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Abstract. A local measure of the electrophilicity has been recently 
proposed to analyze the chemical reactivity of several kinds of mol-
ecules. In this work a theoretical rationalization of the local extension 
is proposed following the quantitative definition of the molecular 
electrophilic power and a variational method for the distribution of 
the transferred charge. A condensation scheme to atoms or fragments 
follows from its relation to the Fukui function and the local softness. 
Differences between these quantities are discussed and they are tested 
in a model system. The analysis shows that the local electrophilicity 
is more appropriate to describe differences among a set of substituted 
molecules.
Key words: Chemical Reactivity, Local Descriptors, Electrophilicity, 
Density Functional Theory.

Resumen. Recientemente se propuso una medida de la electrofilia a 
nivel local para analizar la reactividad química de diferentes familias 
de moléculas. En este trabajo se presenta un modelo teórico que jus-
tifica dicha extensión al ámbito local, partiendo de la definición del 
índice de electrofilia y del método variacional para la distribución de 
carga transferida. A partir de la relación con la función de Fukui y 
la blandura local, también se tiene un esquema de condensación por 
átomos o fragmentos. Se describen las diferencias entre estos índices 
locales y se prueban en un sistema modelo. El análisis muestra que 
la electrofilia local es un mejor índice para describir las diferencias 
dentro de un conjunto de moléculas sustituidas.
Palabras clave: Reactividad química, índices locales, electrofilia, 
teoría de funcionales de la densidad.

Introduction

Interactions between electrophiles and nucleophiles are present 
in many chemical systems. In a charge transfer process, the 
electrophile receives charge from the nucleophile, therefore, 
in many of these cases, the electrophile acts as a Lewis acid 
whereas the nucleophile behaves as a Lewis base. This kind of 
interactions gave rise to chemical concepts like electronegativ-
ity and frontier orbital theory.

The prediction of the reactivity of chemical species is one 
of the main purposes of theoretical chemistry and a lot of work 
has been done on this line. In particular, density functional 
theory (DFT) [1] has provided formal definitions for many 
chemical concepts [2] like electronegativity (χ) [3], chemical 
hardness (η) [4], Fukui function ( f(r)) [5], global (S) and lo-
cal softness (s(r)) [6], and, in consequence, quantitative scales 
of these properties. The study of the reactivity within the DFT 
framework has also given more complex quantities, like the 
hardness and softness kernels [7], but the reactivity picture is 
far from being complete.

From an empirical relationship [8], an electrophilicity in-
dex, ω, was recently developed using DFT [9]. The quantifica-
tion of the electrophilicity concept is based on the maximum 
energetic stabilization of a species that arises from accepting 
charge. The energy, E, of an electronic system depends on the 
number of electrons, N, and the external potential, v(r). In an 
isolated molecule, the external potential corresponds to the 
electric potential of the nuclei. When the external potential 
remain fixed, the energy is only modified if the number of 
electrons changes. If we use a Taylor series expansion up to 
second order, the energy change can be written in the follow-
ing form,
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where the chemical potential, µ, is the derivative of the energy 
with respect to the number of electrons and corresponds to the 
negative of the electronegativity [3], and the chemical hardness, 
η, is the corresponding second derivative [6]. Since an elec-
trophile is a chemical species capable of accepting electrons, 
its energy must decrease when it receives an electron, then 
its chemical potential must be negative, while the hardness is 
positive. As the electrophile accepts charge, its accepting capa-
bility will decrease up to a state that is unable to receive more 
electrons. Let DNmax and w ≡ -DEmin stand for that number of 
electrons and the corresponding energetic stabilization, respec-
tively. From the quadratic approximation given by eq. 1, DEmin 
corresponds to the minimum value of the quadratic function, 
then the energetic stabilization becomes

	 1
2

2 1
2S N max ,	 (2)

and the amount of transferred charge is given by

	 DNmax = -mS,	 (3)

where we used the inverse relation between the hardness and 
the softness, S = 1/h [6]. Parr, von Szentpaly and Lui [9] as-
sociated the electrophilic power to the value of ω. Note that the 
electrophilicity index, ω, is a positive global quantity which is 
linearly related to DNmax and the electronegativity, therefore 
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both quantities, which constitute a characteristic feature of the 
electrophiles, contribute in the same amount to the value of 
ω. In addition, the electrophilicity index encompasses, apart 
of the propensity of the electrophile to acquire an additional 
electronic charge driven by the chemical potential, µ, the re-
sistance of the system to exchange electronic charge with its 
environment described by the chemical hardness, h = 1/S. A 
good electrophile is therefore characterized by a high value of 
µ and a low value of η.

Recently a local version of this electrophilic power has 
been proposed to analyze the reactivity of several molecules 
[10]. This local index distributes the electrophilicity index ω on 
the molecule using the Fukui function, w(r) = w f(r), and it was 
empirically proposed as an analogy of the relation between the 
molecular softness, S, and the local softness, s(r) = S f(r).

In this work we present a theoretical rationalization to 
the use of this local extension based on the application of a 
variational principle.

Model

An electrophile may have many electron-attracting sites, but 
when it receives additional charge, the sites do not equally 
contribute to the charge stabilization. For a given amount of 
charge transfer (DN), it was recently shown [11] that the most 
stable way to distribute the additional charge corresponds 
to Dr(r) = DN f(r). That is, an additional charge must be dis-
tributed according to the Fukui function in order to minimize 
the molecular energy. This variational principle for the way of 
distributing additional charge in a molecule, or the way of ex-
tracting an amount of charge from a molecule, directly follows 
from the energy variational principle [11].

When an electrophile receives the maximum amount of 
electron transfer (DNmax), this additional charge must be dis-
tributed following the Fukui function, and consequently, in any 
region of space, the change of the density will be equal to

	 Dr(r) = DNmax f(r).	 (4)

Since the chemical potential is the same all along the mol-
ecule, every point in space contributes to the electrophilicity 
index in the following amount,
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where f(r) and s(r) correspond to the Fukui function and the 
local softness, respectively. If one integrates w(r) over all the 
space the electrophilicity index is obtained,

	 w = ∫w(r)dr.	 (6)

Therefore one can designate w(r) as the local electrophilic-
ity index, associated with the global quantity ω. It is important 
to mention that an electrophile is an electron acceptor species, 
and then both the Fukui function and the local softness, in 

eq. 5, must be calculated in the direction of an increase in the 
number of electrons.

From eq. 5, one can note that the local electrophilicity, the 
Fukui function and the local softness are linearly related, and 
the three local quantities give the same relative information 
when two different regions of the same molecule are analyzed. 
This similarity comes from the fact that all those quantities are 
related with the response of the density under changes in the 
number of particles. Beyond the similarity, the difference in the 
scale factor makes them useful for different kind of analysis. 
For a single molecule, the more reactive sites correspond to 
those regions with high values of any of the three quantities. 
The relative value between the reactive sites is the same since 
all the quantities are proportional. If one compares a set of dif-
ferent molecules, Fukui function is not a good choice. Fukui 
function integrates to unity and, in many cases, it distributes 
over all the sites of the molecule giving very different values for 
molecules of different sizes but with similar chemical behavior. 
Therefore both the local softness and the local electrophilicity 
are more suitable for the comparison in a set of molecules. 
There are some cases, like a series of substituted molecules, 
where the softnesses are very similar, especially when the sub-
stituent represents a small portion of the molecule, for this situ-
ation the local electrophilicity can give a better resolution for 
the comparison between the sites of different species. In sum-
mary, either index is equally good for the analysis of individual 
molecules, while local softness and local electrophilicity are 
appropriate for comparing set of molecules. In a set of similar 
molecules where the substituent represents a small part, local 
electrophilicity is a better descriptor.

On the other hand, in terms of fragments, independently 
of the method used to define them, one can integrate the local 
electrophilicity over the region associated to a fragment in order 
to obtain the corresponding contribution to the electrophilicity 
index. Similarly we can use the condensed Fukui function ( f k) 
in eq. 5 to obtain a condensed local electrophilicity for each 
fragment or atom within a molecule, wk ≡ w f k. In either case, 
the fragment or atomic contributions to the local electrophilic-
ity add to the electrophilicity index, w = Swk. This alternative 
use of the local electrophilicity can be very successful, like the 
similar cases of the Fukui function and local softness, where 
the condensed version is easier to interpret.

Results

In the literature the local electrophilicity index has been used 
to analyze the chemical reactivity of several sets of molecules 
[12]. In addition to the results reported in the literature, here we 
apply the local electrophilicity index to a family of substituted 
carbonyl compounds, some aldehydes and ketones. In this kind 
of molecules the carbon atom of the carbonyl group is electron 
deficient, an electrophilic site, and it is usually attacked by 
nucleophiles undergoing nucleophilic additions [13]. For the 
present study, the addition of water to the carbonyl group is 
analyzed. This addition is catalyzed either with acids or bases 
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yielding a diol, R2C=O + H2O → R2C(OH)2. The first step 
of the accepted mechanism corresponds to the rate determinant 
one. In this process, the nucleophile, a water molecule (acid 
catalyzed reaction) or a hydroxyl anion (base catalyzed), at-
tacks the carbon atom of the carbonyl group. The second step 
corresponds to a proton exchange with the solvent to generate 
the final product. Therefore we can expect that the value of the 
local electrophilicity index at the carbon atom should be di-
rectly related to the propensity of the carbonyl group to react.

Formaldehyde, acetaldehyde, propanal, acetone, benzalde-
hyde and α-chloroacetaldehyde were selected as a test set, try-
ing to include different kind of substituents. All these molecules 
were optimized at B3LYP/6-311G** level. The corresponding 
negative and positive ions were calculated at the geometry of 
the neutral molecule with the same level of theory. Chemical 
potential and hardness are evaluated from the finite-difference 
scheme, m = -(I + A)/2 and h = I - A, and they are used to 
obtain the values of the softness and the electrophilicity index. 
The condensed Fukui function, for an increase in the number of 
electrons, comes from the difference of the atomic charges, f k = 
qk

(N+1) - qk
(N), where qk

(N+1)  and qk
(N) correspond to the Mul-

liken atomic charge of the k-th atom of the anion and neutral 
molecule respectively. Mulliken populations were originally 
proposed to condense the Fukui function [14], however many 
other alternatives are available for the atomic charges. Even 
when every population analysis leads to different values, for 
the kind of molecules studied here, the trend is not modified 
because the carbonyl group is the polar part of the molecule. 
Most of the population schemes reproduce this feature. From 
the condensed Fukui function, the condensed form of the lo-
cal indices follows, sk = S fk and wk = w f k. Table 1 shows the 
values of some global quantities (µ, S, ∆Nmax, ω), the atomic 
charges on the atoms of the carbonyl group (qC, qO) and the 
condensed local indices on the carbon atom (fC, sC, wC) for the 
molecules of the test set. Equilibrium constants (logKeq) for the 
addition reaction, taken from Ref. 13, are also included. These 
equilibrium constants correspond to the reaction in aqueous 
solution at 298 K.

From Table 1 one can note that the carbon atom shows 
a positive charge in all the molecules of the set. All the other 
atoms have negative charges, except for the α-chloroacetalde-
hyde, where the α carbon is also positive since it is bonded to 
a halogen. The donor site of the nucleophile corresponds to the 
oxygen atom, either for the water molecule or the hydroxyl an-

ion, and it always has a negative atomic charge. Therefore, the 
reaction is initially dominated by the electrostatic interaction 
between the electrophilic and the nucleophilic sites. Differ-
ences must appear when charge transfer occurs.

For every molecule in the test set, the carbon atom shows 
the largest value of the condensed Fukui function and it can 
be characterized as the electrophilic center. In general, these 
values decrease with the size of the molecule, as one can note 
from Table 1, and this behavior comes from the normalization 
of the Fukui function. This effect is more evident in benz-
aldehyde, where the values of fk are distributed both in the 
carbonyl and phenyl group and for this molecule the Fukui 
function of the carbon atom has the lowest value in the set. 
For this reason, it has been recognized that the Fukui function 
is not suitable for the comparison of molecules with different 
sizes [15]. Local softness also follows the same trend and this 
tendency mainly comes from the small range of variation of 
the molecular softness. In contrast, the condensed values of 
the local electrophilicity index have a different behavior. The 
comparison between the electronic reactivity parameters and 
the equilibrium constant for the addition reaction shows that, 
among this set of parameters, only the local electrophilicity 
index and the equilibrium constant follow the same trend, as 
expected. It is important to mention that the relationship is not 
linear. The local electrophilicity describes the propensity of a 
specific site to accept electrons. This information is relevant 
for the initial step of the reaction, but this index is unable to 
describe the electronic changes along the reaction path. Then, 
it differentiates the chemical behavior of a given sites in the 
set of molecules.

In our model system, the reaction involves two polar neu-
tral molecules, where the negative site of water interacts with 
the positive site of the carbonyl group. It is important to note 
that the attraction between opposite charges is a long range 
interaction which is similar for the all the studied molecules. 
On the other hand, the tendency of the electrophilic site of 
carbonyl molecule to receive electrons from the other reactant 
differentiates the behavior of the carbonyl molecules.

Concluding remarks

Following a variational principle for the distribution of addi-
tional charge, we rationalize the use of the local extension of 

Table 1. Reactivity parameters for some carbonyl compounds (electronic indices in atomic units).
molecule −µ S ∆Nmax ω qC qO fC sC wC logKeq

acetone 0.140 2.354 0.330 0.0462 0.168 -0.288 0.166 0.392 0.0077 -2.86
benzaldehyde 0.176 2.801 0.493 0.0867 0.225 -0.287 0.137 0.385 0.0119 -2.08
propanal 0.146 2.288 0.334 0.0487 0.166 -0.278 0.283 0.648 0.0138 -0.15
acetaldehyde 0.149 2.246 0.334 0.0498 0.150 -0.273 0.280 0.629 0.0140 -0.08
α-chloroacetaldehyde 0.172 2.359 0.406 0.0699 0.177 -0.260 0.249 0.586 0.0174 1.57
formaldehyde 0.166 2.166 0.359 0.0596 0.100 -0.251 0.581 1.259 0.0346 3.35

Keq taken from Ref. 13.
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the electrophilicity index. This quantity, which is proportional 
to the Fukui function, locally describes the distribution of the 
additional charge in an electronic system. The usefulness of 
the related local properties for different kinds of analysis is 
also discussed, as well as the corresponding condensed version. 
The local electrophilicity index is tested for an addition reac-
tion, where the proposed index follows the trend of the reaction 
equilibrium constant for the set of molecules considered. This 
behavior confirms the physical meaning of this local quantity.

Although it is very tempting to use the Fukui function in 
the direction of decreasing number of electrons to extend the 
present work to define a nucleophilicity index, the framework 
is compromised with the process of accepting charge, and the 
nucleophiles do not behave in this way. Therefore we think that 
this problem should be approached from a different perspective 
[16]. An alternative is to use of a differentiated behavior for 
accepting and releasing electrons in the definition of electroac-
cepting and electrodonating powers [17].

Roy et al. have recently presented another definition of 
electrophilicity [18]. Therein, a relative electrophilicity index 
associated to site k in the molecule was defined as the ratio 
sk
+/sk

−, where sk
+ and sk

− are regional (condensed to atom k) 
softnesses for the nucleophilic and electrophilic attacks, respec-
tively. The representation of local electrophilicity to determine 
site selectivity using this index is less universal than the one 
presented here, eq. 5, in the sense that the present approach 
applies to all atomic sites in the molecule. It is not necessarily 
restricted to those sites that present comparable values in the 
electrophilic and nucleophilic softness. A recent local reactivity 
index, the dual descriptor [19], is also related to Roy’s [18], 
D f = f + - f - = (s+/s- - 1)/f -, and its use is under exploration. 
Another advantage of the present local model is that it provides 
a normalized definition of the local electrophilicity.
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