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Using long-range corrected density functional theory, the relationships between the electronic,
magnetic, and nonlinear optical properties are drawn for two families of organic compounds, the
dicyclopenta-fused acenes (DPAs) and the polyacenes (PAs), containing up to N = 12 fused
rings. First, the longitudinal second hyperpolarizability (y) of singlet DPAs is significantly
enhanced with increasing system size, in comparison to PAs. This behavior is associated with an
increase in the longitudinal spin polarization between the terminal five-membered rings of DPAs
and is consistent with previous studies where y is maximized for intermediate diradical character.
The size dependence of the diradical character is also found to cause a hump in the y/N evolution
for singlet DPAs around N = 8. In fact, in the case of singlet PAs, the diradical characters y,
and yj, the various magnetic properties and the y/N values vary monotonically with N, whereas

for singlet DPAs, the shielding, the magnetizability, and the y/N values exhibit extrema near

N = 8 due to the appearance of transversal spin polarization in the middle six-membered rings in
addition to the longitudinal spin polarization between the terminal five-membered rings.
Moreover, it is shown that for singlet DPAs the longitudinal spin polarization (characterized

by yo) is associated with the antiaromaticity (N < 3) and the slight- or non-aromaticity (N > 4)

of the terminal five-membered rings, whereas the appearance of transversal spin-polarization
(characterized by y;) is associated with the decrease in the aromaticity in the inner six-membered
rings as shown for large PAs. Therefore, the exceptional behaviors in singlet DPAs for small ¥
(N < 9) are caused by the increase in diradical character y, correlated with the anti-aromaticity
or the slight-/non-aromaticity of terminal rings and the corresponding emergence of a global
aromatic character. Such a relationship between the aromaticity/antiaromaticity and the diradical
character is useful for designing real open-shell NLO molecules through the control of their

diradical characters.

1. Introduction

There is a renewed interest in diradical and multiradical
systems, owing to the remarkable electronic, optical, and
magnetic properties they can exhibit, in addition to their
specific chemical reactivity.! Part of this interest is certainly
attributed to the new graphitic systems, graphenes, graphene
nanoribbons, and graphene nanoflakes,”* as well as to the
ability of organic chemistry to tailor nanographenes in order
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to achieve specific properties.”’ Among their specific properties
are low-energy excited states,™” tailorable low-spin/high-spin
gaps,'®!! high-yield singlet fissions,'? short intermolecular
distances in the solid state,'>™'* and large two-photon absorp-
tions.'® Therefore experimentalists and theoreticians invest a
lot in their molecular design and in the understanding of their
properties. The topic of this paper thus aims at assessing the
nonlinear optical and magnetic properties of some of these
compounds and at deducing relationships between them.
Recently, we have theoretically revealed the strong diradical
character dependence of the second hyperpolarizability y [the
third-order nonlinear optical (NLO) property at the molecular
scale]:'”?* open-shell singlet molecules with intermediate diradical
characters exhibit larger y values than closed-shell and pure
open-shell molecules. This structure—property relationship has
been exemplified by using a simple two-site model in a valence
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configuration interaction scheme® as well as by ab initio

molecular orbital (MO) and density functional theory (DFT)
calculations on various open-shell molecules, e.g., p-quinodi-
methane models,'”!® diphenalenyl radicals'® and graphene
nanoflakes.>'* On the basis of these results, we have proposed
several guidelines for controlling y via tuning the diradical
characters through the modification of molecular structures
and/or the introduction of relevant substituents.

On the other hand, as one of the chemical concepts associated
with the open-shell character, aromaticity has been discussed
on theoretical grounds by Kertesz et al.?* So, in antiaromatic
or weakly-aromatic molecules, the near-degenerate electronic
states are likely to enhance their diradical characters because the
diradical character is defined by the weight of the doubly excited
configuration in the ground state.>>>! It is therefore worthwhile
to investigate the relationship between the aromaticity/anti-
aromaticity and y through the diradical character for several
aromatic and antiaromatic molecules.

In this paper, we investigate the size dependences of the
diradical characters and y values of one-dimensional model anti-
aromatic molecules, i.e., dicyclopenta-fused acenes (DPAs), by
using the long-range corrected spin-unrestricted density functional
theory, LC-UBLYP, method.* For comparison, we also examine
model aromatic molecules, i.e., polyacenes (PAs), which differ
from DPAs in their two terminal ring structures. The degree
of aromaticity is evaluated by (i) the nucleus-independent
chemical shifts (NICSs), the opposite of the isotropic shielding
constant, NICS = —1/3(cy, + 0, + 0..),>% at different key
positions in the space around the molecule as well as under the
form of 3D iso-chemical shielding surfaces (ICSS),**>* (ii) the
out-of-plane diagonal element of the ¢ tensor, —a.., which is
expected to highlight the specific behavior of the m-electrons
and then expected to give a better appreciation of the (anti)-
aromaticity evolution than the NICS criterion,* and (iii) the
magnetic susceptibility (y), and particularly its anisotropy,
Ay = x- — 1/2(xxx + ¥yy), Which can be mostly associated
with the delocalization of the m-electrons and therefore with
the eventual diatropicity (paratropicity) of the aromatic (anti-
aromatic) systems.*® From these results, we explain the differences
of the second hyperpolarizabilities, their dependence on the
size of the molecule, and their relationship with the diradical
character between DPAs and PAs from the viewpoint of
aromaticity and antiaromaticity. The present study will thus
provide a novel guideline to control the diradical characters
and y values in open-shell singlet molecules based on their
aromaticity/antiaromaticity.

2. Methodology
2.1. Model molecules and geometries

Fig. 1 shows the structures of DPA (a) and PA (b) 2 < N < 12),
where N denotes the number of fused rings including
the terminal five- or six-membered rings. The geometries
of all systems in their singlet states were optimized by the
spin-unrestricted (U) B3LYP/6-311G* method under the
constraint of D,, symmetry. Although it is well-known
that pentalene, i.e., DPA(N = 2), does not belong to the
Doy, symmetry,”*¥7 and that the equilibrium symmetry of

Fig. 1 Molecular structures of DPAs (a) and PAs (b), where N
indicates the number of fused-ring units. The x coordinate axis is also
shown.

s-indacene, ie., DPA(N = 3), is in controversy,z“’}&39
employed the D,, symmetries for these molecules because
such structural differences in pentalene and s-indacene, having
small diradical characters, only give slight effects on the size
dependences of y in the intermediate and large diradical
character regions tackled in this study.*® Indeed, the difference
in diradical characters between Dy, and C;, symmetries for these
molecules is small (less than ~30%) for semi-quantitative
discussion.

In addition, the UB3LYP/6-311G* solutions of PA(N = 2-5)
and DPA(N = 2) coincide with the spin-restricted (R) B3LYP/
6-311G* ones. This is consistent with the fact that molecules
with relatively small diradical characters [calculated using the
spin-unrestricted Hartree—-Fock (UHF) method or DFT
schemes with high amount of HF exchange] tend to have
closed-shell solutions at the B3LYP level of approximation.'*!

we

2.2. Diradical characters

In order to discuss the diradical characters and the spin
densities, the LC-UBLYP/6-31G* method with a range sepa-
rating parameter = 0.33*> was employed. Since the diradical
character represents the instability of a chemical bond,* !
multiradical systems are characterized by multiple diradical
characters (y;) with non-zero values. In this study, the diradical
character y; [related to the highest occupied natural orbital
(HONO) — i and the lowest unoccupied natural orbital
(LUNO) + i, where i = 0,1,...] is defined by the occupation
numbers (7;) of the natural orbitals (NOs) calculated using the
LC-UBLYP/6-31G* method:

Yi = NLUNO+i = 2 — NHONO-i (1)

which takes a value ranging from 0 (closed-shell) to 1 (pure
diradical). Unlike in UHF calculations, we do not evaluate
spin projected diradical characters because the spin contami-
nation effect is smaller in UDFT than in UHF. In fact, the
diradical character is originally defined in the MC-SCF theory
as twice the weight of the doubly-excited configuration in the
singlet ground state but in spin-unrestricted single determinant
schemes (like UHF and UDFT) it is formally expressed by
eqn (1). The definitions and physical meaning of the diradical
character have been discussed in several papers in connection
with the odd electron number and density,”*! which are not
observable but provide an index of chemical bond. These
measures are useful for obtaining intuitive and pictorial
descriptions of the open-shell characters and of their impact
on various response properties.®! Using eqn (1), the fractional
occupation numbers in each pair of HONO — iand LUNO +
provide the successive diradical characters, y;, which also
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represent the degree of correlation involved in the spin-unrestricted
schemes.

2.3. Magnetic properties

The magnetic shielding tensors and magnetic susceptibility
tensors calculations necessary to determine the magnetic
properties were performed at the LC-UBLYP/6-31G* level
using the GIAO method.** The NICS and —o.. values are
specifically calculated 1 A above the molecular plane at
positions corresponding to the centers of mass of the central
and terminal rings, where a major contribution from = electrons
is expected.44 In addition, the three-dimensional ICSS** (for
both the average and the out-of-plane components) were
sketched using the PARAVIEW program.*® Negative (positive)
NICS and —o.. values correspond to shielding (deshielding),
and therefore negative (positive) NICS(IA) and —o*zz(lA)
values are associated, in first approximation, with aromatic
(antiaromatic) rings.

2.4. Determination of y

Our previous studies show that the LC-UBLYP method>? can
semi-quantitatively reproduce the y values calculated using
higher-order electron-correlated methods, e.g., spin-unrestricted
coupled cluster singles and doubles with a perturbative triples
correction, for diradical molecules with intermediate and large
diradical characters.*® We therefore employed the LC-UBLYP
method to calculate the longitudinal components of y (= 7. xxx)s
which is dominant in these one-dimensional systems. Following
our previous studies,'7 %1723 the 6-31G* basis set was employed
since it is known to be adequate for semi-quantitative comparisons
of, at least, the longitudinal y components of large diradical
systems.

We applied the finite-field (FF) method*” to calculate the
static y values. Within this approach, y is calculated by carrying
out a fourth-order numerical differentiation of the energy with
respect to the applied external electric field. The field amplitudes
were chosen to attain a numerical accuracy within an error of
1% on the y value. All calculations were performed using the
Gaussian 09*® and 03*° program packages.

3. Results and discussion

3.1. Size dependences of the diradical characters of DPAs and
PAs

Table 1 lists the diradical characters y; (i = 0, 1) of the singlet
DPAs and PAs (2 < N < 12), while their size dependences
are shown in Fig. 2. In DPAs, y increases rapidly in the small
N region (N = 2-6) and then saturates around N = 10. On the
other hand, the PA systems are closed-shell for N = 2 to 4,
and y, only starts emerging from N = 5 with smaller amplitudes
than those of DPAs. On the other hand, the y; values of
both systems are shown to emerge from intermediate N values
(N = 8 for DPAs and 5 for PAs), indicating the appearance of
a multi-radical (tetra-radical in this case) nature in both
systems of large size.*> In comparison with the PA case, where
the yo and y, emerge from the same N (= 95), the y, of DPAs
emerges from smaller N (= 2), while the y; of DPAs emerges
from larger N (= 8). The origin of this feature is speculated

Table 1 Diradical characters (yy and y;) for DPA and PA systems
(2 < N < 12)“ in their singlet states calculated from eqn (1)

Yo pa
N DPA (singlet)  PA (singlet)  DPA (singlet)  PA (singlet)
2 0.212 0.000 0.002 0.000
3 0.393 0.000 0.007 0.000
4 0.602 0.000 0.012 0.000
5 0.744 0.118 0.015 0.016
6 0.836 0.330 0.018 0.054
7 0.895 0.541 0.021 0.105
8 0.929 0.666 0.146 0.159
9 0.947 0.745 0.305 0.219
10 0.956 0.800 0.485 0.285
11 0.961 0.839 0.609 0.356
12 0.965 0.867 0.690 0.426

“ For DPA systems with Dy, symmetry (2 < N < 12), we have
obtained spin unrestricted solutions at the LC-UBLYP/6-31G* level,
which are the ground states while the spin-restricted ground state
solutions have higher energies. Wavefunction stability was checked for
all these compounds. PA systems with D,, symmetry 2 < N < 12)
have spin-unrestricted ground states except for N = 2-4, which
display spin-restricted ground states.

v, [

N[

Fig. 2 Diradical characters (yo and y;) versus N for singlet DPAs and
PAs(2 < N < 12).

as follows. As shown in previous studies,*"**> small size PAs
(N < 6) are closed-shell systems, while for N > 6 the odd
electrons?®-*° appear on the zigzag edges, and the multi-radical
nature also emerges with increasing size.>”>*>! This explains
the delayed increase in yo of PAs. On the other hand, the odd
electrons of DPAs tend to be rather localized on the terminal
five-membered rings, as supported by the increase of aromaticity
in the central oligoacene region when increasing the DPA size.
Therefore, the y, values of DPAs emerge faster than those of
PAs, while their y; values, which are predicted to originate from
the odd electrons on the zigzag edges of the six-membered
rings, emerge for bigger systems (N > 8) than in the case of
PAs (N > 5), though the increase rate of y; in DPAs is larger
than in PAs.

In order to verify the above speculation, we investigate
the spin density distributions of singlet DPAs and PAs from
N = 5to 9 (Fig. 3). Indeed, though spin polarization in the
singlet state appears in the spin-unrestricted solutions and
disappears in the spin-restricted solutions, it approximately
represents the spatial features of odd electron density?®3%-3!
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Fig. 3 Spin density distributions of DPAs and PAs in the singlet state
calculated by the LC-(U)BLYP/6-31G* method (5§ < N < 9). The

yellow and blue surfaces represent o and f densities with iso-surfaces
of £0.005 a.u., respectively.

and thereof of spin correlation. From these results, we observe
that the spin polarizations in PAs (N = 5-9) and DPAs
(N = 5-7) are characterized by transversal and longitudinal
components, respectively, whereas in the case of large DPAs
(N = 8-9) we observe both components. This behavior
coincides with the size dependences of y, and y; in DPAs
shown in Fig. 2 demonstrating that the increases in y, and y,
correspond to the increases of spin polarizations in the longi-
tudinal and transversal directions, respectively. Fig. 3 also
exemplifies our prediction that the medium-size oligoacenes
manifest spin polarizations in the transversal direction (odd
electron distributions on both zigzag edges), the amplitudes of
which gradually increase with size. Since open-shell singlet
molecules with intermediate diradical characters are found to
give enhanced y values along the spin polarization direction,!”
the longitudinal y of DPA is predicted to be enhanced in the
intermediate y, region, which is associated with the longi-
tudinal spin polarization, whereas the longitudinal y of PA
will not be affected by the increase in yq, i.e., the closed-shell
feature is preserved in the longitudinal direction.

3.2. Relationship between aromaticity/antiaromaticity and
diradical characters

Fig. 4 and Table 2 show the size dependences of NICS(IA)
and —G:Z(]A) values calculated on the central and terminal
rings of singlet DPAs and PAs. In PAs, NICS(IA) and
7022(1/&) are all negative, suggesting an aromatic character
(on the basis of the shielding criteria of aromaticity), which is
also evident from the shielding topology maps presented in
Fig. 5 that are similar to the benzene case, i.e., one can observe
a clear distinction between the shielding surface extending in the
out-of-plane direction and the deshielding surface surrounding
the molecular skeleton. Moreover, both NICS(IA) and
—az:(lA) amplitudes related to the central ring decrease with
N whereas those on the terminal rings of PAs are almost
independent of N, so that the former become smaller than the
latter for N > 7. This size dependence of the shielding
properties on the central rings of PAs is associated with the
spin polarization on the zigzag edges, which is larger than that

10.0
-@-DPA (central)
-©-DPA (terminal)
5.0 —-PA (central)
= -2~ PA (terminal)
§ 0.0
<
A 50
&)
z
-10.0
5.0
3 4 5 6 7 8 9 10 11
N[
40.0
—o—DPA (central)
30.0

—o-DPA (terminal)
20.0¢ -a -PA (central)
- -PA (terminal)

-6 (1A) [ppm]

NTI

Fig. 4 Size dependences of NICS(IA) (top) and 70Z:(1/°\) (bottom)
values on the central and terminal rings of DPA and PA in their singlet
state calculated by the LC-(U)BLYP/6-31G* method. Positive and
negative values indicate deshielded and shielded positions, respectively,
to be related to the spatial shielding maps presented in Fig. 5.

in the terminal region and which increases with N (Fig. 3), in
parallel with y, and y;. Moreover, from the Ay/N values
presented in Table 2 and Fig. 6, we have a clear indication,
on the basis of the magnetic susceptibility criterion of aromaticity,
that the global aromatic nature of these compounds is strictly
decreasing as a function of their size, meaning that the increase
in the diradical character of PAs can be associated with the
decrease in the degree of aromaticity as increasing N. These
tendencies coincide with previous results,> though closed-shell
solutions were used to examine the aromaticity in contrast to
our study. Note that in terms of local aromaticity, our
investigation of the shielding criteria of aromaticity applied
to PAs is in perfect agreement with the energetic data presented
in ref. 51 i.e., for big systems (N > 7) “‘the central rings exhibit
less local aromaticity than the edge rings”.

Next, we examined the size dependences of the shielding
properties of DPAs (Fig. 4), which are significantly different
from those of PAs. So, the central ring regions always sustain
a more diamagnetic effect of the induced currents than the
terminal ones, which could be rationalized according to the
Hiickel rule by the fact that the central rings are six-membered
rings while the terminal rings are constituted by only 5 atoms,
meaning that the most intense diatropic currents tend to be
located around the phenyl rings. In the specific case of s-indacene
[DPA(N = 3)], the Ay value (Fig. 6) and the shielding
topology around both the central and terminal rings (Fig. 5),
which is very similar to the case of the cyclobutadiene molecule
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Table 2 NICS(IA) and 7022(11&) values (on the central and terminal rings) as well as magnetic susceptibility anisotropy, Ay, (a.u.) for DPA and

PA systems (2 < N < 12) in their singlet states

NICS(1A) (central) NICS(1A) (terminal) —0..(1A) (central) —0.(1A) (terminal) Ay/N

N DPA PA DPA PA DPA PA DPA PA DPA PA
2 — — 109.63 —11.46 — — 335.25 —-28.56 48.47 —~13.29
3 4.40 —~13.79 9.85 —-10.28 19.57 —34.57 36.86 —24.90 —0.15 —13.29
4 —4.57 —-13.72 0.59 -9.27 —6.71 —-34.16 9.27 —21.78 —5.88 —13.36
5 —9.62 —~12.63 -1.82 —8.43 —-21.60 —30.66 2.16 —-19.21 —~7.96 —12.63
6 ~10.98 —-9.96 —-2.70 —-8.22 —25.61 —22.47 —0.43 —18.55 —9.07 —11.60
7 —12.94 -733 —3.09 -8.70 3143 —14.43 ~1.57 —20.00 —9.80 —10.91
8 —11.22 —6.47 —-2.76 -8.93 —26.20 —~11.75 —0.55 —20.68 —9.56 —-10.59
9 -9.51 -5.79 -2.52 —-9.00 —20.96 —9.64 0.16 —~20.89 -9.23 -10.39
10 -7.71 —5.76 —-2.25 —-9.00 —15.45 —9.53 0.97 —20.88 —8.98 —-10.24
11 —6.46 —-5.72 -2.16 -8.97 —11.65 —-9.39 1.25 —20.80 —8.89 —-10.12
12 —6.13 —5.89 -2.16 -8.95 —10.63 —-9.88 1.24 —-20.73 —8.88 —10.00

0.0

20 —o—-DPA

-=-PA

-4.0 |

6.0 |

8.0 |

Benzene Cyclobutadiene

DPA (N=3) DPA (N=4)

: @‘IM |
DPA (N=5) DPA (N=6)
124 A @'HI A
PA (N=3) PA (N=6)

Fig. 5 Evolution of the shielding topology in small DPAs, represented
by —a.. ICSS maps corresponding to £0.4 ppm isocontours. Shielding
surfaces (corresponding to negative values) are represented in yellow,
and deshielding surfaces (positive values) are represented in red. Note
that the global topology for bigger DPAs (N > 6) is similar to the case
N = 6, i.e. we can observe a pair of extended shielding/deshielding
surfaces and shielding transition zones around the two pairs of terminal
cycles. These topologies are compared to those of two selected poly-
acenes (N = 3, 6), which present the out-of-plane shielding topology of
the whole polyacene series. Those of benzene and cyclobutadiene are
also sketched as references since they correspond to the model aromatic
and antiaromatic systems, respectively.

Magnetic susceptibility
anisotropy [a.u.]
o)
o

N
=}
T

»
=}
6

N
Fig. 6 Size dependences of the magnetic susceptibility anisotropy

(a.u.) of DPAs and PAs in their singlet state calculated by the
LC-(U)BLYP/6-31G* method.

also presented in Fig. 5,° all indicate a clear antiaromatic
nature of this system.***®* On the other hand, considering the
Ay values and the shielding topologies, larger DPAs present
typical magnetic responses of globally aromatic systems. Note
that the positive —O'ZZ(IA) values associated with the terminal
rings in the DPAs (N = 4-5) (Table 2) are not to be necessarily
related to a local antiaromatic character. Indeed, one can see
from Fig. 5 that in these cases the chosen shielding probes are
in fact positioned inside “spatially localized” shielding transition
zones centered around the terminal cycles centers, i.e., where a
local transition from deshielding to shielding surfaces occurs,
while the whole molecular domain is still surrounded by large
shielding/deshielding pairs that are often associated with
global diatropic (aromatic) behaviors.***> The presence of such
shielding transition zones may however seem confusing when
considering this kind of behaviour, but can be understood by
referring to previous investigations of the magnetically induced
currents in the closed-shell forms of s-indacene and other
DPAs:>**® when increasing the size of the systems from
pentalene to large DPAs, a reversal of the induced = currents
from paratropic to diatropic occurs, which is mainly explained
by the decrease of the paratropic current contributions (based on
HOMO-LUMO gap arguments>®) as well as by the increase of
diatropic contributions (mainly concentrated on the inner phenyl
rings). Based on energetic and magnetic arguments, it has been
shown that due to the increase of the diradical character of
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DPAs with their size, these systems tend to behave more and
more like PAs, which is still consistent with some of our results
on open-shell forms, i.e., the emergence of a global aromatic
character, and the persistence of shielding transition zones,
mainly localized at the centers of the terminal rings for the
biggest systems, because of the main concentration of the
strong 1 diatropic zones around the inner rings. Consistently,
results presented in ref. 57 on cyclopropane show that apparitions
of shielding transition zones originate from the competitions
between the distinct paramagnetic/diamagnetic influences of
the induced © and o currents, as can be seen, for example, in the
cases of 6-cycle PA and DPA molecules for which the = and o
induced currents have been calculated®® (Fig. 7). Note the
diatropic w currents occurring in the DPA molecule, as well as
the difference of maximal intensity of these currents with respect
to the PA case. Then, on the basis of the current density maps
presented in ref. 54 and 55, we can propose the following
conclusions: (i) pentalene (N = 2) and s-indacene (N = 3)
have a strong 7 paratropic character, making their antiaromatic-
like properties easy to understand®® (note however that such
parallel between 1t currents and antiaromatic-like properties is
not straightforward, as e.g. in the case of s-indacene for which
a detailed study>* has shown that the competition between the
o and 7 currents is complex, as the strong delocalized
paratropic current seems to be “enhanced” by ¢ paratropic
currents in the inner-cycle region, while being compensated by
some o diatropic flow in the outer region of the molecular

DPA (N=6), m current densities, 0.035 to 0. 055 au

domain, resulting in a weak diatropic circulation surrounding
a region of quite stronger paratropic currents around the
molecular cycles, see Fig. 3 of ref. 54. So, the paramagnetic
effect of the currents on the properties is not to be attributed to
the only & system.); (ii) the case of the DPA (N = 4) system is
the most complex of the series, as it presents a small &
paratropic character that however does not seem strong
enough to counterbalance all the effects of the peripheral
diatropic o current, as can be seen in Fig. 2 of ref. 55. This
results in the manifestation of local paratropic currents inside
each cycle of this system and of a less intense but more
delocalized diatropic current all around the molecular skeleton,
which explains the apparition of shielding transition zones at
each ring center due to their competition, in contrast to the large
aromatic-like shielding surface that we can attribute mostly to
the delocalized diatropic current; and then (iii) the bigger DPAs
(N > 4) exhibit &t diatropic currents of increasing intensity, which
counterbalance more the paramagnetic effects of the ¢ currents,
especially at the level of the inner phenyl cycles because of the
“concentration” of the © currents we explained hereinabove.

Note however that while it is easy to suggest the possible
origins of the magnetic properties in terms of induced currents,
we still lack tools to simulate in a consistent way the currents
induced in the open-shell states of the DPA and PA systems in
order to assess completely the correlation between the shield-
ing and susceptibility criteria and the aromatic nature of these
systems.

Y

DPA (N=6), o current densities, 0.05 to 0.1 au

Fig. 7 Current density maps calculated on the closed-shell structures of N = 6 PA (top) and DPA (bottom) molecules under a magnetic field (B.)
directed perpendicular to the molecular plane. The color code (blue to red) corresponds to a variation of the modulus of the current density
between the extrema (minimum to maximum) within the range indicated below each map. For each map, the reported maximal value of the &
current range corresponds to the maximal value of all the © currents around the molecule. Clockwise (anticlockwise) circulation of the current

density denotes a diatropic (paratropic) current.
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On the basis of the Hiickel rule, in s-indacene the n-electrons
seem little delocalized from the central six-membered ring
to the two terminal five-membered rings, while in the case
of DPAs with more than two six-membered rings we can
expect a larger m-electron delocalization from the 6-membered
to the 5-membered rings. Indeed, the terminal rings of DPAs
with N > 3 exhibit slight- or non-aromatic character, while
the shielding criteria associated with the terminal rings of
DPAs become almost constant for N > 5, similarly to the
case of PAs. In the cases of the biggest DPA systems for which
we have observed the emergence of a multiradicalar character
(N > 7), we have to note that Ay and the shielding properties
around the central and terminal rings are decreasing in
absolute value, indicating a decrease in local and global
aromaticity, which is predicted to originate from the spin
polarization appearing on the zigzag edges in the middle PA
region [see Fig. 3 and 4 for PAs and DPAs (N > 7)].

As a result, for DPAs, the increase of y, with size can
be related to the slight- or non-aromaticity on the terminal
five-membered rings, while the appearance and increase of y,
after N = 7 is related to the decrease of aromaticity in the
central ring region. On the other hand, in the case of PAs, the
increases of yg and y; with N, corresponding to the appearance
and increase of spin polarization on the zigzag edges in the
intermediate NV region, can be associated with the decrease of
the global aromatic character.

3.3. Size dependences of the longitudinal y in relation to the
diradical characters

Fig. 8(a) and Table 3 show the size dependences of the longi-
tudinal y/N (y values per fused-ring) for singlet DPAs and PAs
as well as for triplet DPA systems. The geometries optimized
for singlet DPAs were employed for calculating the y of triplet
DPAs to highlight the effects of spin state multiplicity.

The y/N of singlet PAs, having negligible spin polarization
in the longitudinal direction, displays a monotonic increase
with N, which is caused by the increase of the m-conjugation
length.*® In contrast, the y/N of singlet DPAs exhibits a unique
behavior characterized by a stronger size dependence, larger
amplitudes in comparison to singlet PA systems up to N = 7,
and presenting a hump around N = 8. For larger systems
(N > 8), the size dependence of y/N in DPAs gets more similar
to the case of singlet PAs. Since for each N, the m-conjugation
lengths are similar in PA and DPA systems, this difference
of behavior can be attributed to the intermediate diradical
characters y, of singlet DPAs (0.212-0.895 for N = 2-7). As
shown in Fig. 8(a), the increase rate of y/N for singlet DPAs
reduces from N = 7 and even y/N temporarily decreases at N = 9.
This local decrease is expected from the y, value coming close to
1. On the other hand, the appearance and the increase of y;
(corresponding to the transversal spin polarization) after N = 7
for singlet DPA do not contribute to the enhancement of the
longitudinal y. Fig. 8(b) shows the size dependence of the y
enhancement ratio [y(singlet DPA)/y(singlet PA)], which attains
a maximum around N = 4, since it corresponds to the inter-
mediate diradical character region (yo ~ 0.6) for singlet DPA.

A further assessment of the effect of diradical characters of
singlet DPAs consists in examining the y/N values of triplet

600 @
p
5001 _e-DPA (singlet) L
-o-DPA (triplet)
400

4- PA (singlet)
300

200

YIN [x 10° a.u.]

100

WDPA)(PA) [-]

0.0 " 1 1 "

NT]

Fig. 8 Size dependences of y values per fused-ring unit of DPAs and
PAs in the singlet state and of DPA in the triplet state (a) and size
dependences of the y enhancement ratio, i.e., y(singlet DPA)/y(singlet PA)
(b). The y values are calculated by the LC-(U)BLYP/6-31G* method.

Table 3 LC-(U)BLYP/6-31G* longitudinal second hyperpolarizabil-
ities per fused ring (y/N) [in 10° a.u.] for DPA systems (2 < N < 12)in
their singlet and triplet states in comparison to those of PA systems in
their singlet state

WN
N DPA (singlet) DPA (triplet) PA (singlet)
2 5.5 —1.03 1.42
3 21.7 5.11 4.47
4 65.0 16.1 10.6
5 131 41.0 24.2
6 208 95.3 52.8
7 294 176 100
8 328 260 161
9 310 322 232
10 363 392 308
11 447 463 386
12 538 542 466

DPAs, which are regarded as pure open-shell systems. As seen
from Fig. 8(a), the y/N of triplet DPAs differs from that of
singlet DPAs only in the huge increase of y/N values for singlet
DPAs up to N = 7-8. Indeed, for N > 9, the y values of the
singlet and triplet DPAs are similar to each other since yy ~ 1.
Judging from these variations in 7y of singlet and triplet DPAs
as well as the variation in y, of singlet DPAs, the excess
increase for small singlet DPAs (N < 8) is caused by the
intermediate diradical character y,. It is also noted that a
constant difference in y/N between singlet DPA and PA
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systems for each N value is still observed for N > 9. This
difference is probably due to the spin polarization between the
terminal rings (see N = 9 in Fig. 3).

4. Concluding remarks

Theoretical LC-BLYP calculations have shown that y of singlet
DPAs is significantly enhanced with increasing system size. This
behavior, which is associated with an increase in the longi-
tudinal spin polarization between the terminal five-membered
rings, is consistent with previous studies'” 2> where y is maximized
for intermediate diradical character (yq). The size dependence
of the diradical character is also found to cause a hump in the
y/N evolution for singlet DPA around N = 8. Therefore, for
N < 9, the y/N values of singlet DPAs and PAs are signifi-
cantly different though the number of carbon atoms is almost
identical. In the case of singlet PAs, the diradical characters
o and yq, the various magnetic properties and the y/N values
vary monotonically with N. On the other hand, for singlet
DPAs, the shielding, the magnetizability, and y/N values
exhibit extrema near N = 8 due to the appearance of
transversal spin polarization in the middle six-membered rings
in addition to the longitudinal spin polarization between the
terminal five-membered rings.

Moreover, it is shown that for singlet DPAs the longitudinal
spin polarization (characterized by y,) is associated with
the antiaromaticity (N < 3) and the slight- or non-aromaticity
(N > 4) in the terminal five-membered rings, whereas the
appearance of transversal spin-polarization (characterized by y;)
is associated with the decrease in the aromaticity in the inner
six-membered rings as shown for large PAs.>> This is also
exemplified by the fact that the difference in y values between
singlet PA and DPA systems becomes small for large systems
(N > 9) because the contribution of spin polarization in the
middle six-membered rings becomes dominant as N increases.
In conclusion, the exceptional behaviors in singlet DPAs for
small N (N < 9) are caused by the increase in diradical
character y, correlated with the anti-aromaticity or the
slight-/non-aromaticity of terminal rings and the corres-
ponding emergence of a global aromatic character. Such a
relationship between aromaticity/antiaromaticity and diradical
character is useful for designing real open-shell NLO mole-
cules through the control of diradical characters. To our
knowledge, this is the first time such relationships between
electronic, magnetic, and nonlinear optical properties are
drawn for organic compounds.
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Note that in the case of the pentalene molecule the amplitudes of
the antiaromatic-like magnetic properties are ridiculously huge due
to our choice of considering all the systems under the constraint of
Dy, symmetry. Indeed, for comparison the diradical characters and
magnetic properties of this system in the Cp, symmetry, i.e., its
fully relaxed structure, evaluated at the LC-UBLYP/6-31G* level
of theory are: yo = 0.000, y; = 0.000, NICS(1A) = 15.12 ppm,
—0..(1A) = 52.24 ppm, Ay/N = 3.58 ppm. However, it has
already been justified that even if these results differ greatly in
absolute value, it has no significant effect on the global size
dependence of the properties of DPAs.
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