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The optimized equilibrium geometry of 7,8-benzoquinoline molecule in
its first excited, Si, singlet state was computed with the use of ab initio
RCIS/6-31G(d) method. It was found that the electronic transition to the
first excited state in 7,8-benzoquinoline is not confined to the neighborhood
of nitrogen atom, but is delocalized over entire aromatic rings system, much
alike in the molecule of phenanthrene. With the optimized geometry of
the ground and excited state of the molecule, the frequencies of the vibra-
tional fundamental modes were computed, together with their displacement
parameters (geometry changes of vibrations between the excited and the
ground state). These frequencies are in good agreement with vibrational
frequencies present in the fluorescence spectrum of 7,8-benzoquinoline ob-
served recently under jet-cooling conditions in supersonic beam expansion.
In comparison to the fluorescence spectrum of phenanthrene, the calculated,
as well as experimental fluorescence spectra of 7,8-benzoquinoline contain
much more vibrational features, and this increased vibronic activity is re-
lated to the symmetry break caused by the introduction of N-heteroatom
into the aromatic ring system of phenanthrene.
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1. Introduction

There are no simple and strict rules, that could be used for a prediction of
the changes of spectral properties of a polycyclic aromatic hydrocarbon molecule
upon substitution of a nitrogen atom(s), into the aromatic ring system (and cre-
ation in this way its N-heterocyclic aromatic derivative). This is connected, at
least in part, with occurrence of a new quality in the 7-electrons aromatic system
of aromatic rings, brought about by the presence of non-bonding n-electrons of the
lone-pair(s) of nitrogen atom(s). In addition to the electronic 7, 7* states, charac-
teristic of an aromatic hydrocarbon molecule, the n, 7* states are occurring within
the both, singlet and triplet electronic-excited-states manifolds. These different
electronic configurations can mix and couple delivering in this way different routes
for radiative and nonradative decays of different excited N-heterocyclic aromatic
hydrocarbon molecules (for a review of earlier experimental and theoretical data
and findings see [1, 2]). On top of that, the n-electrons, which are non-bonding
(from the point of view of the aromatic system), are frequently open to the specific
interactions with the molecules of the surroundings, which in the protic solvents
may lead to the hydrogen-bond formation or protonation. Hence, in some cases
fluorescence and/or phosphorescence of N-heterocyclic aromatic hydrocarbons are
extremely sensitive to the solvent. The prime example of such an extreme sensi-
tivity is the molecule of acridine — monoazaanthracene, which is virtually non-
-fluorescent in non-polar aprotic solvents (such as n-hexane) and exhibits a very
strong fluorescence in protic, hydroxylic solvents [3].

On the other hand, fluorescence of such monoaza-substituted tri-
cyclic aromatic hydrocarbons as catacondensed monoaza-phenanthrenes — 7,8-
benzoquinoline (BQ) and phenanthridine, is in non-polar aprotic solvents
(as n-hexane) more intense, as compared to the fluorescence of their parent hy-
drocarbon — phenanthrene. In the solution of polar, hydrogen-bonding methanol,
fluorescence of both molecules is enhanced, but this enhancement is much larger
for phenanthridine than for 7,8-benzoquinoline. It has turned out that this differ-
ence is primarily due to a decrease in the rate constant for nonradiative transitions
from the S excited singlet state, which is much larger for phenanthridine than for
BQ molecule [4]. An ab initio analysis of such experimental results [5] shows that
in both molecules the first excited, S7, singlet state is of 7@* character. They also
show that the excited !(n, 7*) singlet state is the third, (S3), and the second, (S2),
excited singlet state in BQ and phenanthridine, respectively (within the approx-
imation of ground-state optimized geometry for both molecules). The results of
TD DFT B3LYP/6-31G(d) calculations of the Sy — S,, transition energies have
shown that the separation between the first excited !(m, 7*) and the (n, 7*) states
in BQ (i.e. S3—5; separation) equals 3614 cm ™, while in phenanthridine this sep-
aration (i.e. So—S; separation) is equal only to 1810 cm~! [5]. Such a difference
in the energy gap between (7, 7*) and !(n,7*) excited states in both molecules
might be responsible for the difference in the mechanism of enhancement of their
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fluorescence, observed upon going from n-hexane to methanol solution, provided
the position (energy) of excited !(n,7*) state of each of these molecules is differ-
ently altered by the presumable hydrogen bond formation with solvent (methanol)
molecules. If this would be the case, one may expect a different modification of
the spin—orbit (or spin—orbit vibronic coupling) between the manifolds of excited
singlet and triplet states and different changes in the singlet—triplet intersystem
crossing nonradiative transitions and in the overal rate for nonradiative transitions
from excited singlet state in each of these molecules.

It is clear that for a deeper insight into the above-outlined problem one
has to switch from the ground-state to excited-states properties and structures
(optimized equilibrium geometry, as well as the electronic structure). Optimization
of the geometry of excited singlet state within the framework of ab initio restricted
configuration interaction-singles (RCIS) method seems to be the most reliable
among the present methods, especially if the results can be compared with a
clearly resolved vibronic structure of fluorescence spectra (which is not the case
for fluorescence in liquid solutions), and further confirmed by the normal-mode
analysis and assignments of vibrations.

In our recent work we have reported the results of the observations of laser
induced fluorescence spectra of 7,8-benzoquinoline (and phenanthridine) under jet-
cooling conditions in a supersonic expansion of helium [6]. And these experimental
data, which by virtue are probing the vibrational structure of the ground state,
can be used as the reference ground for analysis, discussion, and comparison of
the properties of excited singlet state of the molecules under consideration.

In this paper we present the first part of such an analysis, i.e. the results
of an ab initio analysis of the fluorescence spectrum of 7,8-benzoquinoline. These
results are discussed in comparison with the results of analysis of similar observa-
tions of jet-cooled fluorescence spectra for the phenanthrene molecule [7] — parent
aromatic hydrocarbon for BQ.

2. Excited S; singlet state of 7,8-benzoquinoline

As we mentioned in the preceding section, the optimized geometry of the
ground state of BQ molecule has been found and discussed earlier [5]. In the
optimization procedure we have utilized both, the restricted Hartree—Fock method
at 6-31G(d) level (RHF/6-31G(d)) and the density functional theory at B3LYP/6-
-31G(d) level (DFT B3LYP/6-31G(d)). It was found that optimized geometry has
a planar structure, and that the bond lengths determined within the framework
of both methods are similar (with difference not exceeding 0.02 A). However,
they differ from the bond lengths of phenanthrene molecule and this difference
is especially pronounced for those bonds of BQ molecule which are formed with
participation of N atom (which replaces C atom in the phenanthrene’s ring system).
This in turn leads to the changes of the angles between bonds in BQ molecule
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(in comparison with the phenanthrene). Thus the presence of N atom causes a
deformation of phenanthrene’s ring system, and such deformation is topologically
extended spreading out not only over the external ring (into which N atom is
incorporated) but also over the central ring of the system (cf. Fig. 1, and also
Figs. 2 and 3 in [5]).

The energies of electronic transitions from the ground to the excited states
(for the structures optimized by the RHF/6-31G(d) in the ground state) were
determined by RCIS/6-31G(d) as well as by the time-dependent DFT method
at B3LYP/6-31G(d) level (TD DFT B3LYP/6-31G(d)), and as in many other
cases the TD DFT calculations have led to the results much more closer to those
experimentally observed than the results of RCIS calculations. Both methods,
however, have revealed the same ordering of the excited singlet states, which is:
S1 (m,7*), Sy (m,7*), and S3 (n,7*), with relatively close-lying S and Ss states
and with S3 (n,7*) at higher energy.

Figure 1 illustrates optimized geometry of BQ) molecule in its first excited,
S1, singlet state, computed in this work with the use of RCIS/6-31G(d) method
(as previously all calculations have been carried out using the GAUSSIAN 98
programs [8]). The optimization calculations were verified by the calculations of
the vibrational frequencies, which showed that the true minima were obtained.

(-0.039) (-0.039)

0.053 0.060

0.013
(0.004)

Fig. 1. Optimized equilibrium geometry of the excited Si singlet state of 7,8-
-benzoquinoline molecule (black dot indicates the nitrogen atom position). Bold num-
bers are the changes of the length of a given bond relatively to its length in the So
ground state, while the numbers in italics are showing the changes of the corresponding

bonds upon excitation of the phenanthrene molecule.

Figure 1 also illustrates how the lengths of corresponding bonds are changing
upon transition from the ground to excited state of BQ (indicated by bold num-
bers). It is seen that upon the excitation of BQ molecule to S state, the lengths
of bonds in the central ring are subject to the largest changes. The numbers given
in italics in Fig. 1 are showing relevant changes of the bond lengths upon the
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transition from the ground to the first excited state in a phenanthrene molecule.
Comparison of these two sets of numbers is revealing that the changes of bond
lengths in the central ring are comparable for both molecules, and that the more
pronounced differences can be traced for the bonds in the external rings (not only
in the one which contains N atom, but also in the second one). It is clear that
the electronic transition to the first excited state in BQ molecule is not confined
to the neighborhood of nitrogen atom, and is delocalized over the entire aromatic
rings system, much alike the one in the molecule of phenanthrene.

The TD DFT B3LYP/6-31G(d) computations of electronic transitions for
BQ molecule, deliver the energy of its first excited singlet state (of RCIS/6-31G(d)
optimized geometry) equal to 30920 cm~! (and with the oscillator strength of
f = 0.035). This is (7, 7*) electronic state and its energy is much lower than
the energies calculated in the previous work (either by RHF/6-31G(d)) or by
(DFT B3LYP/6-31G(d)), and of course is also much closer to the experimentally
observed transition (see the next section). We should add that, as previously, also
the present computations identify the first excited singlet of (n,7*) character as
the third (S3) excited state in the ladder of excited singlets, and with an energy
of ca. 4100 cm~! above S; state.

3. Analysis of the fluorescence spectrum of jet-cooled BQ molecules

With the optimized structures of the ground and first excited singlet state
one can find the displacement parameters, A, for each particular vibrational mode
(i.e. the projection of the geometry change between the excited and ground state
onto the normal modes of the ground states [9]). This allows us to analyze the
vibrational structure of the fluorescence spectrum, provided that the identity of
the normal modes is preserved upon S; — Sy transition.

Reliability of such analysis strongly depends on the resolution of vibrational
features in the fluorescence spectrum, and this condition practically excludes most
of the experimental data from liquid and/or frozen solutions, crystals and even
some low-temperature matrices. Laser induced fluorescence (and fluorescence exci-
tation spectra), observed under cooling conditions of the supersonic jet expansion,
are considered to be the best test material for such analysis, although in many
cases intensity of dispersed fluorescence is very low and some vibrational activity
in S; — Sy transition may be overlooked.

3.1. Survey of experimental observations

Figure 2 shows the laser induced fluorescence (LIF) excitation spectra and
dispersed fluorescence spectra observed from the supersonic jet expansion of 7,8-
-benzoquinoline (seeded in He carrier gas). The figure was compiled with the use of
data published in [6], where also all the experimental details can be found. It also
illustrates the basic difference between the LIF excitation spectra (recorded for
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Fig. 2. Excitation spectrum of laser induced fluorescence (bottom-right) and dispersed
fluorescence spectrum (top-left) of 7,8-benzoquinoline isolated in the supersonic jet ex-
pansion (He carrier gas). The energy of electronic vibrationless origin transition in both

spectra is 29226 cm ™!

Intensity scales of excitation and fluorescence spectra are not
related one to each other (they illustrate only relative intensity distribution within each

spectrum).

total fluorescence and with a resolution limited by the spectral width of the laser
exciting line) and the dispersed fluorescence spectra (with the resolution limited
by the spectral width of the dispersing apparatus).

The LIF excitation spectrum of 7,8-benzoquinoline starts with (0,0) origin
band at 29226 cm ™!, and in the whole monitored range (down to ca. 31000 cm™1)
is very rich of the vibrational structure. The difference between the calculated
(30920 cm~!) and experimental energy of the excited S; state (at 29226 cm™1)
amounts only to ca. 1700 cm™!, which is a very satisfactory test for the method
of computations employed in this study.

We notice, for the record, that the origin transition of the LIF excitation
spectrum of BQ is shifted by 102 cm ™! toward lower energies (a red shift), relative
to the position of the (0,0) origin band in the LIF excitation spectrum of its parent
aromatic hydrocarbon, phenanthrene, observed under jet-cooling conditions [7].

Dispersed fluorescence, excited in the (0,0) origin, is very weak (and most of
its intensity belongs to the resonant 0-0 transition). Due to this low intensity of
fluorescence, one has to sacrifice the high resolution (such as this in LIF excitation
spectrum) and as a result, the vibrational structure of the fluorescence spectrum
is diffused (in some regions, also due to the overlap of several vibronic transitions),
and besides several (most intense) vibronic transitions, most of the vibrations can
be identified only with a large uncertainty. Fortunately, in the case of BQ molecule,
this can be overcome to some extent by the observations of single vibronic level
(SVL) fluorescence spectrum (see the next section).
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3.2. Analysis of the vibrational structure of the fluorescence spectrum of BQ

The Table contains some of the computed (RHF/6-31G**) frequencies of
the fundamental vibrations of the ground state, which are expected to show up
in the S; — Sy transitions (they are also presented in the form of stick diagram
in Fig. 3). All of them are characterized by the non-zero displacement parameter
(A # 0); vibrations with the displacement A = 0, i.e. with no change of their
equilibrium position between the excited and ground state, should not be observed
in the fluorescence spectrum. All vibrations in the Table are of a’ symmetry.

It comes from the Table that in a frequency range up to ~ 1600 cm~! (from
the origin) one can expect to see more than 30 active vibrations. Their frequencies
should be compared now with vibrational frequencies observed in the fluorescence
spectrum.

As we mentioned just above, instead of the origin-excited fluorescence spec-
trum (given in Fig. 2), we employ for such a comparison an SVL fluorescence
spectrum [6], which is observed when the excitation of fluorescence is tuned to the
vibrational level of S; excited state which lies 183 cm~! above the origin (excita-
tion energy of 29226 + 183 = 29409 cm~!) and which is characterized by the most
intense band in the LIF excitations spectrum (see Fig. 2). This spectrum is shown
in Fig. 3, and it is clearly seen that the resolution of its vibrational structure is
much sharper than in the origin-excited spectrum, and that its vibrational fea-
tures are definitely more distinct. However, it is also clear that an experimental
fluorescence spectrum is a complicated one, with a rich background, under which
low-intensity transitions are probably hidden.

Some of the vibrational frequencies which could be extracted from the spec-
trum accurately enough (with accuracy better than 5 cm™1) are collected in the
Table (most of them differ from the frequencies which can be found in Table 2
in Ref. [6], where the preliminary assignment was based on the origin-excited flu-
orescence spectrum, and thus was less accurate than the frequencies of the SVL
fluorescence spectrum used in the present study; cf. discussion in Sec. 3.1).

The comparison of calculated and experimental frequencies listed in the Ta-
ble shows that they do not coincide exactly, but generally, the deviations of calcu-
lated and experimental data are moderate and within the experimental error limits
(with a final resolution of ~ 40 cm~! in the SVL fluorescence spectrum [6]). At
this point, it must be stressed that it is not difficult to achieve a better agreement
between computations and experiment under B3LYP calculations of vibrational
frequencies. For instance, in such a case two vibrational frequencies, listed in the
Table as 687 and 695 cm ™!, are becoming 704 and 715 cm™!, respectively, and
are getting very close to the experimental frequency of 714 cm~! (one can also
infer from this example that the observed frequency of 714 cm™! could be just as
well the result of the overlap of the two vibrational modes characterized by the
displacement parameters of 0.03 and 0.06). Such remarks hold probably true also
for some other experimental frequencies (1199, 1295, 1411 or 1448 cm™1).
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TABLE
Calculated vibrational frequencies (v) for S1 — So electronic
transition in 7,8-benzoquinoline and corresponding displacement
parameter (A) of each vibrational mode. For comparison the vi-
brational frequencies observed in dispersed fluorescence from jet-
cooled supersonic expansions of 7,8-benzoquinoline (this work)
and phenanthrene (frequencies and relative intensities after

Ref. [7]) are given.

7,8-Benzoquinoline Phenanthrene
Calculated Experimental Experimental [7]
v (em™ ) A v (em™7) v (em™ ) Iel
225 0.02 (247)" 248 (a1) 3
381 0.05 410 408 (a1) 21
438 0.04 471 (b2) 1
467
485 0.05 500 (b2) 1
530 0.02 557 544 (ay) 6
604 0.08 619 620 (b2) 12
687 0.03
695 0.06
714 714 (a1) 12
731 (b2) 0.1
815 0.06 833 (a1) 13
859 0.02 863 875 (b2) 20
978 0.05
986 0.10
1022 0.04 1026 1019 (b2) 1
1063 0.05 1043 (a1) 10
1076 0.07 1065 (a1) 1
1118 0.04
1133 0.01
1156 0.02 1165 (a1) 1
1181 0.03
1196 0.02 1199 1199 (aq1) 1
1230 0.11
1256 0.13 1257 (a1) 1
1264 0.03
1295
1313 0.06 1342 1355 (a1) 40
1387 0.14
1400 0.08 1411 1423 (a1) 6
1433 0.07 1434 (b2) 6
1439 0.06 1448 1450 (a1) 26
1483 0.06
1512 0.06 1521 1526 (a1) 1
1585 0.27 1568 1580 (a1) 2
1606 0.16 1604 1613 (a1) 18
1619 0.24
1635 0.16

*Vibrational frequency from the phosphorescence spectrum of
BQ isolated in the neon matrix at the temperature of 5 K [10].



Fluorescence Spectra of 7,8-Benzoquinoline Isolated . . . 543

experiment

Intensity [arb. units]

calculations ‘ ‘ ‘ h
R A I T T T

PH
experiment

0 200 400 600 800 1000 1200 1400 1600
Wavenumber shift [cm'1]

Fig. 3. (Top) Single vibronic level fluorescence spectrum of 7,8-benzoquinoline observed
after excitation with an excess energy of 183 cm ™' above the origin transition (excitation
energy 29226 + 183 = 29409 cm™'). (Middle) Calculated vibrational frequencies of
the fluorescence spectrum (for details see the text). (Bottom) Dispersed fluorescence
spectrum of jet-cooled phenanthrene (PH) molecule (compiled after data of [7]). All

spectra are displayed as the energy shifts relative to the energy of the origin transition.

The above examples and remarks are once again illustrating the well-known
dependence of the results of calculations on the method employed. With this in
mind, we believe that in the case of fluorescence spectra, i.e. S; — Sy vibronic
transitions (with Sy state being a terminal state), it is more appropriate and
physically more reliable to stick to the RHF/6-31G** methods, which allows for
the optimization of the ground and as well as the excited states involved in the
transitions under consideration. The search for a better agreement of calculated
and experimental data should be assured by a higher resolution of the fluorescence
(and elimination of the scattered laser light in the spectrum).

In view of the conclusions of Sec. 2 concerning similarities and differences
between the S| excited state of BQ and phenanthrene, it is expedient to compare
vibrational features of the fluorescence spectrum of BQ) with those which were ob-
served in the fluorescence spectrum of phenanthrene molecules in the supersonic
expansion [7]. Relevant vibrational frequencies present in the phenanthrene fluo-
rescence spectrum, are listed in the Table (together with their relative intensities)
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and given as a stick diagram in Fig. 3. The first and most noticeable difference
between the both spectra is a relatively poor vibrational structure of the fluores-
cence of phenanthrene in comparison to the spectrum of BQ. Secondly, the Table
reveals that there are vibrational frequencies in both spectra that exhibit one-to-
-one correspondence (e.g. 714 and 1199 cm ™! vibrations) or near correspondence
(e.g. 410 and 408, 619 and 620, 1026 and 1019 cm~! and some others). And fur-
thermore, there are some very clear differences of the intensity for given vibrational
transitions in the fluorescence spectra of both molecules.

The investigations of mid-infrared ground-state spectra of polycyclic aro-
matic nitrogen heterocycles in low-temperature inert matrix (argon) have led
to the general conclusion that the presence of nitrogen atom in some aromatic
N-heterocyclic compounds (among them in 7,8-benzoquinoline) delivers charac-
teristic, intense vibrational mode of ~ 1400 cm~', which is absent in the IR
spectrum of the parent aromatic hydrocarbon [11]. We notice that such a vibra-
tional feature is observed in the fluorescence spectrum of jet-cooled BQ with the
nominal frequency of 1411 cm ™', and as it comes out from the computations, there
are two relatively strong vibrations (1387 or 1400 cm~!) that can contribute to
the observed vibrational band (cf. Fig. 3 and Table). However, the above general
conclusion, inferred from the IR spectra, may not necessarily be applicable to the
fluorescence spectrum, in which vibrational activity of a given mode is governed
and controlled by its form and by its equilibrium geometry changes upon exci-
tation. And thus our calculations are suggesting (and this is in accordance with
experimental observation) that 1230 and 1256 cm~! vibrations should be active
in the fluorescence spectrum of BQ, although in the ground-state IR spectrum
they were not observed [11], and 1257 cm™! mode is of very low intensity in the
fluorescence spectrum of phenanthrene molecule [7].

All the above-discussed vibrational modes are executed with participation
of the whole molecule (with its all molecular bonds engaged), and as such are
reflecting the symmetry break caused by the introduction of the nitrogen atom
into the aromatic rings skeleton of the phenanthrene.

4. Summary

The results of calculations carried out in this work lead to the conclusion
that the symmetry break, caused by the substitution of N atom into the ring
system of phenanthrene molecule, is rather moderately reflected by the changes
of the bond lengths in the first excited singlet state of the 7,8-benzoquinoline
molecule, and is not localized or confined to the neighborhood of nitrogen atom.
This conclusion was further confirmed by the results of the vibrational structure
analysis of fluorescence spectrum of BQ observed under supersonic jet-cooling
conditions. It has turned out that all prominent vibrations which become active in
this spectrum (and which are of rather low intensity in the fluorescence spectrum
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of phenanthrene), are related to the above-mentioned symmetry break caused
by the introduction of nitrogen atom. Some of the other vibrations present in
the spectrum of BQ exhibit near-correspondence with vibrations observed in the
phenanthrene’s fluorescence spectrum.

We expect that the more detailed description of the effect of symmetry break-
ing in monoazaphenanthrenes and its role in the observed differences in the pho-
tophysics of this molecular family should become possible with the results of sub-
sequent analysis of fluorescence spectra of phenanthridine, which is now in the
course of study.
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