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The excited states of [12] and [18] dehydroannulenes have been studied using time-dependent
density functional theory (TD-DFT). These compounds undergo intense intramolecular
charge transfer between the terminal anilino groups and the central all-carbon core. The main
geometric changes taking place on excitation are an increase in the C=C bond length and
an increase in the adjacent C-C single bond. Protonation of the anilino groups causes
only localized changes in the geometry but extensive changes in the excitation energies.
The calculated transition energies and the shift in the absorption spectra upon protonation
show a good qualitative agreement with the absorption spectra. The greater intensity of the
absorption band in the aromatic [18]annulene can be attributed to contributions from two
degenerate excited electronic states rather than aromatic/anti-aromatic effects.

1. Introduction

Dehydroannulenes and other acetylenic macrocycles
have attracted a lot of interest in recent years because
of their optoelectronic properties, aromaticity, m elec-
tron conjugation and use as precursors in the prepara-
tion of novel carbon containing compounds [1-22].
Even though the aromatic and anti-aromatic dehydro-
annulenes have been investigated for some time, very
little is understood about the m electron conjugation
across these macrocycles. Jusélius and Sundholm [12]
investigated the structures and magnetic properties of
some dehydro[12]- and [I8]annulenes. Their studies
show that the presence of fused benzene or cyclo-
butadiene rings destroys the aromaticity and anti-
aromaticity of the dehydroannulenes while substitution
of the ethynyl group has little or no effect. Nielsen
and co-workers have prepared per(silylethynylated)
dehydroannulens and shown that the central all-carbon
cores in these annulenes are strong electron acceptors
[14]. A joint experimental and computational investi-
gation has been carried out on N,N-dimethylaniline
substituted tetraethynylethenes [23]. These systems
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possess an emitting charge transfer (CT) state and the
nature of the dual fluorescence was attributed to the
twisted intramolecular charge transfer (TICT) model.

Recently, Mitzel et al. have synthesized N-N dimethyl-
anilino substituted perethynylated dehydro[12]- and
[18]annulenes [24, 25]. The [18]annulene is found to be
aromatic in nature and the [12]annulene is anti-aromatic
in nature. Both the systems are capable of mediating ©t
electron donor—acceptor conjugation and undergo strong
intramolecular charge transfer between the electron
donating aniline groups and the electron accepting
all-carbon core. Cyclic voltammetry (CV) studies on
the [18]annulene confirmed the electron accepting
property of the carbon core [24]. However, the intensity
of the charge transfer (CT) band in [12]annulene is found
to be weaker than that of [18]annulene [24]. This was
contrary to expectations because the CT was expected
to be efficient in the [12]annulene as it would enhance
its aromaticity while the CT process would destroy
the aromaticity of the [18]annulene.

The present study aims at understanding the nature
of the excited states of these macrocycles in an effort
to help eclucidate the origin of the electronic transitions
in these compounds. An explanation for the difference
in the intensities of the CT bands in both the dehydro-
annulenes is provided. The systems studied were
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Scheme 1.

N,N-dimethyl anilino substituted perethynylated octa-
dehydro[12]annulene and dodecadehydro[l8]annulene
(see scheme 1).

2. Method

All the computational investigations were performed
using the Gaussian suite of programs [26]. The ground
state structures were optimized at the Hartree—Fock
(HF) and B3LYP density functional theory [27, 28] and
the excited states were studied using the configuration
interaction (CIS) [29] and time-dependent density
functional theory (TD-DFT) [30-32] methods with the
STO-3G and 3-21G basis sets. The vertical excitation
energies and oscillator strengths of the two annulenes
were calculated. In a previous study of dodecadehydro-
tribenzo[18Jannulene [33], we found that the 3-21G basis
set provided satisfactory agreement with the 6-31G(d)
basis set calculation. It should be noted that larger basis
sets and higher levels of theory would provide more
accurate excitation energies and intensities.

3. Results and discussion

3.1. Structure

The ground state geometries of the systems shown
in figure 1 are planar. The [12]Jannulene belongs to the
Dy, point group while the [18]annulene belongs to
the D3, point group. The C=C bond lengths in
these systems are in the range of 1.18-1.23 A and the
C—C single bonds adjacent to the triple bond are about
1.39-1.40 A. The geometric parameters thus are not
affected by the aromaticity/anti-aromaticity. The mole-
cules are quite flexible as evidenced by the presence of
low frequency vibrational modes in the ground state.
The [12]annulene has 24 vibrational modes with

frequencies less than 100cm™' and the [18]annulene

has 30. This may lead to the homogeneous broadening
of the spectrum due to the motion of the perethynylated
arms. The protonated forms of the annulenes were
found to be planar as well. As seen from figure 1,
protonation of the anilino groups does not cause any
major geometric changes in the central all-carbon core,
though the C-N bond lengths show an increase.
Protonation also does not change the flexibility of the
molecule. Thus, the acidification of the anilino groups in
the annulenes may be regarded as a localized effect.

For the [12]annulene, the first two excited states with
significant calculated oscillator strengths were optimized
using the CIS method (see table 1 for the nomenclature
and description of the excited states). The molecule
retains its planarity in the excited state and the C=C
bond length increases by about 0.02 A. In S; the C=C
bond lengths in the side chains lengthen while in S,,
the C=C in the ring lengthens reflecting the nature of the
excited states. Since protonation does not affect the
ground state geometry in these systems, one expects that
the excited state geometries will also not be
affected much by the protonation. Due to its large
size, it was not practical to optimize the excited states
of [18]annulene and only the excited state energies and
oscillator strengths are discussed.

3.2. Molecular orbitals and excited states
of the annulenes

The calculated excitation energies and oscillator
strengths for the unprotonated and protonated forms
of the annulenes are collected in table 1. The results
show a qualitative agreement with the experimental
absorption spectrum (figure 2). One must keep in mind
that the CIS method tends to overestimate the excitation
energies while the TD-DFT method underestimates
the energy for charge transfer states [34-41]. The CIS
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The structures of (a) ground state of [12]Jannulene, (b) ground state of protonated [12]annulene, (c) first and (d) second

excited states of [12]Jannulene (at CIS), (e) ground state of [18]annulene and (f) ground state of protonated [18]annulene. Numbers in
italics correspond to the STO-3G data and those in bold correspond to the 3-21G data.

method is also found to overestimate the oscillator
strength by about 20% while the TD-DFT values are
about 30% lower than the experimental value even in
a small system like benzene [42]. Despite these limi-
tations, CIS and TDDFT are sufficient to reproduce
the qualitative trends for unprotonated versus proto-
nated annulenes. Similar to our earlier results [33],

we find that the STO-3G basis set is sufficient for
reproducing the trends but the 3-21G basis set shows
a better agreement with the experimental data.

In the unprotonated [12]annulene, the TD-B3LYP/
3-21G calculations show the presence of three states
at 1.90, 2.28 and 2.68 ¢V with oscillator strengths (f)
of 0.305, 1.376 and 0.977, respectively. This qualitatively
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Table 1. Excitation energies (AE in eV) and oscillator strengths () for the [12]- and [18]annulenes.

CIS/ CIS/ TD-B3LYP/ TD-B3LYP/
" STO-3G 321G STO-3G 321G Experiement [24]
ate
(Transition description) AE f AE f AE f AE f AE e/M lem™!
[12]annulene
S1 (HOMO-1—-LUMO) 5.36 2.474 4.04 2.154 2.24 0.351 1.90 0.305 2.19 20000
S2 (HOMO-2—LUMO ) 6.04 2.398 4.68 2.684 2.57 1.195 2.28 1.376 2.39 35100
S3 (HOMO—LUMO+1) 6.67 1.207 5.47 1.218 3.08 0.956 2.68 0.977 2.91 22500
Protonated [12]annulene
S1 (HOMO—LUMO+1) 7.18 0.008 5.76 0.006 2.66 0.062 2.33 0.013 2.17 -
S1 (HOMO-2—LUMO) 5.59 2.736 4.39 2.562 3.28 1.554 2.85 1.602 3.26 34000
S2 (HOMO—LUMO+2) 6.09 1.097 4.84 1.234 3.51 1.994 3.21 1.701 3.87 35000
[18]annulene
HOMO—LUMO (A)) 6.82 0.000 5.03 0.000 2.07 0.000 1.69 0.000 — —
HOMO—LUMO (A)) 4.67 0.000 3.31 0.000 2.26 0.000 1.88 0.000 - —
HOMO—LUMO (E') 5.28 6.560 3.97 6.456 2.40 2.686 2.10 3.528 2.39 105200
Protonated [18]annulene
HOMO—LUMO (A)) 6.98 0.000 5.12 0.000 2.23 0.000 1.84 0.000 - -
HOMO—LUMO (A)) 4.70 0.000 3.39 0.000 2.41 0.000 2.02 0.000 - -
HOMO—LUMO (E') 542 6.188 4.17 6.108 2.75 3.842 2.41 4.163 2.90 98000
120000 - .
protonated TD-B3LYP/3-21G calculations on the protonated
— [18] annulene unprotonated [12]Jannulene reproduce this trend with the intense
o~ [18] annulene transitions now appearing at 2.85 (f=1.60) and
3.21eV (f=1.70). The calculated shift of 108 nm for
S the CT band is in qualitative agreement with the experi-
" mental shift of ~130nm. The spectrum of the proto-
§ O nated [12]annulene has a broad, low intensity band at
= / unprotonated 570 nm. The calculations show a very weak transition
< 40000 1 [12] annulene at 2.33eV (f=0.013), but it is more likely that the

protonated
[12] annulene

250 350 450 550 650 750

Alnm ——=

Figure 2. The spectrum of [12]annulene and [18]annulene.
(From [24], reproduced by permission of The Royal Society
of Chemistry.)

agrees with the experimental spectrum (in CHCls) which
shows bands at ~2.17 (~570nm), 2.39 (518 nm) and
2.89eV (430nm). When the anilino groups are proto-
nated (by acidification with toluene-4-sulphonic acid),
the most intense band at S5I18nm disappears
nearly completely and is replaced by two bands at
approximately 385 and 325nm. Neutralization of the
solution (with triethyl amine) regenerates the original
absorption spectrum and hence the band at 518 nm
(calculated at 2.28 ¢V) was identified as a CT band [24].

570nm band is due to incomplete protonation. The
absorption spectrum of [18]annulene shows a strong
band at 518 nm. Upon the protonation of the anilino
groups, this band is replaced by a band at 427 nm.
The shoulder at ~500 nm in the spectrum was attrib-
uted to incomplete hexa-protonation [24]. In the
protonated form, the lowest energy transition with
significant oscillator strength is calculated to be at
2.41eV compared to 2.10eV in the unprotonated form
(TD-B3LYP/3-21G data from table 1). The shift of
75nm (TD-B3LYP/3-21G data) in the energy agrees
qualitatively with the shift of 90nm observed in the
experimental spectrum. Including solvation effects in
the calculations and using larger basis sets would
improve the agreement with the observed excitation
energies.

The lowest excited state in both the annulenes can
be described as a m — w* transition involving charge
transfer from the anilino groups to the central carbon
core. These systems also show a w' — 7m'* transition
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Figure 3. The molecular orbitals of [12]annulene.

involving the m orbitals of the C=C that are in the
plane of the molecule. These transitions are similar
to systems studied earlier [33]. The molecular orbitals
involved in the 1 — 7* transitions are shown in figures 3
and 4. As seen from figure 3, the highest occupied
molecular orbital (HOMO) of [12]annulene is deloca-
lized over the carbon core and the anilino-ethynyl
arms, and the conjugation between them is seen clearly.
The lowest unoccupied molecular orbital (LUMO) is
localized more on the central carbon core. On the other
hand, the HOMO-1 and HOMO-2 orbitals are more
localized on the anilino-ethynyl arms. Similarly, the
HOMO-1 and HOMO-2 orbitals in the [18]annulene
are also localized on the anilino-ethynyl arms (figure 4).
It is clear from the figure that the HOMO (a pair
of degenerate orbitals) is delocalized over the whole
molecule and the LUMO (also degenerate) is localized
more on the central carbon core.

The density difference between the ground state and
the lowest three excited states with significant oscillator
strength in the unprotonated [12]annulene is presented
in figure 5 (see table 1 for description and nomenclature).
The plots for the first two excited states clearly show
the charge transfer between the anilino groups and the
carbon core. The plot for the third excited state in
figure 5 shows that the change in electron density is
localized on the arms. In the protonated [12]annulene,
the plot shows the transfer of the density from the
core to the arms (see S, in figure 6). The density
difference plot for the unprotonated [18]annulene is
presented in figure 7 (a) and shows the charge transfer
from the anilino groups to the carbon core. Similar
to the protonated [12]annulene, the density difference
plot for the protonated [18]annulene (figure 7 (b)) also
shows the charge transfer from the carbon core to the
perethynylated arms.
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Figure 4. The molecular orbitals of [18]annulene.

3.3. The intensity of the CT bands

The intensity of the 518 nm CT band in [I8]annulene
is observed to be about three times that of the CT band
in [12]annulene and this was found to be surprising [24].
The [12]annulene is anti-aromatic and CT is expected
to be more efficient because the increase of the electron
density in the carbon core would enhance its aromati-
city. Since the [18]annulene is aromatic to begin with,
CT should not be as efficient because its aromaticity

is destroyed due to the transfer of electron density into
the carbon core.

To resolve this paradox and to understand the nature
of the electronic excitation, the molecular orbitals of
[18]annulene have to be examined in detail. As seen from
figure 4, the HOMO is a pair of degenerate m orbitals
of E” symmetry and so is the LUMO. A HOMO—
LUMO transition results in four states, E’/ x E'=
A+ A, +FE. The two A’ states are dipole forbidden
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Figure 5. Density difference between the first three excited
states at TD-B3LYP/STO-3G and the ground B3LYP/
STO-3G state for unprotonated [12]Jannulene (see table 1 for
description of the states). The darker, purple colour shows
increased electron density in the excited state and the light
green shows decreased electron density relative to the ground
state. The movement of electron density from the arms to the
core characterizes the charge transfer state.

by symmetry and hence have zero oscillator strength.
The transition to the degenerate E’ state is dipole
allowed by symmetry. A similar situation occurs in
benzene. TD-B3LYP calculations on [I8]annulene

2
&
4

S3

Figure 6. Density difference between the excited states at
TD-B3LYP/STO-3G and the ground B3LYP/STO-3G state
for protonated [12]annulene (see table 1 for description of the
states). The darker, purple colour shows increased electron
density in the excited state and the light green shows decreased
electron density relative to the ground state. The movement
of electron density from the arms to the core characterizes the
charge transfer state.

show the presence of two A’ states with zero oscillator
strength which are lower in energy than the degenerate
E' state which has significant oscillator strength.
However, the CIS method places one of the A’ states
higher than the E’ state (see table 1). A similar problem
is found in the CIS calculation of the excited states
of benzene [43] with the lowest Bj, transition being
overestimated by about 2eV. However, the TD-DFT
calculation on [18]annulene places the A’ states lower
in energy than the degenerate E’ state. Thus the most
intense peak in the absorption spectrum of [18]annulene
corresponds to a transition to the E’ state. Since both
the E' states contribute to the transition, the intensity of
the peak is much greater in the [18]annulene. Figure 7 (a)
shows the density difference plot between the excited
E’ state and the ground state calculated at TD-B3LYP/
STO-3G and is the sum of the plots for the two
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(b)

Figure 7. Sum of the density difference plots for the two E’
excited states calculated at TD-B3LYP/STO-3G and the
ground B3LYP/STO-3G state for (a) unprotonated and
(b) protonated [18]annulene. The darker, purple colour
shows increased electron density in the excited state and
the light green shows decreased electron density relative to
the ground state. The movement of electron density from the
arms to the core characterizes the charge transfer state.

degenerate states. The oscillator strength for [18]annu-
lene shown in table 1 is the sum of the oscillator
strength of the two E’' states. Although transitions
to the A’ states have zero intensity by symmetry at
the equilibrium geometry, the molecule is very flexible
and thermal motion could cause sufficient distortion
for these transitions to pick up some intensity in
both the neutral and the protonated [I8]annulene.

Partial protonation of the anilino groups could also
lower the symmetry so that these transitions could gain
additional intensity, accounting for the pronounced
shoulder observed in the spectrum of the protonated
[18]annulene.

4. Conclusion

The excited states of two dehydroannulenes have been
studied using electronic structure theory calculations.
The lowest excited states in both the [12]- and
[18]annulene correspond to a m — m* transition involv-
ing intramolecular charge transfer between the anilino
groups and the central all-carbon core. The calculated
transition energies and oscillator strengths qualitatively
reproduce the trends in the absorption spectra in
both the unprotonated and the protonated annulenes.
The transition in the aromatic dehydro[l8]annulene
is from the ground state to a degenerate excited state
of E' symmetry. Thus, both the E’ states contribute to
the oscillator strength and this accounts for the greater
intensity of the CT band in the absorption spectrum of
the [18]annulene. The ratio of the calculated oscillator
strength ([18]annulene: [12]annulene) is about 2.5 and
agrees well with the ratio of 3 between the extinction
coefficients.
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