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Abstract

The change of the electronic structure of coronene upon doping with nitrogen or boron has
been theoretically studied by means of its magnetic properties and magnetic field induced
current density maps. The addition of two atoms of nitrogen or boron to the central ring of
coronene causes a drastic variation of the delocalization of 7 -electrons, which does not
depend on its nature but instead on its position. Then, doping in para position makes
coronene more aromatic while doping in meta position makes it to become antiaromatic.
Magnetic behavior of the pristine molecule is characterized by two concentric currents
flowing in opposite senses that are converted into hemi-perimetric currents in the ortho and
meta isomers, so dividing the molecule in aromatic and antiaromatic regions. The paratropic
and diatropic ring currents of the coronene moiety may, therefore, be modulated through the

position of the heteroatom and, consequently, also the localized/delocalized behavior.
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1. Introduction

The study of polycyclic compounds that have proven difficult to synthesize has particularly
benefited from a growing body of theoretical research in the field. In particular, the
electromagnetic properties of these structures have generated intense interest in the scientific
community as their potential technological applications have come to light, with a great deal
of activity focusing on graphene and graphene-like structures." To obtain a certain electrical
or optical response from a given material requires an structural change, which in turn can
produce a gain or loss of aromaticity in the constituent molecules, and their properties can be
easily tuned by means of changes in their 7 -conjugated structure. The presence of defects,
impurities or dopants in planar carbon structures changes the structural and electronic
properties substantially.”'® So, graphene doped with N or B atoms has been used as an anode
in high-potential lithium batteries subject to conditions of rapid charge and discharge, and
field effect transistors.'''* Furthermore, in another investigation nanoribbons of graphene
have had their electronic transport refined by doping with nittogen and boron."” In this
context, heteroatom-doped polycyclic aromatic hydrocarbons (PAHs) have become typical
models of graphene-like sheets where to investigate structures presenting a certain electric or

magnetic response, as these heteroatoms modify the electronic nature keeping the structure."

19

The  -electronic structure of a molecule can be rationalized by means of its response to an
external magnetic field in terms of the modulus and direction of the induced currents. Ring
currents are deeply linked to the concept of aromaticity and are very useful in the
interpretation of the properties of 7 -conjugated systems. Diamagnetic currents represent the
contribution of the 7 -electrons to diminish the external magnetic field, as characteristic of
aromatic systems with delocalized electrons, while paramagnetic currents contribute to
increase the external magnetic field as characteristic of antiaromatic systems.”*?
Hirschfelder* has defined them as subobservables, since they are not directly observable but
can be inferred from magnetic anisotropy and 'H-NMR spectra data. In particular, high
negative values of the magnetic susceptibility and its anisotropy as well as the proton
deshielding in the direction of the applied magnetic field are often considered a fingerprint of
aromatic systems. Moreover, those quantities are experimentally measurable. Finally, the

current density, J(r), is a vector quantity depending of the position in a three-dimensional
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space, allowing for the visualization of the electronic structure over the molecule by plotting

contour levels, modulus, and streamlines of fields in three dimensions.

From a chemical point of view, coronene is a peri-condensed PAH and can serve as model of
graphene sheets and, actually, its structure has been successfully used to investigate the
adsorption of hydrogen over graphene.” Coronene is considered aromatic because its high

negative magnetic anisotropy (-101.6 a.u.) and significant proton deshielding (0.=-22 a.u.

and chemical shift 6=9 ppm).”®

Coronene has a distinctive pattern current generated by the influence of an external magnetic
field contrary to that found in benzene, but common to other n-circulene like corannulene.”’
The existence of the two concentric counter-rotating 7w -rings currents, with a diamagnetic rim
and paramagnetic hub, indicates that coronene shows outer aromatic but inner non-aromatic
circuits; this current is sensitive to small changes in the structure of the molecule. The
substitution of two of the central carbon atoms for two atoms of boron or nitrogen, in the
para-, ortho- and meta- position is one such change since B and N are widely used as dopants
to tune the physical properties of graphene. Previous studies'*'® have analyzed the
modifications introduced in such rim-and-hub patterns by the substitution of benzenoid
carbocycles by isoelectronic borazine units as well as the produced variations in its electronic
and magnetic properties. They conclude that the main consequence is the localization of the

magnetic response in atomic and oligocyclic circulations.

Here, we study a different form of tuning the electronic structure of coronene by adding or
removing two electrons of the 7 cloud by replacing two carbon atoms by two nitrogens or to
borons, respectively. So, this investigation aims to see how the properties of coronene change
due to the doping, how its aromatic character changes when electrons are added or removed
from the © system of the molecule, and what effect the relative position of the doped atoms

may cause.

To the best to our knowledge, the considered molecular systems have not been synthetized
yet, but several reports have described the preparation of its aza analogues such as 1,2-
diazacoronene,” 1,2,7 8-tetraazacoronene, * 1,5,9-triazacoronene,” even though they all have

the heteroetoms in the molecular perimeter. However other types of compounds with the
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heteroatom in an inner ring, as e.g. pyrrole-fused azacoronenes, have indeed been
synthetized.'”"® At any rate, we expect that our study can help to give additional light into the
domain of PAHs, nanographenes and hetero-graphenes and furthermore be a motivation for
the synthesis of the considered species. To this end, the magnetic susceptibility and nuclear
magnetic shielding of coronenes doped with boron and nitrogen are analyzed together to give
a more complete description of the change of its aromatic character, with the maps of current
density providing a more visual way to evaluate the ring currents and how their magnitude,

direction and shape change.

2. Computational Details

The molecular geometries were determined using density functional theory (DFT)* with
B3LYP parameterization,”” employing 6-31G** basis set in all the systems studied, with the
exception of ortho-diazacoronene. For this, we use Barone and Adamo’s modification of the
original functional by Perdew and Wang (mPWPWO91)> with a 6-311G(d.p) basis set.”* The
optimizations were performed with a symmetry restriction of D,, for coronene and para
analogues, and C,, for the other systems. Analysis of vibrational frequencies demonstrated
that the critical points found on the potential energy hypersurface correspond to true minima.
All of this was performed using the Gaussian09 programme.” The resultant geometries were
used in the subsequent calculations of the magnetic properties and the maps of current density
were calculated via four different variations of the Continuous Transformation of the Origin
of the Current Density approach” (CTOCD) method implemented in the SYSMO package.”
The selected basis sets were (9s5p2d) for C, N, and B, and (5s2p) for H.” The exponents of
the polarization functions used were: 1.03670, 0.30708 for the 2d function of C; 1.06000,
0.03250 for the 2d function of N, 1.01600 for the 2d function of B; and 0.85660, 0.19930 for
the 2p function of H. Only the most precise results, those from the numeric zero diamagnetic
variation of the CTOCD approach (CTOCD-DZ2) are shown. The maps of current density
have been obtained via the same variation in an analytic manner (CTOCD-DZ). Complete
Active Space Self-Consistent Calculations (CASSCF) using the 6-31G** basis and DALTON

38-39

code™”” were done to find the ground states and possible multirreference character of these in

all the systems studied. This package was also used to calculate magnetic properties in para-
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diazacoronene at the CASSCF level, with 6-31G basis and Gauge-Including Atomic Orbitals*
(GIAO).

3. Results and Discussion

3.1. Stability and Magnetic Properties

Doping of coronene with two nitrogen atoms represents 9% in weight and adds 2 electrons to
the 7 system, while doping with two boron atoms represents 7% in weight and withdraws
two electrons; in both cases, doping makes the molecules systems to become 4n+2 molecular
systems. We studied the para-, ortho- and meta-isomers of diboracoronene and diazacoronene,

placing the heteroatoms in the central ring of coronene, see Fig. 1.

coronene

para ortho

Figure 1. Structure of coronene and para, otho, and meta disubstituted coronenes. Only symmetry independent
atoms are specifically labeled. X=N and B.

The structures with the lowest energy are the ortho- analogues, followed by the para- and
meta- isomers, which have very similar energies. Due to the proximity of the lowest singlet
and triplet states, the para- isomers show a peculiar electron structure and, in fact, the ground
state of para-diboracoronene has triplet multiplicity. Nevertheless, for para-diazacoronene,
CASSCF(10,14)/6-31G** calculations give as lowest state the 'A, singlet, which presents
some multiconfigurational character and is very near the states °B,, and 'B,,. The HOMO-
LUMO gap was decreased by doping, and the order of the energy gaps from largest to
smallest, is as follows: 1) coronene, 2) ortho-, 3) meta- and 4) para-isomers and in each site

the gap is minor with the B-doped than with the N-doped. The calculated values of all the
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compounds investigated, as well as those of the isoelectronic species, are given in Table 1.
Tada and Yoshizawa'' have found the same trend in the energy gaps in nanometric graphite
sheets doped with B and N and relate the gap decrease to the localization of the 7 -density

caused by the heteroatoms.

The out-of-plane susceptibility (x.) and the magnetic anisotropy (Ax=x .—x,) provide

quantitative descriptors of ‘magnetic aromaticity’ (diatropicity) also related to m electron
delocalization. Theoretical predictions for all closed shell singlets are shown in Table 1. For
triplet states, the spin component is very much larger than the orbital one and consequently
we have not considered p-B,C,,H,,. Furthermore, the large values of the diamagnetic
susceptibility obtained for para-diazocoronene at the Coupled Hartree-Fock (CHF) CTOCD-
DZ2 level are confirmed by means of multireferential GIAO-CASSCEF calculations, in order
to give account of the multiconfigurational character mentioned above.

According to well-established magnetic criteria for aromaticity,”***

para-diazacoronene is
found to be more aromatic than coronene and than any of its doped analogues. Ortho-
diboracoronene and ortho-diazacoronene are also diatropic, but less than coronene. The meta-
analogues, however, show a completely different behavior, with out-of-plane susceptibility x .

sensibly smaller than in the other derivatives and even smaller than the in-plane components.
Consequently, the magnetic anisotropy are positive for both meta-derivatives, as characteristic
of antiaromatic compounds. Anyway, the average susceptibility keeps still negative, although

very much smaller than in the other derivatives.

In general, the position of the heteroatoms is shown to have a critical influence on the
susceptibility, with the para- and ortho-doped analogues displaying magnetic susceptibility
characteristic to aromatic compounds, and the meta-doped analogues that of antiaromatic
compounds. The nitrogen analogues are slightly less aromatic than the equivalent boron
compound within each geometry. The energy gaps and = -localization seem to follow the
same trend in the compounds considered, in line with the findings in nanoscale graphite

sheets,"" with the exception of the para-derivatives.

However, the position of the heteroatoms is not the only factor, the number of electrons being
also a key aspect. Actually, the species isoelectronic with coronene (i.e. the boron-analogues

dications and the nitrogen-analogues dianions) show magnitudes completely similar to those
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of coronene, independently of the position of the heteroatom. Nevertheless, these ions present
values slightly smaller because of the . component of the tensor. The equivalent analogy is

not possible at the CHF level for the isolectronic species of diboracoronene and
diazacoronene, which are the dication and the dianion of coronene, respectively, since the

latters show a strong multiconfigurational character.

Table 1. CHF Energy gaps in eV and Magnetic Suceptibility tensors CTOCD-DZ2 in (cgs emu) ppm
a.u." L indicate the tensor component out of the plane of the molecule and av is the mean value.

E, ya o Ay
C,.H,, 8.5 -6849.7 31238 -5588.9
p-B,CH,, 45
p-N,C,.H,, 48 90790 | -3914.4(-3847)| 77469
0-B,C,,H,, 6.6 134440 -1852.1 123878
0-N,C,H,, 6.9 27528 118183 -1401.8
m-B,Co,H,, 52 3369 8110 7113
m-N,Cp,H,, >4 982.2 5552 2306.1
Iso-electronic species:
0- B,Cp,H,,” 6.1 6167.1 28395 149912
m- B,CoH, > 6.4 -6459.1 129470 -5268.1
p-N,C,,H,,* 8.0 -4183.2 -2173.7 -3014.3
0- N,Cp,H,," 7.4 40534 21319 28823
m-N,Cp,H,," 8.0 14539.7 122926 -3370.7

3 2
*The conversion factor from cgs a.u. per molecule to cgs emu per mole is a 0NA=8.923 8878x10" ; further

2
conversion to SI units is obtained by 1 JT =0.1 cgs emu’A x = x .—x . ¢ Triplet ground state. * GIAO-
CASSCEF(10,14) calculations.

The shielding of the hydrogen and carbon nuclei of a compound further elaborates the

description of the molecule 7 structure. If the out of plane component of the proton
shielding (o.) is smaller than the in-plane components, this is taken to be an indicator of

aromaticity. The hydrogen atoms give us the most reliable description, as they are located
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outside of the immediate proximity of the ring currents and do not suffer substantial induction

effects. Our theoretical predictions are shown in Tables 2-3.

Table 2: Nuclear magnetic shielding CTOCD-DZ?2 in ppm for ortho-diazacoronene, ortho-
diboracoronene, coronene and para-diazacoronene

Arom 0-B, C,,H,, 0-N,C,,H,

o, | ow oX*(exp)® | o, |oy, | OX
BI/NI 130.55 | 54.09 --- 150.68 | 141.82 | ---
Cl 205.25 | 52.52 133.08 155.78 | 4741 | 138.19
Cll 167.31 | 5544 130.16 158.33 | 64.30 | 121.30
Cl5 194.02 | 41.04 144.56 12644 | 4433 | 141.27
C19 140.17 | 30.38 155.22 15436 | 95.80 | 89.80
HI 17.69 | 2348 7.66 1775 |23.61 |7.53
H3 23.66 | 24.66 6.48 26.16 |27.84 |3.30
H5 22.15 | 2457 6.57 2328 12569 |545
Hll 20.85 | 24.64 6.50 2230 |25.14 |6.00

C,H, p-N, C.H,,

NI --- --- --- 27992 1 190.62 | ---
Clcenter |207.43 | 6108 | 124.52(122.6) | 196.74 | 83.75 | 101.85
C7external | 201.31 | 55.68 | 129.92 (128.7) | 208.19 | 60.56 | 125.04
Cll 170.05 | 59.58 | 126.02 (126.2) | 178.82 | 71.82 | 113.78
HlI 1330 [22.05 ]9.09(8.90) 8.31 20.85 |10.25

“Chemical shifts are referred to the theoretical TMS value o( *H)=31.10 ppm, o(**C)=185.60 ppm. " The values
in parentheses are experimental shift mean values [20, 38] and refer to solution (CDCl,) data.

Excellent agreement is found in our theoretical CTOCD-DZ?2 chemical shifts of coronene
with experimental values for 'H and '3C NMR measurements in CDCI, solution.”**" The

overall quality of the calculated properties reinforces the conclusion that the basis sets and
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level of theory used are satisfactory to describe magnetic properties of these systems. The
down-field shift of the out-of-plane component of proton shielding is bigger than those
estimated in benzene, of =204 ppm, in naphthalene, of =18.5 ppm*® or in
tetraazanaphthalenes of'~16.8 ppm.** Para-diazacoronene shows the highest values of the
magnetic properties in absolute value among all the considered species, including coronene
itself: the largest downfield proton chemical shift, the smallest 0, and the biggest and most

negative .. All these theoretical results prove the enhanced diatropicity of this molecule,

indicating that doping in para- position strengths delocalization and, consequently, aromatic

character. Therefore, stability and diatropicity can be conflicting categories for this molecule.

In the ortho-structures two completely different kinds of protons can be identified: those
joined to two rings containing the two heteroatoms and those joined to carbon-only rings. The
former (H3 and H3’) are strongly shielded with chemical shifts appearing a the high values

characteristic of alkenes (8'H = 3.3 ppm); conversely, the latter (H1, H7, H9 and equivalents)
are deshielded, showing o1 values sensibly lower than the average and chemical shift

characteristic of aromatic compounds (8'H ~7 ppm). There exists a third kind of protons,
namely those joined to rings with a single heteroatom (HS, H11 and equivalent), which shows
intermediate shieldings and shifts. The larger nuclear magnetic shielding of protons or shorter

chemical shifts of ortho-diazocoronene in comparison to ortho-diboracoronene result from the

lower electron density in the B-containing analogue.

For the meta-isomers it is also possible to distinguish two types of protons on opposite sides
of the molecule. The protons joined to N-containing rings are strongly shielded as usual in
antiaromatic species while the protons joined to N-free rings are deshielded. The shielding
circuit is much larger than the deshielded one, affecting to 8 protons (H1, H3, H5, H11 and
equivalents) while the deshielding circuit affects to only 4 protons (H7, H9 and equivalents),
oppositely to the ortho-structures. The big shielding perimeter agrees with the strongly
paramagnetic values of the magnetic anisotropy found for the meta-isomers, especially when
the heteroatom is nitrogen. Therefore, the doping in meta- position makes the system mainly

antiaromatic because of the localization of the 7 density in the vicinity of the heteroatoms.
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Table 3: Nuclear magnetic shielding CTOCD-DZ2 in ppm for meta-diazacoronene and meta-

diboracoronene

Atom m-B, C,,H m-N,C,,H,,

O-J_ Ogqv 6X ) O-J_ Oqv 6Xa
BI/NI | 100.66 | 63.07 --- 18049 | 103.26 | ---
Cl 192.78 | 53.54 | 132.06 | 6432 |5.27 180.33
Cc7 14790 | 1573 | 169.87 | 151.79 | 91.72 | 93.88
Cll 153.14 | 56.63 | 12897 | 147.78 | 52.39 | 133.21
C21 14348 | 26.55 | 159.05 | 160.39 | 83.30 | 102.30
HI 2740 |26.54 |4.60 2994 | 2747 |3.67
H5 2831 |26.81 |4.33 3237 | 2828 |2.82
H7 2413 | 2552 |5.62 2547 2617 | 497
H9 2296 |25.11 |6.03 2348 | 2538 |5.76
HII 2921 |26.15 495 [3286 [29.60 |1.54

“Chemical shifts are referred to the theoretical TMS value o( *H)=31.10 ppm, o(*3C)=185.60 ppm.

In general, carbon nuclear magnetic shieldings are not used in the Ring Current Model to

rationalize the 7 electron estructure, since it is difficult to find local distinctive contributions

as the nuclei are inside the ring currents. Still, it could be stressed that carbon atoms in

diazacoronene are prominently more deshielded than in the boron-containing analogue owing

to the enormous induction effect of the nitrogens in the vicinity of them, which agrees with

studies of similar structures that possess this feature.”**** The presence of the doped boron

atoms did not appear to have an effect of the same magnitude, although the carbon was found

to be slightly deshielded with respect to coronene.
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3.2. Current Density

Figures 2-3 show the maps of current density induced by a magnetic field acting in a plane
perpendicular to the molecular plane (z direction for coronene and para—diazocoronene and x
direction for ortho— and meta— analogues). The current lines, modulus of the current density,
and three-dimensional perspective of the m current, all in a plane 0.8 a, above the molecular
plane, i.e. close to the maximum of the 7 density, are shown. Diamagnetic circulation is
represented as clockwise and paramagnetic circulation as anticlockwise. The contour maps
are shown in all cases with a value of 0.015nc cgs-emu au with n=1,2,3... and ¢ being the
speed of light in a vacuum (~137.036 au). Note that 3D maps show a perspective with the
molecular plane rotated 90° anticlockwise with respect to the contour 2D maps, in order to
illustrate with deeper detail the variation of the intensity of the density current along the

molecular structure.

The maps of & current density in coronene show a weak paramagnetic current with maximum
intensity of 0.032¢ a.u. in the molecule’s interior, and a large diamagnetic current that flows
around the exterior carbons with maximum intensity of 0.12¢ a.u. consistent with previous
investigations on coronene."***** After doping, only para-diazacoronene keeps the main
features of the current density maps of the non-doped molecule. It has concentric counter-
rotating ring currents, with an intense diamagnetic rim and paramagnetic hub indicating outer
very aromatic but inner non-aromatic circuits. The presence of nitrogen atoms in para-
position intensifies the peripheral diamagnetic current, which is especially intense in the
vicinity of the external carbon atoms at the heterocycle rings, where it reaches to 0.18¢ a.u. In
this area, the current density is almost twice larger than in coronene, as can be seen in the 3D
perspective of the system. Two diamagnetic circulation islands centered on the nitrogen atoms
can be found although with a lower intensity (0.8¢ a.u.) than the external currents. The
peripheral carbon atoms invert the current in the internal heterocyclic making it paramagnetic
as in coronene," but in addition for para-diazacoronene electronic density of nitrogen is
moved towards the periphery. The intense peripheral diamagnetic current is consistent with
the large deshielding of the protons and with the large diamagnetic anisotropy previously
found for para-diazacoronene, so confirming that doping with nitrogen in para- position

enhances the aromatic character of the PAH as well as delocalization of 7 -electrons.



Physical Chemistry Chemical Physics

zones of lower density.

Ly
1 m‘l i
H|||\|||

|

| e |
AU
(A R
“””Hh ’I|||||\‘ ‘ |HHH At
il
|l

|
||||||||||||||||| |||'
e

| I‘!"l"
"
| \||||I;‘| |

i (i \

“ ky| ||
i
| P‘llﬁ}w,l'ﬂ'”'lﬂl.
‘u‘u‘|l'|||H|||l
‘l\‘|‘|||||H|| ‘||

g
i Il
i

ll ‘
al
til
A
N
i

|
I

I
i
l

u
I

Page 12 of 25

Figure 2. Streamlines of the n current density (left), contour maps for the modulus with values 0.015nc,
n=0,1,2,..., (middle) and 3D-perspective of the maximum ring current on a plane at 0.8 bohr above the molecular
plane (right) for coronene, para-, ortho- and meta—diazocoronene (top to bottom). Diamagnetic circulation is
clockwise. The maximum 7 current modulus (contour step) values are 0.12, 0.18, 0.16, 0.18 ¢ respectively, in
cgs-emu a.u. In the plots of 3D-perspectives the molecular plane has been rotated 90° anticlockwise to show he

On the contrary, the 7 current density maps for the ortho- and meta- isomers are very
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different from those of coronene. The presence of the heteroatoms breaks the highly
symmetrical ring current found in coronene into distinct parts, reducing the area of the
molecule in which the s current density is shared equally, what reflects other findings that
explore reductions in symmetry from a highly symmetrical parent molecule.**** In the
analogues containing heteroatoms in the ortho position it is found a large diamagnetic ring
current extending to three carbon rings, which presents a pattern analogous to that of
phenantrene, and a paramagnetic current at the other side of the molecule, extending only
along the external ring containing the heteroatoms. The presence of the heteroatoms divides
the molecule in two distinct parts: a diatropic one around the carbon rings and a paratropic
one around the ring containing the two nitrogens. The currents at both parts have a significant
intensity, oppositely to coronene, and are separated by an area with low intensity. Therefore,
the interaction with the two nitrogens in ortho-position of the central ring enhances the
paramagnetic current of coronene and extends it towards the periphery, making the

diamagnetic current to retract at the opposite side.

I\
il
i
i
i
i I"‘“"W‘ﬁ“"H:'.m'“l
L
N

i
I ||ll:::===|”||"' I::H:H

i
i

i

1l
D ||| ‘;:“‘ 0.0p0
 f (i
il
AR St
R
il

i
i
!’ ||

Figure 3. 7 current density maps for (top to bottom) ortho- and meta—diboracoronene. Streamlines of the current
density (left), contour maps for the modulus with values 0.015x¢, n=0,1,2,..., (center) and 3D-perspective on a
plane at 0.8 bohr above the molecular plane. Diamagnetic circulation is clockwise. The maximum 7 current
modulus values are 0.095 and 0.160 c in cgs-emu a.u. for ortho- and meta- compounds respectively. In the plots
of 3D-perspectives the molecular plane has been rotated 90° anticlockwise to show he zones of lower density.
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Some differences are seen comparing the 7 current density of the N and B doped analogues
with ortho geometry. The magnitude and phenantrene-like shape of the induced diamagnetic
ring current is equal; this part of the molecule does not contain a heteroatom, so has an
identical structure. However the ring current resembles more closely that found on a
phenantrene molecule” in the boron-doped analogue since the intensity of the current is more
uniform than in the N-doped isomer. Furthermore, the paramagnetic current found in the
|=0.160c¢ a.u, centered around the

[=0.095¢ a.u,

nitrogen analogue was found to be significantly larger, IJ

heteroatom-containing lower benzene ring, than the boron analogue I,
reflecting nitrogen’s propensity to attract current density towards itself contrary to that the
boron. Two additional localized areas, with the shape of the local diamagnetic vortices found
in ethylene, are found either side of heteroatom-containing ring in both ortho analogues. They

are of relatively very low current density.

In the meta-doped analogues of coronene, heteroatoms again generate two counter-rotating
currents that divide the molecule in two parts, as observed in the ortho analogues. However,
now the maps representing the 7 circulation are dominated by a large paramagnetic current
(1J,.x/=0.183 and 0.160 ¢ a.u. for N- and B-compounds, respectively) that runs around all the
carbon centers except for the five found at the top of the diagram, i.e. following the perimeter
of all the heterocycles. In both cases, the magnitude of the current is greater than the main
ring current of coronene and in the opposite direction, being then paramagnetic. The
heteroatoms are found in the center of the ring current, the density of which is instead
concentrated on atoms C2, C5 and C6, where the visibly weaker diamagnetic current (0.03¢
au) and principal paramagnetic current flow together. The diamagnetic ring current
surrounding the two carbon-only rings is clearly more delocalized in the boron-containing
analogue, whilst the paramagnetic current density is found to be more concentrated on the
three aforementioned carbons in the nitro-containing analogue. Then, the occurrence of
heteroatoms in five of the seven fused rings allows for the existence of a great paramagnetic
circuit, so that the paramagnetic ring currents dominate almost the whole molecule, relegating
the very weak diamagnetic current to the two rings placed at the top of the system. The
paramagnetic circuits are very similar in the nitrogen and boron meta-doped analogues, since
the charge excess of nitrogen is transferred to the neighbor carbon atoms, with no significant

maximum being found.
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Summarizing, the pattern of the currents induced by an external magnetic field is very
different in the ortho and meta-doped isomers from that in the pristine and the para-doped
systems. In the former group, induced currents are not counter-rotating concentric currents as
in the latter, but hemi-perimetric opposite currents: diamagnetic in the carbon-only rings and
paramagnetic in the heterocycles. Therefore, doping in specific positions may divide the
system in an aromatic part and an antiaromatic one, whose extension can be moreover be
modulated. Obviously, the intensity and direction of the observed ring currents in the studied
compounds explain the calculated nuclear magnetic shieldings and the computed
susceptibility anisotropies: protons situated in the perimeter of paramagnetic currents present
high shieldings. Furthermore, the fact that the diamagnetic current is three times larger than

the paramagnetic ones is consistent with the calculated value of its diamagnetic anisotropy.

A different behavior is encountered when the doped analogues (with 4n+2 electrons) lose or
gain two electrons to become isoelectronic to the parent molecule (with 4n electrons). Then,
the position of the heteroatoms is not so relevant, but the number of electrons in determinant
instead. Both the dications of the nitrogen-doped systems and the dianions of the boron-doped
ones show current patterns very similar to that of the prisitine molecule (see Fig. 4): All of
them are characterized by two concentric counter-rotating 7w -rings currents, with a
diamagnetic rim and paramagnetic hub. The intensity and the delocalization degree vary
depending upon the position and type of heteroatom, although all are slightly less aromatic
than coronene. The maps of these systems resembles that of triaza-tribora-coronene (TTC)"
' wich is also isoelectronic to coronene, Anyway, the disubstituted systems considerd here
show the same paramagnetic circulation than coronene instead of the three circulation island

around the nitrogen centers found in TTC.
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Figure 4. = current density maps for (top to bottom) 0-B,C,,H,”, m-B,C,,H,”, p-N,C,,H,”*, o-
N,C,,H,,”*, m-N,C,,H,**. Streamlines of the current density (left), contour maps for the modulus with
values 0.015x¢, n=0,1,2,..., (center) and 3D-perspective on a plane at 0.8 bohr above the molecular plane.
Diamagnetic circulation is clockwise. The maximum 7 current modulus values are (top to bottom) 0.10, 0.11,

0.14, 0.08, 0.14 ¢ in cgs-emu a.u. In the plots of 3D-perspectives the molecular plane has been rotated 90°
anticlockwise to show he zones of lower density.
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3.3. Orbital contributions to the current density

The previous results can be easily rationalized on the basis of symmetry arguments since in
the ipsocentric CHF-CTOCD-DZ approach, the current density can be divided in orbital
contributions determined by the symmetry properties of translations and rotations. So, the
response to a magnetic field can be explained in terms of translation (T) and rotation (R)
transitions of the few electrons from the highest occupied orbitals to the lowest virtual
orbitals.”***"- As already pointed by Steiner et al.** the orbitals involved in the coronene 7 -
ring currents are the degenerate highest occupied molecular orbital (HOMO; e,,, that resolves
into b, ® a, in D,) and the degenerate lowest virtual molecular orbital (LUMO; e,,, that
resolves into b,, ® b, in D,;). In this way, the most important transitions from occupied to
virtual orbitals behave as a translation parallel to the XY molecular plane (I'(T,,Ty) = e,,, that

resolves into b,, ® b,, in D,,) and, consequently, produce diamagnetic contributions.

The case of the azaderivatives is a bit more difficult due to the presence of the extra two
7 -electrons of the nitrogens atoms. Even though a similar argument can be applied also to
the bora-derivatives, now with two electrons less, for the sake of brevity we will restrict
ourselves to the case of the nitrogen-doped systems. Firstly, the great difference in orbital
energy between HOMO and HOMO+1 (see Fig. 5) makes that the qualitatively most
important characteristics of the 7 -currents can be represented with only the two electrons in
HOMO. However, a complete qualitative picture as well as a quantitative description requires
the inclusion of six electrons. Furthermore, doping coronene implies the loss of symmetry that
goes from Dy, until D,, for the para- isomer and until C,, for the ortho- and meta- isomers.
Orbital degeneration, then, disappears and HOMO is not degenerate any more and the same
happens with LUMO. The HOMOs of the three isomers have symmetry equivalent to the
HOMO of coronene, since they come from the estabilization of a virtual orbital of the same
symmetry than HOMO. So, HOMO of the para-diaza-coronene behaves as b,, symmetry class
and ortho- and meta- as a, symmetry class. Basically, the same happens with the rest of
frontier orbitals (see Fig. 5). The rupture of degeneration of the LUMO is larger when the gap
is small (para- and meta- analogues) and this, together with the diminution of symmetry

explains the different magnetic response of each isomer.

In particular, for para-diazacoronene the six electrons in HOMO (5b,,), HOMO-1 (2a,) and
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HOMO-2 (4b,,) contribute to the 7 ring currents through transitions to the accessible virtual
orbitals LUMO (4bs,), LUMO+1 (4b,,) and LUMO+4 (3a,). All these transitions behave as
traslations parallel to the molecular plane (I'(T,) = b,, and I'(T,) = b;,) On the other hand, the
weak paramagnetic innermost current is associated to the transition 4b,, — 3a,, which
presents the same symmetry than a rotation around the field direction (I'(R,) = b,,) and is too
energetic to become significant. In addition, we recall that the separation between LUMO and
LUMO+1, reminiscents of the coronene LUMO, does not affect significantly the magnetic
response, since transitions from HOMO to both virtual orbitals contribute to diamagnetic
currents. Consequently, current density maps of the para- isomer shows a pattern very similar

to that of the parent molecule.
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Figure 5. Main orbital contributions to the 7= ring current in D,, para-diazacoronene, Dy, coronene, and C,,
ortho- and meta-. The orbital energy level diagram shows the z- z* transitions responsible of the complex
pattern of currents in these polycyclic 7 systems. Black arrows represent translational transitions, white arrows
represent rotational transitions and gray arrows represent mixed transitions from occupied levels.
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The substitution in ortho- and meta- positions implies a larger loss of symmetry that makes it
impossible to reach clear conclussions, since in the C,, group there are excitations contributing to both
paramagnetic and diamagnetic circulations. Still, the fact that in the ortho- and meta- isomers there
appear both diamagnetic and paramagnetic sizeable currents can also be rationalized in terms
of symmetry arguments, by taking into account that the rupture of degeneration of the
coronene LUMO in the meta- isomers are more intense than in the ortho- analogues,
diminishing the accessibility of the transition that generates purely diamagnetic currents, what
justifies the encountered antiaromatic character. So, the transition from HOMO (a,) to LUMO
(b,) 1s in both cases of b, symmetry, which is the symmetry class of translations parallel to the
molecular plane (T,) and of the rotations around the magnetic field (R,), giving then both
diamagnetic and paramagnetic contributions simultaneously, even though the encountered
currents seem to indicate that the paramagnetic contribution dominates at least in the case of
the m-diazacoronene. Furthermore, the transition HOMO (a,) = LUMO+1 (a,), which
behaves like a translational transitions (I'(T,) = a,), is almost exactly degenerate with the
previous one in the case of o-diazacoronene, but rather more energetic for the meta isomer.
This different behavior can explain the diamagnetic character of the ortho- derivative and the
paramagnetic one of the meta- isomer. The symmetry characteristics of the transitions from
HOMO-2 are the same than those just discussed since it is also of a, symmetry, while the

most important transitions from HOMO-1 (b,) are reversed compared to those from HOMO.

When considering the doped ions, which are isoelectronic to coronene because of the gain or
loss of two electrons, the number of low-energy accessible virtual MOs is increased. This
allows the existence of transicions contributing to diamagnetic currents that explain the
diamagnetic rim. On the other hand, the inner paramagnetic current is reinforced by the

transition HOMO-LUMO, which has an intense rotational component.

4. Conclusions

Since diatropicity (i.e. magnetic aromaticity) is due to the special mobility of the m electrons
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resulting from their delocalization, it can be deduced that doping with nitrogen or boron the
central ring of coronene —adding or removing two electrons, respectively— generates a
significant change in the delocalization of the m-electrons. The presented calculations reveal
that the magnetic response for the doped systems with 4n+2 electrons is independent of the
absolute number of electrons, but strongly dependent of the position of the doping agent
instead. Then, doping in para- position enhances the aromatic character of coronene; in otho-
position, weakens it and, finally, in meta-positions turns it antiaromatic. Hovewer, for the
corresponding di-ions, wich are isoelectronic to the 4n-electrons coronene, the position of the

heteroatom is basically irrelevant.

The change in aromatic character is a consequence of the change of m-ring currents on doping,
as diatropic and paramagnetic currents of coronene can be activated or deactivated through
the regulation of the doping position with nitrogen or boron. Hence, para-diazacoronene
shows an enhanced diatropicity compared to the parent molecule (with Ay 38% larger than
coronene), but with the same distinctive pattern of currents: an external intense diamagnetic
current and a weak internal one, indicating that innermost m-eletrons are localized and
outermost delocalized. Conversely, doping in meta- and ortho- position either with nitrogen or
boron produces the rupture of the peripheric diamagnetic current of coronene in two currents
of opposite directions: one paramagnetic and other diamagnetic. Thus, localized and
delocalized circuits are introduced in the molecule, in a way that the system is divided in two
parts with very different characteristics and whose area depends on the position of the
heteroatoms, making the paramagnetic zone the largest in the meta-analogues and the

opposite in the orho-isomer.

Finally the greatest difference between the nitrogen and boron analogues, in all geometries, is
that the localized paramagnetic ring currents in the nitrogen-doped analogues have a higher
current density than that of the boron-doped analogues because of the electronic excess in the
nitrogen derivatives.

Preliminar calculations on doped circumcoronenes seem to indicate that indeed the
aromaticity of graphene sheets can be modulated through doping. Work along this line is in

progress and will be object of a subsequent publication.
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Abstracts for the Table of contents entry.

paratropic

orto-substituted meta-substituted

By means of doping with nitrogen or boron in the central ring of coronene, it is possible to
modulate the size and intensity of the diamagnetic and paramagnetic 7 ring-currents
originated by an external magnetic field and then to switch from delocalized (aromatic) to

localized (antiaromatic) behavior.



