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In this work, we have analyzed the local aromaticity of the six-membered rings (6-MRs) of planar
and pyramidalized pyracylene species through the structurally based harmonic oscillator model of
aromaticity (HOMA), the electronically based para-delocalization index (PDI), and the magnetic-
based nucleus independent chemical shift (NICS) measurements, as well as with maps of ring
current density. According to ring currents and PDI and HOMA indicators of aromaticity, there is
a small reduction of local aromaticity in the 6-MRs of pyracylene with a bending of the molecule.
In the case of NICS, the results depend on whether the NICS value is calculated at the center of
the ring (NICS(0)) or at 1 Å above (NICS(1)out) or below (NICS(1)in) the ring plane. While NICS-
(1)out values also indicate a slight decrease of aromaticity with bending, NICS(0) and NICS(1)in

wrongly point out a large increase of aromaticity upon distortion. We have demonstrated that the
NICS(0) reduction in the 6-MRs of pyracylene upon bending is due to (a) a strong reduction of the
paratropic currents in 5-MRs and (b) the fact that, due to the distortion, the paratropic currents
point their effects in other directions.

Introduction

The global aromaticity of pyracylene or cyclopent[fg]-
acenaphthylene (3) has been the subject of a series of
studies.1-10 The conclusions extracted from the 1H NMR
spectra,1 the low half-wave reduction potential,2 the
analysis of the ring currents showing strong paramag-
netic currents in the pentagonal rings,3-9 the experimen-
tal aromatic stabilization energy,10,11 and the calculated
resonance energy obtained from the conjugated circuits
technique12 do not coincide and classify it as a molecule
having an antiaromatic to partially aromatic character.12

The local aromaticity of the six-membered rings (6-
MRs) of pyracylene has been also a topic of debate. In a
recent study,13 we found that these rings are nonaromatic
according to the nucleus independent chemical shift
(NICS) magnetic-based criterion of aromaticity.14 How-
ever, the harmonic oscillator model of aromaticity (HOMA)
index,15,16 a structurally based measurement of aroma-
ticity, and the para-delocalization index (PDI),13 which
is a new indicator of aromaticity that analyzes the
pattern of electronic delocalization in 6-MRs, indicate
that the 6-MRs of pyracylene are partially aromatic.
There are at least two reasons for considering that the
difference is due to an underestimation of aromaticity
by the NICS criterion. First, while according to HOMA
and PDI indices, there is a uniform reduction of aroma-
ticity when going from naphthalene (1) to acenaphthylene
(2) and pyracylene (3), the NICS values13 at the HF/6-
31+G*//B3LYP/6-31G* level of theory are -9.9, -8.6, and
-0.1 ppm for 1-3, respectively, thus indicating a slight
reduction of aromaticity from 1 to 2 due to cyclopenta-
fusion but a surprisingly huge reduction when adding the
second 5-MR. This drop of aromaticity in 6-MRs of
pyracylene is unexpected considering two previous stud-
ies of NICS17 and ring current analyses18 showing that
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cyclopentafusion in pyrene only slightly affects the
aromatic character of the pyrene skeleton, although the
global aromaticity is reduced as more pentagons are
added to the pyrene perimeter.19 Second, the NICS value
of a 6-MR in C60, having pyracylene as the structural
unit, is about -7 ppm,20-22 which, from the NICS point
of view, is surprisingly much more aromatic than a 6-MR
in pyracylene itself. On the contrary, HOMA and PDI
find the 6-MR of pyracylene more aromatic than that of
C60.22 Our hypothesis for explaining the underestimation
by NICS of local aromaticity in the 6-MRs of pyracylene
is that the NICS value measured in the center of the
6-MR of pyracylene is reduced by paramagnetic ring
currents in the adjacent 5-MRs, and as a consequence,
NICS erroneously indicates a low aromaticity of these
6-MRs. This hypothesis is substantiated by maps of NICS
values, which show that the shielding or deshielding zone
for a given ring can extend quite far from the ring
center.23 To prove this hypothesis, in this work, we have
analyzed the effect of pyracylene pyramidalization on
NICS, HOMA, and PDI indices and ring currents. The
results demonstrate that the NICS indicator of aroma-
ticity underestimates the local aromaticity of the 6-MRs
of pyracylene.

Computational Methods

The full set of calculations has been performed using the
6-31G** basis set.24,25 Full geometry optimizations have been
carried out with the B3LYP26-28 hybrid density functional
method (DFT) with the GAUSSIAN 98 program.29 The only
constraints on full optimizations have been imposed to pyra-
midalized pyracylenes. In this case, we have considered that,
such as in fully optimized pyracylene, the different hexagonal
and pentagonal rings are planar, while we have imposed
angles of θ degrees (see Scheme 2 and Figure 1 for a definition
of the θ angle of distortion) between the planes defined by the
rings, and also between these planes and attached hydrogens.30

For instance, Figure 1 depicts the pyracylene molecule pyra-
midalized by θ ) 30°. This definition of θ does not correspond

to the common definition of the pyramidalization angle.31,32

This notwithstanding, for all systems considered, we have
included the average value of the pyramidalization angle
computed using the POAV3 program.33 HOMA, PDI, and NICS
values have been also computed at the B3LYP/6-31G** level
of theory. The HOMA has been obtained from eq 1:16,34

where n is the number of bonds considered, and R is an
empirical constant (for C-C bonds, R ) 257.7) chosen in such
a way that HOMA ) 0 for a model nonaromatic system and
HOMA ) 1 for a system with all bonds equal to an optimal
value Ropt, assumed to be achieved for fully aromatic systems
(for C-C bonds, Ropt is equal to 1.388 Å). Ri is the running
bond length. The PDI is the average of all delocalization indices
(DI)35-37 of para-related carbons (PDI) in a given 6-MR.13 DIs
have been calculated by means of the AIMPAC package38 using
the following expression:39

In eq 2, the summations apply to all of the occupied molecular
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(21) Bühl, M.; Hirsch, A. Chem. Rev. 2001, 101, 1153-1183.
(22) Poater, J.; Fradera, X.; Duran, M.; Solà, M. Chem.sEur. J.
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SCHEME 1

FIGURE 1. B3LYP/6-31G** optimized geometry for pyra-
cylene pyramidalized by θ ) 30°.
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orbitals; Sij(A) is the overlap integral between molecular
orbitals i and j within the basin of atom A. Finally, the NICS
index is defined as the negative value of the absolute shielding
computed at a ring center or at some other interesting point
of the system.14 Rings with large negative NICS values are
considered aromatic. The more negative the NICS values, the
more aromatic the rings are. The gauge including atomic
orbital (GIAO) method40 has been used to perform B3LYP/
6-31G** calculations of NICS using the GAUSSIAN 98 pro-
gram.29

Magnetic properties, such as magnetizabilities and magnetic
shieldings, have been calculated using the continuous trans-
formation of origin of the current density (CTODC) method,41,42

developed to compute origin independent current density maps
and magnetic shieldings, as implemented within the SYSMO
package.7,42 In the present paper, the CTODC-PZ27 variant of
the method has been used to obtain magnetic shieldings and
magnetizabilities, while current density maps have been
computed using the CTODC-DZ2 method. CTODC-PZ2 is more
accurate than CTODC-DZ2, but electrons can be partitioned
only with the latter. The two methods differ in the choice of
the origin; in the CTOCD-PZ2, the origin is determined at each
point in such a way that the transverse component of the
paramagnetic current is annihilated, whereas in the CTOCD-
DZ2 method, the origin is coincident with the point itself, thus
making the diamagnetic contribution to the induced current
density vanish. Both methods make use of a weighted shift of
the origin toward the nearest nucleus in such a way that the
amount of the shift increases as the origin approaches a
nucleus, being almost zero when the origin is far from all
nuclei. All choices of gauge converge for large basis sets.
Current densities have been calculated at 0.9 au above the
planes of interest, considering only π-electrons. Previous
studies have shown that, for polycyclic aromatic hydrocarbons,
the total (σ + π)-electron and the π-electron density maps are
almost identical.43,44

Magnetic shielding tensor components and NICS values
have been calculated at the ring centers determined by the
nonweighted mean of the heavy atom coordinates (NICS(0))
and at 1 Å above (outside the bowl in pyramidalized bowl-
shaped pyracylene, NICS(1)out) or below (inside the bowl,
NICS(1)in).

Results and Discussion

Figure 2 displays a comparison between the calculated
B3LYP/6-31G** and the X-ray45 experimental geometries
of planar pyracylene. It is found that the B3LYP/6-31G**
bond lengths and angles are quite close to those of the
experimental values, with the differences never being
larger than 0.02 Å for bond distances and 0.9° for angles.
From these values, it can be concluded that this level of
theory already offers a good description of geometries for
these types of systems. Optimized coordinates for dis-
torted pyracylene molecules are given as Supporting
Information. Table 1 lists the average pyramidalization
angles, NICS values at the center of the 6-MRs, average
magnetizabilities, PDI and HOMA indices of 6-MRs, and
HOMO-LUMO energy differences for the different dis-

torted pyracylene molecules. PDI, HOMA, and NICS are
indicators of local aromaticity in the 6-MRs of pyracylene,
while magnetizabilities and HOMO-LUMO gaps are a
measurement of the global aromaticity of the molecule.

According to PDIs, there is a small reduction of local
aromaticity with an increase of the angle of distortion.
This is in agreement with the theoretical finding that
benzene can experience deviations from planarity up to
25° without a substantial loss of electron conjugation,46,47

with the high conformational out-of-plane flexibility of
aromatic systems,48 and with the experimental and
theoretical observation that the chemical shifts of aro-
matic protons, magnetic anisotropies, and X-ray molec-
ular structures of m- and p-cyclophanes support an
essentially unperturbed aromaticity as a result of the
distortion suffered by the planar aromatic ring.49-54 The
HOMA structural indicator of aromaticity provides a
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FIGURE 2. B3LYP/6-31G** optimized geometry for planar
pyracylene. X-ray data45 are presented in parentheses. Dis-
tances are given in angstroms and angles in degrees.

TABLE 1. Average Pyramidalization Angles (degrees),
PDI (electrons) and HOMA Indices at Hexagons,
HOMO-LUMO (∆E) Energy Differences (eV), NICS(0)
Values at Hexagons (ppm), and Average
Magnetizabilities (ø, in ppm au) for the Different
Distorted Pyracylene Molecules Optimized at the B3LYP/
6-31G** Level of Theory

θ
(deg)

average
pyramida PDI HOMA ∆E NICS(0)b NICS(0)c ø

0.0 0 0.0675 0.755 2.84 -0.1 -6.2 -875
10.0 3.4 0.0672 0.761 2.83 -0.1 -7.1 -917
20.0 6.9 0.0666 0.771 2.82 -0.6 -8.9 -989
30.0 10.2 0.0656 0.744 2.80 -1.7 -9.7 -1076
40.0 13.3 0.0646 0.572 2.79 -3.7 -11.2 -1057

a As a reference, the value in C60 is 11.64°.31 b B3LYP/6-31G**
values. c CTOCD-PZ2/6-31G**//B3LYP/6-31G** values.
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similar trend to PDI, although HOMA shows that the
local aromaticity increases slightly from the planar to the
θ ) 20° distorted pyracylene species. The slight reduction
of the HOMO-LUMO gap as θ increases is also in line
with a small decrease of global aromaticity with distor-
tion.

Contrary to what could be expected from previous
knowledge (vide supra), the NICS(0) indicator of aroma-
ticity experiences an important reduction by increasing
the angle of distortion. Although the GIAO B3LYP/6-
31G** and CTODZ-PZ2 HF/6-31G**//B3LYP/6-31G**
values are quite different (the gap between the two
columns of NICS(0) in Table 1 must be attributed to the
different methods used for calculation: the GIAO with
the B3LYP method or the CTODC combined with the HF
method), both columns of NICS(0) values in Table 1 show
the same trend, indicating that, according to NICS(0),
the larger the distortion is, the greater the local aroma-
ticity of the 6-MRs of pyracylene. The same result
referred to the global aromaticity of distorted pyracylenes
can be deduced from the average magnetizabilities
computed at the CTODZ-PZ2/6-31G**//B3LYP/6-31G**
level of theory.

The results obtained from NICS(0) and magnetizabili-
ties are somewhat surprising and need to be further
analyzed. Since chemical shifts and magnetizabilities are
calculated through integration of the first-order electron
current density, a deeper insight into the nature of the
magnetic effects involved can be achieved from an
analysis of the ring current density maps. To this end,
electron current density maps of planar and distorted
pyracylenes have been computed with the CTOCD-DZ2
method at 0.9 au above the planes of interest, considering
only π-electrons. Figure 3 depicts the ring currents for

the planar structure, while Figures 4 and 5 show the θ
) 20 and 40° distorted pyracylenes, respectively. For each
distorted pyracylene system, we have drawn two plots:
one for the plane above a 6-MR (Figures 4a and 5a) and
the other for the plane above a 5-MR (Figures 4b and
5b). In all of the plots, the unitary inducing magnetic field
is perpendicular to the plot plane (i.e., to the ring under
examination), and it is pointing outward so that diatropic/
paratropic circulations are clockwise/counterclockwise.

For the most-stable planar structure, there is just one
plot (Figure 3) which shows dominant ring currents
circulating on pentagons. These are paratropic and more
intense than the diatropic ring current flowing on the
naphthalene perimeter. It is worth noting that previous
studies on the ring currents of pyracylene have reached
the same conclusions: the main features of the current
flow being almost unaffected by the method and basis
set changes.3-9 The set of plots for the 6-MRs of the
distorted pyracylene species (see Figures 4a and 5a for θ
) 20 and 40° and the Supporting Information for θ ) 10
and 30°) reveals that the diatropic ring current does not
break and remains more or less constant. This is in line
with the results of PDI and HOMA indices, indicating
that the aromaticity of the 6-MRs of pyracylene is only
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FIGURE 3. First-order π-electron current density map in
planar pyracylene, calculated with the 6-31G** basis set using
the CTOCD-DZ2 approach at the B3LYP/6-31G** optimized
geometry. The plot plane lies 0.9 au above the molecular plane.
The unitary inducing magnetic field is perpendicular and
pointing outward so that diatropic/paratropic circulations are
clockwise/counterclockwise.

FIGURE 4. Same as in Figure 3 for the distorted θ ) 20°
pyracylene. The plot plane is parallel to (a) a 6-MR (blue) and
(b) a 5-MR (blue). The green portion of the molecular frame
lies above the plot plane.
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slightly affected by the bending, and also with the finding
that the overall pattern of ring currents in corannulene
is insensitive to the curvature of the π-system.44 On the
other hand, we found that the paratropic ring current in
5-MRs decreases when the molecule is bent (see Figures
4b and 5b, and the Supporting Information) to a breaking
point for the most-distorted structure (θ ) 40°), with the
formation of a local vortex on the external carbons (see
Figure 5b).

A quantitative description of the ring currents can be
achieved by considering the magnetic shielding tensors
computed at the ring centers. These tensors, which are
obtained by integration of the CTOCD-PZ2 HF/6-31G**//
B3LYP/6-31G** first-order magnetic field-induced cur-
rent density, are reported in Table 2 for each distorted
structure adopting the following convention: σout is the
out-of-plane component and σin is the average of the in-
plane (plane of the ring) components. This choice is
consistent with the magnetic field direction of the first-
order current density maps displayed in Figures 3-5. σout

is a direct measurement of the ring current and, there-
fore, a more appropriate magnetic indicator of aromatic-
ity.44 The average values, which are obtained as one-third
of the sum of the diagonal elements of the tensor and
are the same as the negative of the NICS(0) values, are
also reported.

It is interesting to see that the in-plane components
remain more or less the same. Instead, the out-of-plane
component, which is equivalent to the negative of the
NICSzz(0) measurement (recently defined as a better
descriptor of aromaticity than NICS(0) itself by Schleyer
and co-workers),55 changes significantly by bending the
molecule. Inspecting Table 2 more carefully, one can see
that, for the 6-MR of the planar structure, σout is -6.2,
compared with the positive 8.2 value of benzene. This
negative value is completely unexpected for a diatropic
ring current, such as that present in the 6-MR of the
planar structure, but perfectly compatible with the
surrounding pair of intense paratropic ring currents on
pentagons (σout ) -61.5), which quite likely give the sign
to the out-of-plane component of the 6-MRs. Finally, due
to the bending, the paratropic ring currents decrease in
magnitude (see σout in Table 2) and point their effects in
other directions. This is why σout in the 6-MR increases
up to a positive value, which is in agreement with the
diatropic ring current on naphthalene perimeter (which
does not change significantly).

To complement the NICS analysis, we have also
calculated the NICS(1) values, which are NICS measured
1 Å above or below the center of the ring being analyzed.
NICS(1) has been considered to better reflect the π-elec-
tron effects.23,55 Table 3 contains NICS(1) values at the
B3LYP/6-31G** level of theory for the previous five
systems treated, calculated above and below the center
of the plane (i.e., outside, NICS(1)out, and inside, NICS-
(1)in, the molecular bowl of the pyramidalized pyracylene
species). Table 3 also includes the B3LYP/6-31G** σout

(55) Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. V.; Weber,
J. Phys. Chem. Chem. Phys. 2004, 6, 273-276.

FIGURE 5. Same as in Figure 4 for the distorted θ ) 40°
pyracylene.

TABLE 2. Average, σin, and σout Components of the
Magnetic Shielding Tensor (ppm) Calculated at the
Center of the Pentagonal and Hexagonal Rings of
Distorted Pyracylene Moleculesa

pentagonal rings hexagonal rings

θ σin σout

avg )
-NICS(0) σin σout

avg )
-NICS(0)

0.0 12.5 -61.5 -12.2 12.5 -6.2 6.2
10.0 12.4 -59.8 -11.7 13.2 -5.2 7.1
20.0 11.9 -56.1 -10.8 14.7 -2.9 8.9
30.0 11.8 -45.4 -7.3 13.3 2.5 9.7
40.0 13.0 -29.6 -1.2 12.9 7.9 11.2
benzene 15.1 8.2 12.8

a The values for benzene are given as a reference. CTOCD-PZ2
HF/6-31G**//B3LYP/6-31G** values.

TABLE 3. B3LYP/6-31G** NICS(0) Values at the Center
of Hexagons (ppm) and 1 Å above (NICS(1)out) and below
(NICS(1)in), with the Corresponding σout Component of
the Magnetic Shielding Tensor (ppm) for the Different
Distorted Pyracylene Molecules Optimized at the B3LYP/
6-31G** Level of Theorya

θ NICS(0) NICS(1)in NICS(1)out σout σout (in) σout (out)

0.0 -0.1 -2.8 -2.8 -19.7 1.2 1.2
10.0 -0.1 -3.8 -2.1 -19.2 2.6 0.2
20.0 -0.6 -5.5 -1.6 -16.8 5.0 -0.4
30.0 -1.7 -7.6 -1.2 -12.7 8.2 -0.5
40.0 -3.7 -9.9 -0.8 -6.4 12.2 -0.3
benzene -9.8 -11.3 -11.3 14.3 29.2 29.2

a Benzene results included for comparison.
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component of the magnetic shielding tensor. NICS(0) and
NICS(1)in values follow the same tendency, thus increas-
ing the aromaticity with bending of the molecule. Re-
markably, NICS(1)out values show a decrease of aroma-
ticity with the bending of the molecule, thus behaving
in the same way as the PDI and HOMA descriptors,
which is the expected trend for a system losing its
planarity. Therefore, not only do NICS(0) and NICS(1)in

incorrectly indicate that the aromaticity of pyracylene
increases upon distortion but also that NICS(1)out predicts
the opposite behavior, showing that the local aromaticity
of pyracylene is definitely a difficult case for the NICS
indicator of aromaticity.

As a whole, we think that this example provides a
simple way to show some limitations of the NICS concept
as a measurement of aromaticity.56,57 We have found that
there is a small change in the local aromaticity of the
6-MRs of pyracylene with a bending of the molecule
according to ring current density maps and PDI and
HOMA indicators of aromaticity. On the contrary, NICS-
(0) wrongly indicates that there is a large increase of
aromaticity of the 6-MRs of pyracylene due to distortion.
Ring currents have shown us that there is not a real
increase of aromaticity in the 6-MRs of pyracylene with
bending, but there is a strong reduction of the paratropic
ring current in the adjacent 5-MRs that affects the value
of the NICS at the center of the 6-MRs. Thus, it is not
only that the NICS indicator of aromaticity can poten-
tially incorporate some spurious information arising from
the electron flow perpendicular to the molecular plane56-58

but also that paratropic (or diatropic) ring currents in
adjacent rings can produce a large effect on the NICS
values of the studied ring. In addition, we have found

that NICS values calculated at different points may
afford opposing trends. In this sense, we believe that for
systems with adjacent rings exhibiting intense ring
currents, the assessment of local aromaticities based on
only the NICS values must be made with great care.59

For these cases, we recommend computing ring currents
to confirm NICS values if we want to carry out an
aromaticity analysis based on magnetic criteria. Finally,
it is worth mentioning that aromaticity is not a directly
measurable feature, and hence each of the indices has
its own limitations.60 For this reason, we recommend
using several differently based aromaticity parameters
for comparisons of local aromaticity in a given series of
compounds.60
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