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| Using the INDO method of Salahub and Sandorfy and bonding parameters of RINDO method after slightly modifying the weighting factor, |
| the electronic spectra of 9,10-anthraquinone (AQ) and a few diamino anthraquinones (AQ’s), were calculated after including lowest thirty |
singly excited Hartree-Fock states in the configuration interaction process. The results are found to be good in agreement with experiment.
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INTRODUCTION

9,10-Anthraquinone and its derivatives form a very impor-
tant group of synthetic and natural colourants [1]. Since the
work of Rodionova, Krutovskaya, Rodionov, Tuchin and Karpov
[2] on diamino anthraquinones, there has been increased
interest in the investigation of spectral characteristics of
derivatives of 9,10-anthraquinones [3-17]. Theoretical ab initio
[7] or density functional theory [15] and the semi-empirical
ZINDO [12,18-22] methods have been used to calculate the
electronic spectra of 9,10-anthraquinone and its derivatives.
The ab initio or density functional method is costly and time
consuming for relatively large molecules. The ZINDO method
yields good transition energies and oscillator strengths for
T—T* transitions, but it poorly represents the 6—6* and even
6—71* or T—C* transitions which might arise at relatively
higher energy.

Salahub and Sandorfy (SS) INDO method promises good
results for excited states of relatively large saturated and
unsaturated organic molecules involving both 6 and 7 systems
[23-26]. Using this INDO method, the present authors
calculated the electronic spectra of 9,10-anthraquinone and
diamino-substituted 9,10-anthraquinone’s, considering the
lowest thirty singly excited Hartree-Fock states in the confi-
guration interaction (CI) process and compared the results with
experiment carried out by Khan and Khan [12]. But, they were
not quite satisfactory. The prominently sharp absorption peak,

in particular, observed experimentally at 249.4 nm in 9,10-
anthraquinone was not reproduced by this INDO scheme. This
led us to consider reparametrization of the bonding parameters
used in Salahub and Sandorfy INDO scheme [24].

To calculate the electronic spectra of saturated and un-
saturated organic molecules, Salahub and Sandorfy [24] had
selected a single value of bonding parameter 3°4p for a pair of
atoms A and B in the INDO method of Pople and Beveridge
[27]. But they had used average of separate values of bonding
parameters for the two atoms A and B to obtain the molecular
Rydberg transitions apart from valence shell transitions by their
RCNDO method [23]. Similar bonding parameters were also
used in the RINDO theory with good results [28].

This recipe of bonding parameter was also used in the
ZINDO [18-22] and the CNDO-CI [29-32] methods. But the
ZINDO or CNDO-CI methods emphasize the m-system of
organic molecules and somewhat underplay the 6-system. As
aresult, some of the higher energy states fail to show character
of 6—¢* transition in this region in the ZINDO or CNDO-CI
scheme.

To remove the anomalies, the present authors chose the
same methodology for bonding parameters here, except for a
slight difference in the weighting factor. This renders the
present INDO method consistent with the RINDO method at
the valence shell level. Such an INDO method was required to
be tested for a number of molecules. In fact, using this method
the authors calculated the electronic spectra of molecules like
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water, methane, ethane, ethylene, propene, ammonia, nitro-
alkanes, nitro alkenes and fullerenes [33].

In the present paper, results of calculations of low-lying
transitions are, for brevity, reproduced only on 9,10-anthra-
quinone and a few diamino substituted 9,10-anthraquinone’s,
by the new method and compared to those obtained by Salahub
and Sandorfy INDO method and Khan and Khan results [12].

METHODOLOGY

The INDO Hartree-Fock equations may be written as
suggested by Salahub and Sandorfy [24] except that the reso-
nance integral, H,, is given by:

Huv = BOAB Suv (1)

where S, is overlap integral for molecular orbitals y, and y,
belonging to atoms A and B respectively and

Boap=m (s +1p) (2)
with I, and I; as the average of ¢ and 1 ionization potentials
for atoms A and B respectively. Value of n was taken to be
0.362.

Geometries of the molecules were taken from the work
of Khan and Khan [12]. The energy of the ground state was
first minimized in the usual way. The method of configuration
interaction (CI) which included the lowest thirty singly excited
configurations was then applied for singlets.

The algorithm of INDO method used by Salahub and
Sandorfy has been slightly modified by us to obtain the present
result as given below.

To solve the INDO Hartree-Fock equations, Jacobi
diagonalization process was continued until all the off-diagonal
terms of the secular Hamiltonian were smaller than 10 a.u.
and the SCF procedure was discontinued after the difference
between successive eigen values became less than 107 a.u.

RESULTS AND DISCUSSION

The results of new INDO calculations on electronic spectra
of 9,10-anthraquinone and diamino anthraquinones like 1,2-
diamino-9,10-anthraquinone (1,2-DAAQ), 1,4-diamino-9,10-
anthraquinone (1,4-DAAQ), 1,5-diamino-9,10-anthraquinone
(1,5-DAAQ) and 2,6-diamino-9,10-anthraquinone (2,6-

DAAQ) are given in Tables 1-5. The theoretical values of
oscillator strengths obtained for different transitions plotted
against their wavelengths are shown in Figs. 1-5 and compared
with plots of values of absorbance against wavelength [12].
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Fig. 1. (a) Plot of present INDO f (oscillator strength) against A (wave-
length) in units of nm for 9,10-anthraquinone, (b) Experimental
absorbance against wavelength [Ref. 12]

Electronic transitions in 9,10-anthraquinone: The
lowest energy bands are found at 498.6 nm (f = 0.00) and
394.8 nm (f = 0.00) in the parent molecule i.e., 9,10-anthra-
quinone. Both are weak (f = 0.00) bands and can be assigned
to an n—7* transition (Table-1). Such a band is also found in
diamino substituted 9,10-anthraquinones except that they are
somewhat blue shifted. Experimentally, they are observed at
424.0 nm and 397.6 nm, respectively. In INDO scheme of
Salahub and Sandorfy they appear at 451.1 and 361.9 nm,
respectively.

TABLE-1
INDO ELECTRONIC SPECTRA OF 9,10-ANTHRAQUINONE
Observed [Ref. 12] Calculated
S. No. ) Re latiye INDO (Salahub & Sando;f};:lm — Present INDO —

h intensity A (nm) f }gransitirgn A (nm) f }gransitirgn
1 331.8 Moderate 451.1 0.00 (n—>m*) 498.6 0.00 (n—>7*)
2 319.4 Moderate 361.9 0.00 (n—>7*) 394.8 0.00 (n—>m*)
3 269.0 Strong 238.1 0.00 (n—>m*) 288.7 0.00 (o—>m*)
4 249.4 Very strong 224.6 0.00 (n—T*) 262.7 0.04 (T—>T*) + (0—0%*)
5 207.8 Strong 223.5 0.07 (T—>T*) 251.8 0.08 (T—>T*)
6 212.7 0.01 (T—>T*) 249.2 0.00 (n—>0%*)
7 209.1 0.27 (1) 248.6 0.34 (T—Tr*)
8 240.1 0.01 (T—>1*)
9 231.6 0.03 (T—T1T*)
10 226.7 0.00 (o—>m*)
11 215.9 0.093 (T—>T*) + (6—0%*)
12 198.7 0.02 (m—>7*) + (6—0%)
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The strongest transition calculated at 248.6 nm (f = 0.338),
corresponds well to the experimentally observed band at 249.4
nm, whereas the INDO method of Salahub and Sandorfy [24]
does not reproduce this band. The ZINDO method of Zerner
reproduces it at 244.2 nm (f = 1.29) [12]. This has n—n*
symmetry character. Another band observed at 207.8 nm is
found at 215.9 nm (f = 0.09). This has a mixed (c—c* +
n—1*) character for transition. The INDO method of Salahub
and Sandorfy gives it as T—m* transition at 209.1 nm (f =
0.27). The other prominent band observed at 269 nm can be
seen to agree with a calculated band at 262.7 nm (f = 0.04).
This is not found by the INDO calculation of Salahub and
Sandorfy.

Electronic transitions in 1,2-DAAQ: The lowest energy
transition found at 448.54 nm (f = 0.00) has a n—7* transition
symmetry. Experimentally a band of moderate intensity is
found at 461 nm (Table-2).

The strongest band observed at 247.6 nm is obtained at
247.57 nm (f = 0.43) by the present INDO calculation. This is
of the n—n* type. While this is not obtained by the INDO
method of Salahub and Sandorfy, but was reported at 258.9
nm (f = 0.87) by the ZINDO method [12].

Another strong band is found at 205.08 nm (f = 0.41) has
n—7n* transition. This corresponds well to a strong band
observed at 208 nm (Fig. 2).

The corresponding three transitions calculated by Salahub
and Sandorfy method are shown respectively at 392.6, 326.4
and 195.8 nm (Table-2). It may be seen that the results of
calculation by the new method appear to be better than that by
Salahub and Sandorfy method.

Electronic transitions in 1,4-DAAQ: The three observed
bands with increasing energy occur at 578.4 (m), 247.2 (vs)
and 204.8 (s) nm.

They appear to have been calculated at 494.56 (f = 0.00),
276.33 (f=0.35) and 206.33 (f=0.08) nm respectively (Table-
3). Their symmetry are respectively n—>n*, (t—n* + 6—06%)
and (t—>n* + 6—0*). The mixing of excited states is due to
the configuration interaction (CI) process and the way the
bonding parameter is being used. The corresponding transitions
by Salahub and Sandorfy method are found at 408.4 (f =0.00),
212.4 (f = 0.65) and 203.3 (f = 0.09) nm, respectively. The
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Fig. 2. (a) Plot of present INDO f (oscillator strength) against A (wave-

length) in units of nm for 1,2-DAAQ, (b) Experimental absorbance
against wavelength [Ref. 12]

results by the new method are in good agreement with
experiment. All the three transitions correspond fairly to
observed bands at 578.4, 247.2 and 204.8 nm respectively
(Fig. 3).

Electronic transitions in 1,5-DAAQ: The three bands
of increasing energy were observed respectively at 469.6, 273.6
and 231.8 nm. The lowest wavelength band appears to be very
strong. Our calculations show three bands respectively at
485.16 (f = 0.00), 346.62 (f = 0.44) and 246.28 (f = 0.46) nm
(Fig. 4). They correspond well to the observed bands. These
may be assigned symmetry character of n—n*, T—n* and
again w—w* respectively. It can be seen from Table-4 that
Salahub and Sandorfy INDO results do not appear to fair as
well.

TABLE-2
INDO ELECTRONIC SPECTRA OF 1,2-DAAQ
Observed [Ref. 12] Calculated
S. No. e (o) Relative INDO (Salahub & SandO;fy) Present INDO
* intensity A (nm) £ ymmetry of 7 i) £ Symmetry of
transition transition

1 461.0 Moderate 392.6 0.00 (n—>T*) 448.5 0.00 (n—m*)
2 270.0 Strong 326.4 0.58 (m—1*) 373.8 0.00 (n—0%)
3 247.6 Very strong 320.1 0.00 (T—7¥) 364.8 0.00 (n—>m*)
4 208.0 Strong 314.0 0.00 (n—>0c%*) 352.8 0.48 (T—7*)
5 286.8 0.00 (n—>0*) 263.4 0.13 (T—0*)
6 243.1 0.00 (n—>0*) 247.6 0.43 (m—Tr*)
7 239.9 0.00 (m—>T*) 240.5 0.00 (T—T*)
8 216.0 0.01 (T—TT*) 227.9 0.02 (T—1*)
9 208.5 0.01 (T—T*¥) 216.4 0.02 (6—0%)
10 195.8 0.14 (rm—>T*) 205.1 0.41 (m—T*)
11 188.3 0.03 (T>T*) + (6—06%*) 200.5 0.05 (m—>7*)
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TABLE-3
INDO ELECTRONIC SPECTRA OF 1,4-DAAQ
Observed [Ref. 12] Calculated
S. No. A, (1) Relative INDO (Salahub & San;lorfy) Present INDO
intensity 2 (nm) f ymmetry of A (nm) £ st of
transition transition
1 578.4 Moderate 408.4 0.00 (n—7r*) 494.60 0.00 (n—0*)
2 247.2 Very strong 392.1 0.66 (T—>1*) 473.10 0.00 (n—m*)
3 204.8 Strong 248.7 0.00 (m—T1*) 438.90 0.25 (T—T1*)
4 222.3 0.04 (m—>7*) 386.00 0.00 (o—>m*)
5 212.4 0.65 (m—>7*) 298.30 0.02 (n—c*)
6 206.4 0.01 (6—56%) 278.00 0.11 (—T*) + (0—0%)
7 202.5 0.00 (n—0%*) + (T—1*) 276.30 0.35 (T>T*) + (0—0%*)
8 203.3 0.09 (m—T1*) 241.20 0.06 (T—>0%*)
9 238.90 0.02 (m—0*)
10 229.10 0.09 (mT—>T*) + (6—0%*)
11 219.10 0.02 (T—T1*)
12 212.24 0.02 (m—1*)
13 206.33 0.08 (m—>1*) + (0—0%)
TABLE-4
INDO ELECTRONIC SPECTRA OF 1,5-DAAQ
Observed [Ref. 12] Calculated
S. No. A, (1) Relative INDO (Salahub & San;lorfy) Present INDO
intensity 2 (nm) f ymmetry of A (nm) £ sty of
transition transition

1 469.6 Strong 4315 0.00 (n—1*) 4852 0.00 (n—>*)
2 273.6 Strong 3334 0.00 (n—>m*) 377.0 0.00 (n—>*)
3 231.8 Very strong 3154 0.58 (T—>1*) 346.6 0.44 (T—>T*)
4 291.7 0.00 (m—1*) 321.6 0.00 (m—1*)
5 252.5 0.00 (n—c*) 319.7 0.00 (m—0*)
6 246.7 0.00 (n—0%) 304.8 0.00 (—6*)
7 212.3 0.00 (n—>m*) 252.6 0.00 (n—c*)
8 209.9 0.79 (%) 250.6 0.00 (0—T%)
9 208.3 0.00 (n—>m*) 246.3 0.46 (m—1*)
10 207.9 0.00 (m—1*) 2229 0.00 (n—>*)
11 201.3 0.00 (n—>1*) 214.2 0.16 (T>1*)
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TABLE-5
INDO ELECTRONIC SPECTRA OF 2,6-DAAQ
Observed [Ref. 12] Calculated
S. No. o Re latiye INDO (Salahub & San;io:'nfifl;t — Present INDO —

ax intensity A (nm) f Zransiﬁrgn A (nm) f zransiti(})]n
1 426.5 Moderate 383.0 0.00 (n—7*) 435.49 0.00 (n—m*)
2 321.0 Strong 314.0 0.00 (n—T7*) 357.33 0.00 (o—>1*)
3 291.0 Very strong 255.0 0.00 (T—T*) 298.97 0.00 (o—>1*)
4 227.0 Very strong 251.0 0.24 (T—T0*) 283.33 0.00 (T—>T*)
5 232.0 113 (RoT*) 262.68 0.65 (n—6%)
6 210.0 0.00 (m—>7*) 252.76 0.00 (n—c*)
7 207.9 0.00 (T—T0*) 239.74 0.60 (T—0*)
8 205.1 0.28 (T—T*) 231.12 0.00 (n—T*)
9 193.1 0.22 (T—T0*) 219.05 0.20 (T—>T*)
10 211.29 0.41 (T—7*)
1 205.20 0.01 (moT) + (06%)

Electronic transitions in 2,6-DAAQ: The lowest energy
transition in 2,6-DAAQ calculated at 435.49 (f = 0.00) has
symmetry of (n—7*) and corresponds well to the band at426.5
nm (Table-5).

In the case of 2,6-DAAQ the strong band is observed at
291 nm and next such band at 227.0 nm correspond well to
respective INDO calculated bands at 262.68 nm (f = 0.68)
and 239.7 nm (f = 0.60) (Fig. 5). These are of the (n—w*)
type. Under Salahub and Sandorfy INDO method they respec-
tively appear at 232 nm (f = 1.13) and 205.1 nm (f = 0.28).

Conclusions

The new INDO method is found more suitable for calcu-
lating the electronic spectra of organic molecules. Reasonably

good energy values for low-lying transition bands are obtained.
The energy values of transitions and their oscillator strengths
are more consistent with observed bands in all 9,10-anthra-
quinones investigated here. The symmetry obtained for the
excited states in question appears to be reasonable, as is generally
expected of such transitions.

The new INDO method described here gives results better
than Salahub and Sandorfy method and sometimes even better
than the ZINDO method. It also describes the 6—6* character
of high energy transitions. The experimental results of Khan
and Khan [12] do not show the lowest energy weak transitions
(f=0.00) generally expected in molecules containing oxygen
non-bonding electrons.

The INDO method of Salahub and Sandorfy has been
modified by changing the way the bonding parameter was

1.5
@) calculated. Numerous calculations have been made on a good
number of molecules by the present INDO method, as pointed
1.0 out above. The transitions are reasonably described.
In the present paper, however, we have shown only the
B prominent results on 9,10-anthraquinone and some substituted
0.5 diamino anthraquinones such as 1,2-diamino-9,10-anthra-
quinone (1,2-DAAQ), 1,4-diamino-9,10-anthraquinone (1,4-
DAAQ), 1,5-diamino-9,10-anthraquinone (1,5-DAAQ) and
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