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In the present study, we verify theoretically the performance of a previously introduced qualitative simple
rule for aromaticity, theY-rule which determines the relative aromaticity of each hexagonal ring in
pericondensed benzenoid polycyclic aromatic hydrocarbons (peri-PAHs). The Y-rule extends the sextet
double bond description of Clar’'s model for peri-PAHs by predicting, in an easy way, the most likely location
and total number of aromatic sextets in the structure. The finalectronic distribution thus obtained
corresponds to the superposition of the most important Clar structures. The problem of the number and location
of aromatic sextets in peri-PAHs involves the very concept of aromaticityzz#électronic distribution obtained

by the Clar sextet principle (or model) as determined by the Y-rule is compared witheleetronic distribution
obtained from nucleus-independent chemical shift (NICS) calculations for various series of benzenoid peri-
PAHSs. The NICS values were used to assess the relative aromaticities of the individual rings in the peri-PAH
compounds. We found that the simple heuristic Y-rule predicts for all the calculated systems the same relative
aromaticities given by the NICS calculations, and for the case of peri-systems with very high symmetry (like
the compact peri-PAHS) it reinforces the picture derived from the NICS calculations. In these cases, the
NICS results can be complex due to symmetry. The advantages of the qualitative Y-rule are that it is of
particular importance for the case of large peri-PAHSs, it takes only a few minutes to be applied following a
very easy methodology, and it provides a quick answer about the aromaticity and location of the resonant
sextets in peri-PAH compounds without having to carry out theoretical quantum chemistry calculations that
take time and that can be costly depending on the size of the system.

1. Introduction

One of our major interests is the understanding of the structure
of petroleum asphaltenes and their aggregation prdcéss.
Asphaltenes are thought to be polycyclic aromatic compounds
(PACs) similar to pericondensed polycyclic aromatic hydro-
carbons (peri-PAHS) but containing heteroatoms (N, O, S) and
alkyl side chains in their structure; see Figure 1.

We showed in a previous stutiyhat the stability and
reactivity of the asphaltene molecules are closely associated to
the stability and reactivity of their polycyclic aromatic hydro-
carbon (PAH) core. The highest occupied molecular orbital
lowest unoccupied molecular orbital (HOMQUMO) gap
magnitude of benzenoid PAHSs is related to their aromaticity
(i.e., to the number of aromatic resonant sextets (Clar’s sextets)
present in the structure) which in turn is related to the spatial
distribution of the hexagonal fused ring¥. Thus, to understand
the aromaticity and reactivity of asphaltenes, it is necessary to
understand the aromaticity of peri-PAHSs.

The concept of aromaticity has been under discussion for
more than 135 years since its introduction mainly because
neither the aromaticity nor the ring currents (delocalization of
m-electrons) are physical observables. &favas the closest in
recognizing the aromaticity of benzenoid PAHs. He _pro_posed Figure 1. A proposed structure of a petroleum asphaltéfiegne fused
the Clar structures of the PAH compounds presented in his book 5.0 matic ring (FAR) region, composed by a pericondensed polycyclic

The Aromatic Sexteby studying their reactivities, NMR  aromatic hydrocarbon (peri-PAH) core with heteroatoms, is highiighted
properties, and UV spectra and combining the experimental factsin bold.

with his intuition? Clar's work shows that the placement of

resonant sextets in PAHSs is not completely arbitrary. His work
* Corresponding author e-mail: yruiz@imp.mx can be summarized through Clar’s rules. The aromatic sextets
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Fries® suggested that a single Kekwialence structure having
@ > © the maximal number of Kekllleenzene rings is dominant. The
valence bond calculations assume that all Kéekuence
I I structures, some in greater extent than others, contribute toward

the description of conjugated PAHSs, and according to Clar some
Kekule valence structures apparently are more important for

characterization of properties of benzene hydrocarbons than
others. About this situation Randic mentions in the prologue of
ref 10 20

Figure 2. Resonant sextet. The resonant sextet confers a stability of When more than one Clar structure is possible, we

36 kcal/mol to benzene, and it involvesitelectrons. select the most important Clar structure, whits yet

. . ] . to be recognized .Molecules with symmetry may have
are localized to a single benzene ring separated from adjacent more than one such ‘most important’ Clar structure that
benzene rings by formal -€C single bonds (i.e., sextet rings will be symmetry-related. It is an open problem to
and formal double bonds must be separated by one formal single  establish whether there are two or more symmetry-
bond from each other). Sextet rings are considered to be main  ynrelated Clar structures having the same number of
aromatic centers. Formal double bonds indicate that these C quinoidal rings, in which case additional criteria may have
bonds have polyene-like character, and the best Clar structure to pe considered to establish the most important Clar
is the closed-shell one with a maximum number of sextet rings.  structure.

Another way to put the Clar rules, to generate Clar structures,

which contain Clar aromatic sextets, is the one given by Dr.  Other limitations of Clar's model is that some large poly-
Randic in ref 10: “Inscribe in non-adjacent benzene rings of a benzenoid systems have but few Clar structures, which can

polycyclic benzenoid hydrocarbon the maximal number of proliferate with increases in size of the system. This is the case
circles (r-sextets) so that for bonds not involvedsrsextets ~ ©f the second higher member of the “cove” homologous series
one can complete the KeKulalence structure.” starting with hexabenzocoronene where there is a drastic

The individual benzene rings are the main contributors to proliferation, possibly an exponential growth, of Clar struc-

o, . . Bt tures?0
the aromaticity Of. benzgnmd polycycllcs_. A _Clar struc ' On the other hand, there are exceptions to Clar’s rules such
a PAH molecule is depicted as a combination of the maximum 4
. - . as the cases of benzocoronene and tetrabenzoperylene for which
number of isolated andbcalized aromatic sextets, for that

. . . Clar proposed “lesser” Clar structures in order to account for
molecule, with a minimum number of localized double bohds. . p .
. . . some observed chemical behavidiThese “anomalies” led to
In general, a PAH molecule with a given number of aromatic

U o . the notion of the “generalized Clar structures” of Hosoya and
sextets is kinetically more stable than its isomers with less 1o .
. s Yamaguchg! which are obtained from a Clar structure by

aromatic sextets | . g
, . L erasing one or more aromatic sextets. This in turn led to the

Clar's resonant sextet or aromatic resonant sextet implicates«sanonical Clar structures” defined by Herndon and Hos®8ya,
three double bonds that in total involve shelectrons thatare  hich are a particular subset of the generalized Clar structures,
permutable within the same hexagonal ring. In Figure 2, the 5.4 tg the “resonant Clar structures” of Rantig3 which are

resonant sextet of benzene is shown. The circle notation cqnsirycted by the superposition of only Kekateuctures with
represents the resonance of states | and II; see Figure 2. Thgpa same degree of freedom.

term “aromatic stabilizatio?®7 is still well accepted and is The understanding of the aromaticity in peri-PAHs will
estimated to be_ 36 kcal/mol for benzene (i.e., for each resonan'[provide the most important Clar structure that might be unique
sextet present in the PAH structure). for some PAHSs or the resultant of the superposition of two or

There are PAH compounds that have only a single Clar more “most important Clar structures”. In this direction, several
structure; in this group the full resonant structures or “fully efforts have been done to calculate the aromaticity in PAHSs.
benzenoid” are included. There are benzenoid PAH compounds  Hosoy&4 et al. and Aihar# proposed an extension of the
for which one cannot draw a unique Clar structure. For these Hiickel rule which can reasonably be applied to the polycyclic
cases, one has to draw two or more Clar structures due to thegromatic hydrocarbons systems to determine their aromaticity.
occurrence ofr-sextet migratiorf. 1018 Here is where we get  The Hickel rule strictly applies to monocyclic polyenes. Hosoya
in trouble. et al2* introduced a modified semianalytical topological index

Just as is the case with the Kekwlalence structures, there as stability criterion of PAHs. The modified topological index
are many benzenoid hydrocarbons that have more than one Clais proposed for estimating the totatelectron energy. Other
structure (with the highest number of resonant sexté&#hich approaches in the literature to aromaticity criteria are the
one should one draw? Which one or ones are the responsibleHerndon-Randic theory of conjugated circuit%;3! Aihara’s
for the aromaticity? The pioneering work of Clar on the clari- graph theory* and Schleyer’s nuclear independent chemical
fication of the aromaticity makes skillful use of the placement shift (NICS)32 All of these theories are consistent with the Clar
of the sextets through Clar’s rules. However, the Clar rules, as concept of aromatic sextets.
they are, only help us to construct Clar structures but do not  Several aromaticity indices are defined in the literature based
help us to solve these questions. Clar’s rules do not tell us, in on different criteria:224-32 There are energy-, geometry-, and
an easy way, which is the most important Clar structure(s) to magnetic-based aromaticity indices. The magnetic-based aro-
represent any peri-PAH’s aromaticity. Mainly due to this maticity indices such as the nucleus independent chemical shift
situation there is an unfortunate and misleading misuse of the (NICS)*? are related to the magnetic properties of molecules.
circle notation to represent aromatic sextets in PAHs. The misuseMolecules with cyclic conjugateck-electron systems, like
of the circle notation, in all of the hexagons, in PAH structures benzene and PAHSs, present a stronger diamagnetic susceptibility
to represent the-electronic distribution and aromaticity must as compared to noncyclic conjugateeystems. The “magnetic
stop. anomaly” is due to the ring currents in theelectron systen
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The nucleus-independent chemical shift (NICS) was intro- with the carbon atom ratio in peri-PAHs (double bond/aromatics)
duced by Schleyer et 8.in 1996 as a new aromatic index obtained with it.
which is defined as the negative value of the absolute isotropic  In the present paper, we compare thelectronic distribution
magnetic shielding at some selected point in space (e.g., at theobtained from the Clar sextet principle, as determined by the
center of a ring that is being probed, NICS(0), oA above Y-rule, with the z-electronic distribution obtained from the
the geometrical center of the ring that is being probed, NICS- NICSs to verify theoretically the performance of the Y-rule,
(1)). The NICS data are reported with the reverse signs in orderwhich helps to establish the most important Clar structures
to conform to the NMR chemical shift conventions (negative (MICSs) in peri-PAHs, of any size, and the superposition of
upfield and positive downfield). Significant negative (i.e., the MICS gives as a result thea-electronic distribution
magnetically shielded) NICS values in interior positions of rings responsible of the aromaticity. The NICS values are used to
or cages indicated the presence of induced diatropic ring currentsassess the relative aromaticities of the individual rings in small
or “aromaticity” whereas positive values (i.e., deshielded) at and large peri-PAH compounds. It has already been demon-
each position denote paratropic ring currents and “antiaroma- strated in the literatuf@1832:34.35404%hat the NICS values
ticity”. 32 The NICS criterion is now widely appli€tlin many represent strong theoretical support for Clar’s picture of aromatic
ab initio and density functional studies which have demonstrated = sextets. The advantages of the qualitative Y-rule are that it is
that NICS is a useful indicator of aromaticity and generally of particular importance for the case of large peri-PAHSs, it takes
correlates well with the energetic, geometric, and magnetic only a few minutes to be applied following a very easy
criteria for aromaticity?® methodology, and it provides a quick answer about the aroma-

However, none of the aromaticity theories provides, in an ticity and location of the resonant sextets without having to carry
easy and direct way, information about the maximum number out theoretical quantum chemistry calculations that take time
of resonant sextets present in PAH structural isomers and theirand that can be costly depending on the size of the system.
topological localization in the structure (i.e., none of them es-
tablishes in an easy way the most important Clar structure(s)). 2. Computational Details
Which Clar structure or structures of any peri-PAH are most
responsible of its aromaticity? To answer this question is even
more complicated for the case of large peri-PAHs. Schleyer,
who is the world’s leading proponent of the magnetic criterion
for aromaticity, has mentionétithat large polycyclic aromatic
hydrocarbons, referring in particular to those synthesized in
Mainz and described by Watson et®lindeed, “... are beautiful
and these extended systems create challenging problems for

any discussions inta-structure ..." . ; -
The NICS calculations were carried out using the GIAO-

6 -
Watson et af® have shown that macromolecular and su DFT# method as implemented in the Gaussiarf*Ggckage
pramolecular structures can be obtained upon use of benzene

as a regular building block and they have focused on the Using the force field optimized structures.

occurrence ofr conjugation, or lack thereof, originating from eﬁrg:trrri](r:g)ll ?;ﬁ?;rvﬁsesgﬁ tsgxgnggeinmtgiae%ﬁ_r' EL?SCetu?te;ht%
the repetition of the aromatic benzene units in various motifs g Y

for the construction of new materials. The size, the topology of EZ:EE:ZS :Eg :\\:Ilgg((%) ' gggkaeé fgg;%?;gﬁ;?cxﬁgﬁ Iaré?u:joes
the ring fusion, and the periphery of PAHs as molecular graphite : : . S .

; - R . the Slater exchange along with corrections involving the gradient
subunits are crucial not only for the electronic discussion at of the density*> was used together with the correlation functional
the molecular level but also for the packing of PAHs in both ' g

two and three dimensions. Particularly mixed ordered layers of of Lee, Yang, and Paﬁﬁw_hlch includes both local and nonlocal

. : terms (i.e., B3LYP functional).
electron-rich and electron-poor conjugated molecules open new . S
applications for molecular eletronié%:38 Recently Samori et Itis well-known that the shielding tensor and NICS deé%ery
al38 have reported the self-assembly of very large unsubstituted Zi?lf:l\é? etto afssr,]sezﬁ,ﬂ%rﬁgdenséztieojs?gf tt;]aesgs_ssi%t‘ (d) Ybaéis
PAHSs from solutions into epitaxial composites for the fabrication Y e S X
of high-performance electronic devices. The donating or ac- However, a sufficiently large basis is needed for an accurate

cepting properties of these nanographenes are controlled by theifjescrlptlon of th? chemical shift. Thu.s, we used a ba3|§ set that
) . e . - Is augmented with two sets of polarization functions (i.e., the
size and shape as well as functionalities in their peripFery.

The understanding of the-density distribution in these systems, 6-3,;1IIG(fdt,hp) basis sef()j‘. bered dina to the fi
by finding the most important Clar structures out of all the ol the compounds are numbered according o the figure

possibilities, is a challenge that has to be overcome in an easyWhelre they appear. We use a combination of an Arabic number

practical way. For this purpose, we propose the use of the Y-rule."’.md a letter. In general, the Arabic numbgr corresponds to the
; L figure number and the letter to the different compounds
In a previous papef,we presented a new qualitative rule,

- ) considered in that figure.
the Y-rule, which determines the number of resonant sextets
and their most likely localization in benzenoid peri-PAHs, or
in the perisection in PAHs, without having to calculate the
electronic structure of the system or to calculate the aromaticity  3.1. The Y-Rule in Identifying Clar Structures. In a

with a theoretical expensive method. previous study,we found that the magnitude of the HOMO

The validity of the Y-rule has already been proven experi- LUMO gap in benzenoid PAHSs is closely related to the number
mentally. It has been used to explain the observeed 0  of fused aromatic ringsnFARS), to the spatial arrangement of
fluorescence emission band of peri-PAHand very recently the fused rings, to the percentage of compactness or degree of
Bergmann et al? have found a correlation of the 4s* line condensation Rc) of the structure, and to the number and
width, obtained from carbon K edge X-ray Raman spectroscopy, location of resonant sextetblg) in the structuré.

The structural optimization of the PAH systems was done
by performing force-field-based minimization using the energy
minimization panel in Cerius2 version 4 and the COMPASS
consistent force field as it is provided in the Cerius2 pacKédge.

COMPASS (condensed-phase optimized molecular potentials
for atomistic simulation studies) force field was used in all the
optimizations because it has been tested and validated exten-
sively against experiment for many organic molecules.

3. Results and Discussion
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Figure 3. Calculated HOMG-LUMO gap for some benzenoid polyaromatic hydrocarbon compounds with five, six, eight, and nine fused aromatic
rings (5FAR, 6FAR, 8FAR, and 9FAR). The compounds of each FAR family are isomers with the same stoichiometry and same structural parameters.

TABLE 1: Number of Nonradical Isomers Associated to Each Stoichiometry of FAR Systems and Structural Parameters

system stoichiometfy ~ Pcbd number of isomers Ng? Npg? dse Cy® Cpa? Cint®
4FAR CieH1o0 100% 1 2 2 0 2 4 6
5FAR GooH12 50% 3 3,2 1,4 1 2 6 8
6FAR GCooHio 82% 2 3,2 2,5 0 4 6 10
CaaHua 33% 13 (1) 4 (full),9 3, 2 0,3,6 2 2 8 10
7FAR GoaH12 100% 1 3 3 -1 6 6 12
CoeH1a 65% 9 4,3,2 2,4,7 1 4 8 12
CaogHie 25% 62 4,3,2 2,5,8 3 2 10 12
8FAR GogH1a 75% 8 4,3,2 2,5,8 0 6 8 14
CaoH1e 45% 58 (13 6 (full),95,4, 3, 2 0,3,6,09, 12 2 4 10 14
CsHis 20% 295 54,3,2 1,4,7,10 4 2 12 14
9FAR GaoHa4 89% 3 43,2 3,6,9 -1 8 8 16
CsHie 60% 46 54,3,2 1,4,7,10 1 6 10 16
CasHis 33% 335 54,32 2,5,8,11 3 4 12 16
CseH20 16% 14401y 6 (full),95, 4, 3,2 0,3,6,9,12 5 2 14 16
10FAR GoHia 100% 1 4 4 -2 10 8 18
CasHie 66% 34 54,32 2,5,8,11 0 8 10 18
CaeHis 49% 337 (3) 6 (ful),95,4,3,2  0,3,6,9, 11 2 6 12 18
CsgHzo 28% 1987 6,5,4,3,2 1,4,7,10,13 4 4 14 18
CaoH22 14% 6973 6,5,4,3,2 2,5,8,11,14 6 2 16 18

a Reference 49 See text and ref 7 for more detailed information about the topological eleniétes not includes stereocisometfercentage
of compactness$. Number of isomers with full resonant sextet structures and no localized double h@hesaumber ofr electrons is equal to the
total number of carbon atom$Total number of resonant sextets in the full resonant sextet struététthough the total number of electrons
in each of these stoichiometries is divisible by six, they cannot be full resonant structures or to reach théNmigbeatise theiPc is higher than
79% from 7FAR on! The systems with 100% of compactness have only one isomer.

In Figure 3, the calculated HOMELUMO gap of some In Table 1, all of the stoichiometries for benzenoid peri-PAHs
peribenzenoid polyaromatic hydrocarbon compounds with with 4 fused aromatic rings (4FAR) to 10 fused aromatic rings
five, six, eight, and nine fused aromatic rings (5FAR, 6FAR, (10FAR) are given together with the percentage of compactness
8FAR, and 9FAR) are presenté@he compounds of each FAR  (Pc). The percentage of compactness is a measure of the degree
family are isomers with the same stoichiometry, same num- of condensation of the PAH structure. The PAHs with 100%
ber of & electrons, and same structural parameters; how- compactness have a structure that is the most compact; this is
ever the PAHs isomers, in a PAH family, with the highest the case for the pure peri-condensed (circular) systems.
number of resonant sextets present the largest HOMIMO In Table 1 also, the topological elements for various peri-
gap. PAHs systems are provided. The topological elements that are
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Figure 4. Schematic representation of an internal Y-carboy) (The
internal carbons in the peri-PAH structures with a connectivity of three
are called Y-carbons because they are in the vertex of what looks like
a 'Y letter, which is highlighted in bold in the figure.

common to all PAH isomers having a given benzenoid molec-
ular formula includé“® (a) the number ofs bonds andx
electrons, (b) the carbon and hydrogen cont&it &nd Ha,
respectively), (c) the total internal bridging carbo@sy, Cint

= Ca — Ha, (d) the number of fused aromatic ringg=AR),
NFAR = (Cix + 2)/2, (e) the number of internal aromatic
carbons with a connectivity of thre€{), Cy = — 2 + nFAR

— ds, (f) the number of peripheral aromatic carbons having a
connectivity of three €paz), Cpaz = Cint — Cy = nFAR + d;,

and (g) the net number of disconnections among the internal
edges,ds, ds = Cpaz — NFAR. As can be seen, many of the
terms mentioned are related by mathematical expressions.

We found? as an observation, that in general the Y-carbons
(Cy), which represent the internal carbons in the FAR region
having a connectivity of three (see Figure 4), also provide
information on the location of the resonant sextets in the
perisection in PAHs and consequently in asphaltenes. We
denominate these carbons as internal Y-carbor3 (€cause
they are in the vertex of what looks &ka Y letter’

Thus, we came up with a simple rule to draw the most likely
localization of the resonant rings (Clar sextets) in peri-benzenoid Figure 5. Structures of 8FAR systems with stoichiometrgi@is. The
polycyclic aromatic hydrocarbon compounds and in the fused Y-carbons in each structure are circled. In the bottom part the Clar
ring region in asphaltenes. We have called it the Y-rule becausestructure obtained with the Clar sextet principle as determined by the
it involves the Y-carbons. This rule has already been publighed; Y-rule for each isomer is drawn.
however, we state it again here for practical purposes.

There will be isomers with four resonant sextets, three resonant
The resonant sextets are located in the hexagons that  sextets, two resonant sextets, or even one resonant sextet. So,

contain the § (Y-carbons). All of the G carbons of the the questions that arise are which of the eight isomersgiG
corresponding stoichiometry have to be included (i.e.,  has four, three, two or even one resonant sextets? How is the
covered by sextets). When there is more than one  density most likely to be distributed (located) to be able to
possibility to locate the sextets due to the arrangement  understand the tendencies of the HOMOUMO structural
of the internal Y-carbons, the possibility that provides isomers? And in the case of large peri-PAHs, how is #he
the higher symmetry and the higher number of sextets  density distributed? What is or are the most important Clar
will be the most probable. The structure must containthe  structures that define the aromaticity of a particular large peri-
highest number of resonant sextets possible. PAH? The Y-rule helps to answer these questions in an easy

The use of the Y-rule will be explained in detail in the W&y, as we will discuss in the next section.
following section. This rule has only been applied to planar ~ 3.2. Clar Structures and NICS for Peri-PAHs Isomers
and concave or distorted benzenoid peri-PAHs and to the with Eight Fused Aromatic Rings (8FAR) and Highest
perisection of the fused aromatic region in asphaltenes, and itPercentage of Compactness (75%)For 8FAR with the
cannot be used for catacondensed PAHs because there are ngfoichiometry GgH,, there are eight isomers (Table 1). We only
Y-carbons in these structures. studied four of the isomers instead of the eight that exist (Table

The Y-rule is based on topological information of the PAH 1). However, the four calculated isomers are representative of
system, and our observation has been supported by experimentéhe rest in terms of the number of resonant sextets. These 8FAR
NMR results. luliucci and co-worket®studied théC chemical compounds with 89% of compactness can have four, three, and
shift tensor of perylene and concluded that the distribution of two resonant rings in their structure, Table 1. We have calculated
thex electrons is largely determined by the molecular connec- one isomer for each case.
tivities. In Figure 5, the structures of the four isomé&mg 5b, 5c¢,

Any PAH stoichiometry involves a certain number of resonant and5d are presented. In this figure, the contour diagram given
sextets in the structure; see Table 1. For example, for the by all of the Y-carbons is highlighted in bold. In the upper part
stoichiometry GgH14, with eight isomers, the maximum number  of Figure 5, thes backbones of the isomers are drawn, whereas
of Clar’'s resonance sextets is four (Table 1), and there are alsoin the bottom part ther-density distribution obtained by the
two double bonds. However, not all of the eightl@:4 isomers Clar sextet principle, as determined by the Y-rule, is presented.
(8FAR) have the maximum number of Clar’s resonance sextets. All of the isomers have the stoichiometrydE4, eight fused
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Figure 6. Clar structures obtained with the Clar sextet principle as determined by the Y-rule and calculated NICS(0) values for the 8FAR systems
5b and5c, with 75% of compactness.

aromatic rings (8FAR), a percentage of compactness of 75%, hexagons 1 and 5 or in hexagons 4 and 8. However, both
28 7 electrons, and the total number of Y-carbons is €ix= combinations only will provide a total of two resonant sextets
6 (Table 1). and eight double bonds. The third possibility is to draw sextets
We shall now continue with an explanation, step by step, on in hexagons 2, 3, 6, and 7. This last possibility covers with
how the Y-rule is applied. First of all, the Y-carbons are sextets all of the Y-carbons and provides the highest possible
identified in the structure just by looking at tlebackbones. number of resonant sextets in the structure (Table 1). Finally,
In Figure 5, the contour diagrams given by the Y-carbons are the four remaining electrons (for a total of 28electrons) are
highlighted. Then, the resonant sextets are drawn in such a wayplaced in two double bonds located in hexagons 1 and 8 to fulfill
thatall the Y-carbons participate in resonant sextets. However, all of the carbon atoms valencies. The final distribution of the
there are several possibilities to do this. It must be ensured that density for5b is shown at the bottom of Figure 5.
the chosen possibility gives the highest number of sextets that For 5c¢ (Figure 5), there is only one possibility of using all of
can possibly be drawn given the totaldensity available. the Y-carbons in resonant sextets without exceeding the valence
In the case of the £gH14 systems (Figure 5), there are 28 of any carbon atom and that provides the highest possible
electrons. Thus, the maximum number of sextets that can bereachable number of resonant sextets for this particular structure.
formed with 287 electrons and a percentage of compactness This possibility requires placing resonant sextets in hexagons
of 75% is four (Table 1). It is important to mention that PAH 4, 5, and 6. Any other possibility either would provide a lower
systems, of anpFAR family, with a percentage of compactness number of resonant sextets or would exceed the valence of some
higher than 79% cannot present the maximum number of sextetscarbon atoms. It is found that the highest reachable number of
given by the division of the total number afelectrons by siX. resonant sextets for this structure happens to be three and not
Not all of the GgH14 isomers have the maximum number of four as was the case f&@h. The final distribution of ther
Clar's resonance sextets. Due to the fact that the arrangementglensity for5c is shown at the bottom of Figure 5.

of the Y-carbons is different for each isomer, the final In the case of5a, there is a catacondensed region in the
distribution of ther density in resonant sextets and double bonds structure. This region involves the hexagon labeled as 6 (Figure
is different for each isomer (Figure 5). 5). By application of the Y-rule to the periregion, which

The target is to draw the sextets in each isomer always usingresembles the 7FAR coronerfE2p), it is possible to use all of
all of the Y-carbons and trying to reach the highest possible the Y-carbons by drawing only one resonant sextet occupying
number of resonant sextets without exceeding the valence ofthe hexagon labeled as 4, Figure 5. But this option does not
any carbon atom. Once the resonant sextets have been placedyrovide a high number of resonant sextets. The other options
the distribution of ther electrons is finished by placing the are to draw three resonant sextets occupying the hexagons 1,
remainingz electrons in double bonds taking care to locate the 5, and 7 or 2, 3, and 8. The later option allows us to draw
double bonds without exceeding the valence of the carbon another resonant sextet in the cataregion (i.e., in the hexagon

atoms. number 6) without overcoming the carbon atoms valence, for a
We will start discussing the distribution of thedensity in total of four resonant sextets in the structure. Thus, this is the
isomers5b and5c as the easiest cases. In the casgofFigure preferred distribution of the density in5a, and its Clar structure

5), there are three possibilities of placing the resonant sextetsis presented in the bottom part of Figure 5.
covering all of the Y-carbons and without exceeding the valence In 5d, the six Y-carbons (¢ that define the Y-carbons
of any carbon atom. Two possibilities are to draw sextets in contour are located in the central hexagons of each anthracene
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A TABLE 2: Calculated Total NICS(0), Total NICS(1) and
1 Total Components to NICS for Benzene (numbers in ppm)

calc. type NIC§ NICSP total NICS NICS anisotropy ANICS
NICS(0) —7.7 -—145 -9.9 —6.8
NICS(1) -—-24 -29.1 -11.3 —26.7
Total Diamagnetic Contribution (ppfh)
\\ / NICS(0) —25.3 —44.7

—31.8 —19.4
NICS(1) —-4.8 -—33.9 —14.5 —29.1

Total Paramagnetic Contribution (ppin)
NICS(0) 17.6 30.3 21.9 12.7
NICS(1) 2.4 4.8 3.2 2.4

aN|CS\ = —(O’xx + O’YY)/Z. b N|CS|] = —0zz ¢ NICS = (2/3)N|CS\

Figure 7. Total NICS for benzene calculated on the molecular plane + (Y3)NICS:. ¢ ANICS = NICS; — NICS;. © NICSon = NICS%Om -
at the geometrical center (0 A), NICS(0), and & above the molecular ~ NICSgy;

plane, NICS(1). . . . .
The C hexagons iBb do not possess an ideal ring current in

thesr system, and the paramagnetic contribution does not vanish,
fragment, Figure 5. The only way to place resonant sextets andaS it does in the case of benzene, and the total NICS is smaller
to use all of the Y-carbons at the same time without exceeding (—5-7) than that of benzene-.9) because the paramagnetic
the valence of any carbon atom is by drawing one sextet in contribution overcomes the diamagnetic contribution in the
hexagon 2 and another sextet in hexagon 7 giving a total of Shielding tensor perpendicular to the molecular plane
two resonant sextets in this isomer (Figure 5). The remaining AS explained in the Introduction, the NICS is defined as the
7 density is located in double bonds. The final distribution of Negative value of the absolute isotropic magnetic shielding
the density in each 8FAR isomer obtained by using the Y-rule according to eq 1.
is presented at the bottom of Figure 5.

By use of the Y-rule to distribute thedensity in the isomers ~ NICS = —0igqropic = —(% op+ % 0”) = % NICS; + % NICS,
5a—5d, we have found that the isomesa and5b have a total (1)
of four resonant sextets whereas the isomt@rand 5d have
three and two resonant sextets, respectively. The two components of the isotropic chemical shiffsropic

We shall now analyze the results given by the NICS are the shielding tensor perpendicular to the molecular plane
calculations and compare them with thedensity distribution (on) and the shielding tensor parallel to the molecular plane
obtained by the Clar sextet principle as determined by the Y-rule. (o). In the case of benzene, the delocalized six resonant
In the top portion of Figure 6, the NICS values calculated for electrons (Figure 2) are located in molecular orbitals (MOs)
5b and5c are presented. The calculated NICS magnitude and perpendicular to the molecular plane, which are purgpe.
the relative aromaticity are assessed by comparison with the Thus, the shielding tensor perpendicular to the molecular plane
NICS of benzené!1832The calculated NICS values for benzene (op) is indicative of ther-induced ring current.
are NICS(0)= —9.9 and NICS(1= —11.3 (Figure 7). For all of the PAHs systems calculated here, the total

The calculated total NICS values f6b and5c present values contribution to NICS of the component parallel to the molecular
that are in some cases larger than those for benzene (Figure 7)Plane NIC$ (in-plane component, see eq 1) is dominated mainly
A factor pointed out previously by Aihaththat affects the by a negative diamagnetic contribution, which is almost constant
calculated NICS value at several hexagons in PAHs is that ring (—9 to —10 ppm) for all of the hexagons in all of the systems
currents induced in a PAH are a superposition of currents and higher than the NiG®alculated for benzene-7.7 ppm),
induced in all hexagons in the molecule. Thus, the analysis of See Table 2.
local aromaticity in PAHs using NICS calculations becomes ~ The total NICS component perpendicular to the molecular
complicated in terms of all of the possible contributions. plane NICS (out-of-plane component, see eq 1) changes

However, from the total NICS values, as proposed by considerably in all of the systems, and in a few cases it is
Schleyet:1832 (see Introduction), we could say that the dominated by a positive paramagnetic contrlbutlon. In some
hexagons labeled as A and B fib and5c (Figure 6) contain ~ ¢@S€s, the perpendicular component, NiA$ higher than the
the resonant sextets because their NICS values are the highesf2!ué calculated for benzene 4.5 ppm). o
of all the hexagons. In the casefH, the calculated total NICS ~_The component of the isotropic chemical shielding perpen-
for the A hexagons is equal te11.1 ppm and NICS= —10.8 dicular to thg molecu.lar pIan@;D (eqdl), can be written as a
ppm for the B hexagons. The two A hexagons are related by SUm of a diamagnetic contributiom;,, and a paramagnetic
symmetry, and also the two B hexagons, giving a total number contribution,op, according to eq 2. The diamagnetic contribu-
of four resonant sextets, which occupy24lectrons of a total  tion, of, which is negative in the NICS convention, stems from
of 28 i electrons. the circulation of ground-state density (diatropic or diamag-

The remaining fourr electrons are located in the hexagons Netic current) that originated from the coupling of occupied
labeled as C in two double bonds. The calculated NICS for the C—C() and C-H molecular orbitals by the applied magnetic
C hexagons (which are also related by symmetry) is equal to field.3340415253However, the paramagnetic contributiar,
—5.7, which is negative, meaning that thereridensity present ~ wWhich is positive in the NICS convention, stems from the
in these hexagons but it is much smaller than the NICS of cCirculation of current density (paratropic or paramagnetic
benzene;-9.9 (see Figure 7). Thus, we could say that there is current) that originated from the coupling of occupied and virtual
a localized double bond in each of the C hexagons and that theC—C(0) molecular orbitals by the applied magnetic figld?4*5253
7 electrons in these C hexagons do not participate in resonant d
sextets (i.e., they behave more like olefins). NICS, = —oy=—(og+ o) = N|C% +NICS, (2)
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In benzene, where there is an ideal ring current inshe  density obtained with the Clar sextet principle as determined
system, the paramagnetic contribution in eq 2 vanishés< by the Y-rule (Figure 5 and 6). Both electronic distributions
0) for symmetry reasons, since theMOs are eigenfunctions  also agree in the fact that there is modensity in the D
of the angular momentum operatgalong the 6-fold molecular ~ hexagons.

axis (i.e.,En M| 0= 0= 0 andlry|M 0= |7 0= In the case obc, the highest NICS values are observed in
0). hexagons labeled as A and B. The NICS values-at2.9 and
Thus, for benzene, the contribution toog consists of a —12.0, respectively. These values are larger than that of benzene
diamagnetic part only according to ed'3348 NICS(0)= —9.9. Thus, we consider that the A and B hexagons
present resonant sextets, giving a total of three resonant sextets,
NICS, densiy= _0% A3) which involve 18 electrons. The remaining 10 electrons

are distributed in five double bonds in the remaining hexagons.
) ) ) ) The double bonds are in the C and D hexagons, which present
The resulting uniquely large diatropic total NICS¢)—9.9 a NICS value of~7.0 and—5.1 ppm. These hexagons present
denotes the aromaticity of benzene, which is consistent with negative and aromatic NICS values that are smaller than the
the current density circulations, diatropic for-C(x) and C-H, value of benzene, which makes us conclude that there are no
but paratropic for €C(0), shown by Fowler and othef$5253 resonant rings in these hexagons. When distributing the double
By dissection of the NICS values (i.e., calculating independently ,4ngs; taking care not to exceed the valence of any of the carbon
the o and 7 contributions to the chemical shiffy,the size  5ioms it is only possible to locate one double bond in the C
dependence of the calculated NICS values for benzene can bey,q p hexagons for a total of eightelectrons. The remaining
overcome. Schleyer et &.showed, by dissections of NICS g5 hle hond should be in the E hexagon. The NICS in the E
points above the benzene ring center, that the paratrople(Q) hexagon is positive;1.5, meaning that the twa electrons

curve drops off more rapidly than the diatropie-C(z) rises. located in this hexagon behave as antiaromatic, following
Consequently, NICSa is diatropic. Thus, the ring current model Schreyer’s conventio#:32

for benzene is limited to the contribution tOUD'_ . The picture of the distribution of the density obtained from
However, for systems that do not possess an ideal ring currentyy « NICS analysis obc agrees with the distribution of the

in then.-system, asitis in the_ case of benzenoid p_eripolycyclic density obtained with the Clar sextet principle as determined
aromatic hydrocarbons (peri-PAHs), whasedensity is de- by the Y-rule (Figure 5 and 6)

scribed by the resonant sextetouble bond distribution, the
paramagnetic contribution does not vanish, and the total NICS
can become positive if the paramagnetic contribution overcomes
the diamagnetic contribution. In the hexagons that contain only
one or twolocalizeddouble bonds instead of threalocalized
double bonds (as is the case in the resonant sextet), the rin
current ofr MOs is partially destroyed, and the assumption of
a freely rotatingr stream, for MOs that are eigenfunctions of
I, along the molecular axis, is much less justifféd.

The ideal ring current concept advocates delocalization of
electrons as the basic physical fact that determines specia
mobility in the presence of a magnetic field perpendicular to component to the molecular plane, NiCJThe calgulated
the magnetic plane and, consequently, the existence of intensé’erpend'CUI"jlr component, NIGStor the F hgxagon IS com-
stationary currents, which are responsible for the enhancedIOOSEOI of a large positive paramagnetic contribution (21.5 ppm).

magnitude of the diamagnetic contributions to the perpendicular Th? h_igh-paramagnetic con@ribution ca_nnot be raised bY local
of the magnetic tensofé. density in the F hexagon, but it mostly arises from the adjacent

As explained above, the C hexagon$indo not possess an hexagon§ surroun.ding the F hexagon, A, .D' B, and E’. which
ideal ring current in ther system, and because of this the N@Ve @ high-negative NICS (Figure 8) dominated by a diamag-
paramagnetic contribution does not vanish and overcomes thenetic contribution. ) . .
diamagnetic contribution in the component perpendicular to the  When a molecule is placed into a homogeneous static
molecular planegn, giving as a result a NIGS= 4.9 and a magnetic field, a current density is induced. This current density
total NICS of—5.7. which is much smaller than the total NICS induces additional fields at the position of the nuclei being
of benzene £9.9), Figure 7. In the case of benzene, the total tested. If such an additional field weakens the applied external
diamagnetic contribution to NICS(0) and NICS(1), which field, one finds shielding (high field shift); if it strengthens the
includes the &C(r) and C-H contributions, see Table 2, field, deshielding (downfield shift) is realized. At the center of
always overcomes the paramagnetic contribution, which includesthe ring current, a diamagnetic current or diatropic current

In Figure 8, the calculated NICS(0) results fsa are given.
By looking at the results, we would say that all of the hexagons
are aromatic, following Schleyer’s conventi&i®? because all
of the calculated NICS values are negative. However, the central
F hexagon presents a NICS value almost equal to zero, which
Ymeans that there is no aromaticity in this hexagon. Thus, we
could conclude that there is noelectronic density present in
this hexagon.

The total NICS has two components (eq 1), the perpendicular
jcomponent to the molecular plane, NigSand the parallel

the C—C(o) contributions. around a nucleus causes shielding, and a paramagnetic current
The hexagons labeled as DSb present a NICS value which O paratropic current causes deshielding. With an increase of
is positive, NICS= +0.4 ppm. According to Schleyé?,a distance between the nucleus and the center of the ring current,

positive NICS value denotes antiaromaticity. However, the value the effect decreases, and it even changes its sign for a large
of +0.4 is too small and near to zero to consider antiaromaticity, €nough distance.
and there are no more electrons to be accommodated in the ~ The situation is presented in Figure 9. The perpendicular
D hexagons. Thus, we consider that actually the D hexagonsdiamagnetic shieldingz?, (eq 2), in hexagons A, D, B, and E
are empty rings. The empty ring concept, introduced by &ar, in 5a stems from a circulation of the ground-state density (
implies that ther electrons are not in conjugation within that ~around the atom probe induced by the applied magnetic field,
ring. Bo. The circulation results in an induced magnetic fie,,

The picture of the distribution of the density obtained from  which is opposite in direction tdB,. The corresponding
the NICS analysis 06b agrees with the distribution of the shielding, og, is as a consequence positive, and l\ﬂGS
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“OO "lesser" Clar structure
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Figure 8. Clar structure obtained with the Clar sextet principle as
determined by the Y-rule and calculated NICS(0) values for the 8FAR
systemba (benzocoronene), with 75% of compactness. The “lesser”
Clar structure at the bottons4-111 ) was proposed by Cldr(See text.)

negative (eqs 1 and 2). However, the resulting magnetic field,
E&ﬁ]d, is parallel toB, “outside” the loop of the current density
Jq, and the corresponding shieldim@ outside the hexagon is
as a consequence negative and I\E@Jositive (egs 1 and 2).
The effect of a diatropier current outside a tested hexagon
in PAHSs is to produce a positive (paratropic) contribution to
the NICS of the tested hexagon. The effect of a paratrapic

J. Phys. Chem. A, Vol. 108, No. 49, 20040881

—

B ina

y Bo

J_ Orientation

Diatropic w-current

Figure 9. Schematic representation for the effect of an induced
magnetic field at the position of a ghost atom (dummy atom) inside
the benzene ring and at positions outside the benzene ring.

value Ga-l, Figure 8). However, it is not possible to have
resonant sextets simultaneously in all of these hexagons without
exceeding the valence of most of the carbon atoms involved.
Actually in 5a, we have the same situation as in coroneri)

The -electronic distribution in coronenéZ2b) is discussed in
detail below. In all of the hexagons external to the F hexagon,
there is a double bond right at the junctions, thussttdensity
cannot be associated to a particular hexagon from a NICS
calculation; seéa-Il in Figure 8. We call this situation the
“naphthalenic effect” because naphthalene is the smallest PAH
where a double bond at the junction of the two hexagons is
present.

The calculated NICS value for the E hexagon is smaller
(=7.0) than that of benzene-0.9). There is actually naor
density located in this ring because all of tk@vailable (287
electrons) density has already been distributed in hexagons
labeled A to D. Thus, hexagons F and E are “empty hexagons”.

The m-electronic distribution inba provided by the NICS
calculation is given irba-1l, Figure 8. The NICSt-electronic
distribution agrees with the-electronic distribution obtained
using the Y-rule, Figures 5 and 8. Claroposed the “lesser”
Clar structure %a-1l11) for benzocoronene5@) in order to
account for some observed chemical behavior that parallels the
behavior of coronenel@b). However, neither the-electronic
distribution obtained with the Clar sextet principle as determined

current outside a tested hexagon in PAHSs is to produce apy the Y-rule nor the NICS calculation & agrees with the

negative (diatropic) contribution to the NICS of the tested
hexagon.

The F hexagon iba (Figure 8) is outside the diatropic current
loops of the surrounding hexagons (A, D, B, and E), and thus

Clar structuresa-lll proposed by Cla¥.

In Figure 10, the results from the NICS calculation for the
systenmbd are presented along with theelectronic distribution
obtained from the NICS analysis and the use of the Y-rule. The

the effect of the diamagnetic shielding in these hexagons onsystem5d represents a major difficulty in the total NICS

the F hexagon is to produce a high positive contribution to its
perpendicular component NICS= 21.5 ppm, which in turn
gives as a result a total NICS close to zero (NI€S-0.1).

analysis. From Figure 10, it can be concluded that the hexagons
labeled as C are empty rings because their NICS value is very
different form the NICS value of benzene 4.9) and positive,

In 5a, the highest NICS values are calculated for hexagons +5.7 ppm. Hexagons A and B are related by symmetry, and

A, B, C, and D, NICS= —9.9 ppm to—11.5 ppm, Figure 8.

thus their NICS values are identical. Hexagons C are also related

We consider that there is a resonant sextet in the C hexagonby symmetry.

whose NICS {10.0) is close to the calculated NICS of benzene

In the 5d system, there are 28electrons. The highest NICS

(—9.9). Also, we would say that there is a resonant sextet on values correspond to hexagons A and B; however, these values

each A, B, and D hexagons just by looking at their total NICS

are much smaller{5.2 to—5.7) than the benzene value4.9).
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TABLE 3: NICS of 8FAR Systems Calculated at the

5d °°° OOO Geometrical Center on the Molecular Plane (0 A) and at 1 A
CogHs oo above the Molecular Plane
H
°°° ‘ ‘ total NICS (ppm)
OOO system hexagon label 0A 1A

A=-5.7 5a A —-11.5 —-13.3
=-5.2 Clar Structure B -10.9 -12.9
C=+5.7 (o] —10.0 —-11.7
D -9.9 -12.1

E -7.0 —-10.0

NICS F 0.1 4.8
5b A —-11.1 —-13.0

B —10.8 —12.5

C —5.7 —8.4

— D +0.4 -4.0

5c A —-12.9 —-14.3

NICS(0) for anthracene B —12.0 —-14.0
C —=7.0 —9.8

D 5.1 —-8.2

E +1.5 +2.3

A —5.7 —8.2

B —5.2 -8.1

C +5.7 +0.5

e (e (e - - -
(L L L LT < 11 : :
OOO OOO OOO ppm for both hexagons, whereas NICS{)—13.3 ppm has

been reported for the internal hexagon in anthracene and NICS-
_ _ _ o (0) = —8.2 ppm for the two external hexagdagFigure 10).
Figure 10. Clar structure obtained with the Clar sextet principle as Thus, the NICS(0) calculation of anthracene shows that there
determined by the Y-rule and calculated NICS(0) values for the 8FAR . ! . . .
systemsd, with 75% compactness. is only one resonant sextet that is located in the central ring.
Because of this, we conclude that the two resonant sextets in

Just by consideration of the total calculated NICS values (Figure 5d are in the hexagons labeled as B, which are the central rings
10), it is not possible to decide where the resonant sextets areof the anthracene fragments. The remainimgdensity is
located. The distribution of density in the A hexagons has to distributed in the other four remaining A hexagons.
be the same as well as the distribution in the B hexagons; The NICS values of the B hexagonsid are slightly smaller
otherwise the NICS values of the A or the B hexagons would (—5.2) than the NICS values of the A hexagor®(7). It could
not be the same. be argued that there is actually a movement or migration of the

Only the full resonant structures or polybenzenoid hydrocar- two resonant sextets along each polyacene fragmeridin
bons (structures with only resonant sextets and no double bondsyenerating a further ring current or resonant sextet migration
show the extreme NICS values and similar to benzene value, current. This situation is represented at the bottom part of Figure
as we will see later, whereas PAHSs that are not full resonant 10. However, the resonant sextets are located in the B hexagons
show intermediate NICS values for several ridg% In these of the anthracene fragments most of the time. The decrease in
cases, we found, by comparing with theelectronic distribution the total NICS values in the B hexagons is due to the ring
obtained by the Clar sextet principle (or model) as determined currents generated in the adjacent A hexagons where a
by the Y-rule, that the highest NICS value obtained in the entire diamagnetic current is created but felt as a paramagnetic current
structure should be taken as reference to locate the sextetsn the adjacent B hexagons as explained above. If we consider
instead of by comparison with the NICS of benzene. that5d is constructed by the union of two anthracene fragments,

If we consider that there is a resonant sextet in each A then the NICS picture of the aromaticity in each fragment agrees
hexagon, which has the highest NICS value, it is not possible with the zz-electronic distribution obtained by the Clar sextet
to distribute the remaining & electrons in the B hexagons principle as determined by the Y-rule féd.
without exceeding the valence of some carbon atoms. Thus, All of the NICS analyses foba—5d correspond to NICS(0).
the resonant sextets must be then located in the B hexagonsThe calculated NICS(1}d A above the molecular plane, where
giving a total of only two resonant sextets in the molecule and the s-electron ring current effects are dominant and the
eight double bonds distributed in the A hexagons. bonding contributions are diminishét'are presented in Table

5d and peryleneX4a can be considered to be members of 3. As can be seen in Table 3, the NICS(1) values are larger
a group.5d has two anthracene fragments aih has two than the NICS(0) values; however, the tendencies and differ-
naphthalene fragments. It is reported in the literature that in ences among all of the hexagons are conserved.
perylene 148 the & density is located in the naphthalene The following analysis of the calculated NICS and the use
fragments and distributed in the same way as in naphth&fene. of the Y-rule for all of the other systems studied in this paper
5d and perylene 1438 represent examples of “essentially is carried out as explained in detail above. Thus, from now on,
disconnected benzenoids” defined by Gutman &t @hus, we only the discussion of very specific difficult cases will be
consider that in the case bfl the two resonant rings will also  detailed.
be located in the polyacene fragments and in the same way as 3.3. Clar Structures and NICS for Peri-PAHs Isomers
in antharacene. It is reported that anthracene has only onewith Nine Fused Aromatic Rings (9FAR) and Highest
resonant sextet located in the central hexatéh. Percentage of Compactness (89%)In Figure 11, thex

The calculated NICS(0) for naphthalene and anthracene hasdistribution obtained with the Clar sextet principle as determined
been reported by Schley&For naphthalene, NICS(@ —9.9 by the Y-rule for the three 9FAR isomers (Table 1) with the

Sextet migration



Clar Structures and NICS Values in PAHs

J. Phys. Chem. A, Vol. 108, No. 49, 20040883

°° CaoHig C.H o 0A 1A
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Figure 11. Clar structures obtained with the Clar sextet principle as determined by the Y-rule and calculated NICS(0) and NICS(1) values for the

9FAR systemlla 11b, and11lcwith 89% compactness.

highest percentage of compactness (89%) are presented as welitructures that only present resonant sextets and no double
as their calculated NICS(0) values. The three isomers namedbonds) or reach the highebiz because their percentage of

11a 11b, and 11c have a GoHi4 stoichiometry and 30t

compactnessg, is higher than 79%. This situation is observed

electrons to be distributed in sextets and double bonds. Theserom 7FAR on?
three isomers have a total of eight Y-carbons (Table 1 and The eight Y-carbons idlaare highlighted in Figure 11. By

sections 3.1 and 3.2).

In the upper part of Figure 11, the backbone ofllais
presented. The 4gH;4 stoichiometry can accommodate four,
three, or two resonant sextetds) and three, six, or nine double
bonds, respectively, Table 1. Although the total numberr of
electrons in this stoichiometry is divisible by 6, these isomers
(113 11b, and11¢ cannot be full resonant structures (FRS,

applying the Y-rule, we find thatlahas a maximum of four
resonant sextets, which is the highest number of resonant sextets
that can possibly be reached by thgH; 4 stoichiometry. The
resonant sextets are located in the A, B, C, and D hexagons.
The distribution of the resonant sextets in these hexagons ensures
that all of the Y-carbons are covered by sextets and also that a
high number of resonant sextets is reached.
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The remaining sixr electrons are distributed in three double larger than the NICS(0) for benzene4.9). This is again due
bonds and are located in the hexagons labeled as E, F, and Gto the effect of ring currents generated in the adjacent hexagons
The double bonds cannot be placed in the H and | hexagonsthat also containr density (Figure 9).
because the surrounding resonant sextets have already fulfiled The C hexagons present a NICS(0) value smaller than the
the valence of the carbon atoms. Thus, the H and | hexagonsNICS(0) of benzene+9.9),—7.1 ppm. Again this may be due
are actually empty rings. The final Clar structure thus obtained to two factors, (1) the diatropic ring currents generated in the
is presented at the bottom part of Figure 11. adjacent hexagons (A and B) felt as a paratropic current in the

The highest calculated NICS values fada (Figure 11) C hexagons (see Figure 9 and related text) and (2) the ring
correspond to the hexagons—-® with values oscillating from current generated in the C hexagon is not diatropic enough to
—13.5t0—10.8 ppm. Thus, we consider that the resonant sextetsovercome the paramagnetic current generated within these C
would be located in these hexagons giving a total of four hexagons. Thus, we conclude that there is not an ideal ring
resonant sextets. The total NICS for these hexagons is largercurrent in ther system in the C hexagons but there is a double
than the NICS for benzene-0.9). This is due to the effect of  bond in each ring. There cannot be more than one double bond
ring currents generated in the adjacent neighbors that alsoin these rings without overcoming the carbon atoms valencies.

containzr density (Figure 9 and related text). The D hexagons present a calculated NICS(0) value that is
The E hexagon and the F hexagon present a NICS valuepositive (+1.0). We could conclude that actually this ring is an
smaller than the NICS of benzene4.9), —9.4 and—9.1 ppm, empty ring. However, we still have fout electrons to be

respectively. This is due to two factors. First, the presence of accommodated, and they must be located in these D hexagons,
the ring currents generated in the adjacent hexagons (A, C, andsee Figure 11.
D) where a diatropic current is created and felt as a paratropic  The calculated NICS(1)tal A above the molecular plane,
current at the position of the E hexagon and F hexagons (seewhere ther-electron ring current effects are dominant and the
Figure 9 and related text). However, the ring current generatedlocal ¢ bonding contributions are diminishég4%4! are also
in the E hexagon and F hexagons is not diatropic enough to given in Figure 11 ford1b. The NICS(1) of the D hexagons is
overcome the paramagnetic contributions. Thus, we could negative but small{3.0). It is not clear why. It could be also
conclude that there is not ideal ring current (see section 3.2) in the effect of the currents generated in the adjacent hexagons.
the 7 system in the E and F hexagons but there is a double  The z-density distribution obtained with the NICS calcula-
bond in each ring. tions for 11b is presented in Figure 11. As can be seen, the
The | hexagon presents a calculated NICS value equal to zero.Clar structure obtained by applying the Y-rule and the NICS
Thus, we conclude that actually this ring is an empty ring. The analysis are in agreement. However, for this casB) the
remaining twar electrons are located as a double bond in either information obtained from the NICS calculation can only be
the G or the H hexagons. Both hexagons present a calculatedused to elucidate where the resonant sextets are located, but
NICS value of—4.0 ppm. The double bond actually cannot be the distribution of the double bonds is complicated.
located in the H hexagon without overcoming the valence of  The third isomer of the gHi4 stoichiometry is thellc
carbon atoms. All of the carbon atoms that compose the H compound. Ther backbone and the-electronic distribution
hexagon have their valence completed due to the presence ofor this system (Clar structure and NICS) are presented in Figure
resonant sextets in the A, B, and D hexagons. Thus, the 11. By application of the Y-rule, we obtain that iric there
remaining double bond must be located in the G hexagon. Theare two distributions of ther density, named andIl (Figure
G hexagon is surrounded by the A, B, and H hexagons. We 11). Then-electronic density is located in three resonant sextets
cannot say why the G hexagon presents a NICS value similarand six double bonds in both distributions. The resonant sextets
to the NICS value of the H hexagon-4.0). in | are located in the A and C hexagons, whereaR ithey
Thes-density distribution obtained with the NICS calculation are located in the B and D hexagons.
is presented in Figure 11. As can be seen, the Clar structure The highest NICS(0) values are calculated to be in the
obtained with the Clar sextet principle as determined by the hexagons A, B, and Cl(.c Figure 11), with a NICS(0)=
Y-rule and the NICS analysis are identical. —12.7, —10.1, and—8.1 ppm, respectively. The difference
The o backbone ofl1b as well as ther-electronic distribu- between NICS(0) for hexagons B and C is 2 ppm. We also
tions obtained by the Clar sextet principle and the NICS calculated the NICS(1) fatlcat 1 A above the molecular plane.
calculation are presented in Figure 11. The eight Y-carbons in The highest NICS(1) values are again calculated to be in the
11bare highlighted in Figure 11. By application of the Y-rule, hexagons A, B, and C, but the difference between the NICS(1)
we find that 11b has a maximum of three resonant sextets for hexagons B and C is smaller (1.3 ppm). The NICS(1) values
instead of four, as in the case bfa The resonant sextets are in the B hexagon and C hexagon arel1.9 and —10.6,
located in the A and B hexagons. The distribution of the resonant respectively.
sextets in these hexagons ensures that all of the Y-carbons are The calculated NICS(1) for the C hexagon resembles that of
covered by sextets and that the highest possible number ofbenzene £11. 3, see Table 2). We could say that there is a
resonant sextets is reached for this particular spatial distributionshared double bond at the junction of the B and C hexagons,
of the nine hexagons. None of the carbon atoms valencies iswhich makes it difficult to assign the resonant sextet to a
overcome. The remaining 12 electrons are distributed in six  particular hexagon. It could happen that the resonant sextet in
double bonds that are located in the remaining hexagons (Cthe B hexagon migrates into the neighboring C hexagon as
and D). The final Clar structure thus obtained is presented at depicted inllc-I (Figure 11).
the middle part of Figure 11. The NICS(1) for the D hexagon is high, which means that
The highest calculated NICS(0) values ftb (Figure 11) there is also sharing of a double bond between the D hexagons
correspond to the A hexagons and the B hexagel.2 and and each of the C hexagons and between the D hexagon and
—11.2 ppm, respectively. Thus, we consider that the resonantthe A hexagon, as shown iblc-I; see Figure 11. However,
sextets are to be located in these hexagons, giving a total ofthe s electrons of the double bond at the junction of the&
three resonant sextets. The total NICS(0) for these hexagons ishexagons become conjugated in the A hexagon, when an
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Figure 12. Clar structures obtained with the Clar sextet principle as determined by the Y-rule and calculated NICS(0) values for the circular most
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Figure 13. Clar structures obtained with the Clar sextet principle as determined by the Y-rule and calculated NICS(0) and NICS(1) values for full
resonant PAHs with 8FAR13a) and 10FAR 13b).

external magnetic field is applied, and because of this the A in the B hexagons. The NICS value calculated for the B
hexagon NICS values are higher than the NICS value of the D hexagons is much smaller-6.6 ppm) than the NICS value of
hexagon. the A hexagons<12.8 ppm) and much smaller than the NICS
The smallest calculated NICS(0) and NICS(1) values cor- value of benzene—<9.9 ppm), confirming that there are no
respond to the F hexagon and most likely correspond to anresonant sextets present in these hexagons. sFeéectron
empty ring. The remaining density (fourr electrons) is placed  distribution obtained with the Clar sextet principle as determined
as double bonds in the E hexagons (3&e—I in Figure 11). by the Y-rule agrees with the one obtained with the NICS
As it can be seen in Figure 11, the distribution of the calculation. The calculation time necessary to calculate the NICS

7-electronic density given by the NICS valudd,c-| (Figure ~ Of a small system like pyrene is not a problem. However, as
11), is similar to the pictorial sum, or superposition, of the two the systems get larger, the computing time increases drastically.
Clar structures determined by the Y-rule, namheahdll (Figure For the case ofl2b, the Y-rule gives two Clar structures
11). named! and Il (Figure 12). These distributions have three
3.4. Clar Structures and NICS for Peri-PAHs Isomers resonant sextets and three double bonds each. If the distinction

with 100% Compactnesslin Figure 12, the total NICS for four ~ of different hexagons id2bis not made, then the distributions
circular PAHs with a percentage of compactness of 100% are! andll are the same and related by a symmetry operation.

presented. These systems are pyrefg) coronene 12b), The symmetry of each distribution Bgn.

ovalene 120, and12d with 4, 7, 10, and 14 fused aromatic In the case of pure perisystems, the highest number of

rings, respectively (4FAR, 7FAR, 10FAR, and 14FAR). resonant rings that can be present in the structure is related to
The 4FAR compound corresponds to pyreb2d], CigH1o, the percentage of compactness or condensat®ecause of

which has 167 electrons. The 7FAR compound corresponds this, coroneneRc = 100%) only has three resonant sextets

to coronenec), Co4H12, which has 24z electrons. The 10FAR  although it has 24 electrons in the structure. From 7FAR on,
compound corresponds to ovaled@¢ with 10 fused aromatic  the highest number of resonant sextbls, given by the division
rings, a GoHy4 stoichiometry, and 3z electrons. The 14FAR of the total number ofr electrons by 6, cannot be reached if
compound 12d), CsHis has 427 electrons. The PAH the structure has a percentage of compactness greater than or
stoichiometries with 100% of compactness only present one equal to 79% Rc > 79%). In this case, onljdg — 1 can be
isomer. Thus these isomerk2@ 12b, 12¢, and12d) will have reached.

the highest possible reachable number of resonant sextets (Table The total computed NICSs for all of the external A hexagons

1). (12b, Figure 12) have the same value and are aromatic. The
For the case of pyrend2a), there are two Y-carbons, which  internal B hexagon is also calculated to be aromatic. However,
are highlighted in bold in Figure 12. Pyren&2@) has 16x there is no resonant sextet located in this hexagon because the

electrons in total; thus it only can present two resonant sextets,NICS(0) value is almost zero. The distribution of theelec-

as a maximum number, and two double bonds. The only way tronic density given by the NICS values, nanidd is presented

to place two sextets in the pyrewmeframe (Figure 12) using  in Figure 12. In thdll distribution, all of the external rings are
both Y-carbons and without overcoming any carbon atom equal. The symmetry ofll is Dg, In all of the external
valence is by placing each sextet in the A hexagons. The NICS- hexagons, there is a double bond right at the junctions; thus
(0) value calculated for the A hexagons is the highesi2.8 thesr density cannot be associated to a particular hexagon. It is
ppm. The remaining four electrons are located as double bonds interesting to notice that the distribution of tkweelectronic
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Figure 14. Clar structures obtained with the Clar sextet principle as determined by the Y-rule and calculated NICS(0) values for the most compact
PAHs Pc = 50%) with five fused aromatic rings (5FAR).

density given by the NICS valud$, (Figure 12), is the pictorial From the calculated NICS values f@@c (Figure 12), we
sum or superposition of the two Clar structures, as determinedconclude that there are four resonant sextets located at the
with the Y-rule, named andlIl (Figure 12). hexagons labeled as A and B, whose NICS value is the highest

Previously, Suresh and Ga#fshowed the existence of the NICS = —14.4 and—13.9. There are two empty rings that
central empty ring in coronene by performing full characteriza- correspond to the D hexagons, NIES-3.8, and the remaining
tion of the molecular electrostatic potential (MESP) in coronene. eights electrons are located in double bonds at the C hexagons.
The empty ring concept, introduced by Cl&rimplies that the The finalr-electronic density given by the NICS calculation is
central ring (B hexagon)r electrons are not in conjugation presented in Figure 12.
within that ring. 12c has 32z electrons and 10 Y-carbons, which are

The NICS values of coronenéZb) were previously calcu-  highlighted in Figure 1212ccould have five resonant sextets,
lated by Binl.58 The values he reported are NIGS1.0 for the but however, as explained above, this highest number of
B hexagon (Figure 12) and NICS —11.2 for the external resonant sextets cannot be reached if the percentage of compact-
hexagons (A hexagons). This would mean that the internal B ness is greater than 79%lhus, 12c can only accommodate
hexagon in coronend 2b) is antiaromatic. However, we found  four resonant sextets at maximum. The distribution of the
a value of NICS= —1.3, which is aromatic. The basis set used resonant sextets that makes use of all of the Y-carbons is given
by Buhl is smaller than the one we used. As we discussed in in Figure 12, where the totat density is distributed into four
the theoretical methodology, it is necessary to have a large basigesonant sextets, two empty rings (D hexagons), and four double

set for the calculation of magnetic properties. bonds. This Clar structure agrees with the one obtained by the
On the basis of Bhl's result, Aihard2has recently pointed ~ NICS calculations.
out that the NICS calculation of coronenE2p) is not a good For the case of2d (Figure 12 and Table 1), which has 42

indicator of its aromaticity. Aihara found, by the calculation of electrons, the Y-rule provides two distributions of thdensity
bond resonance energy (BRE), that all of the hexagons in or Clar structures, namet2d-I and 12d-II, which are related
coronene 12b) are aromatic and that the central ring is slightly by symmetry. The total number of resonant sextets obtained is

less aromatic than the outer ones. five.

The experimental reactivity of coronene is helpful to under-  The NICS calculation provides the distribution giveriid-
stand itsw density. Recently, Foster et®lIstudied the growth [l (Figure 12) where the E hexagons are empty rings (NICS
and photodissociation of ¢r(coroneng) complexes. They = —2.3) and there are double bonds right at the junction of the

found that the metal bonding will occur most likely in the hexagons B and C (NICS —11.9 and—9.3). The remaining
external hexagons with three metal atoms in alternant rings, astwo x electrons should be located at the D hexagons as isolated
predicted by the Y-rule. Thus, we consider that both distributions double bonds in each of them. The calculated NICS values are

of the -electronic density for coronene (12b), nameahdll related by symmetry by applying a rotation through @eaxis
(Figure 12), are correct and the sum, or superposition, of thesein the molecule 12d-IIl in Figure 12).
two distributions reproduces the NICS distributidil §; see It is important to notice that the distribution obtained by

Figure 12. the NICS calculation,12d-1ll, is also the result of the
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Figure 15. Clar structures obtained with the Clar sextet principle as determined by the Y-rule and calculated NICS(0) values for the most compact
PAHs Pc = 82%) with six fused aromatic rings (6FAR).

superposition of the Clar structur@gd-1 and12d-1l given by compared with that of benzene .9). Actually, the E hexagon
the Y-rule, which reinforces the picture derived from the NICS has a NISC(0) value that is positive and close to zer0.2),
calculation for a highly symmetric system, 52d, in terms of and the D hexagon has a NICS{)—2.4 ppm, which is smaller
the location of the resonant sextets where the analysis becomeshan that of benzene—-9.9). We could say that there is no
more complex and the computing time increases considerably.sz-electronic density in the hexagons D and E.

3.5. Clar Structures and NICS for Peri-PAHs with Full The NICS(0) value for the C hexagons is equat®.7 ppm,
Resonant Structure (FRS).In Figure 13, the structure of two  which resembles that of benzeneq.9) but is smaller than the
PAH systems13aand13b) with full resonant structure (FRS)  NICS(0) of the A and B hexagons to consider that there is a
are presented. The FRS systems present only resonant sextet@sonant sextet in each of the C hexagons. We calculated the
in the structure and no double bonds. The analysis of NICS for NICS(1) where ther contributions are dominant. The calculated
PAHs that are not full resonant is difficult due to the ring NICS(1) for the C hexagons is equal td.0.6 ppm. We could
currents generated in the neighboring hexagons. In the case otonclude that actually there is a resonant sextet in each of the
FRS compounds, the neighboring hexagons to a hexagon thalC hexagons. The total number of resonant sextets found with
contains a resonant sextet are empty rih@jus, the hexagon  the NICS calculations is five. The-electronic distribution
that contains the resonant sextet behaves more like an isolatedbtained from the NICS analysis is presented3a-II (Figure
benzene. 13). The Clar structure obtained with the Clar sextet principle

In Figure 13, theo backbone ofl3ais presented together as determined by the Y-rule and the NICSelectronic
with the calculated NICS values at 0 A, on the molecular plane, distributions are in agreement (Figure 13).
and 1 A above the molecular plane. Also, theslectronic The 13b system (Figure 13) contains a total of 10FAR and
distribution obtained by the Clar sextet principle as determined a percentage of compactness of 49%. This system has 36
by the Y-rule and from the NICS(0, 1) calculations are electrons, a stoichiometry ofsgH;s, and a total of six Y-carbons
presentedl3ais a FRS that has 8FAR, a stoichiometryid;g, (Table 1 and Figure 13). Because the percentage of compactness
and 30 electrons to be distributed in the backbone. The is smaller than 79%, then the highest number of resonant sextets,
13asystem has four Y-carbons (Table 1). The only way to place given by the division of the total number af electrons by 6,
the resonant sextets and to ensure that all of the Y-carbons arecan be reached, which is six for this cdse.
used is presented it3a—1 (Figure 13). By first placement of In 13b—1, the six Y-carbons are highlighted. After applying
the resonant sextets that cover all of the Y-carbons, in the A the Y-rule, we find that there are resonant sextets located in
and B hexagons, it is possible to locate the other two resonantthe A, B, and C hexagons. The resonant sextets located in the
sextets in the C hexagons without overcoming any carbon atomA and B hexagons ensure that the all of the Y-carbons are
valence. In this way, a total of five resonant sextets are present.covered. After placement of the resonant sextets in the A and

Looking at the calculated NICS(0) (Figure 13), we find that B hexagons, it is still possible to locate other two sextets in the
the highest values fdt3acorrespond to the A and B hexagons C hexagons, giving a total of six resonant sextetsl3b—II,
with NICS(0) values of—10.7 and—10.0 ppm, respectively.  the distribution obtained from the NICS analysis is presented
Thus, the resonant sextets are located in these hexagons. Théigure 13). The Clar structure and the NIC&electronic
NICS(0) values for the D and E hexagons are too small distributions are in agreement.
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is a resonant sextet in each A hexag@nhexagon unit that
migrates along the A hexagons.

The calculated NICS(0) for the B hexagonti§.4 ppm. This
value is positive and very different from the NICS(0) value for
the A hexagons. We could say that there isndensity in this
hexagon because all of thedensity has already been distributed
in the A hexagons. The B hexagon is actually an empty ring.

Perylene 148 has two naphthalene fragments. It is reported
in the literature that in perylend 4a) the = density is located
in the naphthalene fragments and distributed in the same way
as in naphthalen®. The calculated NICS(0) for naphthalene
has been reported by Schleygit is reported as NICS(0
—9.9 ppm for both hexagons (Figure 14). Thus, the NICS(0)
calculation for naphthalene shows that there is only one resonant
sextet that migrates along the two hexagons that compose
naphthalene. This same phenomenon is observed in the naph-
thalene fragments of perylen&4@).

Again as seen in Figure 14, the pictorial sum or superposition
of the four Clar structures, given by the Y-rulg,to IV,
reproducesl4a-V. In this way, this rule helps to understand
how thesr density is distributed when there is sextet migration
in the structure.

14b (Figure 14) also has a total of 2@ electrons to be
accommodated in sextets and double bonds. This structure also
has a total of two Y-carbons, which are highlighted. There are
two s-electronic distributions obtained by the Clar sextet
principle as determined by the Y-ruld, and Il. In the
mr-electronic distributiorl, there are resonant sextets in the A
and B hexagons, and the remainimglensity is located in the

16a-ll C, D, and E hexagons. In threelectronic distributionl , there
Figure 16. Clar structures obtained with the Clar sextet principle as are resc_ma_nt sextets n the D and C hexagons, and the_ remaining
determined by the Y-rule and calculated NICS(0) valueslfs (Pc 7 density is located in the A, B, and E hexagons, Figure 14.

= 82%, 6FAR). The calculated NICS(0) values fib are presented in Figure
14. The highest NICS(0) value corresponds to hexagons A, B,
and C whereas the calculated highest NICS(1) correspond to
3.6. Clar Structures and NICS for the Peri-PAHs Isomers the hexagons A, B, C, and D, Figure 14. Thus, we could say

with Five Fused Aromatic Rings (5FAR). Perylene {43 that the resonant sextets are located in hexagons A and B, but
CaoH12), Figure 14, has a total of 2& electrons and two  the resonant sextet in the B hexagon migrates between the C
Y-carbons, which are marked in Figure 14 in structuree and B hexagons, and the resonant sextet in the A hexagon

IV . The stoichiometry &H1, can present three or two resonant migrates between the A and D hexagons, as showidbrll.
sextets and one or four double bonds, respectively (Table 1).Also, there is a double bond right at the junction of the 3
Given the spatial distribution of the five hexagons that compose hexagons. Ther distribution obtained form the NICS analysis
perylene {4d), it is not possible to have simultaneously three is presented inl4b-1l (Figure 14), and it is equal to the
resonant sextets without overcoming the carbon valence. Thussuperposition of the two Clar structuresandll .

only two resonant sextets can be accommodated. Actually, the 14cis the last GgH1, isomer. Ther distributions obtained

Y-rule helps to find the total number of resonant sextets. with the Clar sextet principle as determined by the Y-rule and
By application of the Y-rule, four possibilities to distribute the NICS results are presented in Figure 14.4s-| and14c-
the s-electronic density are found namédll, Il , and IV II. The calculated NICS(0) values are giverldc (Figure 14).

(Figure 14). Each distribution has two resonant sextets and fourBoth sr-electronic distributions agree.

double bonds. The central hexagon (B hexagon) is an empty 3.7. Clar Structures and NICS for the Peri-PAHs Isomers

ring. Il is the mirror image of, andlIV is the mirror image of with Six Fused Aromatic Rings (6FAR). There are only two

I . CooHio isomers (5aand 15b), which are presented in Figure
With the NICS calculation, two types of rings are observed, 15. These isomers present six FAR, four Y-carbons (Table 1),

which are the external A hexagons and the internal B hexagon.which are highlighted, and a total of 22electrons.

The calculated NICS(0) values for the A and B hexagons are  The s-electronic distribution obtained by the Clar sextet

—6.9 and+6.4 ppm, respectively. The NICS(0) for the A principle as determined by the Y-rule and the NICS(0) calcula-

hexagons is the highest in the structure. Thus, the four A tion for 15aare presented in Figure 14 a5a-1 and 15a-Il,

hexagons should have the same number efectrons distrib- respectively. The calculated NICS(0) values are gived5a
uted in the same way. The-electronic distribution given from  (Figure 14). Again, bothz-electronic distributions agree.
the NICS(0) analysis is presentedida—V in Figure 14. As 15b (Figure 15) presents twor-electronic distributions

seen inl4a-V, the four A hexagons present one double bond obtained from the Clar sextet principle as determined by the
right at each of the AA junctions. The double bond right at  Y-rule. These distributions are depicted inand Il . Both

the junction of two A hexagons does not allow NICS to distributions have a total of two resonant sextets and five double
determine where the resonant sextets are located because theitgonds.
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Figure 17. Clar structures obtained with the Clar sextet principle as determined by the Y-rule and calculated NICS(0) and NICS(1) iataes for

The calculated NICS(0) values fa5b are given in Figure of the magnetic external field. The finatelectronic distribution
14. The highest values correspond to the A and B hexagons.obtained from the NICS analysis is givenlfia-1l (Figure 16).
Thus, we consider that there are double bonds right at the The D hexagon NICS(0) is1.3. This value is much smaller
junctions of the A-B hexagons, the BB hexagons, and the than the NICS(0) of the other hexagons presented in the
B—A hexagons as depicted tbb-1l (Figure 15). Due to this structure. In this hexagon, the remaining electramidensity
situation, it is not possible to locate the resonant sextets in a(two electrons) must be distributed as a double bond18ee
particular hexagon. II'. Again, the pictorial sum of andll produces as a result the
It is important to notice that the pictorial sum bfandll, 7t distribution obtained from the NICS analysis (Figure 16).
which are thex distributions obtained with the Clar sextet 3.8. Clar Structures and NICS for a Peri-PAH System
principle as determined by the Y-rule, reproducetdistribu- with 13 Fused Aromatic Rings (13FAR).The systeml7a
tion obtained by the NICS analysis5b-1l (Figure 15). (Figure 17) with 487 electrons has six Y-carbons, which are
The 16a system (Figure 16) has 24 electrons and two highlighted. After application of the Y-rule, twa-electronic
Y-carbons. By application of the Y-rule, twa-electronic distributions are obtained namedand Il (Figure 17). Both
distributions are found, which are presented in Figure 16 as distributions present four empty rings in the internal hexagons,
andll . Both distributions ensure that all of the Y-carbons are which resemble triphenylene, and both distributions contain six
covered by a sextet. However, the distributibnprovides a resonant sextets and six double bonds.
higher number of resonant sextets. The calculated NICS(0) and NICS(1) are also given in Figure
The Y-rule states that the distribution that provides the highest 17. Three types of hexagons are obtained, the external hexagons,
number of resonant sextets is the most likely to prevail becausewhich present the highest NICS value, the internal hexagons,
it is more stable. Each resonant sextet confers a stability of 36 and the central hexagon. The NICS analysis for this compound
kcal/mol1~16 Thus, the distributiorl presented in Figure 16  has been performed previously by Moran et@al.
is the most probable one. There are resonant sextets in all of the external hexagons,
The highest NICS(0) values are calculated for the A and B which present the highest NICS value. The calculated NICS is
hexagons (Figure 16). Their NICS(0) values,0.6 and—10.4, equal for all of the internal hexagons, meaning that their
respectively, are close. Because there cannot be simultaneouslglectronic environment is the same for all of them. This is only
a resonant sextet in each hexagon, this means that there is onpossible if they share a double bond right at the junctions. The
resonant sextet migrating between the A and B hexagons.central hexagon is an empty ring with a very small NICS value
However, because there are two “A hexagon fused to B NICS(1)= —1.5 ppm (Figure 17).
hexagon” units in the structure, there are two resonant sextets Thes-electronic distribution obtained from the NICS calcula-
migrating. tion is given asl7a-1l in Figure 17. Again, the pictorial sum
The NICS(0) calculated for the C hexagon is equal-tas, or superposition of ther-electronic distributions obtained by
which is smaller than the NICS(0) of the A and B hexagons. the Clar sextet principle as determined by the Y-ruilar{dlIl ,
We consider that there could be a double bond right at the Figure 17) reproduces teelectronic distribution obtained from
junction of the B and C hexagons and that the effect of the the NICS analysis.
paratropic current, felt at the C hexagon and generated as a Randié® presents in his paper, “On Construction of Clar
diatropic current in the neighboring B hexagons, decreases theStructures for Large Benzenoids”, the 18 Clar structures for
diamagnetic current created in the C hexagon, by the applicationhexabenzocoronend 7g), which have the largest number of
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Clar Structure  Cy50H3 C,sH,,  Clar Structure
18-

Figure 18. Clar structure obtained with the Clar sextet principle as
determined by the Y-rule and calculated NICS for a large PAH
(CiscH30). The solid circles and the open circles represent aromatic
resonant sextets in both cases.

resonant sextets, which is six. Not all of the Clar structures are
related by symmetry. Clar discussed the NMR spectraaf
in terms of the two Clar structures found by the Y-rule instead
of the 18 structures found by Randic. The superposition of the
two structures proposed by Clar and also found with the Y-rule
(I andll in Figure 17) gives the structufera-1l, which is the
most important Clar structure because it is responsible for the
aromaticity in hexabenzocoroneriE/§) as it is also supported
by the NICS calculation.

3.9. The w-Electronic Distribution in Large Peri-PAHs.
After the discussion presented in the former sections, we can
say that there is an agreement between fthelectronic

AT . L Figure 19. Clar structures obtained with the Clar sextet principle as
distributions obtained by the Clar sextet principle (or model) de%ermined by the Y-rule and calculated NICS for a l?argepPAH

as determined _by the Y-rule and the NICS CalCUIations'_ (CizHa2). The solid circles and the open circles represent aromatic
However, the science of PAHs has advanced to the synthesiSesonant sextets in both cases.

of large PAHS® and these extended systems create chal-

lenging problems for any discussions abaugtructure. In this from the literature and the corresponding reference is presented
section, we test the performance of the Y-rule for large PAHs in each case. In the former sections, we carried out the NICS
by comparing the Clar structures obtained with it and the NICS calculations because the values were not reported in the literature
calculations. In this section, all of the NICS results were taken for most of the structures presented.
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Clar Structures

Figure 21. Clar structures obtained with the Clar sextet principle as
determined by the Y-rule and calculated NICS for a large PAH which
Figure 20. Clar structures obtained with the Clar sextet principle as is constructed from condensed hexagon rings but that presents a hollow
determined by the Y-rule and calculated NICS for a large PAHHS3). site (GoHso). The solid circles and the open circles represent aromatic
The solid circles and the open circles represent aromatic resonant sextetsesonant sextets in both cases.

in both cases.

represent the location of the resonant sextets. As seen in Figure

i . 18, the Clar structures agree with the one obtained from the
There are not many papers in the literature where the njcs calculations.

sr-electron distribution in large PAHSs is calculated with the NICS In Figure 19, the compound 1§Ha is presented. This
approach or any other aromaticity approach due to the size Ofcompound has 49 fused aromatic rings (49FAR) and #38

th(issystems and their complexity. In a recent paper, Moran et gjgctrons to be distributed in Clar sextets and double bonds.
_al. use NICS calculations to ol_lscuss theslectron distribution _ The n-electronic distribution obtained by the Clar sextet
in eight very large PAHS (ranging from 19 to 91 fused aromalic yinciple as determined by the Y-rule is presenteti9r. There

rings or hexagons) and conclude that the NICS and the Clar 5.6 19 resonant sextets and 12 double bonds distributed in six
valence electron topologies (sextet/double bond description) «tarminal” hexagons. Each “terminal” hexagon has two exo-
agree perfectly in the molecular plane. cyclic double bonds.

From Figure 18 to Figure 23, we presentelectronic The NICS(1) for this system has recently been calculated by
distributions obtained by the Clar sextet principle (or model) Moran et a8 In Figure 19-1I, the calculated NICS(3§ are
as determined by the Y-rule for several large PAHSs. In all of given. These authors performed two types of calculations for
the figures, the solid circles and the open circles representthis system. The numbers in italics are the NICS(1) obtained
aromatic resonant sextets in both cases. for a Dgn Symmetry, whereas the other numbers where obtained

In Figure 18, a large PAH (6oH30) with a compact structure  for a Dzg symmetry, and in both cases the highest values
is presented. This compound presents 61 fused aromatic ringgepresent the location of resonant sextets. The NICS(1) obtained
(61FAR). In18-I, the-electronic distribution obtained by the  for both symmetries agree in general, except for the case of the
Clar sextet principle (or model) as determined by the Y-rule is E hexagons (“terminal” hexagons) and the D hexag&#8sl().
presented. I18-11, the NICS(1) values reported in the literature For theDg, symmetry, the NICS value of the E hexagon is
are presented. The numbers in italics were recently calculatedvery high 11.6, in italics) and comparable to the highest
by Hajgafoand Ohnd” and the other numbers were calculated values, and because of this it could be concluded that in each
by Moran et al® As seen in18-Il (the double bonds are not of these E hexagons there is a resonant sextet as shol in
drawn for clarity), the NICS values calculated by different 1. However, this picture changes when tbg; symmetry is
authors vary; however, the highest values, in both cases,considered. In th®34 case, the NICS values of the E hexagons
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Clar Structures
C96H24

Figure 22. Clar structures obtained with the Clar sextet principle as
determined by the Y-rule and calculated NICS for a large PA&H&).
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has the molecular formulag@so and 30FAR. Recently, Hajgato
and Ohné’ have calculated the NICS(1) of a series of this
compound with one or more hollow sites. By use of the Y-rule
two Clar-type distributions of ther-electronic density are
obtained21-1 and22-Il (Figure 21). The superposition of both
distributions, shown ag1-lll (only the resonant sextets are
shown, Figure 21), is equivalent to the distribut®@b-IV.

In 21-1l, there is sextet migration between sextets, repre-
sented as black solid circles, and sextets, represented as open
circles. As seen i21-1V, there are double bonds right at the
junction of the hexagons that are arranged in a zigzag fashion
and that involve the Y-carbons. The NICS values calculated
by Hajgafoand Ohné’ are presented i@1-V, and they are in
agreement with the-electronic distribution obtained by the Clar
sextet principle as determined by the Y-ruBL{IV).

In Figure 22, the compound ¢gH24 is presented. This
compound has 37 fused aromatic rings (37FAR) andz96
electrons to be distributed in Clar sextets and double bonds.
Two Clar-types-electronic distributions are obtained with the
Y-rule, named22-| and 22-11. There are 12 resonant sextets
and 12 double bonds distributed 22-1 and 22-1I. The
superposition of both distributions is shown 2% 11l (Figure
22), and it is equivalent to the distributi®2-IV.

In 22-111, there is sextet migration between sextets represented
as black solid circles and sextets represented as open circles.
As seen in22-1V, there are double bonds right at the junction
of the hexagons that are involved in sextet migration.

In 22-V, the NICS(1) values reported in the literature are
presented. The numbers in italics were recently calculated by
Hajgafoand Ohnd’ and the other numbers were calculated by
Moran et al'® As seen ir22-V (the double bonds are not drawn
for clarity), the NICS values calculated by different authors vary.
However, the highest values in both cases represent the location
of the resonant sextets. As seen in Figure 22 sthedectronic
distributions obtained by the Clar sextet principle as determined
by the Y-rule @2-Ill or 22-1V) agree with that obtained from

The solid circles and the open circles represent aromatic resonant sextet?h e NICS calculations

in both cases.

are close to those of the D hexagons8.5 and —7.5,

In Figure 23, the compound »&Hgo is presented. This
compound has 109 fused aromatic rings (L09FAR) and:276
electrons to be distributed in Clar sextets and double bonds.

respectively, whereas the highest values, for this symmetry, areOnly two Clar-typer-electronic distributions are obtained with

around—12 to —15 ppm. Then we cannot say for certain if
there is a resonant sextet in the E hexagons.

Moran et al*® opted for theDg, NICS(1) analysis, giving the
m distribution presented ih9-11. However, this molecule cannot
be planar Deh) due to the existence of steric hindrance between
the hydrogen atoms in the cove areas formed by thdE
G—H hexagons 19-11), Figure 19.

Thus, we consider that the NICS values of g symmetry
are most likely to represent the actuaklectron distribution
and that there is a double bond right at the junction of the E
and D hexagons, as presented @lll . This representatiori @-

IIl') is in closer agreement to the Clar structure given by the
Y-rule.

In Figure 20, the compound 783 is presented. This
compound has 25 fused aromatic rings (25FAR) andz78
electrons to be distributed in Clar sextets. This compound
represents a full-resonant benzenoid PAH. Thelectronic
distribution obtained by the Clar sextet principle (or model) as
determined by the Y-rule is presented 20—1, which is in
agreement with the NICS calculation performed by Moran et
al18 (20—11).

In Figure 21, we present a large PAH that is constructed from

the Y-rule, named3-1 and 23-1l, Figure 23. There are 36
resonant sextets and 30 double bonds distribute23ih and
23-1l. The double bonds are located mostly in the external
terminal hexagons.

The superposition of both distribution3-1 and 23-I1) is
shown as23-11l (Figure 23), where there is sextet migration
between sextets represented as black solid circles and sextets
represented as open circles. As seer2®lV, which is the
Kekule equivalent representation @3-11l, there are double
bonds right at the junction of the hexagons that are involved in
sextet migration and that also involve the Y-carbons.

The biggest PAH system that we present in this paper is the
Ca7eHso With 109 fused hexagons, for which there are no NICS
results reported in the literature. It took us 30 min to establish
thesr-electronic distribution obtained by the Clar sextet principle
as determined by the Y-rul@8-1ll or the Kekuledistribution
23-1V). However, after 3 weeks of supercomputing for the NICS
calculation our job has not finished yet. Thus, for this particular
case we present the Y-rule prediction of the relative values we
expect from the NICS calculation.

In 23-1V, we have labeled with letters all of the different
hexagons present in the structure. We predict that the NICS

condensed hexagon rings but presents a hollow site. This systentalculation will generate the Clar structu2a-Ill . This means
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Figure 23. Clar structures obtained with the Clar sextet principle as determined by the Y-rule for a large RAH{CThe solid circles and the
open circles represent aromatic resonant sextets in both cases. The bold #8d¥inepresent double bonds right at the junction of the hexagons
involved in sextet migration.

that the NICS values would have the following order:~BC principle as determined by the Y-rule, which represent the most

~l~xJ>ExMa~N>F>G>A~D~H~K=L. important Clar structures, and their superposition, in the case
We predict that the symmetry related hexagons labeled asof the existence of sextet migration.

A, D, H, K, and L actually are empty rings. Thus, we expect

that their NICS values will be close to zero or positive. However, 4. Conclusions

we predict that the NICS values of the hexagons labeled as B,

C, I, and J present the highest NICS values. The hexagons In the present work, we verify theoretically the performance

labeled as E, M, and N are predicted to have large values tooof the Y-rule that extends the sextetouble bond description

but smaller than those of the B, C, |, and J hexagons becauseof Clar's model for peri-PAHs by predicting, in an easy way,

they are closer to the external hexagons, F and G. the most likely location and total number of aromatic sextets.
For this particular system, &sHgo, Randic et apo predicted Accordingly, therr-electronic distribution obtained by the Clar

a count of Clar structures, with the highest number of resonant Sextet principle (or model) as determined by the Y-rule is

sextets (36), on the order of 40They consider that finding ~ compared with ther-electronic distribution obtained from

and characterizing all Clar valence structures in large benzenoidshucleus-independent chemical shift (NICS) calculations for

is an important step for a quantitative description of molecular various series of benzenoid peri-PAHSs. It is found that there is

properties, such as spectra and bond length. They concludedan agreement between the Clar structures and NICS values in

given the large number of Clar structures predicted by them, peri-PAHs of any size.

that there are computational limitations associated with Clar's  The advantages of the qualitative Y-rule are that it is of

model when extended to large systems with delocalized  particular importance for the case of large peri-PAHs, it takes

sextets. few minutes to be applied following a very easy methodology,
We have proven in this section that it is not necessary to and it provides a quick answer about the aromaticity and location

find all of the Clar valence structures in large benzenoids to of the resonant sextets in peri-PAH compounds without having

understand their aromaticity, but it is only important to consider to carry out theoretical quantum chemistry calculations that take

the m-electronic distribution(s) obtained by the Clar sextet time and that can be costly depending on the size of the system.
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We suggest that the use of drawing circles in each hexagon (10) Randic, M.Chem. Re. 2003 103 3449.
(11) (a) Havenith, R. W. A.; van Lenthe, J. H.; Dijkstra, F.; Jenneskens,

of (tjheo_frame In Eerg_PAHs to rzpr%?ent the .C"Strr']bu“gn of tge L. W. J. Phys. Chem. 2001 105, 3838. (b) Havenith, R. W. A.; Jiao, H..
4 ensity must be discouraged. IS pragtlce as een. ON€jenneskens, L. W.; van Lenthe, J. H.; Sarobe, M.; Schleyer, P. v. R.;
since long ag® 16 because of the fact that it was not possible Kataoka, M.; Necula, A.; Scott, L. T.. Am. Chem. So@002 124, 2363.
to know, in an easy way, where the resonant sextets and the (12) Krygowki, T. M.; Cyranski, M. K.Chem. Re. 2001, 101, 1385.
double bonds are located. We suggest that this problem can be (13) Gomes, J. A. N. F.; Mallion, R. Bchem. Re. 2001 101, 1349.

. . . (14) De Proft, F.; Geerlings, Zhem. Re. 2001, 101, 1451.
overcome by establishing the Clar structures obtained with the
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