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ABSTRACT: Cyclo[n]carbons (n = 5, 7, 9, ..., 29) composed from an odd number of
carbon atoms are studied computationally at density functional theory (DFT) and ab initio
complete active space self-consistent field (CASSCF) levels of theory to get insight into their
electronic structure and aromaticity. DFT calculations predict a strongly delocalized carbene
structure of the cyclo[n]carbons and an aromatic character for all of them. In contrast,
calculations at the CASSCF level yield geometrically bent and electronically localized
carbene structures leading to an alternating double aromaticity of the odd-number
cyclo[n]carbons. CASSCF calculations yield a singlet electronic ground state for the studied
cyclo[n]carbons except for C25, whereas at the DFT level the energy difference between the
lowest singlet and triplet states depends on the employed functional. The BHandHLYP
functional predicts a triplet ground state of the larger odd-number cyclo[n]carbons starting
from n = 13. Current-density calculations at the BHandHLYP level using the CASSCF-
optimized molecular structures show that there is a through-space delocalization in the
cyclo[n]carbons. The current density avoids the carbene carbon atom, leading to an alternating double aromaticity of the odd-
number cyclo[n]carbons satisfying the antiaromatic [4k+1] and aromatic [4k+3] rules. C11, C15, and C19 are aromatic and can be
prioritized in future synthesis. We predict a bond-shift phenomenon for the triplet state of the cyclo[n]carbons leading to resonance
structures that have different reactivity toward dimerization.

I. INTRODUCTION

Cyclo[n]carbons represent a unique and underexplored form
of carbon molecules among numerous other allotropes.1 They
have been observed in gas-phase mass-spectra experiments.2−6

The first ever purposeful chemical synthesis of an even-number
cyclo[18]carbon (C18) was carried out by Kaiser et al. in
2019,7 while last year, Scriven et al. improved the synthetic
protocol for cyclo[18]carbon, reaching a reaction yield of
64%.8 After these successful synthesis endeavors, a large
number of articles have been devoted to studies of the
electronic structure of cyclo[n]carbons. Most of them focus on
the even-number members of this class of molecules.9−21

Studies on odd-number cyclo[n]carbons have been limited to
very few articles that mainly report properties of small carbon
rings up to C17 calculated at the DFT level of theory.22−26

These articles were mainly aimed to describe the relative
stability of linear vs cyclic isomers. The aromaticity and
electronic properties of odd-number cyclo[n]carbons were
studied for the first time in 2009 by Fowler et al. at the
B3LYP/6-31G(d) level of theory.27 They concluded that [4k
+1] and [4k+3] cyclo[n]carbons contain [4k+2] electrons in
the out-of-plane π-system, while the residual [4k] or [4k+1]
electrons belong to the in-plane π-system. As a result, they
found that all odd-number cyclo[n]carbons sustain a diatropic
ring current in the out-of-plane π-system, which is stronger
than the paratropic ring current in the in-plane π-system, i.e.,
they found that the studied odd-number cyclo[n]carbons (C7−

C29) are globally aromatic and called them “π aromatic and σ
antiaromatic”.27 Here, we challenge this conclusion since the
employed DFT calculations are not able to properly describe
the carbene structure of the odd-number cyclo[n]carbons.
Recently, Seenithurai and Chai28 systematically studied odd-
number cyclo[n]carbons containing up to 99 carbon atoms at
the TAO-DFT-LDA level of theory and showed that some
electronic descriptors like the ionization potential, electron
affinity, and the optical gap alternate with n. They did not
obtain any clear oscillations in the singlet−triplet energy gap
(ΔEST) but reported ΔEST of 4−5.6 kcal mol−1 for C13−C49,
which is remarkable when considering the polyradical nature of
these species. As Seenithurai and Chai28 unfortunately did not
provide any analysis of the optimized molecular structures of
the studied odd-number cyclo[n]carbons, we cannot judge
how well their structures agree with the ones we report here.
Hobza et al.29 predicted very recently a triplet ground state for
C17 based on ωB97XD/def2-TZVPP calculations, which is
most likely incorrect due to the limitations of the employed
DFT level to describe the localized carbene structure of odd-
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number cyclo[n]carbons. Here, we report and analyze the
electronic and molecular structures of odd-number cyclo[n]-
carbons obtained at the CASSCF level of theory. Current
densities are calculated at the DFT level using the
BHandHLYP functional to understand the electronic structure
properties and the aromatic character of cyclo[n]carbons (n =
5, 7, 9, ..., 29). We utilize the gauge-including magnetically
induced currents (GIMIC) method30,31 for analyzing the
aromatic properties. Based on these calculations, we propose a
novel concept of through-space aromaticity of the odd-number
cyclo[n]carbons in the singlet ground state, which is
schematically presented in Figure 1. The calculations show

that the electron delocalization avoids the empty pout orbital at
the carbene atom, leading to alternating aromaticity of the
odd-number cyclo[n]carbons. The cyclo[n]carbons with [4k
+1] carbon atoms are antiaromatic, whereas those with [4k+3]
carbon atoms are aromatic, where k is a positive integer.

II. COMPUTATIONAL DETAILS
The molecular structures of the lowest singlet and triplet states
of cyclo[2n+1]carbons (n = 2−14) were initially optimized at
the DFT level using the hybrid functional BHandHLYP32,33

and the Karlsruhe def2-TZVP basis set.34 Since previous
studies of the electronic structure of even-numbered cyclo[n]-
carbons showed that the experimentally observed polyyne
structures are obtained only when using a functional with a
large amount of the Hartree−Fock exchange (>40%),10,15 we
used here the BHandHLYP functional that satisfies this
condition with 50% of the Hartree−Fock exchange. We also
optimized the molecular structures using functionals with
different amounts of Hartree−Fock exchange: TPSSh (0%),35

B3LYP (20%),33,36 BMK (42%),37 and M06HF (100%).38

The molecular structures of the lowest singlet and triplet
states were also optimized at the ab initio complete active space
self-consistent field (CASSCF) level,39,40 since multiconfigura-
tion SCF calculations yielded the experimentally observed
polyyne structure for the even-numbered cyclo[n]carbons.10

The 6-31G(d,p)41,42 basis set was used in the optimization of
the molecular structures at the CASSCF level. We used the
(14,12) active space (14 electrons in 12 active orbitals) for all
of the studied molecules. Smaller and larger active spaces were
also used for checking the choice of the active space. The
structure optimizations at the CASSCF level were performed

using the Firefly software.43,44 We also performed structure
optimizations of the lowest singlet and triplet states of C11 at
the multireference second-order perturbation theory
(CASPT2) level using split-valence polarization basis sets
(SVP)45,46 with the BAGEL program.47

Calculations of the magnetically induced current densities
were carried out using the gauge-including magnetically
induced currents (GIMIC) method.48,49 The basis-set
information, the atomic orbital density matrix, and the
perturbed atomic orbital density matrices are the input data
of the GIMIC calculations. The density matrices are obtained
by performing NMR shielding calculations.
The NMR shielding calculations were performed at the

BHandHLYP/def2-TZVP level using the BHandHLYP and
CASSCF structures. The first-order magnetically perturbed
density matrices and the DFT-optimized molecular structures
of the cyclo[2n+1]carbons (n = 2−14) were computed using
the Gaussian 16 program package.50 A script was used for
converting the Gaussian output to GIMIC input data in
appropriate format.48,49 The strengths of the magnetically
induced ring currents (I in nA T−1) were obtained by
integrating the current-density flux that passes through a plane
placed perpendicular to the molecular plane. The visualization
of the current densities was performed within the Multiwfn
software.51 We also calculated NMR shielding tensors at
CASSCF/SVP45,46 level of theory for singlet and triplet states
of the C11 and C13 cyclocarbons using DALTON software.52

The ring-current strengths were then obtained at the CASSCF
level by integrating the zz component of the shielding tensor
along the symmetry axis in the middle of the ring using the
Amper̀e−Maxwell’s law.53

III. RESULTS AND DISCUSSION
III.I. Electronic Structure of Even-Number Cyclo-

carbons. The even-number cyclo[n]carbons are doubly
aromatic according to the Hückel rules for antiaromatic [4k]
and aromatic [4k+2] rings with k = 1−8.9 The aromaticity is
maintained by the delocalized in-plane (pin) and out-of-plane
(pout) orbitals, respectively,9 which can also be interpreted as
double σ (in-plane) and π (out-of-plane) aromaticity and
antiaromaticity of the [4k+2] and [4k] species. We recently
showed that doubly aromatic C18 sustains a stronger
magnetically induced ring current (MIRC) in the 18πout out-
of-plane electrons (Iout = 21.8 nA T−1) than in the 18πin in-the-
plane electrons (Iin = 7.2 nA T−1) due to the perpendicular
orientation of the pout atomic orbitals (AO) with respect to the
magnetic field direction. The radial pin AOs have an external
CCC angle of 200° affecting the electron delocalization.10 For
k > 8, the even-number cyclo[n]carbons have a pronounced
bond alternation with a transition to nonaromaticity occurring
for the [4k] and [4k+2] species.9 The larger even-number
cyclo[n]carbons do not sustain any MIRC. The results of the
GIMIC calculations agree completely with the results obtained
with simple independent-particle simulations by Bylaska et
al.54

III.II. Electronic Structure of Odd-Number Cyclo-
carbons. The odd-number cyclo[n]carbons have an extra
carbon atom (a carbene) affecting their electronic structure. It
is well known that carbenes generally have a triplet ground
state with a nonlinear molecular geometry.55,56 Thus, a triplet
ground state can be anticipated also for odd-number
cyclo[n]carbons, and indeed the BHandHLYP/def2-TZVP
calculations suggest that C13 and larger odd-number cyclo[n]-

Figure 1. Mixed aromatic and antiaromatic character of C17 (left) as
compared to the one for C19 (right). The net antiaromatic C17 is π
antiaromatic and σ aromatic and vice versa for the net aromatic C19.
Red and blue arrows denote the paratropic and diatropic currents,
respectively; πin and πout mean that the electrons are aligned in
molecular plane and perpendicular to it, respectively.
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carbons have a triplet ground state. For C13, the triplet state is
8.5 kcal mol−1 below the singlet state. The energy difference
between the singlet and triplet states (ΔEST) increases for
larger rings and reaches 21.2 kcal mol−1 for C29 (see Table 1).
Calculations on C17 employing DFT functionals with different
amounts of Hartree−Fock exchange (from 0 to 100%) do not
qualitatively change the trend; see Table S1.
However, calculations at the CASSCF level with an active

space consisting of 14 electrons in 12 orbitals predict that most
of the studied cyclo[n]carbons have a singlet ground state,
since ΔEST is positive for the [4k+1] and [4k+3] molecules,
except for C25 whose singlet and triplet states are nearly

degenerate. Calculations with different sizes of the active space
do not qualitatively change the picture for the [4k+3]
molecules; see Table S1. For the antiaromatic [4k+1]
cyclo[n]carbons (k = 1−7), ΔEST decreases faster than for
the aromatic [4k+3] ones as seen in Table 1. The [4k+1] rings
of C21, C25, and C29 (k = 5, 6, and 7, respectively) are
characterized by a quasi-degenerate singlet−triplet ground
state, while for the [4k+3] systems (k = 2−6), ΔEST is large
and negative with values between −40 kcal mol−1 for C11 and
−15 kcal mol−1 for C27.
The CASSCF calculations yield a low-lying singlet ground

state for the [4k+3] species due to aromatic stabilization. The

Table 1. Energy Difference (ΔEST, kcal mol−1) between the Lowest Singlet (S) and Triplet (T) States and the Strength of the
Magnetically Induced Ring Current (MIRC) (I, nA T−1) for the S and T States Calculated at the BHandHLYP/def2-TZVP and
CASSCF(14;12)/SVP Levels of Theorya

BHandHLYP/def2-TZVP CASSCF(14;12)

ΔEST I(S) I(T) ΔEST I(S)b,d I(T)b,d

C5 −2.0 14.3 4.8 −16.0 15.0/16.4 8.2/3.3
C7 −16.8 14.3 1.4 −20.3 13.2/13.4 16.4/17
C9 −1.3 −0.8 −13.9 −8.8 −32.8/−45.2 −9.1/−16.5
C11 −5.2 14.9 −2.0 −40.2 12.0/12.3 0.9/2.2

12.0c 5.2c

C13 8.5 2.7 −6.7 −5.6 −20.7/−27.0 −5.7/−7.3
−9.0c −1.5c

C15 5.3 12.1 −1.1 −27.3 9.0/9.0 0.6/0.7
C17 15.1 3.2 −2.1 −1.4 −10.9/−12.8 −3.2/−2.9
C19 12.5 8.4 −1.1 −25.4 5.5/5.5 0.1/0.2
C21 19.2 3.8 −0.1 −0.1 −5.9/−5.7 −1.5/−3.0
C23 17.0 5.2 −0.9 −24.2 3.0/1.7 0.3/−1.4
C25 19.4 5.8 −0.5 0.8 −3.2/−1.8 −0.9/1.0
C27 19.9 3.0 −0.6 −15.2 1.4/0.8 −0.1/−2.0
C29 21.3 2.8 0.6 −1.9 −1.8/−0.7 −0.6/2.1

aThe MIRC has also been calculated at other levels of theory. bI(S) and I(T) calculated at the BHandHLYP/6-31G(d,p) level using the CASSCF-
optimized geometries. cI(S) and I(T) calculated at the CASSCF/SVP level using the CASSCF-optimized geometries. dI(S) and I(T) calculated at
the M06-2X/6-31G(d,p) level using the CASSCF-optimized geometries.

Figure 2. Average C−C distance (a) and the bond angle (b) at the carbene atom in cyclo[n]carbons C11−C29 calculated at the DFT and CASSCF
levels of theory. Magnetically induced current density (c) of the singlet state of C13−C19 calculated at the BHandHLYP/6-31G(d,p) level using the
CASSCF-optimized structures. The dashed circles indicate the hole corresponding to the empty pout orbital. The green and blue isosurfaces denote
the diatropic and paratropic current densities, respectively.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c08507
J. Phys. Chem. A 2022, 126, 2445−2452

2447

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c08507/suppl_file/jp1c08507_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c08507/suppl_file/jp1c08507_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c08507?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c08507?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c08507?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c08507?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c08507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


smaller rings sustain a strong diatropic MIRC (I(S) in Table
1). The singlet−triplet splitting is small for the [4k+1]
cyclo[n]carbons, which are antiaromatic, sustaining a para-
tropic MIRC in the lowest singlet state. Calculations of the [4k
+1] species with an active space that is larger than 14 electrons
in 12 orbitals may change the order of the singlet and the
triplet states for the larger rings. However, such CASSCF
calculations are computationally expensive. DFT calculations
at the BHandHLYP/def2-TZVP level that work perfectly for
the even-number cyclo[n]carbons9 yield a triplet ground state
for larger odd-number cyclo[n]carbons starting from C11.
However, single-point calculations using the CASSCF
molecular structures and the B3LYP,33,36 O3LYP,33,57 M06-
2X,58 and ωB97XD59 functionals qualitatively yield the same
trend for ΔEST as obtained at the CASSCF level (see Table
S2). The calculations thus show that different trends for ΔEST
are obtained when using the DFT-optimized structures and the
CASSCF ones.
Despite the fact that BHandHLYP and M06-2X functionals

give quantitatively different values for the ΔEST gap (Table S2)
when using CASSCF geometries, the strength of the MIRC for
the S and T states calculated with these functional is largely the
same (Table 1), implying that the strength of the MIRC values
is almost independent of the employed level of DFT theory,
while it strongly depends on the employed molecular structure.
There is only a qualitative correlation between the ΔEST gap
and the MIRC strength. An alternating S−T gap leads to a
similar alternation in the aromatic/antiaromatic behavior of the
odd-number cyclocarbons (Tables 1 and S2).
III.III. Structural Features of Odd-Number Cyclo-

carbons. The molecular structures optimized at the
BHandHLYP and CASSCF levels are shown in Table S3.
The optimized structures at the two levels of theory are very
different even though both levels predict a polyyne-type
structure with alternating CC bonds. The BHandHLYP/6-
31G(d,p) calculations yield a strongly delocalized carbene
structure for the singlet (S) and triplet (T) states, i.e., the lone-
pair electrons are not localized to a single carbon atom,
resulting in short CC bonds (d1 and d2) near the carbene
center and an obtuse CCC angle (θ) (Figure 2). Similar
structural trends are obtained for the θ angle and the d1 and d2
bond lengths of the singlet and triplet states with increasing
ring size. The strong lone-pair delocalization and the bond-
length equalization obtained at the DFT level lead to a triplet
ground state for most of the studied odd-number cyclo[n]-
carbons starting from C13.
The molecular structures of the singlet and triplet states of

C11−C29 optimized at the CASSCF level have a sharp θ angle
at the carbene atom. θ is in the range of 110−123° for the
singlet states and 105−140° for the triplet states. The average
CC bond lengths at the carbene atom are considerably longer
for the CASSCF-optimized molecular structures as compared
to the DFT ones (Figure 2). A clear alternation of the
structural parameters θ, d1, and d2 is obtained for singlet [4k
+1] and [4k+3] cyclo[n]carbons, suggesting that they have an
alternating antiaromatic and aromatic character depending on
the number of carbon atoms. The [4k+1] rings have small θ
angles and long d1/d2 distances that result in an isolation of the
carbene atom. The [4k+3] rings show the opposite trend
they have a large θ angle and short d1/d2 distances, which
implies that the electrons of the carbene atom participate in
electron delocalization. The θ and (d1 + d2)/2 structural
parameters for the triplet state have the opposite trend as

compared to the singlet state because the pin and pout orbitals
are singly occupied. In the triplet state, the electron repulsion is
weaker between the pin orbitals but stronger between the pout
orbitals than for the singlet state. The singlet states have the pin
and pout orbitals formally doubly occupied and nonoccupied,
respectively.

III.IV. Aromaticity of Odd-Number Cyclocarbons. The
structural features of the odd-number cyclo[n]carbons and
particularly the θ angle as well as the d1 and d2 bond lengths of
the carbene moiety determine their aromatic character. Since
the lone-pair electron is delocalized at the BHandHLYP/def2-
TZVP level, the singlet state of the studied odd-number
cyclo[n]carbons is aromatic and sustains a net diatropic ring
current according to the double aromaticity nature proposed
by Fowler et al.27 The triplet state, which is the ground state
for C13 and larger odd-number cyclo[n]carbons at the
BHandHLYP/def2-TZVP level, is nonaromatic or weakly
antiaromatic (Table 1). However, the triplet nature of the
ground state is an artifact of the employed DFT method, while
CASSCF calculations predict a low-lying aromatic singlet state
of the [4k+3] cyclo[n]carbons and quasi-degenerate singlet
and triplet ground state for the antiaromatic [4k+1] ones. The
global electron delocalization avoids the carbene atom of the
[4k+1] cyclo[n]carbons affecting their aromaticity. The
aromatic pathway consists of the [4k] πout electrons resulting
in a global antiaromatic character of the [4k+1] rings (C9, C13,
C17 etc.), while the participation of the πin electrons in the
global delocalization is prevented by the small θ angle. This is
clearly seen in the magnetically induced ring currents shown in
Figure 2c and Table S4. The formally empty pout orbital of the
[4k+3] cyclo[n]carbons is partially occupied due to
interactions with the neighboring pout orbitals. In this case,
the carbene atom is less isolated because θ is larger and d1/d2
are shorter than for the [4k+1] rings. Thus, the [4k+2] πout
electrons contribute to the global diatropic out-of-plane
current and a weaker paratropic ring current inside the ring
(Figure 2c). The [4k+3] rings (C11, C15, C19, etc.) are
therefore globally aromatic with a low-lying singlet ground
state. Since the [4k+3] rings are the most stable molecules
among the studied ones, they could be the main target for
future synthesis attempts.

III.V. CASSCF and CASPT2 Calculations for C11 and
C13. Similar to the case of even-number cyclocarbons,9 the
CASSCF/6-31G(d,p) optimization for all the studied cyclo-
carbons predicts a significant contribution by only one main
determinant into the wave function of the singlet and triplet
states. The weights of the [2222222.....] and [22222211....]
determinants are close to 0.9 for singlet and triplet states,
respectively. Here “2” means doubly occupied orbital, “1” is a
singly occupied orbital and “.” (dot) is an unoccupied orbital.
Structure optimization of the C11 molecule in singlet and
triplet states at CASPT2/SVP level provides similar orbital
occupations as the CASSCF/6-31G(d,p) calculation. The
weights of the [2222222.....] and [22222211....] determinants
are 0.877 and 0.899, respectively, while the other determinants
like [22222.2.2...] for singlet state and [22222.112...] for triplet
state contribute with weights of about 0.1. Thus, the
nondynamic (static) correlation effects for odd-number
cyclocarbons are small, but could nevertheless be important.
In our previous study on even-numbered cyclocarbons, we
showed that static correlation effects decrease with increasing
ring size. For C11, our CASPT2 calculations predict a negative
ΔEST of −4.7 kcal mol−1 as also obtained at the CASSCF level.
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However, the CASPT2 value is significantly smaller than the
one of −40.2 kcal mol−1 obtained at the CASSCF/6-31G(d,p)
level. The magnetically induced ring currents of I(S) = 30
nA T−1 and I(T) = −1.0 nA T−1 calculated at BHandHLYP/
def2-TZVP level using CASPT2/SVP-optimized geometries
qualitatively agree with the ones of I(S) = 12 nA T−1 and I(T)
= 0.9 nA T−1 obtained when using CASSCF/6-31G(d,p)-
optimized geometries. The stronger ring current for the singlet
state of the CASPT2/SVP-optimized C11 structure originates
from the much smaller θ angle of only 70° between the d1 and
d2 bonds at the carbene atom as compared to 110° for
CASSCF/6-31G(d,p) geometry. Thus, the two atoms next to
the carbene atom are much closer in the CASPT2/SVP
structure (1.589 Å) than in the CASSCF/6-31G(d,p)
geometry (2.204 Å). The CASPT2 calculation confirms the
idea that avoiding the empty pout orbital on the carbene carbon
atom results in a [4n+2] aromatic πout system, leading to a
global aromaticity of the C11 molecule in the singlet ground
state.
To exclude eventual errors related to the single-reference

picture of the electronic structure provided by DFT, we
performed calculations of the magnetic shielding tensors for
the singlet and triplet states of the C11 and C13 compounds at
the CASSCF level. Integrating the zz component of the
magnetic shielding tensor along the symmetry axis in the
middle of the ring yields the strength of the magnetically
induced ring current according to Amper̀e−Maxwell’s law.53

The ring-current strength calculated at the BHandHLYP and
CASSCF levels for the singlet state of C11 agree, whereas the
CASSCF calculation suggests a stronger ring current for the
triplet state than that obtained at the BHandHLYP level. Both
levels of theory suggest that the singlet and triplet states of C13
are antiaromatic. The ring-current strengths calculated at the
BHandHLYP level are 2−4 times larger that the CASSCF
values (Table 1).
III.VI. Reactivity of Triplet-State Odd-Number Cyclo-

carbons. Despite the fact that the triplet state of the odd-
number cyclo[n]carbons is generally nonaromatic with an odd
number of electrons in the πin and πout subsystems, it has a
bond-shift rearrangement between the resonant one (I)- and
two (II)-center carbene structures, as seen in Figure 3. A

similar bond-shift transformation was previously predicted for
the even-number cyclo[n]carbons10,15 through the cumulenic
transition state (TS). For the odd-number cyclo[n]carbons C15
and C19, the TS structure is more complicated, involving a
simultaneous change of the θ angle and single−triple bond
shifts.
We have successfully optimized both type-I and type-II

structures for C15 and C19 cyclocarbons in the triplet state.
Type-I structures are characterized by a considerably small θ
angle (near 120°, Table 2) and a spin density predominantly

localized on the carbene atom (Figure 3), while type-II
structures sustain a θ angle close to 180° (Table 2) and the
spin density equally localized on two atoms adjacent to formal
carbene centrum (Figure 3).
The type-I and type-II resonance structures should thus have

different reaction pathways and products. The dimerization of
the one-center C15 carbene yields a dimer linked via a double
bond, whereas dimerization of the two-center structure C15
results in a dimer where the two rings are coupled by three CC
bonds. It is analogous to the dual behavior of bis(9-
anthryl)carbene that acts as a two-center biradical when the
terminal >C•H groups are unprotected, whereas it acts as a
one-center carbene when these groups are protected by phenyl
substituents (>C•Ph).60 The type-I dimers of C15 and C19 are
predicted to be globally weakly aromatic, sustaining a
magnetically induced ring current flowing through the d1
bond, whereas the type-II dimers of C15 and C19 are
nonaromatic, sustaining a weak ring current. The rectangular
bridge consisting of six carbon atoms sustains local diatropic
(“aromatic”) ring currents of 6.7 and 5.9 nA T−1 for the dimers
of C15 and C1, respectively (Table S5).

IV. CONCLUSIONS
In summary, the electronic and molecular structures of the
odd-number cyclo[n]carbons with n = 5, 7, 9, ..., 29 have been
studied at DFT (BHandHLYP) and CASSCF levels of theory.
The aromatic character and the degree of aromaticity were
analyzed by calculating the magnetically induced current
density using the GIMIC method. The calculations show
that the DFT level of theory predicts a triplet ground state for
large odd-number cyclo[n]carbons with n > 11. The molecular
structure of the triplet state has polyyne-type CC bonds with

Figure 3. One (I)- and two (II)-center resonance structures of the
triplet state of C15. The reaction of two C15 molecules yielding a
connected dimer. The reaction of one (I)- and two (II)-center
carbene structures of C15 in the triplet state yielding a connected
dimer. The same reaction may also occur for two C19 molecules in the
triplet state.

Table 2. Relative Energies (Erel in kcal mol−1), Magnetically
Induced Ring-Current Strengths (I in nA T−1), and some
Selected Structural Parameters (d1, d2 in Å and θ in deg) for
Type-I and Type-II Resonance Structures of the Triplet
State of C15 and C19 and Their Dimers

molecule Erel d1 d2 θ I

I-C15
a +3.8 1.402 1.402 119.4 1.4c

II-C15
a 0 1.286 1.290 173.4 0.6c

I-C19
a +6.5 1.397 1.397 122.9 0.6c

II-C19
a 0 1.284 1.286 176.1 0.1c

I-(C15)2
b 0 1.358 5.8

II-(C15)2
b +37.5 1.478 1.392 1.8

I-(C19)2
b 0 1.361 3.9

II-(C19)2
b +38.6 1.477 1.391 1.0

aCalculations at the CASSCF(14;12)/6-31G(d,p) level. bCalculations
at the BHandHLYP/def2-TZVP level. cCalculated at the BHandH-
LYP/def2-TZVP level using the CASSCF-optimized molecular
structures.
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almost equal bond angles. The CASSCF calculations predict
on the other hand a low-lying singlet ground state for the [4k
+3] cyclo[n]carbons and a quasi-degenerate singlet/triplet
ground state for [4k+1] (k > 4) rings that have a localized
carbene structure in the singlet and triplet states. The singlet
state of the [4k+3] cyclo[n]carbons is aromatic, whereas the
one of [4k+1] cyclo[n]carbons is antiaromatic. The ring-
current strength decreases for large rings. For large k values,
the studied cyclo[n]carbons are nonaromatic as previously
obtained for the even-number cyclo[n]carbons.9,32 The triplet
state of the cyclo[n]carbons is practically nonaromatic
regardless of the k value. The electron delocalization and the
magnetically induced ring current avoid the carbene atom in
the molecular ring resulting in a through-space aromaticity
with an even number of electrons in the in-plane and out-of-
plane π subsystems. Depending on the number ([4k] or [4k
+2]) of electrons in the out-of-plane π subsystem, the odd-
number cyclo[n]carbons have alternating aromaticity/antiar-
omaticity depending on the k value. The triplet states of C15
and C19 may have two nearly degenerate diradical resonance
structures leading to different reaction pathways of the
dimerization reaction. The transition between the resonance
structures involves a single−triple bond shift as also previously
obtained for even-number cyclo[n]carbons.10,15
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(15) Charistos, N. D.; Muñoz-Castro, A. Induced Magnetic Field in
sp-Hybridized Carbon Rings: Analysis of Double Aromaticity and
Antiaromaticity in Cyclo[2N]carbon Allotropes. Phys. Chem. Chem.
Phys. 2020, 22, 9240−9249.
(16) Zhang, L.; Li, H.; Feng, Y. P.; Shen, L. Diverse Transport
Behaviors in Cyclo[18]carbon-Based Molecular Devices. J. Phys.
Chem. Lett. 2020, 11, 2611−2617.
(17) Pereira, Z. S.; da Silva, E. Z. Spontaneous Symmetry Breaking
in Cyclo[18]Carbon. J. Phys. Chem. A 2020, 124, 1152−1157.
(18) Liang, Z.; He, T.; An, J.; Xue, H.; Tang, F.; Fan, D. Coupling
Effect and Charge Redistribution of Cyclo[18]carbons and Cyclo-
carbon Oxides on NaCl Surface. Int. J. Mod. Phys. B 2020, 34,
No. 2050138.
(19) Jiang, Y.; Mattioli, E. J.; Calvaresi, M.; Wang, Z. Theoretical
Design of an Ultrafast Supramolecular Rotor Composed of Carbon
Nano-Rings. Chem. Commun. 2020, 56, 11835−11838.
(20) Liu, Z.; Lu, T.; Chen, Q. An sp-Hybridized all-Carboatomic
Ring, Cyclo[18]carbon: Electronic Structure, Electronic Spectrum,
and Optical Nonlinearity. Carbon 2020, 165, 461−467.
(21) Hou, X.; Ren, Y.; Fu, F.; Tian, X. Doping Atom to Tune
Electronic Characteristics and Adsorption of Cyclo[18]carbons: A
Theoretical Study. Comput. Theor. Chem. 2020, 1187, No. 112922.
(22) Hutter, J.; Liithi, H. P.; Diederich, F. Structures and Vibrational
Frequencies of the Carbon Molecules C2-C18 Calculated by Density
Functional Theory. J. Am. Chem. Soc. 1994, 116, 750−756.
(23) Yen, T. W.; Lai, S. K. Use of density functional theory method
to calculate structures of neutral carbon clusters Cn (3 ≤ n ≤ 24) and
study their variability of structural forms. J. Chem. Phys. 2015, 142,
No. 084313.
(24) Brito, B. G. A.; Hai, G.-Q.; Can̂dido, L. Quantum Monte Carlo
study on the structures and energetics of cyclic and linear carbon
clusters Cn (n = 1,...,10). Phys. Rev. A 2018, 98, No. 062508.
(25) Belau, L.; Wheeler, S. E.; Ticknor, B. W.; Ahmed, M.; Leone, S.
R.; Allen, W. D.; Schaefer, H. F., III; Duncan, M. A. Ionization
Thresholds of Small Carbon Clusters: Tunable VUV Experiments and
Theory. J. Am. Chem. Soc. 2007, 129, 10229−10243.
(26) Martin, J. M. L.; E1-Yazal, J.; Francois, J.-P. Structure and
relative energetics of C2n+l (n = 2-7) carbon clusters using coupled
cluster and hybrid density functional methods. Chem. Phys. Lett. 1996,
252, 9−18.
(27) Fowler, P. W.; Mizoguchi, N.; Bean, D. E.; Havenith, R. W. A.
Double Aromaticity and Ring Currents in All-Carbon Rings. Chem. −
Eur. J. 2009, 15, 6964−6972.
(28) Seenithurai, S.; Chai, J.-D. TAO-DFT Investigation of
Electronic Properties of Linear and Cyclic Carbon Chains. Sci. Rep.
2020, 10, No. 13133.
(29) Lo, R.; Manna, D.; Hobza, P. Cyclo[n]carbons Form Strong N
→ C Dative/Covalent Bonds with Piperidine. J. Phys. Chem. A 2021,
125, 2923−2931.
(30) Jusélius, J.; Sundholm, D.; Gauss, J. Calculation of Current
Densities Using Gauge-Including Atomic Orbitals. J. Chem. Phys.
2004, 121, 3952−3963.
(31) Fliegl, H.; Taubert, S.; Lehtonen, O.; Sundholm, D. The Gauge
Including Magnetically Induced Current Method. Phys. Chem. Chem.
Phys. 2011, 13, 20500−20518.
(32) Becke, A. D. Density-Functional Exchange-Energy Approx-
imation with Correct Asymptotic Behavior. Phys. Rev. A 1988, 38,
3098−3100.
(33) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B 1988, 37, 785−789.

(34) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7,
3297−3305.
(35) Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E.
Climbing the Density Functional Ladder: Nonempirical Meta−
Generalized Gradient Approximation Designed for Molecules and
Solids. Phys. Rev. Lett. 2003, 91, No. 146401.
(36) Becke, A. D. Density-functional thermochemistry. III. The role
of exact exchange. J. Chem. Phys 1993, 98, 5648−5652.
(37) Boese, A. D.; Martin, J. M. L. Development of Density
Functionals for Thermochemical Kinetics. J. Chem. Phys. 2004, 121,
3405−3416.
(38) Zhao, Y.; Truhlar, D. G. Comparative DFT study of van der
Waals complexes: Rare-gas dimers, alkaline-earth dimers, zinc dimer,
and zinc-rare-gas dimers. J. Phys. Chem. B 2006, 110, 5121−5129.
(39) Roos, B. O.; Lindh, R.; Malmqvist, P. Å.; Veryazov, V.;
Widmark, P. O. Multiconfigurational Quantum Chemistry; Wiley:
Hoboken, NJ, 2016; p 230.
(40) Granovsky, A. A. Communication: An efficient approach to
compute statespecific nuclear gradients for a generic state-averaged
multi-configuration self consistent field wavefunction. J. Chem. Phys.
2015, 143, No. 231101.
(41) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Self-Consistent
Molecular Orbital Methods. 9. Extended Gaussian-type basis for
molecular-orbital studies of organic molecules. J. Chem. Phys. 1971,
54, 724−728.
(42) Frisch, M. J.; Pople, J. A.; Binkley, J. S. Self-Consistent
Molecular Orbital Methods. 25. Supplementary Functions for
Gaussian Basis Sets. J. Chem. Phys. 1984, 80, 3265−3269.
(43) Granovsky, A. A. Firefly Version 8. http://classic.chem.msu.su/
gran/firefly/index.html.
(44) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K.
A.; Su, S.; et al. General Atomic and Molecular Electronic Structure
System. J. Comput. Chem. 1993, 14, 1347−1363.
(45) Andersson, K.; Malmqvist, P.-Å.; Roos, B. O.; Sadlej, A.;
Wolinski, K. Second-order perturbation theory with a CASSCF
reference function. J. Phys. Chem. C 1990, 94, 5483−5486.
(46) Schäfer, A.; Horn, H.; Ahlrichs, R. Fully optimized contracted
Gaussian-basis sets for atoms Li to Kr. J. Chem. Phys. 1992, 97, 2571−
2577.
(47) BAGEL, Brilliantly Advanced General Electronic-structure
Library. http://www.nubakery.org.
(48) Fliegl, H.; Taubert, S.; Lehtonen, O.; Sundholm, D. The Gauge
Including Magnetically Induced Current Method. Phys. Chem. Chem.
Phys. 2011, 13, 20500.
(49) Sundholm, D.; Fliegl, H.; Berger, R. Calculations of
magnetically induced current densities: theory and applications.
WIREs Comput. Mol. Sci. 2016, 6, 639−678.
(50) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H. et al. Gaussian 16, revision C.01; Gaussian, Inc.:
Wallingford, CT, 2016.
(51) Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction
analyzer. J. Comput. Chem. 2012, 33, 580−592.
(52) Aidas, K.; Angeli, C.; Bak, K. L.; Bakken, V.; Bast, R.; Boman,
L.; Christiansen, O.; Cimiraglia, R.; Coriani, S.; Dahle, P.; et al. The
DALTON quantum chemistry program system. Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 2014, 4, 269−284.
(53) Berger, R. J. F.; Dimitrova, M.; Nasibullin, R. T.; Valiev, R. R.;
Sundholm, D. Integration of Global Ring Currents Using the Amper̀e-
Maxwell Law. Phys. Chem. Chem. Phys. 2022, 24, 624−628.
(54) Bylaska, E. J.; Kawai, R.; Weare, J. H. From small to large
behavior: The transition from the aromatic to the Peierls regime in
carbon rings. J. Chem. Phys. 2000, 113, 6096−6106.
(55) Hirai, K.; Itoh, T.; Tomioka, H. Persistent Triplet Carbenes.
Chem. Rev. 2009, 109, 3275−3332.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c08507
J. Phys. Chem. A 2022, 126, 2445−2452

2451

https://doi.org/10.1039/D0CP00167H
https://doi.org/10.1039/D0CP00167H
https://doi.org/10.1039/D0CP00167H
https://doi.org/10.1002/asia.202000528
https://doi.org/10.1002/asia.202000528
https://doi.org/10.1039/D0CP01252A
https://doi.org/10.1039/D0CP01252A
https://doi.org/10.1039/D0CP01252A
https://doi.org/10.1021/acs.jpclett.0c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b11822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b11822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1142/S0217979220501386
https://doi.org/10.1142/S0217979220501386
https://doi.org/10.1142/S0217979220501386
https://doi.org/10.1039/D0CC04806B
https://doi.org/10.1039/D0CC04806B
https://doi.org/10.1039/D0CC04806B
https://doi.org/10.1016/j.carbon.2020.05.023
https://doi.org/10.1016/j.carbon.2020.05.023
https://doi.org/10.1016/j.carbon.2020.05.023
https://doi.org/10.1016/j.comptc.2020.112922
https://doi.org/10.1016/j.comptc.2020.112922
https://doi.org/10.1016/j.comptc.2020.112922
https://doi.org/10.1021/ja00081a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00081a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00081a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4908561
https://doi.org/10.1063/1.4908561
https://doi.org/10.1063/1.4908561
https://doi.org/10.1103/PhysRevA.98.062508
https://doi.org/10.1103/PhysRevA.98.062508
https://doi.org/10.1103/PhysRevA.98.062508
https://doi.org/10.1021/ja072526q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja072526q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja072526q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0009-2614(96)00180-7
https://doi.org/10.1016/S0009-2614(96)00180-7
https://doi.org/10.1016/S0009-2614(96)00180-7
https://doi.org/10.1002/chem.200900322
https://doi.org/10.1038/s41598-020-70023-z
https://doi.org/10.1038/s41598-020-70023-z
https://doi.org/10.1021/acs.jpca.1c01161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c01161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1773136
https://doi.org/10.1063/1.1773136
https://doi.org/10.1039/c1cp21812c
https://doi.org/10.1039/c1cp21812c
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.1774975
https://doi.org/10.1063/1.1774975
https://doi.org/10.1021/jp060231d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp060231d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp060231d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4938169
https://doi.org/10.1063/1.4938169
https://doi.org/10.1063/1.4938169
https://doi.org/10.1063/1.1674902
https://doi.org/10.1063/1.1674902
https://doi.org/10.1063/1.1674902
https://doi.org/10.1063/1.447079
https://doi.org/10.1063/1.447079
https://doi.org/10.1063/1.447079
http://classic.chem.msu.su/gran/firefly/index.html
http://classic.chem.msu.su/gran/firefly/index.html
https://doi.org/10.1002/jcc.540141112
https://doi.org/10.1002/jcc.540141112
https://doi.org/10.1021/j100377a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100377a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.463096
https://doi.org/10.1063/1.463096
http://www.nubakery.org
https://doi.org/10.1039/c1cp21812c
https://doi.org/10.1039/c1cp21812c
https://doi.org/10.1002/wcms.1270
https://doi.org/10.1002/wcms.1270
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/wcms.1172
https://doi.org/10.1002/wcms.1172
https://doi.org/10.1039/D1CP05061C
https://doi.org/10.1039/D1CP05061C
https://doi.org/10.1063/1.1308556
https://doi.org/10.1063/1.1308556
https://doi.org/10.1063/1.1308556
https://doi.org/10.1021/cr800518t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c08507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(56) Shirazi, R. G.; Pantazishttps, D. A.; Neese, F. Performance of
density functional theory and orbital-optimised second-order
perturbation theory methods for geometries and singlet−triplet
state splittings of aryl-carbenes. Mol. Phys. 2020, 118, No. e1764644.
(57) Cohen, A. J.; Handy, N. C. Dynamic correlation. Mol. Phys.
2001, 99, 607−615.
(58) Zhao, Y.; Truhlar, D. G. The M06 suite of density functionals
for main group thermochemistry, thermochemical kinetics, non-
covalent interactions, excited states, and transition elements: two new
functionals and systematic testing of four M06-class functionals and
12 other functionals. Theor. Chem. Acc. 2008, 120, 215−241.
(59) Chai, J.-D.; Head-Gordon, M. Long-range corrected hybrid
density functionals with damped atom-atom dispersion corrections.
Phys. Chem. Chem. Phys. 2008, 10, 6615−6620.
(60) Tomioka, H.; Iwamoto, E.; Itakura, H.; Hirai, K. Generation
and characterization of a fairly stable triplet carbene. Nature 2001,
412, 626−628.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c08507
J. Phys. Chem. A 2022, 126, 2445−2452

2452

https://doi.org/10.1080/00268976.2020.1764644
https://doi.org/10.1080/00268976.2020.1764644
https://doi.org/10.1080/00268976.2020.1764644
https://doi.org/10.1080/00268976.2020.1764644
https://doi.org/10.1080/00268970010023435
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1038/35088038
https://doi.org/10.1038/35088038
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c08507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

