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Cyclacenes are cyclic analogs of acenes consisting of linearly fused benzene rings rolled into a
cylindrical shape. Despite extensive theoretical investigations, their experimental synthesis remains
challenging. This study employs the high-level NEVPT2-CASSCF computational method to explore the
electronic excitation spectra of [n]-cyclacenes (n = 5-12). Our results reveal an oscillation in electronic
properties, with even-n cyclacenes exhibiting strong electronic transitions in the visible range, while
odd-n cyclacenes generally lack such features until n = 11. Additionally, the HOMO-LUMO transition in

odd-n cyclacenes occurs at higher energies with greater intensity than in even-n counterparts. These
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findings provide crucial insights into the optical characteristics of cyclacenes and will guide future
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1. Introduction

Cyclacenes, proposed for the first time by Heilbronner in 1954,"
are the cyclic version of acenes and consist of linearly fused
benzene rings rolled up into a cylindrical form (Fig. 1). Cycla-
cenes are molecular sections of zig-zag carbon nanotubes with
hydrogen atoms saturating the otherwise dangling bonds.
Despite significant attempts over many decades, cyclacenes
could not be synthesized employing conventional organic
chemistry methods or on-surface synthesis, as summarized
in a number of reviews.>”” This is most likely due to the high
strain of the cyclacenes and their polyradical character
that results from their acene-like topology.®> However, laser
irradiation under mass spectrometry conditions was reported
by Wang and co-workers to result in the formation of a species
with the molecular mass of [8]-cyclacene.®

Optical spectroscopy has played a crucial role in identifying
larger acenes,'”’ " and it is expected to likewise enable the
characterization of the yet unknown cyclacenes. Lacking experi-
mental data, the current knowledge on cyclacenes is derived
from theoretical investigations. Initial semiempirical investiga-
tions summarized by Tiirker and Giimiis> were followed by DFT
and wavefunction analyses of their geometric and electronic
structure, their aromaticity, as well as their reactivity.®>>273°
It is expected that cyclacenes have an interesting electronic
structure®” related to acenes, which are well studied because of
their potential use as active components in organic electro-

nics.*>™** Similar to larger acenes,*** cyclacenes have an
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“open-shell” singlet ground state, ie., the closed-shell DFT
description shows a triplet instability that suggests the exis-
tence of an antiferromagnetic coupling and polyradicaloid
character in the ground state.’™*?

Various DFT studies agree that the structure of [n]-cycla-
cenes is of D,;, point group symmetry.®*>*>">® The bond lengths
of all zig-zag edge bonds and all rung bonds, respectively, are
thus identical. In contrast to acenes that have a single Clar
sextet,*>*® cyclacenes have no Clar sextet at all.*” They can thus
be considered as two polyacetylene chains, or two [2n]
trannulenes,"® joined by rung bonds.>*”

Properties of smaller [n]-cyclacenes, such as the total energy
of m-electrons E,;, HOMO-LUMO and singlet-triplet energy gap,
show an even-n/odd-n oscillation."®'>***%3% similar even-odd
dependence was also observed for aromaticity based on mag-
netic criteria**?® and the energies of dimerization.*® It was
explained by the cryptoannulenic effect,”*’ which ascribes
aromatic or antiaromatic character to the polyacetylenic [2n]-
trannulene building blocks of [n]-cyclacenes.***°

The even-odd oscillation of the singlet-triplet energy gaps
suggests that also the energies of excited states in the singlet
manifold not only depend on the overall size of the system, but
also on the nature of n. Even-n cyclacenes may thus have
different absorption spectra than odd-n cyclacenes. This would
be contrasting the optical properties of acenes that are known
undergo continuous bathochromic shifts of absorption bands
with increasing system size."”'>! Acenes have typically three
dominating relevant electronic transitions in the UV/vis spec-
trum, termed 'B, or B band (high intensity), 'L, or o band
(weak intensity) and 'L, or p band (medium intensity) that is
associated with the HOMO — LUMO transition. These char-
acteristic bands, along with further strong bands that shift into
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Fig. 1 Structure of [n]-cyclacene, n = 10.

the UV/vis region, allowed the identification of acenes.'” >

Previous matrix isolation experiments elucidated the optical
properties of large acenes up to undecacene and have extra-
polated an optical gap associated with the HOMO — LUMO
transition of 1.2 eV for infinitely large polyacene.'® The absorp-
tion spectra were computed and analyzed using DFT/MRCI
computations.'®*>%3

Previous investigations of the excited electronic states of [n]-
cyclacenes are limited to a recent study by Negri and co-
workers.'* The authors focused on the relative energies of the
lowest energy L, state and the doubly excited state, a “dark”
state in conventional optical spectroscopy, of even-n cyclacenes
(n = 6, 8, 10, 12) using TD-DFT, TD-UDFT, SF-TDDFT, DFT/
MRCI, and NEVPT2-CASSCF (n = 6, 8 only)."* They concluded
that the L, state is lower in energy for n = 6, 8, but that the
“dark” state becomes the lowest energy state for [10]-
cyclacene.™*

The purpose of this work is to investigate the optically
allowed excited states of a series of [n]-cyclacenes (n = [5,12],
with n ranging from 5 to 12) to unravel their electronic excita-
tion spectrum in the singlet manifold depending on odd-n or
even-n and diameters. Although cyclacenes are closely related
to the acene linear analogues, already the Hiickel MO model
suggests considerable differences, as “the odd and even mem-
bers of the series follow rather different electronic structure
patterns”.’> Hence, it can be expected that the absorption
spectra of cyclacenes differ from those of acenes. The study is
motivated by providing qualitative predictions of the UV/vis
spectra to assist future experimental identification of [n]-
cyclacenes, e.g., under matrix isolation conditions as performed
earlier for large acenes.'”' Knowledge of the optical spectra
beyond the L, state is essential for cryogenic matrix isolation
experiments as this will not only allow the identification of
[n]-cyclacenes, but it can also guide the choice of experimental
targets.

2. Computational methods

All geometries of [n]-cyclacenes (n = [5,12], with n ranging from
5 to 12) were optimized using the B3LYP hybrid functional and
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the def2-SV(P) basis set.>*™® Negri et al.'* showed that the
contribution of the structural relaxation to the energy differ-
ence between spin-restricted closed-shell (CS) and broken-
symmetry (BS) treatments is negligible for cyclacenes. To avoid
any spin-contamination issues that might plague the structures
obtained from the BS-DFT treatment, we have chosen to use the
CS geometries for subsequent single point computations. The
geometry parameters are similar to previous studies, see SI
(Tables S1 and S2 and Fig. S1 and S2).

The computation of the excited state energies was done
using the multi-configuration complete active space self-consistent
field (CASSCF) method combined with strongly contracted
n-electron valence state perturbation theory (NEVPT2),>’ ¢
using the RIJK®*“®* approximation. The def2-TZVP basis set,
along with the recommended fitting basis set was
employed.’®®® The computations were done within the largest
Abelian group of Dy, i.e., D,y for even-n (n = 6, 8, 10, 12) and
C,, for odd-n cyclacenes (n = 5, 7, 9, 11). We investigated
excitations from the ground state 1Ag/lA1 (D2n/Csyy) to the first
ten electronically excited states of each irreducible representa-
tion By, Bsy, Bzu/Ai, Bi, B,. These correspond to electric
dipole allowed transitions that are expected to be relevant
for the experimental identification of cyclacenes by optical
spectroscopy.

The active space for the CASSCF computations was chosen
using natural orbitals (NO) obtained from preliminary RI-MP2
runs. The molecular orbital energies and shapes are available
in the SI (Tables S3 and S4 and Fig. S4-S11). To investigate the
impact of the active space size (k, [; k = number of electrons,
I = number of orbitals), this was varied from (8,8), (12,12) to
(16,15) for [6]-cyclacene (Tables S5-S7). As the excited state
energies and oscillator strengths do not vary qualitatively with
active space size, we have chosen the (12,12) space for all
cyclacenes reported in the manuscript. The full set of the
excited state computations are available in the SI (Tables S5-S10)
for even-n and Tables S15-S18 for the odd-n cyclacenes. The
computations were performed using the Orca 5.0.4 program.®%°

3. Results and discussion

3.1. Molecular orbital energy diagrams

The molecular orbital energies that we obtained for the cycla-
cenes studied using CASSCF (Fig. 2) qualitatively follow the
results reported by Pérez-Guardiola et al.'> who have analyzed
the molecular orbital energies around the Fermi level for even-n
and odd-n cyclacenes. For odd-n cyclacenes the molecular
orbitals come in degenerate pairs within the Hiickel approxi-
mation.”” Even-n cyclacenes have a set of degenerate frontier
molecular orbitals occupied by two electrons.'” This degeneracy
is lifted by 1,4 transannular interactions resulting in a unique
set of highest occupied molecular orbital (HOMO) and lowest
occupied molecular orbital (LUMO) levels for even-n cyclacenes
(Fig. 2)."> For convenience, we label the HOMO, HOMO—1,
HOMO-2, etc. as 1, 2, 3 and lowest unoccupied LUMO,
LUMO+1, LUMO+2, ... as 1/, 2/, 3’, .... Thus, for even-n
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Fig. 2 The molecular orbital diagrams (E in Ep) of [n]-cyclacenes (n = [5,12]) in the range from (HOMO-5) to (LUMO+5) as computed at the
CASSCF(12,12)/def2-TZVP level of theory. Occupied and vacant MO are in blue and red, respectively. Symmetry labels given are for Dy, (even n) and Cp,

(odd n) point groups.

cyclacenes (n = 6, 8, 10, and 12), the doubly degenerate orbitals
are generally 5/4, 3/2 followed by 2/3" and 4'/5’, while 1 and 1’
are not degenerate (Fig. 2). In contrast, for odd-n cyclacenes
(n=15,7,9, and 11), the doubly degenerate orbitals are usually
6/5, 4/3, 2/1, followed by 1'/2, 3’/4’, and 5'/6’ (Fig. 2). Even-n
cyclacenes have a smaller HOMO-LUMO gap than the preced-
ing and succeeding odd cyclacenes, especially for smaller n
numbers (see, SI Table S4). The difference in gap size and the
gap itself decrease as the cyclacene size increases.

Cyclacenes are alternant polycyclic aromatic hydrocarbons
and therefore the approximate pairing of molecular orbitals
with respect to their energy levels is observable for the larger
members. For example, in [8]-cyclacene, the MO energy difference
A¢ between (H—1), (H—2), and LUMO and between (L+1), (L+2) and
HOMO are equal (see Fig. S3 in SI for a more detailed analysis).

4. Excited singlet states of cyclacenes

4.1. Symmetry considerations

The structures of n-cyclacenes are of D,;, symmetry. For even-n
systems, the electric dipole allowed electronic transitions fall
into the A,, and E,, irreducible representations. The computa-
tions were performed using the largest Abelian subgroup D, of
the D,, (n even) groups. In D,;, the electric dipole allowed
electronic transitions are in the B,y, B,y, and B, irreducible
representations. The correlation of D, to D,, shows that Eq,
corresponds to B,y + By, and A,y to By’

For odd-n systems the electric dipole allowed electronic
transitions are A% and E/, while in the largest Abelian subgroup
C,y, they are A4, By, and B,. The correlation of D, to C,, shows
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that A corresponds to B, and E| to A; + B,.*” Note that any
computation of the electric dipole allowed electronic transi-
tions in D,, or C,, will also include states that are electric
dipole forbidden in the higher symmetry point groups D,;,. For
this reason, we only include electronic transitions with oscilla-
tor strengths f > 0.001 in the following discussion. All com-
puted excited states, irrespective of their oscillator strengths,
are available in the SI (Tables S6-S15).

In the following, we analyze the excitations of the even-n and
odd-n cyclacenes first in the highest possible point group and
deduce the consequences of a lowering in symmetry to the
computational point groups. For even-n cyclacenes we analyze
the consequences of symmetry lowering for [8]-cyclacene in the
Dgy, point group, in which excitations from the ground state A,
to A,, and E,, states are electric dipole allowed. The HOMO and
LUMO are 4b;, and 4b,,, respectively, and the direct product,
big X byy = a5y, shows that the HOMO-LUMO transition from
the ground state A, to A, is electric dipole allowed. In the
computational point group D,;,, the HOMO-LUMO transition
corresponds to an A;, — By, excitation.

For odd-n cyclacenes we focus on [7]-cyclacene that has D,y
point group. Electronic transitions from the ground state A]
are electric dipole allowed to A% and E| states. The HOMO and
LUMO are 6¢; and 8¢}, respectively. The direct product,
¢ x ¢y = a{ @ aj @ e}, shows that the HOMO-LUMO excitation
7, but forbidden for
A} — A} and A| — E{. In the computational point group C,,,
the A] state is B,, while A} and E] correspond to A, and (A, +
B,), respectively. Hence, we expect the HOMO-LUMO transition
to be represented by four distinct excited states, B,, Ay, Ay, By,

is allowed from the ground state A/ to

This journal is © the Owner Societies 2025
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Fig. 3 Absorption spectra of even-n cyclacenes (6-12) as computed at
the NEVPT2/def2-TZVP level of theory. The spectra were derived from the
computed transition energies by Gaussian broadening with ¢ = 10. The
blue and black stars correspond to the B, and B,,/Bsz, excited states,
respectively, which appear in the visible light range with an intensity f >
0.15 in even-n cyclacenes.

with one B, and one A, state (for simplicity, we only computed
the B, states) being degenerate. The pairwise degeneracy of the
frontier orbitals of odd-n cyclacenes has a pronounced impact
on the electronic excited states compared to linear acenes,
where these orbitals are not degenerate and electronic transi-
tions among those four orbitals give rise to the four well-known
states of polycyclic aromatic hydrocarbons, namely L,, Ly, B,,
and B,,.%® Thus, it is expected (and confirmed by our computa-
tions, vide infra) that energetically low-lying electronic transi-
tions are forbidden for odd-n cyclacenes, except for a transition
akin to 'A — L, in acenes.

4.2. Impact of active space size

The choice of the active space in CASSCF computations is not
trivial if molecules in a homologous series are investigated.
Larger systems are expected to require a larger active space for a
balanced treatment. However, larger active spaces will result in
a larger density of excited states, as we will show below for [6]-
cyclacene. For [6]-cyclacene the smallest active space investi-
gated, (8,8)-NEVPT2 (Table S5), finds four E,, states and four
A, states within the energy range of 1115 nm-280 nm with the
4 E,, state at 280 nm having a very large oscillator strength of
f = 3.67. Note that these energy ranges cover the NIR-UV/Vis
range that is typically easily accessible experimentally. Increas-
ing the active space to (12,12) results in a significantly larger
number of states in the energy range up to 280 nm (Table S6),
in particular several forbidden states now appear additionally
in this energy range. The most intense 4 E,, state is at 296 nm
with f = 3.241. With the yet larger (16,15) active space the
density of states increases further (Table S7), and the strongly
absorbing state is no longer among the computed states as
many forbidden states (the forbidden states By, B3y, Eay in Dgp

This journal is © the Owner Societies 2025

Table 1 Singlet state excitation wavelengths (4, in nm), oscillator strengths, dominant contributions to the electronic wavefunctions and their weights as computed at the CAS(12,12)-NEVPT2/def2-

TZVP level of theory?

Orbs., weight

Alnm, f

12cyc

Orbs., weight

A/nm, f

10cyc

Alnm, f Orbs., weight

8cyc

Orbs., weight

6¢cyc
Alnm, f

Sym. species

State

Phys. Chem. Chem. Phys., 2025, 27, 24726-24733

1 — 1'(0.53)

1475, 0.002
1432, 0.000

1 — 1'(0.70)

1476, 0.002
1116, 0.000

1304, 0.010 1 - 1/ (0.80) 1415, 0.009 1 - 1/ (0.79)
851, 0.004

680, 0.008

BZu + B3u

L
1Lb

1 — 2//3'(0.33)
2/3 — 1'(0.31)
2 — 2/(0.33)
3 — 3'(0.33)

1 — 2//3'(0.35)
2/3 — 1/(0.34)
2 — 2/(0.35)
3 — 3/(0.35)

1 — 2//3' (0.38)
2/3 — 1/ (0.36)
2 — 2’ (0.36)
3 — 3'(0.36)

1 — 2//3’ (0.45)
2/3 — 1/ (0.28)
2 — 2/(0.23)
3 — 3’ (0.46)

922, 0.000

680, 0.000

491, 0.000

363, 0.006

Blu

Sk

689, 1.168

599, 0.960

506, 0.696

429, 0.375

B2u + B3u

1Bb

1 > 2/3'(0.26)
2/3 - 1/(0.24)

1 - 2//3(0.28)
2/3 — 1'(0.27)
2 — 2'(0.25)
3 — 3/(0.26)
4 — 2//3'(0.33)

1 — 2//3'(0.28)
2/3 — 1'(0.30)
2 — 2/ (0.30)
3 — 3/(0.30)
4 — 2//3'(0.35)
2/3 — 4/(0.30)

1 - 2//3' (0.19)
2/3 - 1/ (0.38)
2 — 2/ (0.40)
3 > 3'(0.18)

2/3 — 2'/3' (0.3)
1 — 1’ (0.26)
4 — 2'/3'(0.31)

438, 0.254 597, 0.226 791, 0.156

332, 0.164

Blu

S

436, 0.016 574, 0.000

393, 0.032

4 — 2'/3' (0.36)
2/3 — 6’ (0.26)

360, 0.159

BZu + B3u

Sm

(0.29)

17 (0.31)
5 (0.19)
,4/(0.26)

458, 0.000

15 - 1

387, 0.000

364, 0.000

468, 0.000

Blu

1D1

1,5 - 1/,1'(0.34)
1,1 - 1,5'(0.19
2,3 - 6/,6/(0.13

6 — 2'/3'(0.10)

1,1 - 1/,5' (0.50)

1,1 - 1,5’ (0.70)

)
)

380, 2.846

1,1 > 1
2,3 > 4

335, 5.301

2,3 — 4',4'(0.28)
4,4 — 2/,3'(0.19)

299, 4.602

2,3 - 6',6'(0.33)
4,4 — 2/,3'(0.12)

270, 3.241

Bzu + BSu

1]32
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,3/(0.21)

44 - 2

¢ The following notation is used: n/m indicates that excitation involves orbitals n or m; n, m indicates that excitation involves orbitals n and m.
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are transforming to B,,, By, and By, + A, in Dy, respectively)
are now also picked up in the CASSCF solution. We expect that
an increase in the number of states considered for the (16,15)
active space would bring back the bright state into the con-
sidered energy range. We have chosen the (12,12) active space
for all the systems investigated as a compromise as we expect
that the essential features of the absorption spectra are repro-
duced with this method.

4.3. Even-n cyclacenes

The overall appearance of the electronic absorption spectra as
obtained by the NEVPT2/def2-TZVP method for the even-n
cyclacenes are graphically summarized in Fig. 3 (for Tables
with all excited states and a more detailed discussion of

1600
a
1400 F | —a—1L /
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B

£ -v—5

< 1000 A
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5 ——"p,

@ 800 1

: —",

2
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4°°M
- . | |

6 8 10 12

Fig. 4 Change of the excitation wavelength to selected excited states of
even-n cyclacenes as computed at the NEVPT2/def2-TZVP level of theory.
Lines to guide the eye.

UV-Vis Spectra of Odd Cyclacenes

11-cyclacene

9-cyclacene
o

7-cyclacene

*
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*

600 800 1000 1200
Wavelength (nm)

200

H
o
o

Fig. 5 Absorption spectra of odd-n cyclacenes (5-11) as computed at the
NEVPT2/def2-TZVP level of theory. The stars mark the bands associated
with the H — L transition. The spectra were derived from the computed
transition energies and oscillator strengths by Gaussian broadening
with ¢ = 10.
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Table 2 Singlet state excitation wavelengths (1, in nm) and oscillator strengths for odd-n cyclacenes as computed at the CAS(12,12)-NEVPT2/def2-TZVP level of theory?

11cyc

9cyc

7cyc

5cyc

Sym.
State species

Orbs., weight

J/nm, f  Orbs., weight Anm, f

Orbs., weight

Anm, f

J/nm, f  Orbs., weight

View Article Online

Paper

1-5'/2-6//1,1,2 - 1',17,6'/1,2,2 — 2/,2',5' (0.05).

By 1,1,5 —» 1/,1',2'/2,2,6 — 1',2/2'/1,1,2 —
1,1',5'/1,2,2 > 22,6/ (0.06)/1 — 6 (0.05)2 —

A;1,1,6-17,1,2
5/

1-1' (0.25)
2-2' (0.25)
2,2,5-1,2',2'

1145,
0.021
337, 3.8
1 - 5'/6 > 2/(0.06) 5 —

1’
2 - 5'/5 - 2/(0.06) 6 —

Ay: 2 — 6’ (0.08)
1/

Bi: 1 — 6 (0.08)

1-1’ (0.32)
2-2' (0.32)

999,
0.054
301,

4.222

1 - 6//B;:1 - 5 (0.08)/2 - 6

A2 — 5 (0.06)
(0.07)

1-1/ (0.38)
2-2' (0.38)

0.111
2.700

797,

Az 2-5' (0.08) 1- 264,

6/
1,2- 3',3'(0.12)

1-1’ (0.38)
2-2' (0.38)
B 1,2-

4/,4'(0.14)

578,
0.149
240,

0.952

A; + By

‘a
“ The following notation is used: n/m indicates that excitation involves orbitals n or m; n, m indicates that excitation involves orbitals n and m.

L.
1B,

1
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individual [n]-cyclacenes, see SI). These computations show
that even-n cyclacenes have very high intensity bands within
the UV range that increase in intensity and shift bathochromi-
cally with increasing system size up to n = 10. For [12]
cyclacene, the high intensity peak is already shifted into the
visible range and appears to be split, resulting in decreased
peak height. An additional peak of considerable intensity
appears in the visible range (1 = 429 nm for [6]-cyclacene, 1 =
689 nm for [12]-cyclacene) that likewise shifts bathochromically
and gains intensity ( f= 0.38 to 1.18) with increasing size.

The excited electronic states that are most relevant for the
appearance of the absorption spectra were analyzed in terms of
electronic excitations (see Table 1). Due to the similarity of
excitation patterns, we label states as in acenes. The lowest
energy electric dipole allowed excited state is 1'By, for all even-
n cyclacenes that is due to excitation from HOMO to LUMO
(1 — 1) and is thus labelled 'L,. The transition dipole
moments (see SI) are oriented along the n-fold rotational axes
of the [n]-cyclacenes and thus these states resemble the short-
axis polarized 'L, states of acenes. As observed for acenes, the
oscillator strength decreases with increasing size.>® It is
remarkable that their absorption wavelengths are shifted
towards the NIR range much more than that of similar sized
acenes.”® This is because for even-n cyclacenes the HOMO-
LUMO energy gap is smaller than for acenes as it arises due to
1,4-transannular interaction as discussed above.'?

Other relevant states of acenes, such as 'Ly, and 'By, can
also be identified among even-n cyclacenes (Table 1). The 'Ly,
states are of (B,, + Bs,) symmetry and their transition
dipole moments are within the planes that dissect the cycla-
cenes through their rung bonds (xy plane). This resembles the
long-axis polarization of acenes. The 'L, states arise from
H — L+1 and H-1 — L excitations and have small oscillator
strengths.
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As for acenes, H — L+1 and H—1 — L excitations also give
rise to the 'By, states. These are of (B,, + Bs,) symmetry, are
polarized within the xy plane and have large oscillator
strengths. As for 'L, and 'Ly, the excitation wavelengths are
significantly longer than for acenes of similar size.>® These
strong absorptions in the visible range are expected to be very
helpful for experimental identification of even-n cyclacenes.

For larger acenes, two-electron transitions could be identi-
fied that were labelled 'D; and 'D, previously.”® While 'D,
always had very small oscillator strength, 'D, acquired large
oscillator strength once it was lower in energy than 'By.>* The
corresponding states of even-n cyclacenes also are dark ('Dy,
n-axis polarized) or very bright ('D,, polarized orthogonal to
n-axis). The 'D, states have the highest oscillator strengths for
any given even-n cyclacene, which is remarkable considering
they are higher in energy than the 'B, states. This is an
indication of the multiradical character of the ground state of
these molecules as otherwise such formal two-electron excita-
tions are expected to have very small oscillator strengths.

The evolution of the individual excited state wavelengths
with cyclacene size is given in Fig. 4. It reveals that almost all of
them shift bathochromically due to reduced orbital energy gaps
(see Fig. 2), but not monotonically.

4.4. 0Odd-n cyclacenes

The overall appearance of the electronic absorption spectra as
obtained by the NEVPT2/def2-TZVP method for the odd-n
cyclacenes is graphically summarized in Fig. 5 (a more detailed
discussion of individual [n]-cyclacenes is provided in the SI).
These computations show that odd-n cyclacenes generally have
much lower intensity bands within the UV/vis-NIR range than
even-n cyclacenes. While the bands in the UV range have
oscillator strengths of f = 3-5 and those in the visible range
have around f = 1 for even-n cyclacenes, the values for odd-n

UV-Vis spectrum of H—L electronic transition in cyclacene

a)‘

11-cyclacene
*
N
/‘k\ 9-cyclacene
*
/\ 7-cyclacene
x
5-cyclacene
600 1000 1200

800
Wavelength (nm)

a) odd-n, b) even-n

b)
12-cyclacene
*
10-cyclacene
*
8-cyclacene
*
6-cyclacene
*
1200 1300 1400 1500 1600 1700 1800 1900

Wavelength (nm)

Fig. 6 HOMO-LUMO electronic transition in the absorption spectra of (a) odd-n (5-11) and (b) even-n cyclacenes (6-12) as computed at the NEVPT2/
def2-TZVP level of theory. The spectra were derived from the computed transition energies by Gaussian broadening with ¢ = 10 and were normalized to

the strongest signal of [5]-cyclacene.
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cyclacenes are around f = 0.5 and f = 0.05, respectively. The
bands in the visible range decrease in intensity and shift
bathochromically with increasing system size. The difference
in intensities will have profound impact on the potential
identification of odd-n cyclacenes by optical spectroscopy and
its origin will be discussed below.

The 'L, states of odd-n cyclacenes are of B, symmetry species
and result from H — L excitation, as in even-n cyclacenes and
acenes (Table 2). The transition dipole moments are polarized
along the n-fold rotational axis as in even-n cyclacenes. The
transition wavelengths are in a similar range as for the corres-
ponding acenes, indicating that the HOMO-LUMO energy gaps
are of similar size. As with acenes, the transition wavelengths
evolve towards the NIR region with increasing size. Comparison
of the absorption spectra in the wavelength range of the 'L,
states reveal the significant differences of even-n and odd-n
cyclacenes (Fig. 6). Note that the 'L, states are not the lowest
energy excited states of odd-n cyclacenes as there is an increas-
ing number of dark states with increasing n (see the Tables
$15-518 in SI).

Almost all other states that have longer excitation wave-
lengths than 'L, have two-electron or even three-electron exci-
tation character and as such have no resemble to the
conventional acene excited states (‘Lp, 'Bp). As they also have
very small oscillator strengths, we will not discuss them further.
One excited state in the UV range stands out as having very high
oscillator strengths. The major configuration, at least for [7]-
and [9]-cyclacene, is due to H - L + 2/H—2 — L and transition
dipole moment is polarized within the plane that bisects the
molecule through the rung bonds. This state thus resembles
By, and it falls into the same energy range as for acenes. Note
that the weight of the H — L + 2/H—2 — L is rather small and
further decreases for [5]- and [11]-cyclacenes, while two-electron
and three-electron excitations, respectively, gain weight.

5. Conclusions

The computational investigation of the excited state energies of
even-n and odd-n cyclacenes ranging from n = [5,12] employing
the NEVPT2 methods shows that the energy of all excited states
decreases as n increases in [n]-cyclacenes. The intensity for
their electronic transition generally increases, except for the
H — L transition, which follows the opposite trend. Even-n
cyclacenes exhibit excited states with strong intensity in the
visible range, whereas small odd-n cyclacenes do not. As the
excited states shift to lower energies, a transition shifts into
the visible range for [11]-cyclacene. The HOMO-LUMO transi-
tion occurs at a higher energy in odd-n cyclacenes and has
greater intensity compared to even-n cyclacenes. The weight of
the Aufbau principle electronic configuration in the ground
state drops fast for odd-n cyclacenes, and it is just 0.25 for [11]-
cyclacene, but remains the leading configuration, while the
weight of the electronic configuration where H—1, H, L, L+1
each contains one electron increases. This behavior suggests
that the odd-n cyclacenes have high polyradical character.
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Optical spectroscopy was essential for the identification of
the larger acenes,"”” ! and it is possible that the characteriza-
tion of the yet unknown cyclacenes will also be facilitated by
this spectroscopic method. The computational study reveals
the excited electronic state manifold, which will be helpful for
the experimental observation of cyclacenes and the assignment
of spectra. The study also shows that the detection of odd-n
cyclacenes by optical spectroscopy in the presence of possibly
unreacted (photo)precursors will be challenging as they lack
characteristic strong absorption bands in the visible range.
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