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Ab initio electron propagator calculations on the lowest vertical ionization energies of acridine, phenazine,
and five diazaphenanthrene isomers have been performed with the partial third order and outer valence Green’s
function approximations of electron propagator theory. Agreement with photoelectron spectra is very close,
enabling the clarification of previous assignments. Numerous misorderings of final states from Koopmans’s
theorem are revealed. With the present approximations, Feynman-Dyson amplitudes are equivalent to
canonical molecular orbitals. Plots of these one-electron functions aid in the interpretation of the spectra by
revealing patterns of localization. Many final-state holes exhibit considerable mixing between nitrogen, lone-
pair hybrids, andσ-bonding lobes.

Introduction

Aza and diaza derivatives of polycyclic aromatic hydrocar-
bons possess unique chelating properties, display extensive
biological activity, and are widely used in analytical chemistry,
pharmacology,1-5 and molecular biology.6 These molecules
have been thoroughly scrutinized for antitumor activity,7

carcinogenicity, and mutagenicity.8 The ability of some phenan-
throlines (diazaphenanthrenes) to inhibit electron transfer in
biological systems has attracted attention.9 Derivatives of
acridine and phenanthrolines have been studied for their potential
antiviral (including anti-HIV) properties.10

Such chemical activity may correlate with molecular proper-
ties such as ionization energies and related orbital structures.11

These relationships are not yet founded on reliable data, for
heterocycles of this size have been examined only with
semiempirical calculations or with ab initio methods employing
small basis sets.12

Recently, a comprehensive electron propagator study on
photoelectron spectra of three polycyclic aromatic hydrocarbons
has appeared13 in which detailed results for anthracene, phen-
anthrene, and naphthacene were given and excellent agreement
with experiment was achieved. While there are abundant data
for these parent molecules, only one study exists on photoelec-
tron spectra of aza and diaza derivatives of anthracene and
phenanthrene.14 The spectra presented in that work contain a
number of unresolved, poorly resolved, or overlapping bands.
Assignments were made on the basis of semiempirical calcula-
tions.
Ionization energies from molecules with adjacent nitrogen

lone pairs usually are assigned with the aid of a simple, two-
level splitting model. Here, two lone-pair hybrids produce two
combinations, the out-of-phaseσN- and the in-phaseσN+.
Relative positions are determined by “through-space” or “through-
bond” interactions.14,15 Photoelectron spectra of molecules with
two aza centers usually are assumed to have two bands
corresponding to ionizations from nitrogen lone-pair orbitals.14,16

Unfortunately, this concept may lead to erroneous assignments,
especially when bands overlap.
Azabenzenes already have been investigated with electron

propagator techniques.17,18 Numerous final-state misorderings
from Koopmans’s theorem have been revealed. Even in the
simplest case of pyridazine, there are four MOs with significant

delocalization of nitrogen lone pairs into the aromatic core.18

Thus, there is a need for an accurate theoretical description of
heteropolycyclic compounds.

Methods

Electron propagator methods provide accurate interpretations
and predictions of photoelectron spectra.19-25 Final-state orbital
relaxation and differential electron correlation are taken into
account in calculations of vertical ionization energies and
electron affinities. Propagator methods not only provide
information on ionization energies but also yield Feynman-
Dyson amplitudes,φFDA, where

These one-electron functions, also known as Dyson orbitals,
are overlaps between initial states withN electrons and final
states withN - 1 electrons. Pole strengths,p, are defined by

and are proportional to photoionization intensities.
Because the OVGF (outer valence Green’s function)25 and

P3 (partial third order)26 approximations used here assume the
diagonal form of the propagator self-energy matrix in the
canonical MO basis, the corresponding FDAs are identical to
canonical MOs. Correlated photoionization intensities calcu-
lated with these propagator methods are scaled by pole strengths
that are less than unity and greater than zero. The OVGF and
P3 approximations remain valid only for outer valence ionization
energies for which the pole strengths are greater than∼0.80.
For outer valence ionization energies of closed-shell molecules,
contributions to a given FDA from the Koopmans orbital in
question generally dominate those of other canonical orbitals.
Lowered pole strengths usually indicate enhanced shake-up
character in final states. In the uncorrelated case, the Koop-
mans’s theorem (KT) value corresponds to a pole strength equal
to unity. For all states studied here, the pole strengths are
sufficiently large to justify use of the OVGF and P3 methods.
Therefore, orbital and state labels are used interchangeably.
All MOs except for ls-like core orbitals were included in

electron propagator calculations performed with the cc-pVDZ
basis.27 (Total energies are listed in ref 28.) Hartree-FockX Abstract published inAdVance ACS Abstracts,October 1, 1997.

φ
FDA(x1) )

∫ ψ*N-1(x2,x3,x4,...,xN)ψN(x1,x2,x3,...,xN) dx2 dx3 dx4 ... dxN

p)∫|φFDA(x1)|2 dx1
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geometry optimizations on the neutral molecules were carried
out with the 6-311G*29 basis set using GAUSSIAN 94.30 Three-
dimensional plots and structural diagrams were generated with
MOLDEN.31 The 0.05 FDA contours are displayed in the
orbital plots. Pole strengths are listed immediately beneath
OVGF and P3 ionization energies in the tables.
Close agreement with experiment is generally obtained for

closed-shell molecules with flexible basis sets.26,32 Systematic
employment of correlation-consistent basis sets27 has been
especially successful.26 A semidirect algorithm for the OVGF25

and P3 methods26 was reported recently.33 OVGF code is
incorporated in GAUSSIAN 9430 while P3 is implemented in a
modified version of this program complex.

Results and Discussion

Figure 1 presents a numbering scheme for nuclei. Calculated
vertical ionization energies and pole strengths (p) are collected
in Tables 1-5 together with experimental data on 9-azaan-
thracene (acridine), 9,10-diazaanthracene (phenazine), 9,10-
diazaphenanthrene (benzo[c]cinnoline or phenazone), 1,8-
diazaphenanthrene (4,7-phenanthroline), and 4,5-diaza-
phenanthrene (1,10-phenanthroline). Tables 6 and 7 display
predictions for 2,7-diazaphenanthrene (3,8-phenanthroline) and
3,6-diazaphenanthrene (2,9-phenanthroline).
Acridine. The lowest ionization state corresponds to aπ

MO, 4b1, with four nodal planes (Figure 2). This MO resembles
the highest occupied molecular orbital or anthracene,13 although
electron density is less concentrated near nuclei 9 and 10. Both
OVGF and P3 results are in very good agreement with
experiment. A well-resolved, sharp feature with pronounced
vibrational structure can be seen in the spectrum.14 For
anthracene, the corresponding P3 result is 7.31 eV.
The second ionization band corresponds to electron detach-

ment from theπ2 orbital (3a2), which seems to be an exact copy
of its analog in anthracene. P3 calculations on anthracene
produce an ionization energy of 8.46 eV for the analogous b1g

MO. A sharp peak at 8.69 eV was assigned to the lowest2A2

final state.

Relative positions of the next two states have been assigned
only tentatively. Although the OVGF and P3 results for the
nitrogen lone-pair orbital (22a1) and theπ3 MO (2a2) have the
opposite order, the absolute differences between these two values
(0.02 and 0.04 eV, respectively) confirm their appearance as
one overlapping band in the spectrum. In 22a1, there is
extensive delocalization into nearbyσ bond regions. 2a2 bears
a strong resemblance to the 1au MO of anthracene; the
corresponding P3 result for this final state was 9.09 eV.
Two 2B1 states are predicted to follow. Theπ4 MO (3b1)

TABLE 1: Acridine Ionization Energies (eV)

MO KT
OVGF
p

P3
p expt14 orbital type

4b1 7.74 7.70 7.83 7.88 π1

0.88 0.87
3a2 8.55 8.45 8.65 8.69 π2

0.89 0.87
22a1 11.10 9.14 9.20 9.3 σN

0.88 0.87
2a2 9.58 9.12 9.24 9.32 π3

0.88 0.86
3b1 11.36 10.47 10.56 10.59 π4

0.86 0.84
2b1 12.12 11.05 11.08 10.9 π5

0.85 0.83
18b2 13.45 11.69 11.83 σ

0.88 0.88
17b2 13.72 12.00 12.09 σ

0.88 0.88
1a2 13.60 12.22 12.18 11.97 π6

0.82 0.81
21a1 14.10 12.30 12.25 σ

0.87 0.86
20a1 14.90 13.13 13.11 σ

0.88 0.86
1b1 15.62 13.69 13.56 13.5 π7

0.76 0.76
19a1 15.73 13.76 13.79 σ

0.87 0.86
16b2 16.02 13.87 14.00 σ

0.87 0.86

TABLE 2: Phenazine Ionization Energies (eV)

MO KT
OVGF
p

P3
p expt14 orbital type

2b2g 8.24 8.15 8.28 8.33 π1

0.88 0.87
2b1g 8.68 8.64 8.87 9.06 π2

0.89 0.87
12ag 10.80 8.76 8.99 9.2( 0.1 σN+

0.88 0.88
1au 9.75 9.28 9.42 9.56 π3

0.88 0.86
10b1u 13.34 10.81 10.81 10.65( 0.2 σN-

0.86 0.85
2b3u 12.02 11.02 11.06 10.9 π4

0.84 0.82
1b2g 12.82 11.70 11.82 11.6 π5

0.85 0.84
10b2u 13.80 12.13 12.19 σ

0.88 0.87
8b3g 14.00 12.17 12.34 σ

0.88 0.87
1b1g 13.77 12.40 12.38 12.5 π6

0.81 0.80
11ag 14.50 12.72 12.71 σ

0.87 0.86
9b1u 15.18 13.38 13.37 σ

0.87 0.86
1b3u 16.32 14.26 14.18 14 π7

0.75 0.75
9b2u 16.41 14.20 14.36 σ

0.87 0.86

TABLE 3: Benzo[c]cinnoline Ionization Energies (eV)

MO KT
OVGF
p

P3
p expt14 orbital type

19b2 10.34 8.16 8.34 8.3( 0.3 σN-
0.87 0.86

3a2 8.54 8.45 8.65 8.69 π1

0.89 0.89
4b1 8.79 8.68 8.84 9.00 π2

0.89 0.87
2a2 10.08 9.59 9.81 9.84 π3

0.88 0.87
3b1 10.84 10.20 10.37 10.40 π4

0.88 0.86
21a1 13.18 11.19 11.41 10.85( 0.05 σ

0.88 0.87
2b1 13.57 12.27 12.30 12.13 π5

0.83 0.81
18b2 13.96 12.26 12.32 σ

0.88 0.88
1a2 13.91 12.44 12.41 12.65 π6

0.82 0.80
19a1 15.14 12.66 12.71 ∼12.7 σN+

0.86 0.84
20a1 14.58 12.88 12.92 σ

0.88 0.87
17b2 15.03 13.27 13.26 σ

0.88 0.87
1b1 16.37 14.44 14.39 14.30 π7

0.80 0.78
18a1 16.56 14.64 14.63 σ

0.87 0.86
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consists of three-center bonding patterns with alternating phases
on each of the rings. For the sixth final state, a similar bonding

pattern emerges, but on different nuclei. By forming symmetric
and antisymmetric combinations of these two orbitals, it is

Figure 1. Atomic numbering schemes.
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possible to recover patterns that resemble those of the corre-
sponding anthraceneπ orbitals, 1b2g and 2b3u. P3 ionization

energies are 10.56 and 11.08 eV, respectively. Maxima in the
spectrum occur at 10.59 and 10.9 eV; the areas beneath these

Figure 2. Acridine ionization energy FDAs (MOs).

Figure 3. Phenazine ionization energy FDAs (MOs).
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peaks are approximately equal. In the former feature, there is
a shoulder at 10.44 eV, which was assigned to theπ4 final state.
The peak at 10.59 eV was assigned to theπ5 final state. The
computational methods used here seldom give an error of 0.49
eV for aπ final state. A revised assignment therefore is made
here: the maxima at 10.59 and 10.9 eV correspond to theπ4

andπ5 final states.
Ionization from aσ orbital, 18b2, is predicted at 11.8 eV.

The calculated position of the followingπ6
2A2 state is in good

agreement with the experimental assignment. A broad feature

from 11.4 to 12.4 eV displays a maximum at 11.97 eV that
was assigned to theπ6 final state. A low pole strength for the
2A2 state (0.81) suggests shake-up structure at higher energies.
Koopmans’s theorem predicts the wrong order of thisπ level
and the nextσ level, 17b2. The ionization energy from the next
σ level, 21a1, is predicted to be only 0.07 eV higher than that
of theπ6 MO. The overlapped feature at 11.4-12.4 eV contains
contributions from all of these final states.
A prominent, unassigned peak at 12.9 eV in the experimental

spectrum can be assigned to an MO (20a1) that is delocalized

TABLE 4: 4,7-Phenanthroline Ionization Energies (eV)

MO KT
OVGF
p

P3
p expt14 orbital type

4b1 8.52 8.38 8.52 8.51 π1

0.89 0.88
3a2 8.56 8.53 8.73 8.86 π2

0.89 0.88
19b2 11.27 9.36 9.38 9.5( 0.05 σN-

0.88 0.87
21a1 11.39 9.44 9.43 9.5( 0.05 σN+

0.88 0.87
2a2 10.54 9.95 10.11 10.16 π3

0.88 0.86
3b1 11.66 10.85 11.00 10.84 π4

0.87 0.86
2b1 12.01 11.08 11.13 10.94 π5

0.85 0.86
18b2 13.88 12.11 12.19 σ

0.88 0.87
20a1 14.29 12.45 12.60 σ

0.89 0.88
1a2 14.79 13.19 13.09 π6

0.81 0.79
17b2 15.43 13.51 13.51 σ

0.88 0.86
1b1 15.83 14.00 13.89 π7

0.80 0.80
19a1 15.85 13.93 13.93 σ

0.88 0.87
16b2 16.07 14.25 14.17 σ

0.88 0.86

TABLE 5: 1,10-Phenanthroline Ionization Energies (eV)

MO KT
OVGF
p

P3
p expt14 orbital type

4b1 8.29 8.25 8.39 8.35 π1

0.89 0.88
3a2 8.62 8.49 8.67 8.6-8.7 π2

0.89 0.88
19b2 10.82 8.89 8.87 8.82 σN-

0.88 0.87
21a1 11.28 9.33 9.33 9.39( 0.05 σN+

0.88 0.87
2a2 10.62 10.02 10.17 10.11 π3

0.87 0.86
3b1 10.86 10.22 10.37 10.47 π4

0.87 0.85
2b1 12.49 11.45 11.47 11.16 π5

0.85 0.84
20a1 13.82 11.99 12.17 11.76( 0.05 σ

0.89 0.88
18b2 14.30 12.53 12.60 σ

0.88 0.87
1a2 14.41 12.87 12.78 12.36 π6

0.81 0.80
17b2 15.44 13.53 13.50 σ

0.88 0.86
19a1 15.79 13.79 13.74 σ

0.87 0.86
1b1 15.77 13.95 13.83 π7

0.80 0.79
16b2 15.77 13.93 13.89 σ

0.87 0.86

TABLE 6: 3,8-Phenanthroline Ionization Energies (eV)

MO KT
OVGF
p

P3
p orbital type

4b1 8.23 8.25 8.42 π1

0.89 0.88
3a2 9.53 9.09 9.39 π2

0.89 0.87
21a1 11.37 9.44 9.46 σN+

0.88 0.87
19b2 11.59 9.58 9.53 σN-

0.87 0.86
2a2 9.98 9.54 9.78 π3

0.88 0.87
3b1 11.50 10.75 10.92 π4

0.88 0.86
2b1 12.81 11.74 11.79 π5

0.85 0.83
18b2 13.50 11.81 12.00 σ

0.89 0.88
1a2 14.87 13.28 13.20 π6

0.81 0.79
20a1 14.91 13.19 13.25 σ

0.88 0.87
19a1 15.43 13.16 13.35 σ

0.87 0.86
17b2 15.49 13.73 13.72 σ

0.88 0.87
1b1 15.84 14.02 13.95 π7

0.80 0.79
18a1 16.39 14.33 14.43 σ

0.88 0.86

TABLE 7: 2,9-Phenanthroline Ionization Energies (eV)

MO KT
OVGF
p

P3
p orbital type

3a2 8.48 8.46 8.65 π1

0.89 0.88
4b1 8.92 8.73 8.87 π2

0.89 0.88
19b2 11.28 9.36 9.36 σN-

0.88 0.87
21a1 11.47 9.48 9.46 σN+

0.88 0.86
2a2 10.76 10.14 10.35 π3

0.88 0.86
3b1 10.90 10.25 10.46 π4

0.88 0.86
2b1 12.96 11.88 11.94 π5

0.85 0.83
20a1 14.08 12.32 12.48 σ

0.89 0.88
18b2 14.31 12.43 12.52 σ

0.88 0.87
1a2 14.77 13.19 13.09 π6

0.81 0.79
17b2 14.82 13.06 13.14 σ

0.88 0.87
1b1 15.82 14.00 13.93 π7

0.80 0.79
19a1 16.00 13.82 13.96 σ

0.87 0.86
18a1 16.57 14.62 14.64 σ

0.87 0.86
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over C-H and C-C bonds. P3 and OVGF energies are 13.11
and 13.13 eV, respectively.
There is rather good agreement between P3 and experimental

values for the highestπ level. The corresponding MO is
delocalized over six atoms of the central ring. A very low pole
strength (0.76) predicts substantial shake-up structure for this
final state. The higher lying2A1 state provides sufficient
overlapping to further obscure the experimental feature at 13.5-
13.8 eV. The last ionization described here is predicted to have
an energy of 14.00 eV and to correspond to anotherσ-type MO,
16b2.
Phenazine. With the presence of another nitrogen atom in

a position para to the first, there is a substantial shift to higher
ionization energies except for states corresponding to lone-pair
MOs. The first final state corresponds to aπ MO, 2b2g, that
displays the same nodal pattern as its counterparts for acridine
and anthracene.13 Agreement of experimental14 and calculated
values is very good for OVGF and is excellent for P3. A sharp
peak followed by well-resolved vibrational structure is observed.
Phenazine’s lowest ionization energy is larger than acridine’s.
The second ionization band is the result of overlap of two

very close-lying ionized states, a2B1g π state and a2Ag σ state
corresponding to an in-phase combination of nitrogen lone-pair
lobes (Figure 3). 12ag exhibits considerable delocalization into
the central ring’sσ regions and into adjacent C-C bond regions.
It is not obvious from the spectra which ionization energy is
lower. Both OVGF and P3 predict that theπ2 ionization is
lower.
The next ionization peak is very well resolved and corre-

sponds to aπ3 (1au) MO with four lobes localized at the 1-2,
3-4, 5-6, and 7-8 bonds for the two external rings. Closer
agreement with experiment is obtained for P3 than for OVGF.
The position of theπ4 ionization is not specified in the

experimental spectrum due to its overlapping with the adjacent
σ state and the very complicated structure of a broad feature at
10.5-11.2 eV. Our calculations place this ionization at 11.1
eV and predict that it is preceded by ionization from the out-
of-phase combination of nitrogen lone-pair hybrids. Both
OVGF and P3 energies for the latter state coincide with the
experimental position within experimental error. The 10b1uMO
is chiefly an antisymmetric combination of N lone-pair hybrids
with no contributions from other centers.
The following order is therefore predicted for the first six

ionizations: 2B2g (π1), 2B1g (π2), 2Ag (σN+), 2Au (π3), 2B1u

(σN-), and2B3u (π4).
The position of the next state,2B2g, was not defined properly

in the experimental work.14 There is an evident discrepancy
between theπ5 placement in Figure 4 of ref 14 and the energy
value given in Table 2 of ref 14. Our OVGF and P3 values of
11.70 and 11.82 eV correspond rather well with the position of
a peak seen at 11.6-11.8 eV in the experimental spectrum. 1b2g

has two three-center,π-bonding lobes centered on the nitrogens
that are significantly more localized than their anthracene
counterparts of ref 13.
Ionizations from two close-lyingσ MOs, 10b2u and 8b3g,

precede theπ6 ionization. Koopmans’s theorem obtains the
wrong order. Bothσ MOs exhibit delocalized patterns of C-C
and C-H σ-bonding lobes. Theseσ states correspond to a
plateau between 12.0 and 12.5 eV.
The π6 ionization energy of 12.4 eV is in close agreement

with the tentative experimental value, 12.5 eV. A low pole
strength for this ionization, 0.80, predicts the existence of shake-
up states, which seems to be typical for symmetric, bondingπ
MOs.13,17,34-36

Another σ state,2Ag, is close to theπ6 level, 11ag. The

corresponding MO includes a small contribution from nitrogen
lone-pair hybrids while consisting mostly of C-C, C-H
σ-bonding lobes.
The next ionization occurs from aσ MO, 9b1u, and corre-

sponds to an unassigned feature at 13.0-13.4 eV in the
experimental spectrum.
The highestπ ionization state,2B3u, is placed at 14.2 eV by

the calculations and at 14 eV in ref 14. The low pole strength
value predicts shake-up structure at higher energies, and
overlapping with a close-lying2B2u state is possible.
Benzo[c]cinnoline. The adjacency of the two nitrogens

produces unique orbital and energy patterns in this molecule.
The first ionization occurs from an out-of-phase combination
of lone-pair hybrids on two adjacent nitrogen atoms. Experi-
ment places this ionization band at∼8.3 eV. Our P3 result is
in excellent agreement with this value. The corresponding 19b2

MO is predominantly localized in the vicinity of the N-N bond,
although some delocalization over adjacent C-C bonds is
evident. Antibonding interactions between the N-centered lobes
produce a lower ionization energy for 19b2 than for the 19a1
MO (see below) that exhibits a bonding interaction between
lone-pair hybrids.
Correlation corrections to Koopmans’s theorem are large and

cause a reordering of final states. Two of these states,π1 and
π2, overlap with theσN- level to provide a broad featureless
band with a prominent maximum at∼8.7 eV corresponding to
ionization from theπ1 3a2MO. The agreement of the P3 energy
and the experimental value is very close. The firstπ level in
benzo[c]cinnoline corresponds to the secondπ level in phenan-
threne according to symmetry and the pattern of delocalization.13

The third state corresponds to electron detachment from aπ2

4b1 MO and its position in the experimental spectrum is only
tentatively given at 9 eV. Our P3 result, 8.84 eV, is close. The
MO is very similar to the firstπ level of phenanthrene. This
reversal of the first twoπ levels was mentioned as a possibility
in ref 14. It is evident now that the presence of two adjacent
nitrogen atoms in an aromatic molecule not only shifts the
ionization potentials to higher energies but also leads to
inversion of some levels compared with the parent hydrocarbon
molecule.
The next ionization peak at 9.84 eV is well-resolved, and

our P3 value of 9.81 eV is in excellent agreement with
experiment. The correspondingπ MO, 2a2, has four two-center
lobes localized mostly on the external rings, with a small
nitrogen contribution. This pattern is similar to the correspond-
ing a2 MO in phenanthrene.
Agreement with experiment for theπ4 state is excellent for

P3. A strong resemblance exists between the 3b1 MO and its
phenanthrene counterpart.
There is a significant discrepancy between the present

calculations and the experimental assignment of ionization from
a σN+ combination of nitrogen lone-pair hybrids. Reference
14 places the corresponding energy at 10.85 eV. A broad
feature of low intensity with an evident shoulder at 11.2-11.4
eV can be seen in the experimental spectrum. Our calculations
put this cationic state,2A1, at 11.19 eV (OVGF) and 11.41 eV
(P3); the FDA corresponds to a delocalizedσ pattern with only
small contributions from nitrogen lone-pair hybrids (Figure 4).
This MO has evident bonding character. Significant geometry
changes must occur upon ionization, and this band represents
the onset of ionization fromσ MOs.
The following two cationic states,2B1 and 2B2, have very

close energies and underlie an overlapping band at∼12.3 eV.
Delocalizedπ bonding characterizes the former: there is a node
between the nitrogens and the rest of the molecule. This state
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has a low pole strength, which implies the presence of shake-
ups under the envelope at 12-13.5 eV. The close-lyingσ MO,
18b2, is delocalized over C-C and C-H bonds with very small
contributions from the nitrogens.
Another pattern of overlapping occurs at∼12.5-12.7 eV.

Theπ6
2A2 cationic state precedes theσ 2A1. The latter’s MO

is chiefly an in-phase combination of nitrogen lone-pair hybrids
with some contributions from C-C and C-H σ-bonding lobes.
The cationic state corresponding to ionization from aσN+
combination of nitrogen lone-pair hybrids is at∼12.7 eV rather
than at∼11 eV.
Ionizations from higher lyingσ MOs 20a1 (12.9 eV) and 17b2

(13.3 eV) correspond to a shoulder in the higher energy region
of this large, multistructured band at 12-13.5 eV.
Theπ-σ overlap repeats in the higher energy region. Here,

theπ7
2B1 state precedes theσ 2A1. Our calculated energy value

agree rather well with the tentative experimental assignment.
A low pole strength accompanies theπ final state.
The photoelectron spectrum of benzo[c]cinnoline has several

unusual features. Koopmans’s theorem incorrectly predicts the
order of the final states. The order of the first twoπ levels
differs from that of phenanthrene. A simple, two-level model
does not seem to be applicable to the splitting of nitrogen lone-
pair levels in this molecule. Interaction with otherσ MOs of
identical symmetry generates multiple lone-pair combinations
and increases the splitting of the N- and N+ levels.
4,7-Phenanthroline. Due to the larger separation of nitrogen

nuclei, interaction between lone pairs influences the order of
cationic states to a lesser degree than in benzo[c]cinnoline. The
first two final states haveπ holes, and the P3 ionization energies
are in very good agreement with the experimental values. The
amplitude patterns in the corresponding MOs, 4b1 and 3a2, are
similar to those in phenanthrene.
The next two cationic states are very close in energy and

correspond to ionization from out-of-phase and in-phase com-

binations of nitrogen lone-pair hybrids. No splitting is discerned
from experiment, and both states are assigned the same energy
of 9.5 ( 0.05 eV.14 Both OVGF and P3 results are in close
agreement and produce splittings of 0.05-0.08 eV. The
corresponding MOs display significant delocalization over C-N
and C-C bonds. Through-bond couplings in the interior of
the molecule are manifest in the MOs.
The calculated position of the following ionization band

corresponding to theπ3
2A2 cationic state is in close agreement

with the experimental energy. The same is true for the next
twoπ states, both of B1 symmetry. The ordering of these states
and the electron density patterns do not differ significantly from
those in phenanthrene.13

The 11.9-12.9 eV region of the experimental spectrum14

displays a wide, two-hump band. The higher peak was
tentatively assigned to ionization from theπ6 level. Our
calculations show that both peaks correspond toσ cationic states
2B2 and2A1, which are placed at 12.2 and 12.6 eV, respectively.
Corresponding MOs (18b2 and 20a1) display patterns of C-C
and C-H bonding (with minor, nitrogen lone-pair contributions
in 18b2). Appreciable vibronic structure is anticipated for both
ionization bands.
According to the present calculations, at least five cationic

states are incorporated in a broad, unresolved band at 13-14.5
eV. The first of these, theπ6

2A2 state, has a low pole strength
and should display significant shake-up structure. Ionization
from a σ MO, 17b2, follows, and 13.5 eV is predicted for its
energy by OVGF and P3. This MO is dominated by C-C and
C-H lobes is the external rings, although minor contributions
from lone-pair hybrid lobes are present. The following states,
π7

2B1 andσ 2A1, are very close to each other. One moreσ
cationic state is included here. Allσ orbitals displayed in Figure
5 reveal some contributions from nitrogen lone-pair hybrids.
1,10-Phenanthroline. Because two nitrogen atoms are

separated by less than 3 Å, electron correlation has important

Figure 4. Benzo[c]cinnoline ionization energy FDAs (MOs).
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consequences for the order of final states. The first ionization
state relates to aπ MO with a distribution pattern similar to
that of phenanthrene. Both OVGF and P3 energies are very
close to the experimental value.14

The second ionization band with the experimental maximum
at ∼8.8 eV represents the overlapping of two cationic states,
π2

2A2 and the out-of-phase, nitrogen lone-pair hybrid combina-
tion, 2B2 (Figure 6). A strong resemblance is obtained between

Figure 5. 4,7-Phenanthroline ionization energy FDAs (MOs).

Figure 6. 1,10-Phenanthroline ionization energy FDAs (MOs).
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the former’s MO and itsπ2 counterpart in phenanthrene. The
MO 19b2, corresponding to the third ionization, while having
some C-C bonding character, consists chiefly of nonbonding,

lone-pair hybrids. In this case, the MO with an antibonding
combination of lone-pair hybrids lies above its bonding coun-
terpart. Ionization energies obtained for these states are 8.49

Figure 7. 3,8-Phenanthroline ionization energy FDAs (MOs).

Figure 8. 2,9-Phenanthroline ionization energy FDAs (MOs).
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and 8.89 eV (OVGF) and 8.67 and 8.87 eV (P3), respectively.
In the spectrum, there is a large peak at 8.8 eV with a shoulder
at 8.6-8.7 eV. Both features are explained by these calcula-
tions.
The fourth ionization occurs from an MO dominated by an

in-phase combination of lone-pair hybrids, 21a1. P3 and OVGF
results are in excellent agreement with experiment. An assign-
ment made on the basis of INDO calculations14 is incorrect.
The peak at∼8.4 eV was assigned to an out-of-phase combina-
tion of nitrogen lone-pair hybrids; the in-phase combination was
assigned to much higher energy. Our calculations predict the
energy splitting of the two lone-pair levels to be only 0.4-0.5
eV and place these levels much closer to the first twoπ levels.
Correlation corrections to Koopmans’s theorem must be in-
cluded in calculations that are performed to interpret this
spectrum.
The next three ionizations pertain toπ cationic states, and

the calculated energies are in good agreement with the experi-
mental values. The order of theseπ states is the same as in
phenanthrene.13

Ionization from aσ MO, 20a1, follows. Calculated energies
correspond satisfactorily with the experimental value, OVGF
being closer than the P3 result. There is little nitrogen character
in the MO. C-C and C-H σ bonding in 20a1 is associated
with geometry changes upon ionization and corresponding
vibronic structure. AσN+ state has been assigned to a feature
at 11.76 eV.14 However, the lone-pair contributions are
negligible.
Two cationic states contribute to the next ionization band

with the experimental maximum at∼12.4 eV. The first of these,
2B2, corresponds to aσ MO with strong bonding character. As
is the case with the precedingσ MO, ionization from this MO
(18b2) will lead to significant rearrangement of the nuclear
skeleton. The presence of a close-lying2A2 state with a low
pole strength and possible shake-ups further complicates precise
assignments for this band.
A wide, unresolved band with apparent vibronic and shake-

up structure can be seen at 13.5-14.0 eV. Four more states
lie in this energy region. The first two of these are2B2 and
2A1 σ states corresponding to bonding MOs with someσN-
andσN+ contributions. Both OVGF and P3 methods predict
almost identical splitting for these two MOs. The relative
position of the two deepest levels, 1b1 and 16b2, remains
uncertain due to their close energies and a very low pole strength
for the former.
3,8-Phenanthroline. No report on the photoelectron spec-

trum of 3,8-phenanthroline has appeared yet, and this section
therefore considers calculations only. The first two ionized
states,π1

2B1 and π2
2A2, will appear at 8.4 and 9.4 eV,

respectively. As MOs for these states are nearly the same as
their phenanthrene counterparts, the shapes of the bands should
resemble those of the first two ionization bands of phenanthrene
(Figure 7).
The next two ionizations will occur from two close-lying MOs

corresponding to nitrogen lone-pair combinations, the in-phase
pattern of 21a1 preceding the out-of-phase combination, 19b2.
The energy gap between these levels is predicted to be 0.1 eV.
Related bands are likely to overlap and to appear as one intense
peak at∼9.5 eV.
Ionization from aπ3 2a2 level will probably interfere with

the above pattern as the energy of the corresponding cationic
state,2A2, is calculated to be very close.
The next ionized state,π4

2B1, is almost 1 eV higher and
will be represented by a well-resolved, sharp ionization peak.
The related MO displays a distribution pattern very similar to

that of the phenanthrene 3b1 MO. One may expect this state
to occur at 10.9 eV.
The following band at 11.8 eV, corresponding to ionization

from 2b1, is very likely to overlap with the onset ofσ states at
12.0 eV. The resulting feature will probably have shake-up
structure due to the low pole strength value for the2B1 π5

cationic state. Thisσ-π overlapping and shake-up structure
pattern will be repeated in the next envelope comprising three
ionizations from oneπ and twoσ orbitals at 13.1-13.4 eV.
OVGF and P3 give different orderings of states. Because all
three corresponding MOs, 1a2, 20a1, and 19a1, are substantially
delocalized, significant vibrational structure is anticipated for
the ionization band at 13.1-13.4 eV. The latter MO, while
consisting mostly of C-C lobes, contains appreciable contribu-
tions from an in-phase combination of nitrogen lone-pair
hybrids.
The position of the nextσ cationic state,2B2, is predicted at
∼13.7 eV. Delocalized C-C and C-H patterns in the MO
will produce significant vibrational structure in the ionization
band. Some uncertainty remains for the exact location of the
highestπ7 state (∼14.0 eV) due to the low pole strength.
Anotherσ state with possible vibrational structure is antici-

pated at 14.4 eV.
2,9-Phenanthroline. In the absence of a published photo-

electron spectrum, this section discusses computational results
only. As the internuclear separation for two nitrogen atoms in
this molecule is almost the same as in the case of 4,7-
phenanthroline, one might anticipate almost identical spectral
and orbital patterns (Figure 8). Indeed, the orderings ofπ, σN,
andσ states in the calculated spectra of these two phenanthro-
lines are identical. There are some differences, however. The
first two cationic states of 2,9-phenanthroline are predicted to
have π holes and to lie at 8.7 and 8.9 eV (2A2 and 2B1),
respectively. These two states are reversed from the first two
states in both 4,7-phenanthroline and phenanthrene itself. The
energy gap of 0.2-0.3 eV and the possibility of structural
changes upon ionization from the latter level will not permit
resolution in this part of the photoelectron spectrum. One may
expect a pattern different from that for 4,7-phenanthroline. A
broad feature with a low-energy shoulder at 8.7 eV, a maximum
at 8.9 eV, and a prominent vibrational component at higher
energy are predicted to characterize the first two ionizations.
The next two ionizations occur from two orbitals correspond-

ing to out-of-phase (19b2) and in-phase (21a1) combinations of
nitrogen lone pairs. Because the energy gap between the two
is rather small,∼0.1 eV, ionization will very likely be displayed
as one band at 9.4 eV. The similarity with 4,7-phenanthroline
is evident here. Both lone-pair combinations are delocalized
over the nearest CC and CH bonds and have higher lying
analogs.
The following three ionizations pertain toπ states. Although

the ordering of these states and distribution patterns in relevant
MOs are formally the same as for 4,7-phenanthroline, peak
positions and shapes will be different. In the case of 2,9-
phenanthroline, theπ3

2A2 andπ4
2B1 cationic states are very

close and are likely to be displayed as one overlapping band
with maxima at 10.4-10.5 eV and no shake-up structure. The
third ionization will occur as a separate peak at higher energy,
∼11.9 eV, and is predicted to have shake-up structure.
The onset ofσ levels is represented by two very close cationic

σ states,2A1 and 2B2, at 12.5 eV. There will be significant
vibrational structure due to the bonding character of MOs 20a1

and 18b2.
The next band in the PES is very likely to be unresolved, as

it will consist of ionizations from very closeπ6 (1a2) and σ
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(17b2) levels at 13.1-13.2 eV. The band structure is predicted
to have complicated vibronic structure.
A similar ionization pattern is anticipated in the higher energy

region at 14.0 eV with overlappingπ7 andσ cationic states.
The last of the ionizations under consideration will occur from

aσ MO, 18a1. A band with a maximum at∼14.6 eV will have
significant vibrational structure because of the bonding character
of this MO.

Conclusions

P3 and OVGF propagator techniques were applied to pho-
toelectron spectra of polycyclic azaaromatic molecules. Very
good agreement between experiemntal He I14 and calculated
vertical ionization energies was achieved. In most cases, P3
values are closer to experiment than OVGF. Because P3
demands smaller computer resources than OVGF, application
of this propagator method to large systems is more advanta-
geous. With both methods, correlation corrections for lone-
pair holes are very large and reveal numerous defects in the
Koopmans ordering of cationic states, especially for phenan-
throline isomers. Corresponding orbitals often exhibit signifi-
cant delocalization between nitrogen, lone-pair hybrids, andσ
lobes at C-C and C-H bonding regions. Assignments made
on the basis of current calculations provide improved interpreta-
tions of existing spectra. Predictions have been made for the
photoelectron spectra of 3,8-phenanthroline and 2,9-phenan-
throline.
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