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We have performed density functional theory (DFT), second-
order Mgller-Plesset perturbation theory (MP2), coupled clus-
ter singles and doubles (CCSD), and complete-active-space
self-consistent-field (CASSCF) calculations of the magneti-
cally induced current density (MICD) susceptibility of the
molecular structures of C,5Cl, belonging to the C, and C,,
point groups. The ring of the planar C,, structure of C;5Cl,
is aromatic sustaining a strong diatropic magnetically in-
duced ring current (MIRC) and no paratropic contribution
to the MIRC. The paratropic MIRC of the C, structure sug-
gests that it is weakly antiaromatic. Its paratropic MIRC
makes several vertical loops around the cumulene part of the
ring and passes on the inside of the other half of the ring.
The strongest MIRC trajectories have a very unusual topol-
ogy with a very large linking number (L;) of 67, which is the
same as we obtained for the helical highest-occupied molecu-
lar orbital (HOMO). Our study shows that it is not necessary
to introduce the half-Mo6bius topology concept to understand
the electronic structure and the magnetic response of the C,
structure of C;5Cl,.

1 Introduction

Rontevi¢ et al. ' have recently reported the synthesis of C;5Cl, on
a NaCl surface together with its characterization. The C,5Cl, ring
consisting of thirteen carbon atoms is expected to have very sim-
ilar properties on the surface as in the gas phase because the in-
teraction with the NaCl surface is very weak." Since the Cl atoms
are attached to the sp?-hybridized C; and C, atoms, the eleven
sp-hybridized carbon atoms are divided into two segments, one
of which has seven carbon-carbon bonds (eight atoms) and the
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other segment has six carbon-carbon bonds (seven atoms). Cu-
mulene segments consisting of an odd number of carbon atoms
have perpendicular end groups leading to helical frontier or-
bitals,%%® whereas cumulene segments with an even number of
carbon atoms have coplanar end groups and Hiickel-type 7 or-
bitals.2 Connecting the two segments to form a ring leads to a
90° (m/2 radian) rotation of the p orbitals around the ring. il
Thus, following the ring frame one lap around the ring rotates
the positive lobe of the vertical p orbital to the position of e.g. the
positive lobe of the horizontal p orbital. The second lap rotates
it to the position of the negative lobe of the vertical p orbital.
Thus, four laps are needed to reach the starting point. Since this
is twice the number of laps as compared to single Mobius-twisted
molecules, the authors of Ref. [1] called it half-Md&bius topology.
This holds for the chiral C;5Cl, ring whose molecular structure
belongs to the C, point group. The molecular structure belong-
ing to the C,, point group is the transition state between the two
chiral G, structures on the potential energy surface of the lowest
singlet state. The molecular structure of the lowest triplet state is
symmetry broken belonging to the C; point group.!

The Calugareanu-White-Fuller theorem describes the topol-
ogy of closed ribbons®®® implying that chemical applications re-
quire that molecular properties are mapped onto a ribbon. A
ribbon representing the molecular structure is constructed us-
ing the cross product of the vectors along adjacent carbon-carbon
bonds. The topology of the frontier orbitals is obtained by con-
structing a ribbon whose edges follow the largest positive or neg-
ative amplitude of the studied orbital. A large number of rib-
bons representing the magnetically induced ring current (MIRC)
is obtained by studying pairs of MIRC trajectories that were gen-
erated using the Runge-Kutta integration scheme .19 Topologi-
cal properties of conjugated molecular rings containing sp?— and
sp—hybridized carbon atoms have been previously analyzed us-
ing the Cilugireanu-White—Fuller theorem,1 2415 which to our
knowledge has not been generalized to hold for four-edged rib-
bons as introduced in Ref. [1
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Here, we compute and analyze the magnetically induced cur-
rent density (MICD) susceptibility of C;5Cl, using the gauge-
including magnetically induced currents (GIMIC) method.16-18
The calculations show that completely different MICD suscepti-
bilities are sustained by the C; and C,, structures of C;5Cl,.

2 Computational Methods

The molecular structures of C;5Cl, belonging to the C; and C5,
point groups were optimized with Turbomole version 7.912721
at the density functional theory (DFT) level using the ©B97X
functional,?2 the empirical D4 dispersion correction,“? and the
def2-TZVP basis sets.24 The molecular structure of the lowest
triplet state was optimized at the same level of theory with-
out any symmetry constraints (C; point group). Calculations of
the vibrational frequencies showed that the C, structure is the
minimum, whereas the C,, structure is the transition state be-
tween the two chiral C; minima. The lowest excitation energies
were calculated at the approximate second-order coupled clus-
ter level (CC2)23128 at the coupled-cluster singles and doubles
(CCSD) response theory level,“Z and at the time-dependent DFT
(TDDFT)282% level. The total energies of the C; and C», struc-
tures were also calculated in a more reliable manner at the CCSD
level®Y and at the CCSD level with a perturbative treatment of the
triples (CCSD(T)).21532 The geometry of the C, structure was op-
timized at the CCSD/def2-TZVP level with the ccsdf12 program'2
of Turbomole using numerical gradients.

Calculations at the complete-active-space self-consistent-field
(CASSCF) level®3 with 12 electrons in 12 active orbitals (12,12)
showed that for the C, structure, the ground-state wave function
is dominated by one Slater determinant. The rest of the wave
function consists of small contributions from many Slater deter-
minants suggesting that it is a strongly correlated wave function
dominated by one Slater determinant. Increasing the size of the
active space accounts not only for static correlation but also for an
increasing amount of dynamic correlation. However, this comes
at the price of rapidly increasing computational costs. Today’s
DFT functionals perform well when dynamic correlation effects
are significant.24 The wave function can also be reasonably well
described at coupled-cluster levels of theory, which account for
dynamic correlation effects. However, when the molecular struc-
ture is displaced from its equilibrium geometry, the weights of
other configurations than the dominating one increase. When us-
ing the molecular structure optimized at the @B97X level, which
significantly differs from the CASSCF equilibrium structure (see
the bond-length table in the SI), the coefficient of the dominant
configuration obtained using the (12,12) active space drops to
0.78. The configuration coefficient of the dominating configu-
ration becomes smaller when increasing the size of the active
space, which suggests that lots of configurations contribute to the
wave function, whereas only one configuration dominates imply-
ing that single reference methods such as CCSD are accurate.

We also used the mixed-reference spin-flip time-dependent DFT
(MRSF-TDDFT) method for optimizing the molecular structure of
the ground-state.233¢l The MRSE-TDDFT calculations were per-
formed with GAMESS-US2Z using the BHLYP functional®® and
the cc-pVDZ basis set.22140 The MRSE-TDDFT calculations show
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that the ground state is a singlet, whose molecular structure be-
longs to the C, point group. The ground state is dominated by
one main determinant whose coefficient is 0.93 (corresponding to
87% of the electron density), while the remaining important con-
figurations have coefficients of +-0.26 (6.6%), —0.18 (3.2%), —0.07
(0.5%), and —0.06 (0.3%) indicating that the wave function has a
single-reference character.

We investigated the multireference character further by per-
forming calculations using the extended multi-state version of the
complete-active-space second-order perturbation theory (XMS-
CASPT2) method with BAGEL.4Y42 Fyrthermore, excitation en-
ergies were calculated at the XMS-CASPT2 level. The active space
consisted of 8 electrons in 8 orbitals, which yielded a rapid con-
vergence of the wave function and geometry optimizations with-
out oscillatory gradient behavior. The optimized ground state at
the XMS-CASPT2 level is a singlet whose molecular structure be-
longs to the C, point group. The ground state is dominated by
one determinant whose coefficient is 0.93 (86%), while the co-
efficients of the next two determinants are 0.15 (2.3%) and 0.15
(2.2%), respectively.

Nuclear magnetic resonance (NMR) shielding tensors were cal-
culated with Turbomole#3747Z at the DFT level using the @wB97X
functional and at second-order Mgller-Plesset perturbation theory
(MP2) level using the def2-TZVP basis sets.24 The NMR shielding
tensors were also calculated at the MP2 and CCSD levels using the
cc-pVDZ basis sets224% and the frozen-core approximation with
the CFOUR program package.4842 In addition, we performed
CASSCF/cc-pVDZ calculation for the shielding tensors>%>L ysing
the CFOUR program package for various active spaces. Cholesky
decomposition of the unperturbed and perturbed two-electron in-
tegrals with a Cholesky threshold of 1070 was used to speed up
the CASSCF computations.”1>2 Gauge-including atomic orbitals
(GIAO) were used in the calculations of the NMR shielding ten-
sors.23M23l While for the C, structure, the CCSD and the CASSCF
shieldings qualitatively agree, the CASSCF computations for the
G, structure do not provide convergence with respect to the ac-
tive space, that is, not even a qualitative agreement is obtained
between the NMR shielding tensors calculated at the CASSCF and
CCSD levels. The MP2 results are, as expected, not reliable and
thus will not be discussed further.

Gauge-origin independent magnetically induced current den-
sity (MICD) susceptibilities were calculated with the GIMIC pro-
gram using the one-electron density matrix and their magnetically
perturbed counterparts in the atomic orbital basis obtained in the
NMR shielding calculations. The MICD is obtained by contract-
ing the MICD susceptibility tensor with an external magnetic field
of a given direction. The Cartesian coordinates of the molecular
structures and the basis-set information are also needed as input
data for the GIMIC calculations. 1671856157 The magnetically in-
duced current density (MICD) was obtained by contracting the
MICD susceptibility with an external magnetic field that was ap-
plied perpendicularly to the molecular ring. 1671815657 The MICD
was separated into diatropic and paratropic contributions using
a Runge-Kutta algorithm.>8 The MICD is visualized using Par-
aview.2?

The strength of the magnetically induced ring current (MIRC)
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was obtained by using the integral form of the Ampere-Maxwell
law.®? The strength of the MIRC passing through a surface (S)
was obtained by integrating the induced magnetic field along the
edge around the surface. A two-dimensional integration of the
MICD (J) passing through S also yielded the MIRC strength. The
strength of the MIRC (/) was calculated using

= %%o(z) dl = //;J(S) .S, &)

where o(/) contains the NMR shielding tensor elements for a
given direction of the external magnetic field, / is the edge of
the surface and and g = 1.25663706212(19) x 1076 N A2 is the
vacuum permeability. Here, the o,,(!) values are calculated along
the y axis which is perpendicular to the molecular ring. The MIRC
strength is obtained by integrating the oy,(/) values from the cen-
ter of the molecular ring to very far away from the molecule in
both directions, where the induced magnetic field vanishes. Or-
bital contributions to the MIRC were also calculated to identify
orbitals sustaining the MIRC.©1

The aromatic nature can be determined from the direction of
the MIRC or using other criteria. 62/ Aromatic molecules have, e.g.,
a smaller bond-length alternation than antiaromatic and nonaro-
matic molecules.®3 Molecules sustaining a net diatropic (in the
classical direction) MIRC are aromatic, whereas in antiaromatic
molecules the MIRC circulates in the paratropic (the opposite)

direction.10117I57l64

2.1 Mobius topology

The Calugdreanu-White-Fuller theorem states that Mobius topol-
ogy is characterized by the linking number (L;), which is the sum
(Ly = W, +T,,) of the writhe (W,), i.e., the global deformation of
the ribbon and its local twist (7;,).6"¥12 1, is a positive or neg-
ative integer multiplied by n radians, which is often omitted in
discussions. We will use this convention in the following as well.
T,, and W, are real numbers that depend on the local twist and
deformation of the ribbon.

The topology of conjugated cyclic molecules can be represented
by a ribbon defined by the molecular backbone as the centerline
with the local orientation of the p orbitals describing the edges.2
The topology of the molecular ring is then characterized by Ly, T;,
and W,. Defining the local orientation of the p orbitals of C;5Cl, is
complicated because molecules with sp-hybridized carbon atoms
have horizontal and vertical p orbitals and the highest-occupied
molecular orbital (HOMO) is helical (see Figure . MIRC path-
ways also provide information about the effective topology of the
conjugated molecular ring. Since the MIRC has contributions
from many occupied orbitals, the MIRC pathway does not nec-
essarily follow the contour of the frontier orbitals.

The MICD calculated with GIMIC is a vector field discretized
on a numerical grid. The MICD has both local and global
MICD vortices whose topologies differ. To analyze the topology
of the dominating MIRC, many streamlines associated with the
strongest global MIRC pathway were generated using the Runge-
Kutta integration scheme implemented in ParaView.2? The ob-
tained streamlines were examined pairwise when assuming an
even L, and three streamlines are needed when L; is odd. When
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Figure 1 The helical HOMO-4 (left), HOMO-3 (middle) and HOMO
(right) of the C; structure of C;3Cl,. The rest of the orbitals are shown
in the SI.
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Ly is odd, an additional streamline was constructed exactly mid-
way between the two streamlines to ensure that the ribbon is
defined by three streamlines. Each pair or triple of streamlines
forms a ribbon for calculating L, T,,, and W, using the Rappaport-
Rzepa approach.1263 Different 7;, and W, values were obtained
for each streamline pair (triple), whereas L, is constant. The T;,
and W, values were therefore averaged over the entire set of pairs,
whereas the L, value is the same integer when the computational
procedure works and the streamlines represent the same MIRC
pathway.

The applicability of the procedure was verified by perform-
ing calculations on Hiickel-aromatic benzene and on the Mobius-
aromatic CoHy* ring. 66l The generated streamlines for benzene,
CoHy* and C;4Cl, are shown in the SI.

For benzene, the L value and the average of the T;,, and W, val-
ues of the MIRC are all zero, which is in agreement with the topol-
ogy of the molecular ring. For CogHy* whose molecular structure
has L, = 1, we obtained average T,, and W, values of —0.51 and
1.51 for the MIRC, whereas the T;, and W, values of the molecular
ring are 1.36 and —0.36, respectively. The T,, and W, values of the
molecular ring and of the streamline triples of the MIRC differ
because the MIRC streamlines do not follow the molecular frame.
However, the molecular structure and the MIRC have the same L;
value and thus the same topology.

3 Results and Discussion

3.1 Molecular structures
Rontevié et al. ! state that the p orbitals of the molecular ring are
twisted 90° after one lap and 180° after two laps. Thus, four
laps are needed to reach the starting point. According to the
Calugareanu-White-Fuller theorem, L; is a positive or negative
integer. Thus, half-Mobius (L, = %) topology is not supported by
the theorem. 02

The topology can be scrutinized by cutting a narrow paper
ribbon and marking its sides. Wrapping the ribbon four laps
around a cylinder and twisting the end by 27 before connect-
ing the ends simulates the topology described by Ronéevi¢ et al.'L',
Then, one notices that the ribbon has two sides, implying that L;
is even.1267 When the ribbon is wrapped around a cylinder, each
turn changes L; by +2. Depending on how the ribbon is wrapped
around the cylinder and how it is twisted, it has a Mobius-twisted
topology with |L;| =4 or |L;| = 8 after four laps around the cylin-
der and a 360° twist of the ribbon. Thus, it is not necessary to
introduce half-Mobius topology but the topology of the electronic
structure of the C, structure of C;5Cl, can be understood using
the Célugareanu-White-Fuller theorem. Topological properties
of Mobius-twisted molecules have been discussed in review arti-
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Figure 2 The molecular structures of C;3Cl, belonging to the C, (left)
and Gy (right) point groups.

cles. 68169

The Cartesian coordinates of the molecular structures opti-
mized at the ®B97X/D4/def2-TZVP level are given in the supple-
mentary information (SI). The C, axis passes through the molec-
ular ring at atom C4 and between the Cjy and C;; atoms. See
Figure [2| The y axis is perpendicular to the ring. The C, struc-
ture is chiral because it does not have inversion symmetry. The
calculated L; value of the C, structure is zero suggesting that the
molecular structure is not twisted but has Hiickel topology. The
L; value was obtained by defining a ribbon using the cross prod-
uct of the vectors that describe the chemical bonds between the
carbon atoms.

Substituting Cl atoms to the C; and C; atoms of the C, struc-
ture leads to a long C-C distance of 1.419 A between C; (C7) and
Ci3 (Cg). The other C-C distance of the sp? hybridized C; (Cy)
atom is much shorter (1.327 A). The rest of the bond distances
along the shorter segment are almost equal leading to a cumu-
lene structure. The distances are 1.267 A and 1.281 A. The bond
distances along the longer segment alternate. They are 1.211 A,
1.367 A and 1.212 A. The optimized molecular structure at the
CCSD/def2-TZVP level has about 1 pm longer bond lengths than
the one obtained at the ®B97X/D4 level with an almost identical
bond-length alternation. The bond lengths are compared in the
SI.

The sp? hybridized carbon atoms of the C», structure have al-
most equal C-C distances of 1.377 A and 1.347 A. The shorter
segment has a cumulene structure with bond distances of 1.261
A and 1.282 A for the rest of the bonds. The bond lengths along
the longer segment alternate less than for the C, structure. They
are 1.232 A, 1.327 A and 1.232 A. The smaller bond-length alter-
nation suggests that the C,, structure of C;5Cl, is more aromatic
than the C, one.3 The C,, structure is planar, which means that
L, =T,, =W, =0. Note that ribbons with L, =0 can have W, = —T,,
with [W,| = |T,,| # 0.

The C, structure is the global minimum at the Hartree-Fock
self-consistent-field (HF-SCF) and wB97X/D4 levels, whereas at
the MP2 level, the C,, structure has the lowest energy. Coupled-
cluster calculations at the CCSD level yielded the lowest en-
ergy for the C, structure, which was confirmed at the CCSD(T)
level. The relative energies (in kJ/mol) between the C, and C,,
structures are given in Table[l] Multireference calculations also
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Table 1 The relative energy (in kJ/mol) between the C; and Gy structures
of C;3Cl,. The molecular structures were optimized at the ©B97X/D4
level. Positive values mean that the C, structure is energetically below
the Cy, one.

HE-SCF
51.2

MP2
-66.4

CCSD
48.7

@wB97X/D4
23.7

CCSD(T)
20.1

showed that the C, structure is the energetically lowest one.

CC2 calculations of excitation energies showed that the triplet
state is significantly above the singlet state for both molecular
structures, whereas the singlet state of the C, structure suffers
from a triplet instability at the wB97X/D4 level. The excitation
energies calculated at the CC2 level are given in Table|2| Calcu-
lations at the CCSD(T) level for the lowest triplet states showed
that the singlet state is 81 kJ/mol (172 kJ/mol) below the triplet
state for the C, (Cyy) structure.

Table 2 The lowest excitation energies (in €V) of each irreducible rep-
resentation of the C, and C,, structures of Cy3Cl, calculated at the
CC2/def2-TZVP level.

C, structure G,y structure

State Singlet?  Triplet State Singlet®  Triplet
A 1.163 0.576 Ay 2.215 2.110
B 1.560 1.266 Ay 0.633 0.670
By 3.257 2.625
B; 1.125 0.936

4 The excitation energies (in €V) of the lowest singlet states
calculated at the CCSD level are 1.581 (4), 1.956 (B).

b The excitation energies at the CCSD level are 2.701 (A;), 1.196
(A2), 3.157 (By), and 0.986 (B;).

We performed single-point calculations of the electronic exci-
tation energies at the XMS-CASPT2(8,8) level using the C; and
C,, structures as well as the optimized molecular structure of
the lowest triplet state (77) state. The multi-state averaging was
performed in separate calculations over four states in the singlet
and triplet manifolds. The XMS-CASPT2 calculations suggest that
the closed-shell singlet state is the ground state for all molecular
structures studied. The excitation energies are reported in the SI.

3.2 Orbital contributions to the MIRC strength

The molecular orbitals of the planar C,, structure of C;5Cl, can
be divided into three groups: o, n-in, and n-out. However, due to
the presence of the C-Cl bonds, the 7-in and o orbitals are mixed

Table 3 Orbital contributions to the MIRC strength of C;3Cl, grouped by
orbitals type of the C;, and C, structures. 7-in denotes the horizontal @
orbitals and m-out denotes the vertical ones. helix is the total contribution
from the three helical 7 orbitals in Figure

Struct. core valence o 7-in m-out helical Total
C 6.1 -0.1 6.1 -5.6 -12.7 -6.2
Cyy 5.9 0.5 3.4 21.7 31.5
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Figure 3 The angular dependence of the total MIRC strength of C;3Cl,
and contributions to the MIRC from core, valence o, 7-in, m-out and
helical orbitals for C,, (left) and C, (right) structures. The vertical line
on the plots represents the angle of rotation of the integration plane
as it passes through the atomic nucleus. The carbon atom bonded to
chlorine is denoted as sp?. The central part of both plots between the
sp* atoms corresponds to the cumulenic fragment, while the remaining
part corresponds to the polyenic.

near the sp? carbons, which is evident from the angular depen-
dence of the orbital contributions to the MIRC strength shown in
Figure [3] The contribution of the z-out orbitals is almost con-
stant, indicating that these orbitals do not mix with the other
ones. The total diatropic MIRC strength of 31.5 nA/T is mainly
sustained by the m-out orbitals whose contribution is 21.7 nA/T.
See Table The o-orbital contribution is 6.4 nA/T, indicating
that the molecular structure is strained. None of the orbitals has
a dominant MIRC contribution within the orbital decomposition
approach used here. Instead, the MIRC strength is distributed
over several occupied orbitals, as previously observed for other
aromatic molecules analyzed using the same method.®! Contri-
butions to the MIRC strength of all orbitals are reported in the
SI.

Although the C, structure is not planar, the orbitals can be
grouped into the same kind of orbitals as for the Cy, structure
due to the small deformation of the ring. However, an orbital
type consisting of three helical orbitals can also be identified. The
orbital types reported in the SI were obtained by projecting the
molecular orbitals of the C, structure onto the molecular orbitals
of the C,, structure. Most of the valence orbitals of the C, struc-
ture consist of more than 50% of a single type. However, the he-
lical orbitals contain significant contributions from both the 7-in
and the m-out orbitals.

The C, structure is antiaromatic, with an MIRC strength of
-6.19 nA/T at the wB97X level of theory. The MIRC contribu-
tion from the helical HOMO is -12.86 nA/T. The MIRC contri-
bution from HOMO-1 (vertical w-out) is -20.10 nA/T and from
HOMO-2 (horizontal z-in) it is -2.52 nA/T. The total contribution
of the helical orbitals to the MIRC strength is -12.7 nA/T, which
is strongest in the cumulene segment. The z-out contribution to
the MIRC strength of the C, structure is paratropic (-5.6 nA/T),
which can be compared to the diatropic contribution of 21.7 nA/T
from the m-out orbitals of the Cy, structure. The paratropic z-out
contribution increases near the sp?> carbon atoms. The c-orbital
contribution to the MIRC strength is diatropic and increases near
the sp? carbon atoms. Its average value (sum of core and va-
lence o contributions) of 6.0 nA/T is slightly smaller than for the
Gy, structure suggesting that the C, structure is somewhat less
strained. The net paratropic MIRC of -6.19 nA/T agrees well with
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MIRC strength of -6.24 nA/T, which was obtained using Amperé-
Maxwell’s law. The MIRC strengths calculated at various levels of
theory are reported in Table

3.3 The topology of the MIRC

The MIRC in Figure [4] shows that the MIRC of the C, structure
makes vertical loops around the cumulene part of the ring. The
diatropic MICD is sustained mainly along the longer segment,
whereas the paratropic current flows around the shorter segment
and on the inner side of the longer segment. The MICD of the
two structures are shown in Figure [4] Profiles of the MIRC were
determined by stepwise integration of the MIRC passing through
planes that cut each carbon—carbon bond (see the SI). The same
net MIRC strength of about -6.2 nA/T was obtained for each plane
due to charge conservation. The topology of the MIRC is charac-
terized by twists (7;,) and loops (W,). The MIRC integrations at
the C, — C3 and C;; — C;3 bonds reveal localized MICD circula-
tions in the vicinity of these bonds. Strong diatropic and parat-
ropic MIRC strengths pass through integration planes indicating
local MICD vortices.

The strongest MICD streamlines have very large L, values,
which can be seen by inspection. The Cartesian coordinates of
the MIRC trajectories used in the topology studies are reported in
the SI. The MIRC trajectories can make up to five loops around
the cumulene part of the ring, which suggests that the MIRC path-
way has an L; value of 10. Since one reaches the starting point
when following the trajectory around the molecular ring, the L;
value is most likely even. MIRC trajectories with three, four and
five loops are observed, yielding L; values of 6, 8, and 10, respec-
tively because each loop increases |L| by 2. For example, when L;
is calculated for ribbons constructed from trajectories making four
loops around the cumulene part of the ring, as shown in the SI,
one obtains L; = 8 consisting of 7,, = —0.02 and W, = 8.02. Thus,
the MIRC has not a unique L; value since its L, value depends
on the pathway. Calculations on the strongest MIRC trajectories
yielded an L, value of 6 consisting of 7;, = 0.24 and W, = 5.76.

The helical HOMO makes three loops around the molecular
framework suggesting that its L, value is 6. The topology of
the HOMO can also be calculated using the Rappaport-Rzepa ap-
proach. The edges of the ribbon can be defined by following the
molecular backbone and the largest positive or negative ampli-
tude of the orbital. The topology calculation yields an L, value
of 6 consisting of 7;, = 5.94 and W, = 0.06, which agrees with the
L; value obtained by visual inspection. The L, number must be
even when the helical structure extends around the whole molec-
ular ring due to the periodicity. Determining the topology from
changes in the phase of the atomic p orbitals is not a reliable ap-
proach because the horizontal and vertical p orbitals strongly mix
when forming the molecular orbitals.

The calculations indicate that the MICD-derived ribbon and
the HOMO-constructed ribbon have the same overall topology
around the molecular ring, although their decomposition into 7,
and W, differs.
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Figure 4 The MICD (top) as well as the diatropic (middle) and paratropic
(bottom) MICD contributions of the C; (left) and Cyy (right) structures of
C;3Cl, calculated at the @B97X level of theory. The white streamlines are
strongest. The black ones are weakest with red as intermediate strength.

3.4 Aromatic nature

The calculated MICD of the Gy, structure in Figure[d]shows that it
is aromatic sustaining a strong MIRC of 31.5 nA/T at the ®B97X
level. The large MIRC strength of 40.3 nA/T at the MP2 level can-
not be considered a reliable prediction due to the strong electron-
correlation effects. The MIRC strength calculated at the CCSD
level is 31.6 nA/T, which is in agreement with the MIRC strength
calculated at the @B97X level, while the MIRC strength is weaker
at the CASSCF levels, which suggests that dynamic correlation
effects are important. The MIRC calculated at the CASSCF level
is less reliable than the one obtained at the CCSD level because
significant dynamic correlation effects are missing even when we
use a very large active space.

Separation of the MICD into diatropic and paratropic contribu-
tions shows that the MIRC of the C,, structure is almost entirely
diatropic flowing smoothly around the planar ring.

The MIRC of the C, structure is dominated by its paratropic
contribution suggesting that it is antiaromatic. The paratropic
contribution to the MIRC passes inside the longer segment of the
ring and makes many vertical loops around the cumulene seg-
ment (see Figure @ and the SI). The MIRC strength of the C,
structure is -6.24 nA/T at the wB97X level, which is in good
agreement with the MIRC strength of -5.67 nA/T calculated at the
CCSD level, while at the CASSCF(16,16) level the MIRC strength
is only -3.77 nA/T. The MIRC strength is -8.36 nA/T at the ®B97X
level and -6.48 nA/T at the CCSD level, when using the molecu-
lar structure optimized at the CCSD level. The MIRC strengths
obtained at different levels of theory are compared in Table
The MIRC of the C; structure calculated at the ®B97X level using
the molecular structure optimized at the CASPT2 level is -6.50
nA/T. The corresponding calculation using the CASSCF molecu-
lar structure yields an MIRC strength of -10.03 nA/T showing that
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the weak MIRC strength obtained at the CASSCF level is mainly
due to the employed electronic structure theory level.

The aromatic nature of the C,, structure and the antiaromatic
nature of the C, structure of C;5Cl, suggest that their topology
has even L; and odd L, respectively, which is not supported by
the topology calculations. The planar C,, structure is Hiickel aro-
matic with L; = 0. Calculations of the topology of the MIRC of
the HOMO and molecular structure of the C, structure yielded
even L; values indicating that the different aromatic nature of
the two structures is not due to Hiickel and Md&bius aromaticity
rules, respectively. Calculating the number of orbitals in the aro-
matic pathway is challenging for C,5Cl,. The C,, structure has
three occupied frontier orbitals, whose orbital energies are sepa-
rated from the rest. The orbital energies are reported in the SI.
The three occupied frontier orbitals housing six (4n +2) electrons
can be the reason for the Hiickel aromaticity of the C,, structure
of C;5Cl,. The HOMO and HOMO-1 orbitals of the C, structure of
C,5Cl, sustain strong paratropic MIRC leading to its antiaromatic
nature. It is Hiickel (4n) antiaromatic when considering the four
electrons in these two orbitals.

Table 4 Ring-current strength (I in nA/T) for the C; and Cyy structures
of Cy3Cl; calculated at the @B97X, HF-SCF, MP2, CCSD and CASSCF
levels using the molecular structure optimized at the ®B97X/def2-TZVP
level. The ring-current strength of the C, structure was also calculated
at the CCSD/def2-TZVP level using the molecular structure optimized
at the same level of theory. The def2-TZVP basis sets were used in the
MIRC calculations at the ®B97X, HF, and MP2 levels and the cc-pVDZ
basis sets were used at the MP2, CCSD and CASSCF levels.

Level 1(C,) I(Cyy)
®B97X? -6.24 31.5
HF-SCF“ -4.63 29.5
MPp24 9.18 40.3
MP2? -9.34 40.2
CCSD? -5.67 31.6
CCSDP< -6.48

®B97X%C -8.36

CASSCF? -3.68 7.22
CASSCF* -3.43 7.22
CASSCF/ -3.77

4 The def2-TZVP basis set was used.

b The cc-pVDZ basis set was used.

¢ The molecular structure was optimized at the CCSD/def2-TZVP
level.

4 The (12,12) active space was used.

¢ The (14,14) active space was used.

f The (16,16) active space was used.

4  Summary and conclusions

We have calculated MICD susceptibility using the GIMIC method
and analyzed the MICD of the C, and C,, molecular structures
of C;5Cl, when the external magnetic field is perpendicular to
the molecular ring. The magnetic field induces a strong diatropic
MIRC in the planar C;5Cl, ring of C,, symmetry, whereas the
C,5Cl, ring belonging to the C, point group sustains a weak para-
tropic MIRC. The C,, structure is aromatic and the C, structure
can be considered to be weakly antiaromatic.
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Rontevié et al. U investigated the topology of the C, structure of
Cy5Cl, and introduced the half-M6bius topology concept, which
is not supported by the Cédlugdreanu-White-Fuller theorem. Fol-
lowing the instructions of Ronéevié et al. X' when wrapping a paper
ribbon around a cylinder yields a Mobius structure with an even
L, number. The exact L; number depends on how one wraps
and twists the paper ribbon. Calculations of the topology of the
HOMO and the MIRC yield even nonzero L; values for them.
Since the molecular ring of the C, structure is not twisted, it has
L, = 0. The helical HOMO has an L; value of 6. The strongest
MIRC streamlines have an L; value of 6 consisting of the average
T,, = 0.24 and W, = 5.76 values. The paper ribbon has |L;| = 4
or |L;| = 8 when one wraps it four times around a cylinder and
twists the end by 360° before connected the ends to a closed rib-
bon. Thus, a similar topology is obtained for the paper ribbon as
for the HOMO and the strongest streamlines of the MIRC when
omitting the double twist of the ribbon. Topology calculations
also suggest that the 7,, contribution to L, is very small. Visual
inspection of the MICD showed that the MIRC of the C, structure
has a complicated topology, where the MIRC makes several loops
around the cumulene part of the ring. Some MIRC streamlines
make four or even five loops around the cumulene part of the
ring yielding L, = 8 with the average 7;, = —0.02 and W, = 8.02
values when the MIRC makes four loops. Thus, the topology of
the MIRC is not unique. The L; value depends on the pathway
since every loop the MIRC makes around the cumulene part of
the ring increases |L;| by 2. Every MIRC trajectory has its own
T,, and W, value because T, and W, depend on the details of the
MIRC pathway, whereas many MIRC trajectories have the same
Ly value and thus the same topology. The C,, structure is Hiickel
aromatic and the C, structure of C;5Cl, is Hiickel antiaromatic
because they have even L; values and sustain net diatropic and
net paratropic MIRC, respectively.

The present study shows that there is no need to introduce the
half-Mobius topology concept to understand the electronic struc-
ture and the magnetic response of the C, molecular structure of
C13ClL,.
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DFT, MP2 and CCSD calculations were performed with Turbomole version 7.9. The Turbomole
web page is https://www.turbomole.org/. CCSD and CASSCF computations of the nuclear magnetic
shieldings were performed with a development version of CFOUR. The CFOUR web page is
https://https://cfour.uni-mainz.de/cfour/. GIMIC, version 2.0 can be freely downloaded from
https://github.com/gmcurrents/gimic and https://zenodo.org/record/8180435. ParaView and VESTA
are free software that can be downloaded from https://www.paraview.org/ and https://jp-
minerals.org/vesta/, respectively. The source code of BAGEL can be freely downloaded from
https://github.com/nubakery/bagel. The source code of GAMESS-US can be freely downloaded
from https://www.msg.chem.iastate.edu/gamess/
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