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Within a systematic study of cyclic conjugation in the benzo-annelated derivatives of acenaphthylene and fluoranthene, a general regularity was discovered, named phenyl-cyclopentadienyl rule (PCP rule).
According to this rule, six-membered rings connected to the five-membered ring by a single carbon-carbon
bond increase the magnitude of cyclic conjugation in the five-membered ring. The greater the number of
such six-membered rings is, the stronger the cyclic conjugation in the five-membered ring. The PCP rule
was initially established by studying the energy effects of individual rings, and was eventually corroborated
by a variety of other independent approaches (Wiberg bond orders, carbon-carbon bond lengths calculated
by high-level ab initio DFT methods, multicenter delocalization indices, ring currents).
Keywords: polycyclic aromatic hydrocarbons; cyclic conjugation; energy effect of cyclic conjugation; acenaphthylene; fluoranthene; DFT; multicenter bond indices; ring currents; NICS
ПРАВИЛО НА ФЕНИЛ-ЦИКЛОПЕНТАДИЕНИЛ
При системското испитување на цикличната конјугација на бензоанелираните деривати
на аценафтилен и флуорантен, беше најдена општата зависност позната како правило на фенилцилопентадиенил, или накусо правило PCP. Според ова правило шесточлените прстени поврзани
со петочлени со единична врска јаглерод-јаглерод ја засилуваат големината на конјугацијата во
петочлениот прстен. Така, колку што е поголем бројот на шесточлените прстени толку е посилна
цикличната конјугација во петочлениот прстен. Првично правилото PCP било установено при
испитување на енергетските ефекти во одделните прстени и потврдено со разновидноста на
независните пристапи (редот на врските според Виберг, должината на врските јаглерод-јаглерод
пресметана со методите DFT, индексите при повеќецентрична делокализација, струите во прстените).
Клучни зборови: полициклични ароматични јаглеводороди; циклична конјугација; енергетски
ефект на цикличната конјугација; аценафтилен; флуорантен; DFT; индекси при повеќецентрична
делокализација; струи во прстените; NICS

1. INTRODUCTION
Polycyclic
aromatic
hydrocarbons
(PAHs) include a large number of organic molecules consisting of fused aromatic rings devoid of heteroatoms or substituents [1, 2]. This
major class of organic molecules may contain
rings of different sizes, but usually these rings

are six-membered and five-membered. Non-alternant cyclopenta-fused PAHs consisting of at
least one five-membered ring are of substantial
chemical importance. Compounds from this
class are formed during pyrolysis or as products of incomplete combustion of hydrocarbons
fuels [3, 4]. These can be considered as part of
fullerenes and nanotubes, and, additionally,
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these are precursors of soot and are present in
coal tar. Cyclopenta-fused PAHs are environmental pollutants and some of them are known
to be particularly mutagenic [5]. These molecules are also interesting because they exhibit
anomalous fluorescence [6].
In view of the above-mentioned, it is remarkable that a systematic examination of the
topology-based properties of cyclopenta-fused
PAHs was initiated only quite recently [7] and
only a few works along these lines have been
published so far [8 ‒10]. This is even more surprising if one knows that the molecular-topology based properties of benzenoid hydrocarbons
(PAHs in which all rings are six-membered) are
being studied over a whole century and belong
to the best elaborated parts of theoretical organic chemistry [11‒13].
A method often used for examination of
the π-electron properties of PAHs is the calculation of the energy effect of individual rings. This
method is based on a combination of chemical
graph theory and molecular orbital theory. Its
details are outlined in the reviews [14, 15] and
elsewhere [16 ‒19]. The energy effect ef = ef(Z)
of a cycle Z measures the extent of cyclic conjugation in this respective. Let Z be a cycle in a
conjugated molecule whose molecular graph is
G. Then [14, 15]

(1)
where φ (G, x) is the characteristic polynomial
of G, G ‒ Z is the subgraph obtained by deleting the cycle Z from G, and i = − 1 ; for details
of chemical graph theory see [20, 21]. In equation (1) the energy effect is expressed in units
of the HMO carbon-carbon resonance integral
β. It should be noted that because β is negative
valued, positive values of ef indicate thermodynamic stabilization caused by cyclic conjugation in the respective ring. The greater is ef, the
greater is the intensity of cyclic conjugation.
Based on their chemical and physical
properties, acenaphthylene, fluoranthene, and
their congeners should have been included

among benzenoid hydrocarbons. Yet, because
of the presence of a five-membered ring, these
polycyclic conjugated species were excluded
from the chemical-graph-theoretical considerations pertaining to benzenoid hydrocarbons
[11‒13]. Systematic theoretical studies of these
compounds (especially within chemical graph
theory) started only in 2008 [7, 22, 23].
In Figure 1 are depicted acenaphthylene
(1) and two of its congeners (2, 3), as well as
fluoranthene (4) and two of its congeners (5, 6).
From these examples one can immediately get
an idea of their general structure.

Fig. 1. Acenaphthylene (1)
and some of its congeners (2, 3), and fluoranthene (4)
and some of its congeners (5, 6)

Acenaphthylenes and fluoranthenes are
structurally very similar to benzenoid hydrocarbons. Acenaphthylene may be viewed as
naphthalene to which was added one five-membered ring. Fluoranthene may be viewed as being obtained by joining naphthalene with benzene, so as to form a new five-membered ring.
Other polycyclic conjugated species obtained
by adding five-membered ring to a benzenoid
system or obtained by joining two benzenoid
systems so as to form a new five-membered
ring will be named acenaphthylenes or fluoranthenes, respectively. By convention, these
Maced. J. Chem. Chem. Eng. 31 (1), 1–15 (2012)
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compounds possess exactly one five-membered
ring. The general formula of acenaphthylenes
and fluoranthenes [7] is depicted in Figure 2.

3

From Figure 2 it is evident that acenaphthylenes and fluoranthenes differ form benzenoids by possessing a single five-membered
ring.
2. CYCLYCIC CONJUGATION
IN ACENAPHTHYLENES AND
FLUORANTHENES

А

F

Fig. 2. General formulas of acenaphthylenes (A)
and fluoranthenes (F). In all their Kekulé structures,
the carbon-carbon bonds marked as x, y, and z (in
acenaphthylenes), and x and y (in fluoranthenes) are
localized. Illustrative examples of this localization
are given in Figure 3. As usual, here and in the following figures (except Figure 3), double bonds are
omitted for the sake of clarity.

Fig. 3. The four Kekulé structures of aceanthrylene
and the eight Kekulé structures of benzo[a]fluoranthene. In all these structures the carbon-carbon
bonds marked by x and y are single, and those
marked by z double, cf. Figure 2.
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As mentioned above, the π-electron
properties of benzenoid systems were extensively studied. On the other hand, acenaphthylenes and fluoranthenes were excluded from
these studies because of the presence of the
five-membered ring. The fact that the carboncarbon bonds x, y and z in acenaphthylenes and
the bonds x and y in fluoranthenes (cf. Figures
2 and 3) are localized in all Kekulé structures
[24, 25] might be the main reason why these
molecules were neglected for so long. Other
methods (the “classical” theories [12, 13, 26])
for assessing the intensity of cyclic conjugation based on Kekulé structures, Clar formulas,
or conjugated circuits, would predict no cyclic
conjugation at all in the five-membered ring of
the acenaphthylenes and fluoranthenes. At first
glance, calculations based on the ef-method, Eq.
(1), point towards the same conclusion. Namely, the ef-values of the five membered rings are
one or two orders of magnitude smaller than
the ef-values of the other six-membered rings
in the same molecule. Yet, the ef-values of the
five-membered rings are not zero and are by no
means negligible, and exhibit a remarkable dependence on molecular structure. The detailed
study of this dependence resulted in our PCP
rule, which is the topic of the present review.
In order to gain a better understanding of
the π-electron properties of acenaphthylenes
and fluoranthenes, a systematic study of their
cyclic conjugation has been undertaken [27 ‒
29]. Initially, we used only the ef-method, based
on Eq. (1). By examining the energy effects of
cyclic conjugation in the five-membered ring of
various acenaphthylene and fluoranthene congeners an unusual effect could be observed. It
was found that the magnitude of the cyclic con-
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jugation in the five-membered ring in a peculiar
manner depends on how six-membered rings
are connected with the five-membered ring.
These regularities are outlined in due detail in
the following sections.
3. THE PHENYLCYCLOPENTADIENYL RULE
By examining the energy effects of cyclic
conjugation in the five-membered ring of various acenaphthylenes, a peculiar effect could be
provided. It was observed that the energy effects exhibit a great variability and in some cases significantly exceed the value for the energy
effect of the five-membered ring of the parent
acenaphthylene. This is illustrated in Figure 4.

Fig. 4. The energy effects (ef) of the five-membered
ring of some acenaphthylenes. The ef-values in the
five-membered rings are multiplied by 10000.

If we compare the values for the energy
effects of the five-membered rings in examples
from Figure 4, we see that compounds A2 and A3
have two times larger values for the energy effect
than compound A1. In compound A4 value for the
energy effect is more then three times greater
than in compound A1.
A fully analogous variation of the extent
of cyclic conjugation in the five-membered ring,
but somewhat weaker, was found in the case of
fluoranthenes. Examples are shown in Figure 5.

Fig. 5. The energy effects (ef) of the five-membered
ring of some fluoranthenes. The ef-values in the fivemembered rings are multiplied by 10000.

If we compare the values for the energy
effect of the five-membered ring in compounds
F2 and F3 we see that these have two times
greater values than in compound F1. Compound
F4 has three times greater value for the energy
effect than compound F1.
Analyzing the examples from Figures
4 and 5, one major structural factor affecting
the energy effects of five-membered ring can
be recognized. When the six-membered ring is
connected to the five-membered ring with exactly one carbon-carbon bond we say that these
two rings are in a phenyl-cyclopentadienyl
(PCP) constellation. In Figure 6 four examples
are depicted in which the PCP constellations
are indicated. From these examples one can see
that there can be more than one PCP constellation. We now can state the observed regularity
for the cyclic conjugation in acenaphthylenes
and fluoranthenes as follows:
The PCP rule: If the five-membered ring
of an acenaphthylene or fluoranthene congener
is in a PCP constellation with a six-membered
ring, then the intensity of its cyclic conjugation
(measured by its energy effect) is much greater
than the analogous effect in congeners of similar
structure with no PCP constellations. The greater
is the number of PCP constellations, the greater
is the respective increase of the energy effect.
Maced. J. Chem. Chem. Eng. 31 (1), 1–15 (2012)
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Fig. 6. The structural features referred to as phenylcyclopentadienyl (PCP) constellations are indicated
by heavy lines; the diagrams marked by A and F are
acenaphthylene and fluoranthene derivatives, respectively.

The validity of the PCP rule was checked
on several hundreds of acenaphthylenes and
fluoranthenes, by calculating the values of the
energy effects of all their rings. A characteristic
group of congeners examined is shown in Figure 7 and Table 1 and their ef-values in Table 2.
Not a single violation of the PCP rule was observed. Based on our extensive numerical work,
we are inclined to conclude, that the PCP rule
is a generally applicable regularity. Although
cyclic conjugation in the five-membered ring
in fluoranthenes is small and its intensity is
more than one order of magnitude smaller than
in other rings, it is not negligibly small and its
intensity increases with increasing number of
PCP constellations.

Fig. 7. Acenaphthylenes and fluoranthenes whose ef-values are given in Table 2
Maced. J. Chem. Chem. Eng. 31 (1), 1–15 (2012)
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Table 1
IUPAC names (along with the trivial names, when they exist) and CAS numbers, of the compounds
considered in this review. Note that in some cases these names are not unique. For instance, F8 can
be names as indeno[1,2,3-fg]naphthacene or 5,6-(1,2-phenylene)naphthacene or
5,6-o-phenylnaphthacene [30]
Comp.

Trivial name

IUPAC name

CAS #

A1

acenaphthylene

acenaphthylene

208-96-8

A2

aceanthrylene

aceanthrylene

202-03-9

A3

‒

benz[d]aceanthrylene

F1

fluoranthene

fluoranthene

206-44-0

F2

‒

benzo[j]fluoranthene

205-82-3

F3

‒

dibenzo[j,l]fluoranthene

203-18-9

F4

‒

benzo[a]fluoranthene

203-33-8

F5

‒

dibenzo[a,j]fluoranthene

75519-75-4

F6

‒

dibenzo[a,l]fluoranthene

‒

F7

‒

tribenzo[a,j,l]fluoranthene

‒

F8

‒

dibenzo[a,f]fluoranthene

F9

‒

tirbenzo[a,f,j]fluoranthene

‒

F10

‒

tetrabenzo[a,f,j,l]fluoranthene

‒

199770-52-6

203-11-2

Table 2
The energy effects (in β units) of all rings of acenaphthylenes and fluoranthenes depicted in Figure 7.
For the numbering of the compounds (comp.) and labelling of the rings see Figure 7;
#PCP = number of PCP constellations.
Comp.

#PCP

ef (а)

ef (b)

ef (c)

ef (d)

ef (e)

ef (f)

ef (b’)

ef (c’)

A1

0

0.0114

0.1050

0.1050

‒

‒

‒

‒

‒

A2

1

0.0206

0.0809

0.0527

‒

‒

‒

‒

0.1128

A3

2

0.0390

0.0411

0.0411

‒

‒

‒

0.1154

0.1154

F1

0

0.0031

0.1120

0.1120

0.2229

‒

‒

‒

‒

F2

1

0.0043

0.1116

0.1090

0.0957

0.1294

‒

‒

‒

F3

2

0.0056

0.1089

0.1089

0.0408

0.1650

0.1650

‒

‒

F4

1

0.0054

0.0884

0.0579

0.2102

‒

‒

‒

0.1059

F5

2

0.0080

0.0856

0.0572

0.0903

0.1314

‒

‒

0.1078

F6

2

0.0079

0.0886

0.0557

0.0900

‒

0.1327

‒

0.1089

F7

3

0.0105

0.0859

0.0553

0.0385

0.1662

0.1683

‒

0.1101

F8

2

0.0105

0.0468

0.0468

0.1911

‒

‒

0.1048

0.1048

F9

3

0.0159

0.0462

0.0447

0.0821

0.1361

‒

0.1078

0.1089

F10

4

0.0211

0.0444

0.0444

0.0353

0.1708

0.1708

0.1110

0.1110

Maced. J. Chem. Chem. Eng. 31 (1), 1–15 (2012)

Phenyl-cyclopentadienyl rule

With regard to Figure 7 and Table 2, the
PCP rule is convincingly illustrated by following data: ef (F1,a) = 0.0031 (no PCP constellations); ef (F4,a) = 0.0054, ef (F2,a) = 0.0043
(one PCP constellation); ef (F5,a) = 0.0080, ef
(F8,a) = 0.0105 (two PCP constellations); ef
(F7,a) = 0.105; ef (F9,a) = 0.0159 (three PCP
constellations); ef (F10,a) = 0.0211 (four PCP
constellations). These examples imply that PCP
constellation increases the magnitude of cyclic
conjugation in the five-membered ring and the
greater the number of PCP constellations, the
greater is the ef-value of the five-membered
ring.
Recently, the validity of the PCP rule,
based on the energy effects calculated by means
of Eq. (1), was demonstrated in a mathematically rigorous manner [31, 32].
4. TESTING THE PCP RULE
Nowadays, there is no doubt that the PCP
rule, as formulated on the basis of ef-values, is
a generally valid regularity for cyclic conjugation in acenaphthylene and fluoranthene congeners. On the other hand, because the ef-method
is based on an approximate molecular-orbital
model [14, 15], the results obtained by applying Eq. (1) cannot be considered as absolutely correct and undeniable. In other words, the
question remains whether the PCP rule is just a
mathematical artefact of the model, or it is a real
and objectively existing chemical phenomenon.
In order eliminate (or possibly confirm) such
doubts, a number of tests of the PCP rule had
been undertaken, all based on different models
and different theoretical approaches. These are
summarized in the present section.
According to the PCP rule, a benzo-annelation in PCP constellation increases the magnitude of cyclic conjugation in the five-membered
ring. If so, then the bond order of the carboncarbon bonds x and y in acenaphthylenes and
fluoranthenes should increase, whereas the order of the bond z in acenaphthylenes should decrease (cf. Figure 2). Consequently, the length
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of x and y should decrease, and the length of z
increase. Such changes in bond order and bond
length could be checked by methods independent of the ef-model.
4.1. Wiberg bond order and bond length
We have tested the PCP-rule by means of
an independent methodology based on a highly
reliable quantum chemical approach, namely
ab initio DFT calculations [33]. All calculations
were done by using of the Gaussian 03W package, version 6.1, at the B3LYP/6-31G(d) level
of theory [34]. Optimized geometries were determined for all considered molecules. Note
that the molecules F6, F7, F9, and F10 (cf. Figure
7) are non-planar, whereas all other molecules
studied were found to be planar. The planarity/
non-planarity of the considered molecules does
not effect the conclusions outlined in the present
section. For testing the PCP rule we calculated
Wiberg bond orders and bond lengths [35].
It is important to recall that the Wiberg
bond order (WBO) is equal to 1 for a purely
single carbon-carbon bond and equal to 2 for
a purely double carbon-carbon bond. When the
carbon-carbon bond is aromatic then its Wiberg
bond order will assume a value between 1 and
2, the closer to 2 the stronger is the π-electron
conjugation [35].
According to the classical theories [12,
13], the bonds x and y are single in all Kekulé
structures of acenaphthylenes and fluoranthenes, whereas bond z is double in all Kekulé
structures of acenaphthylenes (see Figures 2
and 3). Therefore, if the PCP rule is valid, the
Wiberg bond orders of the single bonds x and
y should increase with the increasing number
of PCP constellations. At the same time, the
Wiberg bond order for the double bonds z
should decrease with the increase number of
PCP constellations. We show, that this is indeed
the case, by examine the same molecules that
were examined by energy effects. The results
for Wiberg bond orders for acenaphthylenes
and fluoranthenes from Figure 7 are depicted in
Table 3.
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Table 3
Wiberg bond orders (WBO) of the bonds x, y,
and z of acenaphthylenes and fluoranthenes
depicted in Figure 7; see also Figure 2.
#PCP is the number of PCP constellations
contained in the respective molecule.
Comp.

#PCP

WBO(x)

WBO(y)

WBO(z)

A1

0

1.1003

1.1003

1.7482

A2

1

1.1096

1.1114

1.7284

A3

2

1.1255

1.1255

1.7016

F1

0

1.0703

1.0703

‒

F2

1

1.0744

1.0783

‒

F3

2

1.0770

1.0770

‒

F4

1

1.0755

10810

‒

F5

2

1.0865

1.0855

‒

F6

2

1.0814

1.0896

‒

F7

3

1.0867

1.0878

‒

F8

2

1.0900

1.0900

‒

F9

3

1.0970

1.1031

‒

F10

4

1.1028

1.1028

‒

In particular, the Wiberg bond order of x and y is
minimal and of z maximal for A1, the molecule
without any PCP constellation. For A3, the molecule with two PCP constellations, the Wiberg
bond order is maximal for bonds x and y, and
minimal for bond z. Also the majority of the
fluoranthenes from Figure 7 satisfy Eq. (2b), in
this way confirming the PCP rule. In particular,
the Wiberg bond order of x and y is minimal for
F1, the molecule without any PCP constellation,
and the WBO of x and y is maximal for F10, the
molecule with four PCP constellations.
The second test that we used to check
the PCP rule is the bond length of the bonds x,
y in acenaphthylenes and fluoranthenes and of
the bond z in acenaphthylenes. Our expectation
was that with the increase of the intensity of cyclic conjugation in the five-membered ring, the
length of the x and y carbon-carbon bonds (single in Kekulé structures) will decrease, whereas
the length of the double bond z will increase. In
accordance with this, the PCP rule will be valid
if our molecules obey the following equations:
# PCP ( Ai ) > # PCP ( Aj ) ⇒ d ( x | Ai ) < d ( x | Aj )
d ( y | Ai ) < d ( y | Aj )

The PCP rule will be confirmed if acenaphthylenes and fluoranthenes obey the following
relations:

d ( z | Ai ) > d ( z | Aj )

(3a)

# PCP ( Ai ) > # PCP ( Aj ) ⇒ WBO ( x | Ai ) > WBO ( x | Aj )
WBO ( y | Ai ) > WBO ( y | Aj )
WBO ( z | Ai ) < WBO ( z | Aj )

for acenaphthylenes, and

(2a)

# PCP ( Fi ) > # PCP ( Fj ) ⇒ WBO ( x | Fi ) > WBO ( x | Fj )
WBO ( y | Fi ) > WBO ( y | Fj )

(2b)
for fluoranthenes. By WBO(q|M) we denote the
Wiberg bond order of the bond q in the molecule
M. By #PCP we denote the number of PCP constellations.
From Table 3 one can see that acenaphthylenes obey Eq. (2a) without a single exception.

for acenaphthylenes, and
# PCP ( Fi ) > # PCP ( Fj ) ⇒ d ( x | Fi ) < d ( x | Fj )
d ( y | Fi ) < d ( y | Fj )

(3b)
for fluoranthenes. By d(q|M) we denote the
length of the bond q in the molecule M. By #PCP
we denote the number of PCP constellations.
The calculated lengths of the bonds x, y,
and z for the molecules from Figure 7 are given
in Table 4. By direct inspection of the data in
Table 4 one can see that acenaphthylenes obey
Eq. (3a) in all cases. Therefore, in the case of
acenaphthylenes, the PCP rule is fully confirmed
by our second test (bond length).
Maced. J. Chem. Chem. Eng. 31 (1), 1–15 (2012)
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Table4
Length of the carbon-carbon bonds x, y, and
z of the acenaphthylenes and fluoranthenes
depicted in Figure 7; see also Figure 2.
#PCP is the number of PCP constellations in
the respective molecule.
Comp.

#PCP

d(x) (pm)

d(y) (pm)

d(z)
(pm)

A1

0

147.3

147.3

136.4

A2

1

146.8

147.1

136.6

A3

2

146.5

146.5

136.9

F1

0

147.6

147.6

‒

F2

1

147.1

148.3

‒

F3

2

148.3

148.3

‒

F4

1

146.9

148.2

‒

F5

2

147.6

147.9

‒

F6

2

146.4

149.1

‒

F7

3

147.4

148.6

‒

F8

2

147.5

147.5

‒

F9
F10

3
4

147.1
147.6

147.9
147.6

‒
‒

The lengths of the bonds x and y in
fluoranthenes are found to depend on the steric repulsion between the near-lying hydrogen
atoms, especially those indicated in Figure 8.
Because of this steric repulsion, testing the
PCP rule is slightly more complicated. For instance, the δ-type of bond y in molecule F6 is
somewhat longer than the α-type of bond x in
the same molecule; d(x|F6) =146.4 pm, d(y|F6)
= 149.1 pm. This extension of bond y (relative
to bond x) is evidently the consequence of the
need to make enough space for two near-lying hydrogen atoms. In accordance with this,
the test conditions should be applied only to
bonds x and y of the same type α, β, γ, or δ, as
indicated in Figure 8. When the test is applied
in this way, the results are the accordance with
the PCP rule. Thus, in summary we conclude
[33] that highly accurate quantum chemical
calculations of molecular geometry confirm
that the PCP rule is not an artifact but a real
chemical phenomenon.

Maced. J. Chem. Chem. Eng. 31 (1), 1–15 (2012)

Fig. 8. Four types of carbon-carbon bonds (marked
by arrows) in fluoranthenes, whose length is
influenced by the repulsion between near-lying
hydrogen atoms (marked by heavy dots). These steric
interactions increase of the length of the respective
carbon-carbon bonds. In case δ the carbon-atom
skeleton cannot be planar, in spite of the erroneous
claim in Ref. [33].

4.2. Multicenter delocalization indices
Multicenter delocalization indices [36,
37] were also used as one of the criteria for testing the PCP rule [38]. Multicenter bond indices
are aimed at measuring the extent to which the
electrons are delocalized among a set of n atoms. For our test we used the five-center bonding index (5-CBI). This index is related to the
five carbon atoms (labeled as A, B, C, D, and E)
of the five-membered ring in acenaphthylenes
and fluoranthenes. The five-center index, characterizing the extent of the cyclic conjugation
in a particular five-membered ring, is defined
as:

·
(4)
where P is the charge/bond-order matrix and S
the overlap matrix. The summation runs over
all basis functions μ, ν, λ, κ, ξ centered on the
atoms A-E involved in a given ring. Γ is the
permutation operator that takes into account
all possible (= 5!) permutations of the atomic
labels. Calculation of the five-center bond indices was performed at the HMO level of theory.
Within that approach, the overlap matrix is a
unit matrix and equation (4) is reduces to:
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(5)
The greater the value for the five-center
index, the greater is the intensity of cyclic conjugation in the five-membered ring. Values for
the five-center index were calculated for the
five-membered rings of all acenaphthylenes
and fluoranthenes depicted in Figure 7. These
data, together with respective energy effects,
are given in Table 5.
Table 5
The five-center index (5-CBI) and energy effect (ef) of the five-membered ring of
acenaphthylenes and fluoranthenes depicted
in Figure 7, as well as the respective ring
currents. As usual, the dimensionless numerical value of ring currents is given relative to
the ring current of benzene.
#PCP is the number of PCP constellations in
the respective molecule.
Comp.

# PCP

5-CBI

ef

Ring
currents

A1

0

0.5250

0.0114

0.103

A2

1

0.6124

0.0206

0.184

A3

2

0.7281

0.0390

0.333

F1

0

0.2685

0.0031

0.050

F2

1

0.3096

0.0043

0.063

F3

2

0.3457

0.0056

0.073

F4

1

0.3062

0.0054

0.092

F5

2

0.3558

0.0080

0.121

F6

2

0.3559

0.0079

0.119

F7

3

0.3994

0.0105

0.138

F8

2

0.3566

0.0105

0.184

F9

3

0.4181

0.0159

0.240

F10

4

0.4716

0.0211

0.273

Results from Table 5 show that the fivecenter index is in perfect agreement with the
PCP rule. For instance, for acenaphthylenes

A2 and A3 (possessing, respectively one and
two PCP constellations) the five-bond indices
are 0.6124 and 0.7281, respectively. Among
the fluoranthenes from Figure 7, minimum
and maximum for the five-center index have,
respectively, F1 with no PCP constellation and
F13 with four PCP constellations; 5-CBI (F1) =
0.2685, 5-CBI (F13) = 0.4716.
The analysis preformed by employing
multicenter bond indices as a method for testing
our rule clearly indicates that the PCP rule reflects some real feature of the π-electron distribution in the respective molecule. From Figure
9 it can be established that a reasonably good
correlation between the five-center indices and
the energy effects exists. Not surprisingly, the
data-points for acenaphthylene and fluoranthene congeners lie on two different lines. This
implies not only that the PCP rule is convincingly confirmed by multicenter bond indices,
but also that these two different methods for
measuring cyclic conjugation are in quantitative agreement.

Fig. 9. Five-center bond indices (5-CBI) vs. energy
effects (ef) for the acenaphthylenes (triangles) and
fluoranthenes (circles) depicted in Figure 7.
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4.3. Ring-currents
Ring currents [39, 40] are induced in
polycyclic conjugated molecules by means
of an external magnetic field. They provide a
measure of the flow of π-electrons in the respective ring, and in a natural manner, can be related
to the intensity of cyclic conjugation in this ring
[40]. Ring currents examined by us are purely
graph-theoretical quantities, reliant solely on
the knowledge of the vertex-adjacency matrix
and the number of vertices. These are calculated by the Hückel-London-Pople-McWeeny
method using the computer programs NPRC
and MPRC [41].
The calculated values for ring currents
[42] of acenaphthylenes and fluoranthenes from
Figure 7 are given in Table 5.
Topological ring currents imply that cyclic conjugation in the five-membered ring of
the considered acenaphthylenes and fluoranthenes is weak, same as their energy effects.
(Recall that the ring current of benzene is set
to be equal to 1.0000.) From Table 5 we see
that ring currents are in fact in perfect agree-

ment with the PCP rule. The best examples are
the two acenaphthylenes, A1 (no PCP constellations) and A3 (two PCP constellations) for
which the values for ring currents are 0.103 and
0.333, respectively. Illustrative examples for
fluoranhtens are molecules F1 (no PCP constellation), F4 (one PCP constellation), F8 (two PCP
constellations), F9 (three PCP constellations)
and F10 (four PCP constellations); the ring currents in their five-membered ring are 0.050,
0.092, 0.184, and 0.273, respectively.
Thus it can be seen that criteria based on
ring currents provide a further (independent)
confirmation of the PCP rule.
4.4. NICS method
NICS is an acronym from Nucleus Independent Chemical Shift [43, 44]. This method
is based on the fact that delocalized π-electrons
produce a relatively high diamagnetic ring current under an external magnetic field. In the
NICS method a ghost atom (no nucleus, no basis function) is placed at a desired point in the

Fig. 10. Some acenaphthylenes and fluoranthenes and the nucleus independent chemical shift NICS(0) and
NICS(1) values pertaining to their five-membered rings
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space. The chemical shift of the ghost atom
can be calculated, thus indicating the chemical environment of this atom. A ghost atom
placed in the center of aromatic or antiaromatic ring senses the induced diamagnetic
or paramagnetic ring current, respectively.
Negative NICS values indicate aromaticity
of a ring, while positive NICS values indicate
antiaromaticity of a ring. Calculations reported here were performed using the gauge invariant atomic orbital (GIAO) approach at the
B3LYP/6-311G(d, p) level of theory. For testing the PCP rule we calculated NICS(0) and
NICS(1). NICS(0) means that the ghost atom
is placed at the center of the ring and NICS(1)
means that the ghost atom is placed at 1 Å
above the ring. At the center of the aromatic
ring σ-electrons may have a high density and
in that way contribute to the chemical shift.
With NICS(1) this complicated influences are
reduced and thus NICS(1) is recommended as
being a better measure of the π-electron delocalization compared to NICS(0). It should
be mentioned that in our test we do not intend
to measure aromaticity in acenaphthylenes
and fluoranthenes. The goal of this test is to
demonstrate that there is some cyclic conjugation in these molecules and that rings in PCP
constellations influence it. By examining the
NICS values we found the result to be a kind
of surprise, because these indices show a regularity that does not agree with what would be
expected on the basis of the PCP rule.
From Figure 10 one can see that the
NICS values precisely follow the PCP rule
but in opposite direction with regard to energy effects. We assumed that, because negative NICS values indicate aromaticity, with
increasing number of PCP constellations the
values for NICS indices would decrease. But,
as examples from Figure 10 show, the situation is exactly opposite. Indeed, F1 has the
lowest values for NICS indices and this molecule does not have any PCP constellation. On
the other hand, F4 has the greatest values for
NICS indices and it has four PCP constellations. The same happens for acenaphthylenes:
A1 has the lowest values for NICS (no PCP

constellation) and A3 has the greatest values
for NICS (two PCP constellations). According
to this criterion, six-membered rings in PCP
constellation decrease the aromaticity of the
five-membered ring. The NICS method has, in
some way, confirmed that rings in PCP constellations influence the cyclic conjugation
in the five-membered ring, but in an opposite
sense as the PCP rule would require.
At this moment we do not possess a
sound explanation for this disagreement. We
only note that it is well known that local aromaticity predicted by NICS and by thermochemical approaches differs in many cases,
hinting towards a conclusion that energetic
and magnetic criteria reflect different and independent aspects of aromaticity [45].
5. CONCLUSION
For the purpose of better understanding
the π-electron properties of acenaphthylenes
and fluoranthenes, a systematic study of their
cyclic conjugation was undertaken. In our
opinion, we discovered a new general regularity, named by us the phenyl-cyclopentadienyl
rule, or shorter the PCP rule. According to this
rule, six membered rings in PCP constellation
(cf. Figure 6) increase the magnitude of cyclic
conjugation in the five-membered ring. The
greater is the number of such six-membered
rings, the stronger is the cyclic conjugation in
the five-membered ring.
Initially, this regularity was established
by studying the energy effects of individual
rings (cf. Eq. (1)), but was eventually corroborated by means of several other independent
approaches (Wiberg bond orders, carbon-carbon bond lengths calculated by high-level ab
initio DFT methods, multicenter delocalization indices, ring currents). The only disagreement found was by testing the PCP rule by
means of NICS.
It is important to note that the PCP rule
cannot be rationalized by means of the “classical” theories of cyclic conjugation, based on
considerations of Kekulé or Clar structures.
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The PCP rule seems to be generally valid
for acenaphthylene and fluoranthene congeners, but its extension to other PAHs containing five-membered rings was not successful
[46, 47]. On the other hand, a regularity fully
analogous to the PCP rule holds in acenaphthylene- and fluoranthene-type systems in which
the odd-membered ring has size different than
five [48].
We have established several other regularities related to the PCP rule [27‒29], in
particular those concerned with the effect of
benzo-annelation that is not in PCP constellation. A detailed discussion of these topics goes
beyond the ambits of the present review.
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