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The ground state structures of phenanthrene and its monoaza-derivatives,
phenanthridine and 7,8-benzoquinoline were optimized using the ab initio
methods. Both methods of optimization are leading to the results, which are
in good agreement with available experimental data. Calculated ground-state
electric dipole moments in phenanthridine and 7,8-benzoquinoline were found
to have antiparallel orientations, due to the different electronic charge dis-
tributions in these molecules. The energies of vertical electronic transitions
from the ground to excited singlet states (So — Sn transitions) and the
corresponding oscillator strengths were calculated within the framework of
configuration interaction-singles and time-dependent density functional the-
ory. The last method was found to be more accurate in reproduction of
experimental absorption spectra. Very interesting result of these computa-
tions is the change of relative orientation of the transition dipole moments
for the two lowest w7* electronic transition in monoazaphenanthrenes —
from perpendicular in phenanthrene molecule to nearly parallel orientation
in both monoazaphenanthrenes. The observed changes of molecular param-
eters and spectra can be related to the inductive effects of the substitution
of nitrogen atom into the aromatic skeleton of phenanthrene.

PACS numbers: 82.20.Wt, 31.15.Ar

1. Introduction

In physical organic chemistry the effect of substitution of the nitrogen atom
into the aromatic ring system of hydrocarbon is known as the inductive effect of
substituent [1]. In general, this effect is connected with the polarization of chemical
bonds, due to shifts of their electron pairs in the direction of the electronegative
group [2]. Nitrogen atom, which is more electronegative than the carbon atom,
would attract electrons from the rest of the molecule, thus causing the inductive

(601)



602 1. Deperasinska, J. Prochorow

effect. The analysis of aromatic character of aza-derivatives of aromatic hydrocar-
bons has shown that the presence of nitrogen atom in the aromatic ring system
increases its aromaticity [3].

The theoretical considerations of inductive effect, based on the first-order
perturbation theory, predict rather small changes of the energy levels of hetero-
-conjugated molecule. In accordance with these considerations, experimentally de-
termined electronic transition energies (corresponding to the two lowest 7 — 7*
electronic transitions — to L, and Ly states, in Platt’s classification) in aza-hydro-
carbons are only slightly changed in comparison to the transition energies observed
for the parent hydrocarbon [1]. However, such a substitution (of nitrogen atom)
brings about another new feature — the enhancement of the L; absorption band.
The low intensity of this band in the aromatic hydrocarbon is attributed to the
pairing property of the hydrocarbon molecular orbitals. On N-substitution this
property is lost.

From the photophysical point of view, it is also important that after sub-
stitution of nitrogen atom into the aromatic hydrocarbon the lone-pair electrons
(n electrons of N atom) are replacing two C—H bonding electrons of hydrocarbon.
As a consequence, in aza-hydrocarbons, in addition to the # — 7* electronic tran-
sitions (present in parent hydrocarbons), electronic transitions of the new type are
expected to appear. These new transitions called n — 7* transitions are symme-
try allowed and polarized perpendicularly to the molecular plane. In aza-benzenes
and aza-naphthalenes n — 7* transitions are observed as either separate bands at
lower energy than the bands corresponding to # — 7* transitions, or as shoulders
on m — 7w* absorption band [1]. However, in the case of polycyclic aza-aromatics
the absorption bands corresponding to the n — #* transitions are hidden under
the absorption bands corresponding to the 7 — #* transitions [1, 4-7].

Polycyclic aromatic hydrocarbons together with corresponding polycyclic
aza-aromatics form the class of molecules, which are of importance in astrophysics
and life sciences [8—11], but the properties of polycyclic aza-aromatics are not yet
well recognized and understood. In this work we present the results of ab initio
calculations of the properties of two azaphenanthrenes, phenanthridine (PHN) and
7,8-benzoquinoline (BQ), and of their parent hydrocarbon — phenanthrene (PH),
which serves as a reference molecule.

The experimental data for phenanthridine and 7,8-benzoquinoline are rela-
tively wide [12] and include: X-ray structures [13], IR spectra [12], the absorption
and fluorescence spectra of free bases and their conjugated acid forms of both these
molecules in aqueous solutions [6], values of ionization potentials [14]. Dipole mo-
ments in the ground and excited states of 7,8-benzoquinoline were derived from
the solvent effect on absorption and fluorescence spectra [7]. Recently the TR spec-
trum of the argon matrix isolated BQ was published [11] and the analysis of the
solvent effects on electronic absorption and fluorescence spectra and on photophys-
ical parameters of both azaphenanthrenes and phenanthrene were presented [15].
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The comparison of the electronic absorption spectra of PHN and BQ with the
spectrum of phenanthrene indicates that the energies of the Sy — S transitions
are only slightly different while the extinction coefficient is much larger for aza-
phenanthrenes [15].

Up to now, however, the theoretical and computational works were concen-
trated almost exclusively on the phenanthrene molecule [9, 16, 17-21] with one
exception — recently the interpretation of IR spectrum of 7,8-benzoquinoline was
performed by ab initio calculations [11]. Most of the advanced, ab initio compu-
tations for PH are connected with the interpretation of its vibrational spectrum
[16, 17-19]. Still, however, the understanding of the electronic spectra of PH on
the level of ab initio calculations [9, 20, 21] is not satisfactory.

In the present paper we are computing the optimized geometry of phenan-
threne and both azaphenanthrenes and compare the different molecular properties
corresponding to these structures in search of the effects caused by the nitrogen
atom substitution into the aromatic ring system.

2. Computational details

The schematic structures of the phenanthrene, phenanthridine and
7,8-benzoquinoline, together with the bond numbering, are presented in Fig. 1.

Fig. 1. Structures of investigated molecules and numbering of the bonds. Black circles

indicate the position of nitrogen atom.

The geometry of each of these molecules were optimized by restricted
Hartree-Fock at 6-31G(d) level (RHF/6-31G(d)) and density functional theory
at B3LYP/6-31G(d) level (DFT B3LYP/6-31G(d)). The optimization calculations

were followed by the calculations of the vibrational frequencies in order to verify,
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whether the obtained stationary points are the true minima. The energies of elec-
tronic transitions from the ground to the excited states and corresponding oscilla-
tor strengths (for the structures optimized in the ground state) were determined
by restricted configuration interaction-singles at 6-31G(d) level (RCIS/6-31G(d))
and time-dependent density functional theory at BSLYP/6-31G(d) level (TD DFT
B3LYP/6-31G(d)) methods.

All calculations have been carried out using the GAUSSIAN 98 prog-
rams [22].

3. Results
3.1. Ground state optimized geometry

All three molecules under consideration, i.e. PH, PHN, and BQ, in their
RHF/6-31G(d), and DFT/B3LYP/6-31G(d) optimized geometry have planar struc-
tures. Bond lengths obtained for the optimized geometry (within the framework
of both these methods) are presented in Fig. 2 together with the experimental
crystallographic data taken from [13]. Tt is seen that the differences between bond
lengths determined by the both methods are not exceeding 0.02 A for all three
molecules. However, a comparison of the results of calculations with experimental
data shows that for PH and PHN molecules they also agree within the 0.02 A
limit, but for BQ experimental and calculated bond lengths can differ by 0.045 A
for a, b, j, k and m bonds. At this point we must mention, however, that similar
differences can be found for the bond lengths of phenanthrene molecule obtained
in different experiments [13, 18, 19, 23].

A close inspection of Fig. 2 reveals that the largest changes of the bond
lengths are observed for the bonds a and b in PHN and h and g in BQ. If we refer
to Fig. 1 then it turns out that those are bonds in which nitrogen (N) atom is
participating. Calculated decrease in the length of bond a of PHN in comparison
to PH is 0.066 A (RHF calculations) and 0.060 A (DFT calculations). Bond b in
PHN is getting shorter by either 0.060 A (RHF) or 0.051 A (DFT). In the case of
BQ molecule the corresponding changes are 0.069 A (RHF) and 0.060 A (DFT)
for h bond and 0.066 A (RHF) and 0.059 A (DFT) for g bond.

Therefore, the substitution of N atom into the phenanthrene aromatic system
results in the relatively large decrease (by ~ 0.06 A) in the length of bonds formed
with participation of N atom (instead of C atom). This quantity is slightly larger
than the experimental results which estimate this decrease as ~ 0.04 A.

The changes of bond lengths are accompanied by the changes of the angles
between the bonds and it leads to the deformations of the PH rings. In the case
of PHN the largest changes (ca. =+ 3°) are those of the angles (a,b), (a,p), (b,d)
and (b,c), while in the case of BQ these changes are slightly smaller (ca. +2.5°),
but more extended topologically — beside the angles (g.f), (g,h), (h,c) and (h,i)
they include also (¢,d) and (b,d) angles. In other words in the case of PHN the
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Fig. 2. Comparison of experimental values [13] of the bond lengths (— e —) with their
values calculated with the use of DFT/B3LYP/6-31G(d) (o) and RHF/6-31G(d) (D)
method, for phenanthrene, phenanthridine, and 7,8-benzoquinoline (numbering of the

bonds as in Fig. 1).

N-substitution causes the changes of CNC and CCN angles while in the case of
BQ also the two CCC angles undergo such changes. In PHN, the N-substitution in
the central ring of phenanthrene deforms this ring and changes the angle between
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the central ring and neighboring external ring. In BQ, the N-substitution in the
external ring of phenanthrene deforms this ring, changes the angle between the
external and central ring and changes also the CCC angle in the central ring.
Therefore the substitution of N atom to the phenanthrene rings leads to
the non-negligible geometric changes in both azaphenanthrenes and results in the
reduction of (s, symmetry characterizing the parent molecule of phenanthrene.

3.2. Charge distributions and dipole moments in the ground state

The reduction of symmetry of phenanthrene in azaphenanthrenes is espe-
cially clearly seen when the charge distributions and electric dipole moments of
these molecules are compared. The substitution of N atom into the phenanthrene
aromatic system changes the charge distribution in the manner shown in Fig. 3a
and b for PHN and BQ molecules, respectively. It is seen that these changes are
large but simultaneously are of local character, limited to the part of molecule.
The presence of N atom in the place of C atom in phenanthrene system is equiva-
lent to the increase in negative charge in the place of substitution (in Fig. 3 atom
14 in PHN and atom 9 in BQ, respectively). This change is accompanied by the
increase in positive charge on neighboring C atoms (atoms 1 and 13 for PHN and
8 and 10 for BQ, respectively).

(A) » B

3 2 13 12 3 2 13 12

0.3 - 03

-.-o-.- phenanthrene .-.o--- phenanthrene

—e——phenanthridine — e 7,8-benzoquinoline

0.6 J 06 |
Fig. 3. Comparison of the results of RHF/6-31G(d) calculations of the charge distri-
bution in phenanthridine (A) and in 7,8-benzoquinoline (B) molecules with the charge

distribution in phenanthrene molecule.
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Fig. 4. Calculated values and directions (— — —|—) of the electric dipole moment in the

ground state of PH, PHN, and BQ molecules.

Charge distribution in both investigated azaphenanthrenes becomes asym-
metric. The asymmetry leads to the appearance of the electric dipole moments
whose values are larger than the very small dipole moment of PH molecule (see
Fig. 4). These dipole moments are directed along the line, which forms an angle
of ca. 30° with the direction of the dipole moment of PH. It is also seen from
Fig. 4 that the values of the dipole moment calculated by RHF and DFT meth-
ods are similar and that the calculated dipole moment for 7,8-benzoquinoline is
much larger as compared to the experimentally estimated value [7], which probably
should be subjected to verification.

3.3. Molecular orbitals

In Fig. 5 the RHF orbital energy diagrams of the highest occupied molecular
orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) for all
three molecules under consideration are given. The shapes of the frontier orbitals
are also visualized. As it can be seen, the energies of all levels in azaphenanthrenes
are systematically lower than the energies of the levels in phenanthrene. In terms
of the first-order perturbation theory such behavior is a symptom of the inductive
effect of substituent for alternate hydrocarbons [1].

The energies of HOMO orbitals: 7.67 eV for PH, 8.10 eV for PHN, and
7.81 eV for BQ can be compared to the ionization potentials of these molecules,
which were experimentally determined as 7.89 [12, 23], 8.31 and 8.04 eV [12, 14],
respectively. And this regular shift of ca. 0.2 eV can be considered as a quite good
agreement between calculations and experiment.

However such agreement is absent for the electron affinity — the calculated
energy of LUMO orbital of phenanthrene, 2.72 €V, is much larger than the exper-
imental value of electron affinity of this molecule estimated as < 0.3 eV [12, 24].
Such discrepancy holds also in the case of the energy gap between HOMO and
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Fig. 5. Orbital energy diagram for phenanthrene and azaphenanthrenes (energy scale
in €V) and the cross-sections of frontier orbitals (the black and grey regions reflect the

nodal characteristic of the orbital symmetry).

LUMO, which is too large. This is known as a defect of ab initic RHF calcu-
lation [9, 25, 26] which leads to the overestimation of the energies of electronic
transitions.
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It can also be noticed (cf. the orbital shapes) that there is a rather close
correspondence between the LUMO (as well as LUMO+1) of PH molecule and
LUMOs (and respectively LUMOs+1) of BQ and PHN molecules. On the other
hand, the HOMO and HOMO-1 of the both, BQ and PHN, are clearly the com-
binations of HOMO and HOMO-1 of PH molecule. And finally, we notice that in
PH molecule there is no equivalent of the HOMO-4 observed in either BQ or PHN
molecules. The shape of HOMO-4 in both molecules indicates that this orbital
can be treated as the “classical” n-orbital, although it is partially delocalized over
the other atoms of the system.

We should mention that the orbital diagram obtained within the framework
of DFT method is qualitatively similar to that discussed above, with very similar
shapes of orbitals. The most important difference between both methods is that
RHF-calculated HOMO—-4 orbital becomes HOMO-2 within DFT method.

3.4. Electronic spectra

The HOMO orbital energies obtained within DFT method are by ~ 2 eV
higher than the RHF-calculated energies. At the same time, however, the energy
gap between HOMO and LUMO calculated by DFT method is lower than that
calculated with the use of RHF method. As a result, the energies of electronic
transitions calculated by means of DFT method are lower and much closer to the
experimental observations than those obtained within RHF method. The follow-
ing values are illustrating this fact: (a) experimentally observed wavenumbers of
the (0,0) band of the absorption of PH, BQ, and PHN in n-hexane solution are
28918, 28935, and 29137 em ™!, respectively [15], (b) energies of Sy — S; transition
calculated by RCIS method for PH, BQ, and PHN are AF = 41456, 41996, and
42382 cm™1!, respectively, and (c) transitions energies calculated by DFT method:
are 32457, 32107, and 32703 cm~! for PH, BQ, and PHN, respectively. It is evident
that DFT results are much closer to the experiment, and similar relations between
ab initio RCIS, TD DFT and experimental transition energies have been obtained
for many other molecules [20, 21].

The energies of Sy — S, transitions calculated by TD DFT method for PH,
PHN, and BQ molecules are collected in the Table, while in Fig. 6 a comparison of
calculated and experimental absorption spectra [15] is given. In the reconstruction
of calculated spectra we used the following procedure. Each calculated electronic
transition is described by definite values of energy of transition and oscillator
strength (i.e. the length of the vertical stick, corresponding to the given transition
energy is proportional to the oscillator strength of this transition). The vertical
lines were then replaced by Gaussian contours. The maximum of contour 1s placed
at the calculated transition energy, its height i1s equal to the calculated oscillator
strengths. The value of 1000 cm~! was taken as the width of each contour. The
envelope of such Gaussian contours composes the calculated absorption spectrum,
which can be now compared with broad and diffused experimental spectra.
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TABLE
Energies (AE) of electronic S1 — S, transitions and their oscillator strengths
(f) calculated with the use of TD DFT B3LYP/6-31G(d) method. Abbre-
viations of A,, B, and A’, A" refer to the group elements in Cs, and C;
symmetry representations, respectively.

phenanthrene phenanthridine 7,8-benzoquinoline
sym- AF f sym- AF f sym- AF f
metry | [em™!] metry | [em™!] metry | [em™!]

A 32457 | 0.001 A’ 32703 | 0.007 A’ 32107 0.044
B, 34447 | 0.068 A" 34513 | 0.001 A’ 34338 0.030
A 38936 | 0.125 A’ 34555 | 0.059 A" 35721 0.002
B, 41220 | 0.746 A’ 39021 | 0.105 A’ 38345 0.104
A 42082 | 0.003 A" 39519 | 0.000 A" 38607 0.000
B, 42423 | 0.025 A’ 40821 | 0.491 A’ 40344 0.373
B, 47057 | 0.008 A’ 42821 | 0.072 A’ 43061 0.016

It is seen from Fig. 6 that the procedure applied to the TD DFT-computed
electronic transitions reproduces quite well the measured absorption spectra of all
three molecules under investigations. The 10 lowest calculated electronic transi-
tions are leading to the spectrum (calculated one) composed of four bands with
the intensity distribution similar to the experimentally observed.

Furthermore we notice that the present calculations are also reproducing ex-
perimentally observed enhancement of Sy — 51 transition in azaphenanthrenes, as
compared to its intensity in parent phenanthrene molecule. Such effect is caused
by the reduction of symmetry of phenanthrene after N-substitution, which re-
sults in the lost of the pairing property of parent hydrocarbon molecular or-
bitals. Each of two lowest # — #* transitions in azaphenanthrenes is described
by the configuration interactions of four electronic configuration (HOMO—-1 —
LUMO+1, HOMO-1 — LUMO, HOMO — LUMO+1 and HOMO — LUMO),
while Ly and L, excited states in parent PH molecule are described only by the
pairs of configurations (HOMO—1 — LUMO, HOMO — LUMO+1) and (HOMO
— LUMO, HOMO-1 — LUMO+1), respectively.

These differences in configuration interactions in azaphenanthrenes and in
phenanthrene are reflected also by the changes of the relative polarization of two
low-lying m# — #* transitions. The angle between directions of transition dipole
moments for these two electronic transitions states is 90° for phenanthrene, while
in the case of azaphenanthrenes it 1s close to 0°. It comes out from our calculations
that, in the case of PHN, transition dipole moments for electronic transitions
under consideration form an angle of ca. 30° with the long axis of molecule (which
is parallel to the molecular bond 1 (cf. Fig. 1)). In the case of BQ this angle is
predicted to be near 0°.
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Fig. 6. Electronic absorption spectra of PH, PHN, and BQ molecules. Experimentally

observed spectra (ezp) in n-hexane solution [15] are compared with the results of calcula-

tions (cal). The vertical lines correspond to the TD DFT-calculated energies of So — S,

electronic transitions (see the text for details).

Another result of N-substitution is the appearance of n — 7* transitions

(see the Table) with a small oscillator strength and transition dipole moment
perpendicular to the molecular plane (A”). Such transition is identified as Sy — S5
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transition in the case of PHN and as Sy — 53 transition in the case of BQ. Up to
now, these electronic transitions have not been experimentally identified [15].

4. Concluding remarks

The results of analysis and calculations performed in this work demonstrate
that the substitution of the nitrogen atom in the phenanthrene aromatic ring sys-
tem has a character of the inductive effect. Such substitution changes the electronic
and geometrical structure of molecular system of azaphenanthrenes (in comparison
to the phenanthrene) and leads to the appearance of the electric dipole moments
whose values are larger than the very small dipole moment of phenanthrene. The
results of calculations are reproducing quite well the measured absorption spectra
and confirm the conclusions of the experimental work [15] that the first excited
singlet state of azaphenanthrenes is of wa*-type (at the same time the “phenan-
threnes’ Lj character” of this state is lost).

Very interesting and experimentally very challenging is the result (deliv-
ered by the both ab initio, RCIS and TD DFT, calculations) which indicates a
near-parallel orientation of the transitions dipole moments of electronic transi-
tions to the two lowest 7w#* states of azaphenanthrenes. Another result, which
can be of importance for understanding the photophysics of azaphenanthrenes in
solutions, is the prediction that the lowest n7* state is the second, S5, and the
third, S3, excited state within the singlets manifold of PHN and BQ), respectively.
Such ordering might be important, especially in view of the conclusion (inferred
from the observations of fluorescence and its decays [15]) according to which a
strongly polar and hydrogen-bonding solvent (such as methanol) induces in these
two molecules very different quantitative changes of the rate constants of non-
radiative transitions in the first excited state. The last point clearly calls for the
advanced calculations of the optimized structures and parameters of excited states
of azaphenanthrenes, which is the next step in continuation of the present work.
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