2 contain the
percentage Rydberg characters of the states. Table 3 gives transition energies,
symmetries of the excited states, and splittings of the five lowest singlet-triplet
transitions of each molecule.

The results are compared mostly with the experimental and INDO values
cited in Tables 1 and 2; otherwise proper references are noted. Experimental as
well las INDO energy values are cited in eV though they were initially given in
cm™ 1,



348 R. S. Prasad and B. N. Rai

Table 1. The seven lowest ionization potentials of azines (in eV)

Molecule Experimental®® INDO® MRINDO/S
(symmetry)
LP. Symmetry Type LP. Symmetry Type LP. Symmetry Type
of orbital of orbital of orbital
C;H;N; 104 ¢ c 104 ¢ 1038 ¢’ o,n
(D31) 11.7¢  ¢” n 11 e n IL19 e n
12.2¢
132 a o 135  a 13.88 4 o, n
14.6 n 14.8 e’ 1410 ¢’ c
14.8 158  af 7 1490 4} n,n
17.9 216  a; 1701 45 ¢
223 236 a) 2093 4] G
C,H,N, 9.73 by, 1027 by, 10.27 b, o, n
(Dy,) 11.86 b,, 10.84 b,, 10.84  b,, T
1210 a, 12.00 5, 1190 b, o,n
1285 by, 1234 by, 11.94 by, n
15.63 by, 1283 aq, 1208 a, a,n
15.77 b, 12.96 b, 1237 by, o
1694 b, 16.24  b,, 15.11  bs, n
CHN; 10.24 b, g, n
(C,,) 10.99 4 o,n
1147 b, T
11.72 b, o,n
1205 a, n,n
1305 a o
1497 aq, o
*[17]
°[18]
“[19]

9 The splitting is attributed to Jahn—Teller effects

4. Discussion
4.1. Ionization potentials

The first few calculated IP’s of s-triazine are in very good agreement with the
experimental values, while the higher calculated values are too low. Robin,
Kuebler, and Brundle [17] suggest that the observed values of 11.7eV and
12.2 eV are associated with e"(rn) split by Jahn—Teller effects, and are followed
by the ¢’(10.4 eV) and a;(13.2 ¢V) combinations of the nitrogen lone-pair AO’s.
This is consistent with our calculation as we find no band between e”(n) and
ay(o), and e"(n) is followed by e’(10.38 eV) and a{(13.88 ¢V) combinations of
the nitrogen lone-pair AO’s. Simple considerations show that the e’ — a7 splitting
in s-triazine should be 1.5 times as large as in diazine which is 1.5eV [21]. The
predicted value of 2.25eV is in adequate agreement with the value of 3.5eV
calculated here for the lone-pair splitting in s-triazine. This calculated splitting
seems close to the experimental value of 2.8 eV. The INDO value is 3.1eV for
this splitting. The second = ionization in s-triazine calculated at 14.9 eV is in very
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Table 3. The five lowest singlet-triplet transitions in azines. All energies are in eV

Molecule MRINDO/S
(symmetry)
Transition Split Symmetry of Type of
energy excited state transition
C;H;N,; 2.81 0.39 E” n-ng*
Dsn) 2.83 0.37 E” n-n*
3.13 0.09 : A5 n-z*
3.47 0.33 A5 n-—z*
3.57 1.63 A5 n-n*
C,H,N, 1.03 0.65 B, n-n*
D,,) 1.95 L.51 B,, n—n*
2.43 0.61 B, n-x*
2.45 1.11 A, n—z*
2.52 0.91 By, non*
CHN; 1.33 0.54 B, non*
(Cy) 2.13 0.29 A4, n-n*
2.77 0.28 B, non*
2.81 0.66 A, n—n*
2.83 0.94 B, non*

good agreement with experimental value of 14.6 eV, while the INDO value of
15.8 eV is too high.

Among the seven highest occupied orbitals of s-tetrazine the by, a, b,,, and
b, are the in-plane nitrogen lone-pair orbitals, while the b;,, b,,, and b,, are the
three highest energy occupied = orbitals. The two lowest unoccupied molecular
orbitals, a, and b,,, are both of type n*. All this is consistent with experimental
and INDO results, and with the results of the ab initio calculations listed by
Scheiner and Schaefer [22]. The in-plane nitrogen lone-pair orbitals are associ-
ated with lower IP’s in s-tetrazine than in s-triazine. This is attributed to the
perturbation caused by a group of four ‘line-pairs’. Spencer et al. [23] and
Sundbom [24] assumed that the interaction between the different lone-pairs and
carbons is small, so that a group of four lone-pairs with low IP’s is formed. The
lone-pair splitting of 1.06 eV is about three times less than the value calculated
for s-triazine. The INDQ calculation gives a similar result.

In pentazine the perturbation effect is rather large. We find two in-plane
nitrogen lone-pair orbitals, b, and qa,, before the b,(xn) ionization. The lone-pair
splitting of 0.73 eV is about five times less than the value calculated in s-triazine.
We have not been able to find either experimental or theoretical values for
comparison.

4.2. Singlet excitations

(i) S-triazine. The assignment for the first two n — n* transitions, considering
the degenerate transitions at 3.2 eV as a single transition, agrees with the INDO
assignment but reverses the reported order; the 1..(n - =n*) is observed and
calculated to be 0.13eV below the 1,,(n—»=*). The 1,;(n »=n*) transition
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at 3.22eV is in reasonable agreement with the reported value of 3.9 eV. This
transition is strong and its calculated oscillator strength of 0.02 is in very good
agreement with the reported value of 0.018.

Similar to benzene and other azabenzenes the three = —x* transitions are
calculated to be in the region below 63,000 cm~!. These bands are centred at
5.20, 6.82, and 7.87 eV and seem to be correlated with the benzenoid bands
lg,,, 15, and 1 , respectively. The lowest 7 —n* transition at 5.20 €V is in
reasonabie agreement with the reported value of 5.46 eV. However, this ben-
zenoid band has been reported to be symmetry forbidden and it is probably
because of this that the calculated oscillator strength is zero. In accordance
with the symmetry forbiddeness, the reported value of 0.002 is small, being
about the same size as in benzene itself. Unlike benzene, the second 1. (x —» = ¥)
transition at 6.82 ¢V is followed by almost equally intense component with a
very small separation of 0.03 eV. This can be attributed to the perturbation
caused by a group of three lone-pairs. We note a similar situation for the third
1z (m —n*) transition at 7.87 V. This band is the most intense of all the bands
in s-triazine. It is notable here that this strongest n — n* transition is over-
lapped by a weak Rydberg transition with a large enough separation so that it
is easy to distinguish between them. This is consistent with the observation of
Fridh et al. [25].

Most of the bands in s-triazine are of valence-shell type, while a few show a
very small percentage of Rydberg characters. The only 1..(n — ¢¥%) transition at
7.29 ¢V shows appreciable Rydberg character of 85%. This band is very weak
(f=0.002). A quantum defect of 0.91 corresponding to the first IP (ionization
potential) (e”) suggests that this band is one of the members of ns Rydberg
series. This is consistent with the observation of Fridh et al. [25] who suggested
that the only possible Rydberg transitions that might overlap the intense
n —n* band at 7.79 ¢V are 6e¢’ — 3s and le” — 3s.

(ii) S-tetrazine. A 15, (n —n*) transition is observed at 2.25 eV, the calculation
also predicts that the lowest transition is 1 B, (n—n*) at 1.68¢eV. The n »>n*
band has an onset at 4.34 eV with E,,, at 5. 01 eV. The calculation indicates a
lg, (m —n*) band at 3.46 eV which results in rather larger discrepancy with
expenment of 25%. The INDO calculation gives somewhat better agreement
with experimental values.

The reported second 1, (n — n*) state is theoretically difficult to investigate
in s-tetrazine. The ab initio calculation [22] and the INDO calculation is not
able to investigate the second 1,, surface. Ghosh and Chowdhury have recently
identified the analogous state for 3,6-diphenyl-s-tetrazine with band origin at
3.25eV [26]. Additionally, Ha has predicted a vertical excitation energy of
5.10 eV for this state [27]. We note a 15, (n —»n*) band at 5.23 eV which is in
very good agreement with the predicted value of 5.10 eV.

Fridh et al. [18] investigated the electron impact energy loss spectrum of
s-tetrazine. According to the theoretical studies, they assigned the valence
T —7* transitions as: 1, , lg,.» 151 and 1,, with maxima at 5.0, 7.1, 7.6 and
8.3 eV, respectively. This is consistent with our calculation. Furthermore they
suggest that the dominant energy absorption occurs around 8 eV. The main
characteristic of s-tetrazine is that this peak is split into two peaks (at 7.6 eV
and 8.3 eV), which appear to be approximately equal in strength. This is in very
good agreement with the calculation. However the calculated sphttmg of
0.22 eV is less than the predicted value of 0.7 eV,
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As to the Rydberg excitations, s-tetrazine shows two bands at 7.15 eV and
7.68 eV. In contrast to the situation for s-triazine, these bands are very weak. An
oscillator strength of zero does indicate that such bands can be seen experimen-
tally with stable experimental conditions.

The first Rydberg band, 1, (n —0c%), at 7.15¢eV is associated with 92%
Rydberg character. A quantum defect of 0.91 suggests this band to be a member
of the ns Rydberg series. Fridh et al. [18] observe such bands in the higher energy
region (12.26—12.49 eV) with quantum defect of 0.99. The second Rydberg band
at 7.68 eV has a quantum defect of 0.71 which is too large for a p transition and
too small for an s transition. The analysis of antibonding MO’s indicates that the
electrons are mainly upon the 3p orbitals of nitrogen atoms. Thus this band can
be assigned n —3p. This agrees with the bands observed in the (7.1-7.7 V)
region [18].

(iii) Pentazine. Before the onset of 15 (n —n*) we calculate four singlet n —»n*
transitions, the lowest being 1, (n —n*) at 1.87 eV. Contrary to the situations
for s-triazine and s-tetrazine, none of these bands is strong.

Due to the presence of a relatively larger number of lone-pairs, numerous
transitions corresponding to the promotion of these electrons can be expected.
This will in turn affect the = —» n* spectrum of pentazine. This effect is pro-
nounced in the present calculation. We note only one 1 (r —»=n*) at 3.77¢V. It
can be correlated with the benzenoid 15 band though it seems symmetry
allowed, owing to its oscillator strength of 0.012. A 1 4,(m —7*) transition at
5.31 ¢V is rather perturbed by the promotion of lone-pair electrons. Nevertheless,
this band is a significant one owing to its oscillator strength of 0.077 and seems
analogous to the benzenoid 1, band. The 1;,(n —=*) state at 7.85 eV is again
perturbed by the promotion of line-pairs, it is comparatively very strong, and
can be correlated with the intense benzenoid band 15, . The main characteristic
of pentazine is that this strong = —=* band is badly overlapped by the intense
g, = c¢* type transitions on both of its ends.

The presence of a number of significant 6, — 6* type transitions in pentazine
cannot be ignored in discussion. Transitions of this type are also present in
s-triazine and s-tetrazine, but they are relatively very weak. In pentazine, the
intensity of these bands increases towards shorter wave length with a maximum
absorption occurring around 8 eV. The most prominent of them are centred at
7.14, 7.62, and 7.96 eV. It is notable here that the Rydberg band at 7.06 eV is
overlapped by an intense o, - ¢ * transition with a separation of 0.08 eV. Thus
the perturbation caused by the promotion of ‘lone-pairs’ makes it difficult for the
Rydberg band to be identified. Similarly, the strongest = - =n* at 7.85eV is
overlapped by o, —>c* bands (at 7.62eV and 7.96eV). We note only one
Rydberg transition at 7.06 ¢V which is associated with 99% Rydberg character.
A quantum defect of 0.97 suggests this band is a member of the ns Rydberg
seriecs. We have not been able to find experimental or theoretical results for
comparison. :

4.3. Triplet excitations

All the transitions listed in Table 3 are of valence-shell type. The lowest triplet
transition is assigned as E”(n — n¥*) in s-triazine, B,,(n — n*) in s-tetrazine, and
B,(n — n*) in pentazine. The corresponding S-T (singlet-triplet) splits are 0.39 eV
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in s-triazine, 0.65 eV in s-tetrazine, and 0.54 €V in pentazine. Experimentally [28]
the lowest singlet and triplet in s-tetrazine are reported at 2.25 eV and 1.69 eV,
respectively with an S-T split of 0.56 V. This is in reasonable agreement with the
calculation. The first triplet ©# —n* transition is calculated at 3.57 eV, 1.95¢V,
and 2.83 eV in s-triazine, s-tetrazine, and pentazine, respectively. The corre-
sponding S-T split of 1.63 eV, 1.51 eV, and 0.94 eV decreases with increasing
perturbation.

5. Conclusion

Replacement of CH in benene by >N: removes a CH bonding level and
introduces a lone-pair level which is characterized by very high coefficients of 2s,
and 2p, in the molecular orbital. These orbitals clearly cannot be termed
non-bonding since the first ionization potential of any azines is >10¢V. The
total populations in the azines based upon a Mulliken population analysis show
that the nitrogen atoms are overall sp? hybridized. In the lone-pair orbitals the
promotion of 2s to 2p varies sharply from molecule to molecule in the following
order:

s-triazine < s-tetrazine < pentazine.

The substituent shows a very slow decrease in the first ionization potential
and consequently the onset of the first Rydberg band in azines occurs in a very
narrow region (7-7.12eV). The calculation also reveals that the substituent
shifts the frequencies of the benzenoid bands and alters their intensities some-
what. Thus benzene shows a lot of resistance to changing its # spectrum.
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Appendix A

CI matrix elements

In a CI calculation we need the matrix elements of the Hamiltonian H, with
respect to the ground and the different excited configurations. Here we give only
the final expressions for such elements, considering only the singly excited

configurations obtained by replacing the MO y, in the ground-state determinant
&, by the (virtual) MO y,,.

Diagonal elements:
J%Hedio dt=E,=2Y H,+Y (2J;— K;), (A.1)
ij
J‘tb?(He —E)'®¢dv=¢,— €, — T, +2K,,, (A2)
and

f3¢?(He —E)’®tdr =¢,— €~ Jy, (A.3)
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where
H, = (i|Hl)).
Off-diagonal elements:

J 'QaH, 'Y dr = (a|H|b) + f {2(ii | ab) — (ib | i)} — (jj | ab) +2(jb | aj), (A4)
f 3G H, PP di = f @2 H,'®" dv — 2(jb |aj), (A.5)

—J1¢;He‘¢z dv=(j|Hlk) +°f {2(ii | jk) — (ik | ji)} + (aa | kj) — 2(aj | ka), (A.6)

J%}'He Ofde = j '$?H, &% dv — 2aj | ka), (A7)
J 'O7H, '@ dr =2(aj | kb) — (ab | Kj), (A.8)
and
'[%D;He?’qi,’; dv = —(ab | kj). (A.9)
Appendix B

Molecular integrals in the MRINDO/S approximations
({|H|j) =Y CuCyy(u|Hv)
H,v

A A
=22 % {(Uuu_ D ZBfnl(A)n,,(B)>Cuinj
n

A n (B'#A)
B B,y
+22 CuCyiBr Ay @S } (B.1)
B nyv#p

(U‘kl)— Z C;qu;C).k al(ﬂ"ud)
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; CiClCau CarTn Ay
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sl

; CuiCuCu Cnta A @

5

2
>

+
gl E
=™

>
B
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3

1 n

»

>
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Z

>

A,my
[C i{CoiCou Ca(up | 1) + Y, {CliCyCus Car (| A4)
A#p

B

+ C;u'C).qukC).l(/d' |#)~) + CiCyCi Cn (pd Hﬂ)}:l, (B.2)

where the last line is true for s, p, . . . orbitals only.
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