Aromaticity of acenes: the model of migrating circuits.
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ABSTRACT: The concept of migrating Clar's sextet is extended to explain the local aromaticity trends in linear acenes predicted by
different aromaticity criteria from theoretical calculations as well as from experimental data. The electron density of delocalized
bonds is used to assess the link between resonance and reactivity and to rationalize the constant-height AFM image of pentacene.

The aromatic n-sextet rule, originally proposed by Erich Clar
in 1972, allows one to rationalize reactivity of a great number of
polybenzenoid hydrocarbons by qualitative assessment of their
global and local aromatic character.? It states that the electronic
structure of a polycyclic benzenoid system is predominated by the
so called Clar structure, i.e. the Kekulé resonance form containing
the largest possible number of disjoint aromatic n-sextets (i.e. fully
conjugated benzene-like moieties). Accordingly, benzenoid spe-
cies can be divided into three groups: (I) those containing only ar-
omatic n-sextets and Clar’s ‘empty’ rings, e.g. triphenylene; (1)
those that have n-sextets and rings with only one double bond, e.g.
phenanthrene; (l11) and those containing rings with two double
bonds, e.g. anthracene.? Benzenoid systems from the first two
groups are characterized by a unique Clar structure with well-local-
ized n-sextets and their physical and chemical properties have been
proved experimentally and theoretically to be well-explained by
Clar’s aromatic n-sextet rule.2 Contrariwise, species from the third
group are usually described by a superposition of equivalent Clar
structures, giving rise to the so called ‘migrating’ n-sextet. In such
cases the original formulation of the aromatic n-sextet rule may not
give a clear answer to which ring is more stabilized than the other
(each position of the migrating n-sextet is equally likely).? Probably
the best example is the class of [n]acenes (n=3,4,5) as they have
been a subject of heated debate in literature for a long time (‘the
anthracene problem’)® owing to discrepancies between the ground-
state aromaticity descriptions provided by Clar’s rule (equally aro-
matic rings),? quantitative studies involving different local aroma-
ticity criteria (inner rings more aromatic than the outer ones or the
contrary),®# and the experimentally assessed reactivity (inner rings
more reactive towards addition and Diels-Alder reactions).5 In this
work we reconcile these seemingly conflicting descriptions by in-
troducing a simple extension of the qualitative concept of Clar’s

migrating n-sextet and we use it to rationalize the relationship be-
tween local aromaticity and the actual reactivity of anthracene, te-
tracene, and pentacene.

One of the fundamental limitations of Clar’s rule is that it ex-
cludes from considerations any other fully-conjugated circuits ex-
cept n-sextets (6m), thus being unable to describe the resonance ef-
fects between adjacent benzenoid units, i.e. the inter-ring reso-
nance. Consequently, the predicted global aromaticity of the
polybenzenoids may be systematically underestimated (especially
for systems from the third group of Clar’s classification).® Moreo-
ver, it has been shown many times by statistical analyses that by
taking into account higher z-electron circuits, i.e. n-dectets (10x),
n-tetradectets (14x), etc., one can explain most of the discrepancies
between local aromaticity descriptors based on magnetic, struc-
tural, and electronic criteria.” Generally, there is no universal
method to determine contributions from higher n-electron circuits
and thus to investigate the inter-ring resonance effects in polycyclic
benzenoid systems.® Linear acenes, however, are very specific in
this context, because here m-sextets may ‘migrate’ throughout the
entire system, which results in the (incorrect) uniform-ratio patterns
of relative local aromaticity — see the first column in Figure 1. To
include explicitly the inter-ring resonance effects in acenes, a nat-
ural extension of the original Clar’s concept has to be introduced
that considers similar positional isomerism for higher-order circuits
— see the second and third columns in Figure 1. In contrast to the
benzene-like moieties, superposition of the isomeric structures of
fully conjugated naphtha- and anthracyclic units introduces diver-
sity into the relative ring aromaticity. Furthermore, as shown in the
case of pentacene, the larger the migrating m-electron circuit, the
greater the diversity in the resulting pattern. The number of result-
ing motifs with different ratios equals exactly the number of sym-
metry unique ring positions in each acene. For instance, in the case
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Figure 1. Schematic representation of migrating n-electron sextets,
dectets, and tetradectets in [n]acenes, n=3,4,5, with the resulting
local aromaticity ratios.

of anthracene with two unique rings there are only two linearly in-
dependent patterns, i.e. (1:1:1) and (1:2:1), resulting from migra-
tion of m-electron sextet and dectet, respectively; here, the n-elec-
tron delocalization involving the entire anthracycle is fully equiva-
lent to Clar’s m-sextet migration. Similarly, the higher order n-cir-
cuits in tetracene (14w and 18x) and pentacene (18x and 22m) also
introduce linear dependence to the proposed model and as such
they are excluded from considerations. This is especially so in the
light of findings by Bultinck et al.,” who demonstrated that it is
possible to nearly quantitatively reproduce the ring-current maps of
a large number of aromatic polycycles by involving 67-, 107-, and
14n-circuits only.”

From an algebraic point of view, the model of migrating n-cir-
cuits relies on a system of linear equations that in the matrix nota-
tion, for pentacene, can be compactly represented as follows:
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Here the columns of the 3x3 matrix collect the linear coefficients
related to each of three different patterns of relative aromaticity of
rings in pentacene (see the bottom of Figure 1); the R-values repre-
sent the relative ring aromaticities with respect to the central ring
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(assumed to be 100%) calculated using selected aromaticity crite-
rion, while Wez, W10z and W14z stand for percentage weights of the
corresponding m-electron circuits. Accordingly to the above men-
tioned arguments, for anthracene and tetracene we assume Rinner =
100% and W14z = 0. Solving Eq. (1) for given R-values allows one
to determine if and to what extent the inter-ring resonance effects
contribute to the global aromaticity of acenes within the framework
of particular aromaticity criterion. That is, the greater Wex the lower
magnitude of the inter-ring resonance effects and hence the more
reliable is the original n-sextet model by Clar. To illustrate how this
simple extension of Clar’s concept works in practice we selected
six commonly used quantities representing electronic (Ir, PDI,
Hrcp, and EDDB), structural (HOMA), and magnetic (NICS) cri-
teria of aromaticity; a brief description of these quantities with full
references can be found in the review by Feixas et al.® and in our
recent comparative studies.® To determine R-values we used data
from independent benchmark study for all of the above-mentioned
descriptors at the density functional theory level;® specifically, we
chose the ®B97X/cc-pVTZ method as it provides the most reliable
description of electron delocalization and the best (of all tested
methods) reproduction of experimental geometries and ionization
potentials of all three acenes.*

The results indicate that, despite apparent qualitative similar-
ities (Figure 2) in local aromaticity trends shown by most of the
indices, the calculated contributions of the corresponding m-elec-
tron circuits differ dramatically(Table 1) and divide aromaticity de-
scriptors into two groups. The first group of quantities, i.e. Ir, PDI,
and especially Hrep, preserves to a large extent the local (benzene-
like) nature of aromatic stabilization and seems to only echo the
conjugation effects between adjacent rings in all cases (up to about
20% for pentacene). These indices give the largest weight to 6m-
circuits. This result is in line with the Glidewell-Lloyd rule,*® an
extension of Clar’s rule, stating that the total population of r-elec-
trons in fused conjugated polycyclic systems that have a closed-
shell singlet ground state tends to form the smallest 4n + 2 groups.?
Moreover, the result of the first group of indices may be regarded
reasonable as aromaticity indicators like Ir and PDI principally re-
fer only to cyclic delocalization of electrons within particular ring
solely (the intra-ring resonance),® and they only indirectly take into
account the inter-ring resonance effects, since equilibrium geome-
tries (for which the indices are computed) are determined by the
balance between electrostatics, Pauli repulsion, charge transfer, o-
system contributions, and other effects that may principally have a
non-local nature.'® All these factors introduce structural differenti-
ation into the consecutive ring positions in acenes making the C-C
bond lengths more equalized in inner rings rather than in the outer
ones.® This is particularly confirmed by HOMA, which directly
quantifies aromaticity in terms of bond-length alternation.’* As
shown in Figure 2 and Table 1, HOMA indeed predicts significant
diversity of ring aromaticity in acenes (e.g. terminal rings in penta-
cene are only half as aromatic as the central one). Thus, accordingly
to the presented model, the inter-ring resonance effects seemto rule
the roost in this case (up to 85% for pentacene). In fact, HOMA has
already been shown by graph-theoretical methods to exhibit a non-
local characteristic in polycyclic aromatic systems.*! But the most
surprising fact is that, despite methodological differences, also
NICS(1) and EDDB show nearly the same magnitude of non-local
resonance contributions. On average, aromaticity indices from the
second row in Figure 2 predict predominating role of the inter-ring
resonance effects from about 60% in anthracene through 75% in
tetracene up to 85% in the case of pentacene. Admittedly, indices
like NICS(1)z tend to be criticized severely as aromaticity
measures owing to their proven non-local character caused by mix-
ing of different ring currents.*3!4 But, since HOMA and EDDB (by



Figure 2. Relative ring aromaticities (R) based on different aroma-
ticity criteria. Computational data taken from Ref. 9a.

Table 1. The percentages of individual n-circuits obtained by solv-
ing Eq. (1) with R-values taken from Figure 2.

Index Anthracene Tetracene Pentacene
Wer  Wior Wer Wior Wer Wior Wigr
Ir 86 14 80 20 77 2 21
PDI 88 12 82 18 79 6 15

Hrcp 98 2 98 2 98 2 0
NICS(1)z 40 60 20 80 9 46 45
HOMA 44 56 26 74 15 46 39
EDDB 36 64 32 68 21 46 33

definition, a global measure of aromaticity and resonance)® quanti-
tatively confirm predominant role of the inter-ring effects in
acenes, the non-locality manifestations by NICS(1)z cannot be fur-
ther regarded only as a methodological artifact,'* at least in the case
of acenes.

The experiment seems to be in favor of the second group of
aromaticity indicators. For instance, let us focus on the pentacene
molecule. Apart from structural and energetic properties discussed
elsewhere,® the experimental *H NMR spectrum obtained by Na-
gano et al.’® reveals that the aromatic protons in pentacene are
shifted downfield for about 3.7 ppm (central ring), 3.3 ppm (inner
rings) and 1.9 ppm (terminal rings)** from the reference chemical
shift of non-aromatic protons in 1,3-cyclobutadiene (on average,
SH.av = 5.5 ppm).15¢ Solving Eg. (1) with these particular numbers
(appropriately normalized to the corresponding R-values) gives
Wer = 13%, Wiox = 54%, and Wis: = 33%, which perfectly agrees
with the theoretical predictions by NICS(1).z, HOMA, and EDDB.
But even more impressive evidence for the overwhelming non-lo-
cal character of the resonance effects in pentacene is provided by
image of pentacene from the constant-height atomic force micros-
copy (AFM) obtained by Gross et al.'® Admittedly, it has been
demonstrated many times that the AFM as well as the scanning tun-
neling microscopy (STM) images of polycyclic aromatic hydrocar-
bons show patterns that resemble very much the unique Clar aro-
matic structures (i.e., rings with localized Clar n-sextets are indeed
better marked in the STM/AFM images).t” But as shown in Figure
3, within the AFM image of pentacene the most visible are the outer
edges of terminal rings suggesting strong localization of electrons
in these fragments (c.f. the AFM image of hexabenzenocoro-
nene).’" It turns out that this characteristic pattern can be rational-
ized within the framework of the recently proposed electron density
partitioning scheme, 8 in which one extracts from the total molec-
ular density ED(r) the components representing localized bonds,
EDLB(r), and delocalized ones, EDDB(r). The latter function is
congeneric with the EDDB index and provides a global view on the

resonance effects in molecular systems.'® Even a cursory look at
the EDLB(r) and EDDB(r) maps (calculated at the same theory
level as the aromaticity descriptors) presented in Figure 3, shows
that all the inter-ring contributions to resonance concern mainly the
central anthracyclic unit, while the outermost rings preserve to a
large extent the electronic structure of two well localized double
bonds. A striking resemblance between the experimental AFM im-
age and the calculated EDLB(r) map, supported by the results col-
lected in Table 1, leaves no doubt that inside the pentacene mole-
cule electrons are delocalized over much larger distances than a
single hexagon. Furthermore, along with expansion of the volume
occupied by the electrons delocalized through the inter-ring reso-
nance between central ring and the inner ones, one should also ex-
pect an increase of polarizability in this area.’® Indeed, theoretical
calculations based on the DFT concept of the so called local soft-
ness S(r),%° depicted in Figure 3, clearly show that in pentacene car-
bon atoms in the central anthracycle (and especially in the central
ring) are the most reactive centers in the entire molecule, at least in
the context of the maximum hardness principle.? In the light of the
experimental data, this is directly confirmed by the fact that the
central ring in pentacene (but also in anthracene and tetracene) is
protonated, adds bromine, and undergoes Diels-Alder reactions
readily.> Other authors have attributed the larger reactivity of the
central ring of pentacene to the generation of an extra n-sextets (and
also an extra m-dectet in our model) in the final adduct.?50.df

To summarize, in this work we have demonstrated using the
model of migrating z-circuits that the local aromaticity concept, in-
tuitively connected with cyclic delocalization of electrons, is actu-
ally of minor importance in the context of structural properties and
reactivity of [n]acenes (n = 3,4,5). The results of theoretical calcu-
lations supported by experimental data provide irrefutable evi-
dences for Clar’s m-sextets migration in these systems, and clearly
show that the link between the theoretical concept of aromaticity
and the real electronic structure (revealed by the constant-height
AFM imaging technique) entails separation of intra- and inter-ring
resonance effects, which in the case of acenes comes down to solv-
ing a system of simple linear equations.
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Figure 3. “Images” of pentacene obtained from experiment and
quantum-chemical calculations involving n-electron density. The
AFM image reproduced from Ref. 16 with permission from AAAS.
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