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We continue a series of papers in which the chemical importance of the linear response kernel
w(r,r 0 ) of conceptual DFT is investigated. In previous contributions (J. Chem. Theory Comput.
2010, 6, 3671; J. Phys. Chem. Lett. 2010, 1, 1228; Chem. Phys. Lett. 2010, 498, 192), two
computational methodologies were presented and it was observed that the linear response
kernel could serve as a measure of electron delocalisation, discerning inductive, resonance and
hyperconjugation eﬀects. This study takes the analysis one step further, linking the linear response
kernel to the concept of aromaticity. Based on a detailed analysis of a series of organic and
inorganic (poly)cyclic molecules, we show that the atom-condensed linear response kernel
discriminates between aromatic and non-aromatic systems. Moreover, a new quantitative measure
of aromaticity, termed the para linear response (PLR) index, is introduced. Its deﬁnition was
inspired by the recent work published around the para delocalisation index (PDI). Both indices
are shown to correlate very well, which emphasises the linear response kernel’s value in the
theoretical description of aromaticity.

1

Introduction

Recently, there has been a growing interest in the calculation
and interpretation of the linear response kernel w(r,r 0 ) of
conceptual DFT.1–7 Within this framework w(r,r 0 ) is deﬁned
as the second-order functional derivative of the electronic
energy E with respect to the external potential v(r) (which is
just the electron–nuclear potential for isolated atoms and
molecules):




d2 E
drðrÞ
wðr; r0 Þ ¼
¼
:
ð1Þ
dvðrÞdvðr0 Þ N
dvðr0 Þ N
Although this function holds a central position within the
chemical reactivity theory of conceptual DFT—it can e.g. be
linked to the softness kernel s(r,r 0 ), the local softness s(r) and
the global softness S through the famous Berkowitz–Parr
relation:1,8
wðr; r0 Þ ¼ sðr; r0 Þ þ

sðrÞsðr0 Þ
;
S

ð2Þ

its actual calculation and chemical interpretation has not got a
lot of attention so far, an exception being the work by Ayers
and Parr, contextualizing the linear response function in an
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external potential based approach to chemical reactivity.9 This
is probably because of the diﬃculties associated with the
practical implementation of proposed theoretical expressions
for its calculation.
Theoretical properties and formal solutions of the linear
response kernel can be found in a number of papers. We
should mention Senet’s study2 on the exact functional relations
between the linear and nonlinear response functions and the
ground state electron density, and the elaboration of the
properties of and expressions for these functions within a
Kohn–Sham (KS) formalism by Cohen et al.,10 Senet11 and
Ayers.12 A summary of the most important mathematical
properties of the linear response kernel can be found in a
recent contribution by Liu et al.7
There are very few numerical results on the linear response
function in the context of conceptual DFT and those available
are typically obtained in an approximate manner. Baekelandt
et al.13 and Wang et al.14 computed atom-condensed linear
response matrices within the context of the electronegativity
equalisation method (EEM).15 Numerical data are also given
in some papers by Morita and Kato,16–18 where this quantity is
obtained by solving the coupled-perturbed Hartree–Fock (HF)
or Kohn–Sham (KS) equations. Their work is based on the ideas
of Stone and Alderton,19,20 who analysed dipole and multipole
polarisabilities, and has been extended by Lu and Yang.21 The
explicit calculation of the response Dr(r) of the electron density
upon a point charge perturbation in the external potential
has been analysed for various atoms.22 Related work has also
been done by Cedillo et al.23 Cioslowski and Martinov have
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calculated approximate atomic softness matrices, which can be
interpreted as the negatives of approximate linear response
matrices.24
Some of the present authors developed two new methodologies
to calculate the linear response kernel. The ﬁrst one is based on a
numerical evaluation of the second-order functional derivative
with respect to the external potential (see eqn (1)).25 The idea is to
expand the linear response kernel in a basis set of Gaussian
functions and determine the expansion coeﬃcients. This is done
by perturbing the external potential by a number of distinct
perturbations and calculating the corresponding responses of
the electronic energy. This information can be used to solve a
set of linear equations, giving rise to the desired expansion
coeﬃcients. We refer to ref. 25–27 for more detailed information.
It was shown that this methodology yields highly accurate
results, however, at a signiﬁcant computational expense; typically,
thousands of single point calculations are required to obtain
well-converged results.
Secondly, an approximate method based on second-order
perturbation theory was developed, the numerical results of
which correlate well with the previous ones and this at a
minimal computational cost.6,12,25,28–30 For closed-shell spinrestricted calculations, the linear response kernel can be
obtained as
wðr; r0 Þ ¼ 4

N=2
X
i¼1

1
X

fi ðrÞfa ðrÞfa ðr0 Þfi ðr0 Þ
:
ei  ea
a¼ðN=2Þþ1

ð3Þ

Here, the index i (running from 1 to half the number of
electrons N/2) spans the occupied molecular orbitals (MOs)
fi(r), while a covers the unoccupied ones fa(r). The e quantities
in the denominator indicate the corresponding orbital energies.
Two approximations are made in the derivation of eqn (3):
excited states are constructed by substituting unoccupied
molecular spin orbitals for occupied ones in the single Slater
determinant representing the molecular wavefunction without
relaxation of this new set of spin orbitals (frozen orbital
approximation) and the energy diﬀerences between the excited
states and the ground state are replaced by orbital energy
diﬀerences. These assumptions are, however, exactly applicable
to the KS non-interacting reference system, so that eqn (3) can be
seen as the exact functional derivative of the electron density with
respect to the KS potential vKS(r).6,11,12 A more elaborate
discussion of this can be found in ref. 25, 28, and 29.
This last calculation methodology yielded numerical data
revealing that the linear response kernel can be used as a
qualitative and quantitative measure of electron delocalisation.28,29
To this end atom-condensed linear response matrices were
calculated through eqn (3) for a series of linear and cyclic
organic compounds. It was shown that the linear response
kernel is able to diﬀerentiate between inductive, resonance
and hyperconjugation eﬀects. The condensed linear response
values between two atoms decrease exponentially with internuclear distance when the transfer of the atomic responses
to external potential perturbations through the molecule is
governed by the inductive eﬀect. The presence of mesomeric
eﬀects yields high linear response values, even at considerable internuclear distances, if the corresponding atoms play
an active role in the possible resonance structures. The impact
This journal is

c

the Owner Societies 2012

of hyperconjugation is substantially smaller and presents
intermediate characteristics between the inductive and resonance
eﬀects.
In this paper a logical extension to the previous observations
will be provided, namely the investigation of the link between
the linear response kernel and the concept of aromaticity.31–35
This idea is primarily inspired by some of the recent studies
done by Solà and coworkers, where the para-delocalisation
index (PDI) is successfully used as an aromaticity index.36–38
It is based on the delocalisation index (DI) d(A,B),39,40 derived
from the atoms in molecules (AIM) theory.41–43 The term
d(A,B) is obtained by double integration of the exchange–
correlation density GXC(r,r 0 ) over the atomic basins, as deﬁned
in AIM theory, of atoms A and B:
R R
(4)
d(A,B) = 2 VA VBGXC(r,r 0 )drdr 0 .
For the MO based expansion in a closed-shell spin-restricted
context, to be compared with eqn (3), we refer to Solà et al.40
The term d(A,B) gives a quantitative idea of the number of
electrons delocalised or shared between atoms A and B. It was
observed that the extent of electron delocalisation in benzene
and derived molecules between para-related carbons is higher
than that between meta-related ones, and this despite the
larger internuclear distance.39,44,45 This suggested a typical
delocalisation pattern for aromatic systems and Solà and
coworkers proposed the use of the average DI of para-related
pairs as a measure of aromaticity, which was termed the paradelocalisation index.36
The study of ref. 29 concerning the calculation of the linear
response kernel for cyclic organic molecules revealed a similar
pattern: atom-condensed linear response between para-related
carbons were found to present higher values than the metarelated-ones for all aromatic systems investigated. In this
paper, we will extend the analysis and investigate in detail
whether the linear response kernel w(r,r 0 ) of conceptual DFT
provides relevant information about aromaticity. To this end,
a series of polycyclic organic molecules representing a broad
range of aromatic character will be studied and results will
be compared with available PDI data.36 In addition, some
aromatic and non-aromatic inorganic compounds will be
analysed in order to provide further illustration. As a whole
this study can be seen as a further step in relating conceptual
DFT to aromaticity as initiated in the late 1980s and 1990s by
Zhou, Garst and Parr and two of the present authors putting
forward absolute and relative hardness as a measure of
aromaticity46–48 and by the latter ones in their conceptual
DFT approach to retrieve the Woodward–Hoﬀmann rules for
pericyclic reactions.49–51

2

Computational method

We will calculate the linear response kernel using the approximate expression of eqn (3). We are, however, conﬁdent that
the obtained values are quite close to the exact ones, given the
published correlation between this method and the numerical one
described in ref. 25. The inﬁnite sum over a in eqn (3) will be
replaced by a ﬁnite one due to the use of a ﬁnite basis set, which
implies a negligible approximation in view of the orbital energy
diﬀerence in the denominator. Furthermore, the atom-condensed
Phys. Chem. Chem. Phys., 2012, 14, 3960–3967
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linear response matrix wAB will be calculated by integration of
the position variables r and r 0 over the atomic volumes VA and
VB of atoms A and B respectively:
R R
(5)
wAB = VA VB w(r,r 0 )drdr 0 .
Becke’s multicenter numerical integration procedure,52 as
implemented in an in-house program developed by TorrentSucarrat,53,54 will be used for this purpose. It is a basis set
independent condensation scheme that makes use of Becke’s
so-called ‘‘fuzzy’’ Voronoi polyhedra, which take the Bragg–
Slater radii to weigh the volume of the atomic regions into
account. All calculations were done with the Gaussian 09
program package;55 geometry optimisations were performed
on the B3LYP/6-311++G** level of theory,56–58 whereas the
single point calculations, yielding the KS MOs and corresponding orbital energies to be used in eqn (3), were done on
the PBE/6-31+G* level.59 More information on the validation
of the procedure can be found in ref. 25, 28, and 29.
In this paper, we will not primarily focus on the interpretation of the whole atom-condensed linear response matrix wAB.
Instead, we deﬁne a para linear response (PLR) index by
analogy with the deﬁnition of the para delocalisation index
of ref. 36 and 37. The PLR index for six-membered rings is
thus given by
PLR = 13(w14 + w25 + w36),

(6)

where the indices indicate the number of the corresponding
ring atoms (when these atoms are subsequently numbered
from 1 to 6).
We will start by calculating the PLR values for all sixmembered rings of the planar (poly)cyclic hydrocarbon
molecules shown in Fig. 1 and compare them with PDI values
reported in ref. 36. Next, PLR values and atom-condensed
linear response patterns will be analysed for the planar inorganic
rings in Fig. 2, further illustrating the linear response function’s
predictive power of aromaticity.

3

Results and discussion

3.1

Correlation between PLR and PDI values

Before analysing PLR values, it is instructive to consider the
variation of the atom-condensed linear response function with
internuclear distance for two prototypical aromatic systems.
Table 1 and Fig. 3 provide the atom-condensed linear response
values corresponding to all relevant carbon–carbon combinations in one ring (see Fig. 1 for the atomic numbering) for the
cases of benzene and naphthalene. In general, a typical pattern
for aromatic systems can be discerned, with higher linear
response values for para-related carbons than for meta-related
ones, and this despite the larger internuclear distance. This
phenomenon can be explained by considering the resonance
structures, illustrated in Fig. 4 for benzene.29 It is seen that the
process of electron delocalisation is not only governed by an
inductive eﬀect, but also by a resonance eﬀect. Ortho- and
para-related carbons are linked through a charge sharing
mechanism in the resonance structures, which is however not
present for meta-related carbons. This diﬀerence in resonance
behaviour accounts for the qualitative pattern found for
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aromatic molecules. Similarly, the high atom-condensed linear
response values for para-related atoms could also be explained
by the presence of Dewar structures playing an important role
in the resonance process, as mentioned in e.g. ref. 36. Taking
the case of naphthalene, the general trend in linear response
values between two carbon atoms belonging to the same sixmembered ring is similar, but varies depending on which
carbon atom is chosen as the reference. The delocalisation
between carbon atoms 2 and 4 (see Fig. 1 for atomic numbering)
is signiﬁcantly higher than that between the 1–5 and 3–6 pairs.
However, the average para linear response value equals 0.59,
which is signiﬁcantly lower than the value of 0.83 found in
benzene, clearly indicating the lower degree of aromaticity in
naphthalene than in benzene.
In order to investigate the link between the linear response
function and the concept of aromaticity in a quantitative
manner, we have calculated PLR values of all the six-membered
rings given in Fig. 1. The numerical values are presented in
Table 2 together with the reported PDI values of ref. 36. Fig. 5
provides a graphical representation of the results and a linear
correlation between the para linear response and para delocalisation indices. A remarkable resemblance is found, with an R2
correlation parameter of 0.96. This result clearly shows a
direct link between both properties and allows us to conclude
that a prediction of aromaticity trends based on any of these
indices will be very similar.
A detailed analysis of the performance of PDI and other
aromaticity indices was done in ref. 38 using a wide range of
molecules, probing among other things benzene distortions,
substitution and complexation in benzene, ring size dependence, heteroatomic species, Clar’s systems, fulvenes and
chemical reactivity. The major conclusions were that the
electronic indices, such as PDI, are reliable at an advantageous
computational cost. Aromaticity trends connected to out-of-plane
distortions and heteroatomic rings are, however, not always
correctly described. Indices including reference values in
their expressions, such as the harmonic oscillator model of
aromaticity (HOMA)60,61 and the aromatic ﬂuctuation index
(FLU),62,63 should not be used for aromaticity changes in
chemical reactions. Nucleus-independent chemical shift
(NICS) indices33,64 should be avoided when comparing rings
with diﬀerent sizes and diﬀerent types of atoms. Finally,
multicentre indices (MCI)65 provide the overall best performance, however at a high computational cost and having a
large dependence on the level of calculation.
Given the results of Fig. 5, the performance of the para
linear response index as a measure of aromaticity should thus
be in line with the PDI. A good overall performance at a
minimal computational cost can be expected. Some deviations
from experimental data could arise in some cases. The investigation of out-of-plane distortions, summarised in Table 3,
provides an example where the PLR index, similarly to PDI,
incorrectly assigns a higher degree of aromaticity to boat-type
benzene structures than to benzene itself. However, the basic
observation that the PLR and PDI quantities present an
analogous behaviour, or formulated diﬀerently, that the linear
response kernel provides a similar electron delocalisation
picture as Bader’s delocalisation index is a major breakthrough
in the ﬁeld of conceptual DFT.
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Fig. 1 Structures of the planar polycyclic hydrocarbons studied and indication of the labels for the various rings and atoms where necessary.
Table 1 Atom-condensed linear response values (in a.u.) for benzene
and naphthalene for all relevant carbon–carbon combinations. The
values between a reference carbon atom and all other carbon atoms
belonging to the same ring are given. The atomic labels used as indices
are as indicated in Fig. 1
Benzene

Naphthalene

Ref.: atom 1
Fig. 2 Structures of the inorganic rings studied.

3.2

Inorganic rings

In the second part of the Results section, we will focus on a
more qualitative use of the atom-condensed linear response
function in the description of the inorganic rings borazine
(B3N3H6), boroxine (B3O3H3) and s-triphosphatriborin (B3P3H6),
This journal is
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w12
w13
w14
w15
w16

1.17
0.25
0.83
0.25
1.17

Ref.: atom 1

Ref.: atom 2

Ref.: atom 3

w12
w13
w14
w15
w16

w23
w24
w25
w26
w21

w34
w35
w36
w31
w32

1.53
0.20
0.42
0.17
0.76

0.74
0.19
0.93
0.17
1.53

0.79
0.19
0.42
0.20
0.74

which are represented in Fig. 2. We have optimised the
geometry at the level described in Section 2, while requiring
a planar structure belonging to the D3h point group. This gave
Phys. Chem. Chem. Phys., 2012, 14, 3960–3967
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Fig. 5 Linear correlation plot between PLR and PDI (extracted from
ref. 36) values (in a.u.) for all six-membered rings of Fig. 1.
Table 3 Para linear response and para delocalisation values for
benzene’s boat structures. The angle indicates by how much the two
tips of the molecule are tilted out of the molecular plane. Geometries
were taken from ref. 66 and PDI values from ref. 38

Fig. 3 Atom-condensed linear response values (in a.u.) for (a) benzene
and (b) naphthalene for all relevant carbon–carbon combinations. The
values between a reference carbon atom (see Fig. 1 for atomic numbering)
and all other carbon atoms belonging to the same ring are given. The
second carbon atoms are always taken in a clockwise sequence.

Angle/1

PLR (a.u.)

PDI (a.u.)

0
5
10
15
20
25

0.83
0.84
0.84
0.85
0.86
0.88

0.103
0.103
0.103
0.104
0.104
0.105

Table 4 Atom condensed linear response values (in a.u.) for borazine,
boroxine and s-triphosphatriborin for all relevant atom combinations.
The values between a reference atom and all other ring atoms are given.
The atomic labels used as indices are as indicated in Fig. 2
Borazine
Fig. 4 Resonance structures for benzene.

Ref.: N

Table 2 Para linear response values and para delocalisation indices
(extracted from ref. 36) for all six-membered rings in Fig. 1. All values
are in a.u.
Molecule

Ring

PLR

PDI

Benzene
Naphthalene
Anthracene

—
A
A
B
A
B
A
B
A
B
A
B
—
—
—
—

0.83
0.59
0.51
0.58
0.65
0.33
0.69
0.16
0.63
0.39
0.47
0.59
0.75
0.74
0.55
0.55

0.101
0.073
0.061
0.067
0.082
0.044
0.086
0.025
0.079
0.052
0.055
0.062
0.083
0.089
0.070
0.067

Phenanthrene
Triphenylene
Chrysene
Naphthacene
Benzocyclobutadiene
Biphenylene
Acenaphthylene
Pyracyclene

rise to one imaginary frequency just in the case of B3P3H6.
Table 4 and Fig. 6 provide the atom-condensed linear response
values corresponding to all relevant atom combinations (see
Fig. 2 for the atomic numbering).
3964
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w23
w24
w25
w26
w21

1.02
0.12
0.29
0.12
1.02

Boroxine

s-Triphosphatriborin

Ref.: B

Ref.: O

Ref.: B

Ref.: P

Ref.: B

w12
w13
w14
w15
w16

w23
w24
w25
w26
w21

w12
w13
w14
w15
w16

w23
w24
w25
w26
w21

w12
w13
w14
w15
w16

1.02
0.37
0.29
0.37
1.02

1.01
0.18
0.17
0.18
1.01

1.01
0.31
0.17
0.31
1.01

1.46
0.54
0.87
0.54
1.46

1.46
0.38
0.87
0.38
1.46

For borazine, the atom-condensed linear response kernel
presents a remarkable behaviour. Fig. 6(a) shows how the
atom-condensed linear response kernel between one of the ring
atoms (nitrogen or boron) and the other ring atoms varies with the
internuclear distance. It is seen that the typical resonance pattern
observed for aromatic systems (increased para-delocalisation)
is recovered if one of the nitrogens is chosen as the reference
atom, whereas a pure inductive behaviour (exponential decline
of electron delocalisation with internuclear distance) is found
if boron serves as the reference atom. This dual picture
hampers the classiﬁcation of borazine as an aromatic or nonaromatic molecule on the basis of the qualitative behaviour of
the linear response kernel.
Also in the literature, there is still an ongoing debate on the
aromatic character of borazine (some interesting discussions
can be found in ref. 67–71). However, the general tendency is
to classify borazine as a non-aromatic species, and this despite
its similar physical properties and structure to the benzene case.
This journal is
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Fig. 7 The four Kekulé structures used in the valence bond study of
ref. 69. X stands for NH, O and PH in the cases of borazine, boroxine
and s-triphosphatriborin, respectively.
Table 5 Resonance energy Eres (in kJ mol1) and weights W of the
four Kekulé structures in Fig. 7 in the resonance process. All data are
taken from ref. 69. The case of benzene is included as a reference point

Fig. 6 Atom-condensed linear response values (in a.u.) for (a) borazine,
(b) boroxine and (c) s-triphosphatriborin. The values between a reference
ring atom and all other ring atoms are given. The second atoms are
always taken in a clockwise sequence.

Borazine is, however, less stable and readily undergoes addition
reactions instead of electrophilic substitutions.67 In ref. 70, the
authors investigate the aromaticity of borazine on the basis of
the NICS index and the electron localisation function (ELF).72
They conclude that p- and s-contributions should be separated
and that the p-system of borazine is aromatic, while the s-system
is not. We would like to put special attention to the study of
ref. 69. There, the aromaticity of borazine and some other
inorganic rings is investigated in the context of valence bond
theory. We summarise some of the results of these authors in
Fig. 7 and Table 5, showing the orthogonalised Kekulé structures
and their weight in the overall resonance process. It is clear that
structure III, which has lone electron pairs on the nitrogen
atoms, plays a prominent role (a contribution of 90% to the
resonance energy), with virtually no contribution from the other
structures. These data help to explain our linear response pattern
found in Fig. 6(a). The nitrogen atoms have a lone electron pair
at their disposal, which can delocalise over the ring, giving rise to
a qualitative trend in the linear response kernel resembling the
aromatic situation. The boron atoms, on the other hand, do not
have such a lone electron pair and their associated linear response
values thus merely represent a pure inductive eﬀect.
In order to bolster this explanation, we will investigate two
related cases: boroxine and s-triphosphatriborin. The valence
This journal is
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Molecule

Eres

W(I)

W(II)

W(III)

W(IV)

B3N3H6
B3O3H3
B3P3H6
C6H6

61.6
27.6
132.6
161.4

0.05
0.02
0.21
0.47

0.05
0.02
0.21
0.47

0.90
0.96
0.58
0.03

0.00
0.00
0.00
0.03

bond data for these compounds from ref. 69 are also given in
Fig. 7 and Table 5. It is seen that the situation in boroxine is
even more pronounced than the one in borazine. Structure III,
having lone electron pairs on the oxygen atoms, presents a
contribution of 96% to the resonance energy, while the other
Kekulé structures do almost not provide any contribution.
This picture is recovered in our atom-condensed linear response
plot shown in Fig. 6(b), where a clear qualitative diﬀerence is
found again depending on which type of atom is used as the
reference. A quantitative description can be provided by the PLR
index, which equals 0.30 for borazine and 0.17 for boroxine. This
predicted lower degree of aromaticity for boroxine is in agreement
with the trend in resonance energies Eres in Table 5. Indeed,
the resonance energy for boroxine is only 27.6 kJ mol1,
compared to a value of 61.6 kJ mol1 for borazine.
s-Triphosphatriborin, on the other hand, has a PLR value
of 0.87 and is thus expected to present an important degree of
aromaticity. Valence bond calculations conﬁrm this view. The
resonance energy amounts to 132.6 kJ mol1 and, moreover,
the Kekulé structure III in Fig. 7, having lone electron pairs on
phosphorus, only has a contribution of 58% in the resonance
process, whereas structures I and II contribute 21% each.
These results indicate a higher degree of electron delocalisation
and molecular stability for B3P3H6 in comparison with the cases
of B3N3H6 and B3O3H3. The atom-condensed linear response
results shown in Fig. 6(c) also point in the same direction. The
use of either boron or phosphorus as the reference atom yields
the typical qualitative behaviour associated with aromatic
systems and the linear response function for s-triphosphatriborin
thus closely resembles the case of benzene (see Fig. 3(a)). Table 5
also contains the weights of the various Kekulé structures for
benzene, where it is seen that resonance in a highly aromatic
system (Eres equals 161.4 kJ mol1) is predominantly governed
by structures I and II. s-Triphosphatriborin thus takes an
intermediate position between the (aromatic) benzene and the
(non-aromatic) borazine or boroxine cases. This aromaticity
trend based on a qualitative analysis of the atom-condensed
linear response kernel and quantitative PLR values is in
agreement with previous theoretical studies of ref. 69 and 73
and references therein.
Phys. Chem. Chem. Phys., 2012, 14, 3960–3967
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Conclusion

We have investigated the link between the linear response
kernel w(r,r 0 ) of conceptual DFT and the concept of aromaticity.
Two approaches were used: a qualitative one that employs the
change of the condensed linear response kernel between two
atoms with internuclear distance and a quantitative one based
on the para linear response (PLR) index. We have deﬁned this
index as the average of the atom-condensed linear response
values of para-related atoms in a six-membered ring, by analogy
with the para delocalisation index (PDI). We have shown that
both approaches can be used to measure aromaticity.
We started our analysis by considering a series of planar
(poly)cyclic hydrocarbons, which were already used in a
previous paper to study aromaticity.36 We showed that the
atom-condensed linear response kernel of aromatic species
presents a typical behaviour: its value is higher for para-related
atoms than for meta-related ones and this despite the larger
internuclear distance. Moreover, a remarkable correlation
(of R2 = 0.96) between the PLR index and PDI was found,
indicating that aromaticity trends are equally well described by
both properties.
A second part of this study was devoted to some inorganic
rings. We observed that the aromaticity trend in the boroxine,
borazine and s-triphosphatriborin series predicted by the PLR
index is in agreement with previous theoretical ﬁndings. We have
furthermore linked the qualitative trend in the atom-condensed
linear response values to the contribution of possible Kekulé
structures to the resonance energy of valence bond theory.
This paper continues a series of publications in which the
chemical importance of the linear response kernel w(r,r 0 ) is
scrutinised.25,28,29 Before, we had already suggested that the
linear response kernel was connected to the process of electron
delocalisation; this study, however, clearly shows that a direct
link with the concept of aromaticity exists. The deﬁnition of the
para linear response index brings evidence that aromaticity can
be rooted in the chemical reactivity framework of conceptual
DFT. This represents a major breakthrough in the ﬁeld,
supporting earlier attempts along diﬀerent roads mentioned
before. The relationship between the para linear response
index and the structure of the exchange–correlation density
is currently investigated.
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and P. Popelier, J. Phys. Chem. A, 2006, 110, 7642–7648.
66 F. Feixas, E. Matito, J. Poater and M. Solà, J. Phys. Chem. A,
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