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Abstract

The spatial magnetic properties of aromatic compounds, through-space NMR shieldings (TSNMRSs, actually
the ring current effect in *H NMR spectroscopy), of a selection of polycyclic aromatic hydrocarbons (PAHs)
have been calculated using the GIAO perturbation method employing the Nucleus Independent Chemical Shift
(NICS) index and visualized as Iso-Chemical-Shielding Surfaces (ICSS) of various size and direction. The
deshielding belt in-plane of the aromatic moieties and around the periphery of PAHs unequivocally verifies the
aromaticity of PAHs at first glance. The shielding areas above/below the plane of mono- and polycyclic
aromatic moieties and/or the whole PAH characterize the extent of detectable aromaticity. Deshielding areas
found at the center of the non-aromatic moieties are the internal contributions of the deshielding belt. This

creates a holistic representation of the aromaticity of PAHs.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) often have unique optoelectronic properties and, therefore, are for
this reason often found as components of organic electronics as are light emitting diodes, transistors and
photovoltaic cells. Their optical properties are significantly dependent on structure and properties of the
PAHs, which depend not insignificantly on the local aromaticity of the individual rings and/or the global
aromaticity of the complete PAH. Relationships between the optical properties and the aromaticity of PAHs
are largely empirical and depend essentially on the extent of (anti)aromaticity(ies). The desired optical
properties of the PAHs thus determine the synthesis options and, among other requirements, considerably the
aimed aromaticity of the PAHs.

PAHSs are structurally polycyclic conjugated hydrocarbons; they are planar, in case of additional four-
and/or five-membered ring moieties and/or steric hindrance they deviate from planarity. Most of the available
six-membered ring moieties of PAHs are usually aromatic (dominated and classified by Clar’s m-electron
sextets),! but could also be non- or even assigned to be anti-aromatic. Relevant information about the local
and/or global aromaticity, non- or antiaromaticity is usually provided by theoretical calculations of the
corresponding causal local, global or peripheral ring currents®™ (vector maps are created in which arrows
indicate direction and intensity of the in-plane current and contours/shading the total magnitude);
anticlockwise (clockwise) circulations represent paratropic (diatropic) ring currents. At the same time and/or
alternatively a NICS®7:8 analysis is performed [NICS(0), NICS(1), NICS(1)rz values in plane or 1 A above plane in
the ring center or the corresponding scans].>* NICS(1)r.. parameters'® and scans consider only the n-
components of the NICS parameters and thus are in direct linearity with the corresponding ring currents.® The
final information is existing aromaticity (-NICSr.. values), antiaromaticity (+NICS,., values),
local/global/peripheral dia- and para-tropic ring currents, respectively.

Along the NICS analysis, only individual NICS values or NICS sans, in the centre and/or 1 A above ring
centre(s), are utilized;>!* further in-plane information inside the individual rings of PAHs or outside around the
PAH molecules is available but not yet taken into account. In the NICS-X and NICS-XY scans'4 the calculations
are extended beyond the molecules, however, the deshielding areas outside the molecules they are not
considered yet and therefore not taken into account. Coquerel and co-workers'® also calculated more-
dimensional visualizations of PAHs 1 A above the van der Waals surface of the molecules, but here the range
from +5.5 to -5.5 ppm was also not taken into account, not differentiated and all shown in gray.

Instead, we have a method in hand that takes into account, quantitatively differentiates and displays
the entire 3D spatial information'®-2? about existing dia- and paratropic regions of the ring current effect of
aromatic compounds in *H NMR spectroscopy outside and not only 1 A above the PAHSs; the latter information
outside the molecules, especially the in-plane deshielding belt of aromatic structures, has been neglected so
far and has not yet been included in the classification of PAHs but proves to be essential (vide infra).16-2°

To achieve and differentiate the comprehensive 3D spatial information of the magnetic properties, i.e.
the ring current effect in the *H NMR spectra of PAHs, is the reason for this study. This amounts to a holistic
view of the spatial magnetic properties, which not only indicate the m-driven ring current on site, but reflects
the aromaticity of the PAHs as a whole on the magnetic point of view.
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Results and Discussion

We employed our through-space NMR shielding (TSNMRS) concept®2° to qualify and quantify the spatial
magnetic properties (actually the ring current effect in *H NMR spectroscopy) of some selected PAHs. Along
with our concept, the chemical shifts (NICS values) are calculated for a grid of ghost atoms surrounding the
molecules in order to locate diatropic and paratropic regions inside and around the PAHs. The TSNMRSs are
visualized as iso-chemical-shielding surfaces (ICSSs) of various size and direction and are employed to qualify
and quantify the ring current effects of the studied PAHs - experimental AS/ppm values in the corresponding
'H NMR spectra of the studied PAHs are the molecular response property of our TSNMRS values.*®?°

As prime examples of PAHs, five compounds were first selected that were recently synthesized and
also examined for their aromaticity by NMR spectroscopy; they have been calculated [see experimental
section; structures are given in (Scheme 1)] and studied for their aromaticities on the magnetic criterion.

Scheme 1. Polycyclic aromatic hydrocarbons (1-5) studied.

The distorted hybrid corannulen dibenzobistetracene 1 was recently synthesized by the group of Hua
Jiang?! and the obtained results on the magnetic criterion [NICS(1)r; study and plots of the anisotropy of the
induced ring current(s)*3]?! have been compared by Dickens and Mallion with the quasi graph-theoretical
Hiickel-London-Pople-McWeeny (HLPM) method? of calculating m-electron ring currents.?? The two five-
membered rings of 1 were assigned to be substantially anti-aromatic, the six-membered rings to have
different aromaticity (from non- via reduced up to inevitably, entire aromaticity around the global perimeter
of the PAH);?%?? depending on the position in the molecule; differences in the aromaticity of present 6-
membered rings are observed.?122

The corannulene dibenzobistetracene 1 is not planar, rather slightly curved like a wave, the terminal
corannulene units are bowl-shaped;'* due to steric hindrance the freely rotating phenyl moieties are
perpendicular to the core molecule and their rt-electron sextets, inevitably not included in the m-delocalization
of the core molecule. The ring current effects of 1 (TSNMRSs of different size and direction) are given in
various visualizations by the ICSS(+5ppm) (blue, shielding) and ICSS(-0.5 ppm) (orange, deshielding) in Figure
1. The expected profile for a polycyclic aromatic hydrocarbon is apparent at first glance (compare with
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benzene in Figure 1, right, below): Shielding above/below the ring plane, deshielding in plane, both
24,25

qualitatively indicated by size and direction of 6(*H)/ppm of the corresponding protons.

Figure 1. Visualisation of the spatial magnetic properties (TSNMRSs) of 1 (in various views) and the side view
of benzene (left, blow) by different ICSS of -0.5 (orange) and -0.1 ppm (red), deshielding and 5 ppm (blue), 2
ppm (cyan), 0.5 ppm (green) and 0.1 ppm (yellow) shielding.

The in-plane deshielding belt [ICSS(-0.5 ppm) (orange)] is particularly characteristic and unequivocally
classifies the aromaticity of the PAH 1 as a whole and the benzenoid aromaticity of the aromatic nt-sextet ring
moieties on the edge. This deshielding zone outside around the aromatic molecule is in case of 1 not closed,
but partially covered by the strong shielding effects above/below the ring planes, because the extent of the
ICSS(-0.5 ppm), deshielding is only a tenth as strong as the shielding zone ICSS( +5ppm).

The benzenoid aromaticity of the individual rings on the edge is also clear in the interior of the
molecule: Due to the benzene-diction-identical ring current effect [ICSS(+5ppm) (blue, shielding)] the rings A,
B, C, D, G, H and | are aromatic, the remaining rings J, K and E are not aromatic (as are the symmetry-related
analogues). Finally, the five-membered rings in the terminal corannulene moieties of 1, which were classified
as anti-aromatic in both previous papers:2:22 The corresponding ring current effect above/below the plane of
these five-membered rings proves to be deshielding, however, of about the same size as in the deshielding
belt [ICSS(-0.5 ppm) (orange, deshielding)] outside the molecule. From this, it can be concluded that the
assumed antiaromaticity of the 5-membered rings??? is actually non-aromaticity and that the existing
deshielding zone is only the inner-molecular part of the paratropic deshielding belt in 1. This deshielding effect
is more pronounced than in the non-aromatic 6-membered rings J, K, and E, but here the deshielding belt is
effective on a smaller number of adjacent aromatic rings than on five 6m-benzenoid rings in the terminal
corannulene moieties of 1.

Just as clearly demonstrable from the ring current effects is the evidence of local and global aromaticity
of double and quadruple [5]helicenes 2, 3 and m-extended [n]helicenes 4 and 5 (Scheme 1). The compounds
have been synthesized and structurally characterized by Wei et al.;?® the aromaticity assessment of 2-5 is
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limited to the antiaromaticity comparison of the 5-membered rings contained in the compounds: The
antiaromaticity in 2 and 3 [NICS(0) = 9.37 and >9.13, respectively] was found to be substantially higher than in
4 and 5 (NICS(0) = 5.75 and 5.63, respectively).?®

j_ \ /
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Figure 2. Visualisation of the spatial magnetic properties (TSNMRSs) of 2 (top views above; side views below)
by different ICSS of -0.5 (orange) and -0.1 ppm (red), deshielding and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm
(green) and 0.1 ppm (yellow), shielding.

The helicene derivatives 2-5 are due to steric hindrance and present five-membered ring moieties not
planar, instead slightly wavy but still highly conjugated. The TSNMRS values [ICSS(-0.5) and (-0.1 ppm) orange
and red deshieldung, and ICSS(+5 ppm) blue, (+2 ppm) cyan, and ICSS(+0.5 ppm) green shielding have been
evaluated] unequivocally prove 2-5 to be PAHs (shielding ICSSs above/below the plane of the various ring
moieties and the dominant complete deshielding belt (Figures 2 and 3; compounds 2 and 4 are given, 3and 5
see Supporting Information). The suggested peripheral ring current?® is not detectable, but the individual
benzenoid ring moieties exhibit their own local and overlapping ring current effects. If the aromatic benzenoid
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rings in the structures of 2-5 are adjacent and behave like phenanthrene or naphthalene subunits on the
magnetic criterion, the ring current effects combine to form common representations such as those known
from the corresponding aromatic hydrocarbons, respectively.1”:18

Figure 3. Visualisation of the spatial magnetic properties (TSNMRSs) of 4 (top view above; side views below) by
different ICSS of -0.5 (orange) and -0.1 ppm (red) deshielding and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm
(green) and 0.1 ppm (yellow) shielding.

The conjugated 6m-aromatic benzenoid ring moieties A, C, Dand F (2and 3)and A, C,D, E, G, H, 1,J (4
and 5) exhibit the same ring current effect as benzene, however, the six-membered ring moieties E (in 2, 3)
and F, K (in 4 and 5), as well as the five-membered ring moieties B in all four compounds deviate from this.
They are non-aromatic: In the case of the 6-membered rings, the inner deshielding belt zone is covered by the
shielding ICSSs above/below plane; within the 5-membered ring moieties it is visible in the expected size.
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There are no major deshieldings above/below plane that could indicate partial antiaromaticity of the E and B
moieties, respectively.

Another two corannulene-based PAHs 6 and 7 have been synthesized by Qi Xu et al.?’ (Scheme 2) and
both global and local aromaticity was investigated by a NICSr ., study®'# and using the Anisotropy of the
Induced Current Density (ACID) calculation?® of potential ring currents.?’ The additional five-membered ring M
in 7 as the five membered rings F of the corannulene units in 6 and 7 were found anti-aromatic, the benzene
rings all to be aromatic except the central six-membered rings H and L, respectively, which were non-
aromatic.?’ The calculated ACIDs are in agreement with the NICSr ., calculations.?’

Scheme 2. Polycyclic aromatic hydrocarbons 6-8.

The TSNMRS visualization of the spatial magnetic properties of 6 and 7 on the magnetic criterion are
given in Figure 4. Like the former molecules and for the same reasons are the coroannulene/coronene
derivatives 6 and 7 bent like a bowl; thus, it is not so easy to represent three-dimensionally local and the
global ring current effects of these PAHs: However, the strong shielding ring current effect above/below the
bowl-like surface and the expressive deshielding belt in-plane around the complete molecules are
unequivocally indicated. The continuous ICSS (+5 ppm) of the aromatic rings is only interrupted in the area of
the 5-membered (F and M) and the six-membered rings H and L, respectively. These ring moieties are non-
aromatic as in the corannulene units of 1; the inner range of the deshielding belt is unexceptionally
identifiable based on the ICSS(-0.5 ppm) (deshielding, orange) in case of the 5-membered rings F and M, in
the six-membered ring moieties H and L, respectively, the inner deshielding belt part portions are not visible
due to coverage by the extreme shielding effects above/below the ring levels of the many neighboring
aromatic rings.
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Figure 4. Visualisation of the spatial magnetic properties (TSNMRSs) of 6 (above) and 7 (below) in various
views by different ICSS of -0.5 (orange) and -0.1 ppm (red) deshielding and 5 ppm (blue), 2 ppm (cyan), 0.5
ppm (green) and 0.1 ppm (yellow) shielding.

As a final example of the characterization the aromaticity of polycylic aromatic hydrocarbons on the
magnetic criterion, the slightly contorted dinaphthocoronene tetraamide 8 (Scheme 2) was selected which
was designed, synthesized und structurally characterized by Tan et al.?2 The common NICS(1)r ., analysis shows
strong aromaticity for all benzenoid rings except the central six-membered ring, which is found reduced in
aromaticity.?®. The accompanying ACID plot resulted in an outer 34m diatropic and an inner paratropic ring
current in accordance with the chemical shifts of the ring protons.?®
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Figure 5. Visualization of the spatial magnetic properties (TSNMRSs) of 8 by different ICSS of -0.5 ppm
(orange) and -0.1 ppm (red) deshielding and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm (green) and 0.1 ppm
(yellow) shielding.

The spatial magnetic properties [TSNMRSs, actually the ring current effect(s)] of 8 are visualized in
Figure 5. First, the aromaticity of the PAH 8 proves to be unequivocally indicated by the peripheral deshielding
belt [ICSS(-0.5 ppm), orange] and the shielding surfaces [ICSS of +5 (blue), +2 (cyan) and +0.5 ppm (green)]
above/below the plane of the only slightly twisted molecule. Further, the ICSS(+5 ppm) surface, blue, of 8
never exceed 4.2 A, the value already known from benzene, and the benzenoid moities of naphthaline or
phenanthrene!” 8 - thus, the composition of the PAHs out of benzenoid nt-sextets according to Clar’s rule! can
also be assumed for 8. The non-aromaticity of the central six-membered ring of 8 can best be recognized also
by the ICSS(+5 ppm): The deep incision and the resulting interruption of the ICSS(+5 ppm) surface confirms the
lack of involvement of this non-aromatic central 6-membered ring in the m electron delocalization of 8.
Identical results have been obtained for the coronene units in 6 and 7, and the corannulene unitsin 1, 6 and 7
(vide supra).

On the other hand, J. Tan et al.?® found a powerful 34m peripheral diatropic ring current effect in 8. Its
actual existence could also be proven using our TSNMRS method: In the side view of 8, visualized in Figure 5
(below, left), the corresponding ring current effect in the x,z plane is shown. It is dominated by the spatial
magnetic properties of the naphthaline moiety of 8, influenced by the anisotropy/ring current effects of the
structural environment. Except ICSS(+5ppm), blue, (due to the nonaromaticity of the central 6-membered ring
of 8) the ICSS of +2ppm and +0.5 ppm in 8 (5.2 A and 10.3 A, respectively) are significantly larger than in the
naphthalene reference (3.5 A and 6 A, respectively). This enlargement in 8 can be caused by the existence of
the calculated 34n diatropic ring current (and thus its existence could be proven);?® likewise, both ICSS could
also be strengthened among others only by the surrounding pentacene moiety.

For this reason and in order to clear up both options, the underlying PAHs coronene 9, corannulene 10,
and the corresponding monocyclic analogues 11-13 (Scheme 3) have been additionally and analogously
studied (in contrast to [18]annulene 11 the neutral monocyclic m-analogue of corannulene cannot exist, thus,
the corresponding [15]annulene cation 12 and anion 13 were calculated instead); the TSNMRSs of these
almost close to planar cyclic reference compounds 9-12 are given in Figure 6.
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The result proves to be unequivocal: Due to the m-sextet failure of the central six- membered ring in
coronene 9 and the five-membered ring in corannulene 10, respectively, both compounds possess only the
limited ring current effect which is composed only of the contributions of the peripheral six-membered
benzenoid rings. The [18]annulene 11 and the [15]annulene cation 12 instead can unhinderedly develop the
respective 18m and 14n ring current effects; both deshielding belts of 11 and 12 are more pronounced and
more intensive [11: ICSS(-0.5 ppm) = 9.9 A, orange; 12 [ICSS(-0.5 ppm) = 8.2 A, orange] than the
corresponding analogues of coronene 9 and corannulene 10 [9: ICSS(-0.5 ppm) = 8.5 A, orange; 10 [ICSS(-0.5
ppm) = 7.0 A, orange]. The same can be said for the shielding ICSS of +5 to +0.5 ppm (see Figure 5). Again, the
ring current effects in 11 and 12 are, comparable to the corresponding deshielding belts, much larger in 11
and 12 and impressively document the losses in the fuselage effects, which result only from the peripheral
benzenoid six-membered rings in 9 and 10, respectively.

Scheme 3. Polycyclic aromatic hydrocarbons 6-8.

The [15]annulene anion 13, due to the 16 conjugated m-electrons, proves to be anti-aromatic and the
associated ring current effect to exhibit a shielding belt of remarkable extend in-plane and deshielding ICSSs
above/below the slightly twisted (due to steric hindrance of the internal protons) molecule inverse to the ones
in 9-12 (see Supporting Information).

Subsequently it can be concluded that polycyclic aromatic hydrocarbons (PAHs) like 1-10 generally
consist of conjugated benzenoid 6m-units, the more the more stable the PAH and the more likely the
associated resonance contributor, all this in accordance with Clar’s rule.! Accordingly , the corresponding ring
current effect of PAHs is composed of the sum of the ring current effects of the unique benzenoid moieties
and not of a certain peripheral global ring current effect. Remaining non-mn-sextets of PAHs are non-aromatic
moieties and any paratropic contributions that may be indicated are due to the internal portion of the
deshielding belt of the benzenoid units and are not caused by partial antiaromaticity of the non-aromatic ring
moiety. If extended aromaticity (10m, 14n, 18-m, etc.) is structurally available (as e.g. in annulenes) then more
pronounced, correspondingly enlarged ring current effects are measured.
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Figure 6. Visualization of the spatial magnetic properties (TSNMRSs) of coronen 9, [18]annulene 11,
corannulene 10 and [15]annulenet*) 12 by different ICSS of -0.5 ppm (orange) and -0.1 ppm (red) deshielding
and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm (green) and 0.1 ppm (yellow) shielding.

Conclusions

The local and/or global aromaticity of Polycyclic Aromatic Hydrocarbons (PAHs) has been qualified and
quantified by the ring current effect in their 'H NMR spectra, which are unique for aromatic compounds. The
deshielding belt in-plane of the aromatic moieties and around the periphery of PAHs unequivocally verifies the
aromaticity of PAHs at first glance. The shielding areas above/below the plane of mono- and polycyclic
aromatic moieties or the whole PAH characterize the extent of detectable aromaticity but also the presence of
non-aromatic units within the PAHs both in accordance with Clar’s ni-sextet rule.! Deshielding areas are only
internal contributions of the deshielding belt and do not indicate anti-aromatic units of the PAH. This can
often simulate a minor degree of antiaromaticity,?® especially when the local and/or global aromaticity of
PAHs has been qualified and quantified by the ring current effect in their *H NMR spectra, e.g. when five or six
aromatic 6m moieties are bonded to a nonaromatic five- or six-membered ring in the center of the molecule,
as in coronene and corannulene moieties, respectively.

Experimental Section

The quantum chemical calculations were performed using the Gaussian 09 program package3° and carried out
on LINUX clusters. The studied structures were fully optimized at the B3LYP/6-311G(d,p) level of theory
without constraints.3! The obtained structures have been confirmed as local minima by performing harmonic
frequency calculations at the optimized geometries. The calculated structures have been tested for the
stability of the wave functions as closed-shell singlets.3> NICS values®’2 were computed on the basis of the
B3LYP/6-311G(d,p) geometries using the gauge-including atomic orbital (GIAO) method333* at the B3LYP/6-
311G(d,p)*~3 theory level.3® Variation of the basis set was found to be of non-significant influence on the
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NICS values.”18 To calculate the spatial NICS, ghost atoms were placed on a lattice of —10 A to +10 A with a
step size of 0.5 A in the three directions of the Cartesian coordinate system. The zero points of the coordinate
system were positioned at the centers of the studied structures. The resulting 68,921 NICS values, thus
obtained, were analyzed and visualized by the SYBYL 7.3 molecular modeling software;3° different iso-
chemical-shielding surfaces (ICSS) of —0.5 ppm (orange) and —0.1 ppm (red) deshielding, and 5 ppm (blue), 2
ppm (cyan), 0.5 ppm (green) and 0.1 ppm (yellow) shielding were used to visualize the TSNMRSs of the studied
structures in the various figures. ICSSs are a quantitative indication of the anisotropy effect in 'H NMR
spectroscopy;1®19 the computed shielding(deshielding) 1CSSs quantify the corresponding ring current effect in
1H NMR spectroscopy subject to the distance from the center of the molecules (in A).16-1° Since the SYBYL
program is no longer available, the spatial NICS values can also be visualized using GaussView.*°

External factors, such as solvents used in NMR, temperature, or pressure on the aromaticity results of PAHs
were not considered.

Supplementary Material

For the visualization of the spatial magnetic properties (TSNMRS) of the studied compounds 3, 5 and
[15]annulene®, and the coordinates and absolute energies of the compounds 1-11 studied at the B3LYP/6-
311G(d,p) level of theory see Figure S1, S2 and Table S1 in the Supporting Information File associated with this
manuscript
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