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Abstract A new reactivity index has been defined; this pa-
rameter is focused on a molecule’s natural bond orbitals
(NBOs) and derives in a natural way from Fukui functions.
NBOs have the advantage of being very localized, allowing
the reaction site of an electrophile or nucleophile to be deter-
mined within a very precise molecular region. Finally, the
indices for a representative set of organic molecules were cal-
culated and their usefulness tested on some protonation
reactions.
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Introduction

The interpretation and prediction of organic reactions is often
complicated by, amongst other things, the entanglement of
electronic and steric effects. In 1963, Pearson [1] launched a
unifying concept by which the chemical reactivities, selectiv-
ities, and stabilities of compounds could be rationalized read-
ily. Chemical entities were categorized as “hard” or “soft”
Lewis acids or bases. Complex stability, however, cannot be
estimated adequately by considering only hardness; additional
parameters have to be introduced.

Condensed Fukui functions and related local and global
parameters are very useful in the study of chemical reactivity.

Several reactivity studies [2–6] have demonstrated the utility
of these types of theoretical descriptors. In some publications,
canonical orbitals are used to justify the reactivity of a system;
these sometimes differ from the frontier molecular orbitals
(HOMO-1, HOMO-2,…) [7–9]. Other kind of orbitals, such
as natural bond orbitals (NBOs) could have some advantages
over canonical orbitals. When we calculate the Fukui func-
tions of the atoms in a molecule, we sometimes find that they
possess a double behavior, i.e., they are simultaneously elec-
trophilic and nucleophilic and that is inconsistent with
Eq. (12) (see below), which can have only one value at each
point in space. When we calculate indices for orbitals (such as
for NBOs) this problem disappears because an occupied or-
bital does not exhibit electrophilic behavior (or at least its
electrophilic behavior is negligible compared to its nucleo-
philic properties) and vice versa. Moreover, we have chosen
to study NBOs because they are very localized, which allows
the point of attack of an electrophile or nucleophile to be
delimited to a very definite region of the molecule, and be-
cause of the comfort of Lewis’ structure diagrams, which rep-
resent the complex problem of reactivity in very simple and
visual terms. For example, consider the reaction:

where ‘Nu’ is a nucleophile with one or more occupied NBO
(lone pair, double-triple bond, …) and ‘E’ is an electrophile
with one or more unoccupied NBO. To calculate the reactivity
indices in such a case would be of great interest.

Theoretical background

In 1999, the concept of the electrophilicity index (ω) was
quantitatively introduced by Parr et al. [10] as the stabilization
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energy when atoms or molecules in their ground states acquire
additional electronic charge from the environment.

At the second order, the energy change (ΔE) [11] due to the
electron transfer (ΔN) satisfies Eq. 1:

ΔE ¼ μ ΔN þ 1

2
η ΔN2 ð1Þ

where μ and η are the chemical potential (negative of the
electronegativity) and chemical hardness, respectively, de-
fined by Eqs. 2 and 3:

μ ¼ ∂E
∂N

� �
υ

ð2Þ

and

η ¼ ∂2E
∂N2

� �
υ

ð3Þ

with υ(r) as the external potential of the electrophile. According
to Mulliken [12–16], using a finite difference method, working
equations for the calculation of μ and η may be given as

μ ¼ −
1

2
IP þ EAð Þ ð4Þ

and

η ¼ IP−EAð Þ ð5Þ

where IP and EA are the first ionization potential and electron
affinity, respectively. According to Koopmans’ theorem [17]
for closed-shell molecules, based on the finite difference ap-
proach, IP and EA can be expressed in terms of the highest
occupied molecular orbital (HOMO) energy, ∈H, and the low-
est unoccupied molecular orbital (LUMO) energy, ∈L, respec-
tively, IP≈−∈H and EA≈−∈L. Where ∈H and ∈L correspond
to the Kohn-Sham [18] one-electron eigenvalues. Thus,

μ ¼ 1

2
∈L þ ∈Hð Þ ð6Þ

and

η ¼ ∈L−∈Hð Þ ð7Þ

If the electrophile environment provides enough charge, it
will be become saturated with electrons according to Eq. 1

dE

dN

� �
¼ 0 ð8Þ

leading to the maximum amount of electron charge

ΔNmax ¼ −
μ
η

ð9Þ

and the total energy decrease

ΔEmin ¼ −
μ2

2η
ð10Þ

The new density functional theory (DFT) reactivity index,
global electrophilicity index or electrophilicity index (ω) [19]
is proposed as

ω≡
μ2

2η
ð11Þ

The electrophilicity index measures the stabilization
energy when the system acquires an additional electronic
charge ΔNmax=−μ/η from the environment, in terms of
the electronic chemical potential μ and the chemical hard-
ness η.

The electrophilicity index encompasses both the pro-
pensity of the electrophile to acquire an additional elec-
tronic charge driven by μ2 (the square of electronegativi-
ty) and the resistance of the system to exchange electronic
charge with the environment described by η. A good elec-
trophile is, in this sense, characterized by a high value of
μ and a low value of η.

A previous study [20] presented a good linear correlation
between the electrophilicity values obtained from the comput-
ed IPs and EAs of ethylene derivatives and those obtained
from the HOMO and LUMO energies. The results from this
study [20] allow us to confirm the use of accessible B3LYP/6-
31G* HOMO and LUMO energies, ∈H and ∈L, to obtain
reasonable values for the global electrophilicity index of or-
ganic molecules, and thus make valuable electrophilicity
scales.

Local reactivity descriptors: local parameters

To understand detailed reaction mechanisms such as regio-
selectivity, in addition to global properties, local reactivity
parameters are necessary to differentiate the reactive behavior
of atoms forming a molecule. The Fukui function [21] [f(r)]
and local softness [22] [s(r)] are two of the most commonly
used local reactivity parameters (Eq. 12).

f rð Þ ¼ ∂ρ rð Þ
∂N

� �
ν

s rð Þ ¼ ∂ρ rð Þ
∂μ

� �
ν

¼ ∂ρ rð Þ
∂N

� �
ν

⋅
∂N
∂μ

� �
ν

¼ S⋅ f rð Þ
ð12Þ
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The Fukui function is associated primarily with the
response of the density function of a system to a change
in the number of electrons (N) under the constraint of a
constant external potential [v(r)]. The Fukui function also
represents the response of the chemical potential of a sys-
tem to a change in external potential. As the chemical
potential is a measure of the intrinsic acidic or base
strength, and local softness incorporates global reactivity,
both parameters provide a pair of indices with which to
demonstrate, for example, the specific sites of interaction
between two reagents.

Due to the discontinuity of the electron density with respect
to N, finite difference (FD) approximation leads to three types
of Fukui function for a system, namely f +(r) (Eq. 13), f −(r)
(Eq. 14) and f 0(r) (Eq. 15) for nucleophilic, electrophilic and
radical attack, respectively. f +(r) is measured by the electron
density change following addition of an electron, and f −(r) by
the electron density change upon removal of an electron. f 0(r)
is approximated as the average of both previous terms, defined
as follows:

f þ rð Þ ¼ ρN0þ1 rð Þ−ρN0
rð Þ; for nucleophilicattack; ð13Þ

f − rð Þ ¼ ρN0
rð Þ−ρN0−1 rð Þ; for electrophilic attack; ð14Þ

f 0 rð Þ ¼ 1

2
ρN0þ1 rð Þ−ρN0−1 rð Þ� �

; for neutral or radicalð Þattack
ð15Þ

Frontier molecular orbital method

Equation 12 was used to develop another condensed form of
the Fukui function that can be defined approximately as:

f − rð Þ ¼ ρHOMO rð Þ; for electrophilicattack; ð16Þ

f þ rð Þ ¼ ρLUMO rð Þ; f or nucleophilicattack; ð17Þ

f 0 rð Þ ¼ 1

2
ρLUMO rð Þ−ρHOMO rð Þð Þ; for neutral or radicalð Þattack;

ð18Þ

Under frozen orbital approximation (FOA) of Fukui, and
neglecting the second-order variations in the electron density,
the Fukui function can be approximated as

f α rð Þ≈ ϕα rð Þj j2 ð19Þ

where ϕα(r) is a particular frontier molecular orbital (FMO)
chosen depending upon the value of α=+ or α=−. Expanding
the FMO in terms of the atomic basis functions, the condensed
Fukui function at the atom k is:

f αk ¼
X
ν∈k

Cν αj j2 þ
X
χ∉μ

Cχα
*Cν α Sχν

" #
ð20Þ

f −k ¼
X
ν∈k

CνHj j2 þ
X
χ∉ν

CχH
*Cν H Sχν

" #
electrophilicattackð Þ

ð21Þ

f þk ¼
X
ν∈k

Cν Lj j2 þ
X
χ∉ν

Cχ L
*Cν L Sχν

" #
nucleophilicattackð Þ

ð22Þ

f 0k ¼
1

2
f þk þ f −k
� �

radicalaryattackð Þ ð23Þ

Where Cνα are the molecular frontier orbital coefficients,
and Sχν are the atomic orbital overlap matrix elements. The
subscripts “H” and “L” are referenced to the HOMO and
LUMO orbitals. This definition of the condensed Fukui func-
tion (Eqs. 20–23) has been used in a variety of studies yielding
reliable results [17–24].

Table 1 Parameters: fk
− (Eq. 21),

fk
NBO, i (Eq. 24) and Ci

2 fk
NBO, i

(Eq. 33) for the CO molecule.
NBO Natural bond orbital

k Z fk
NBO 2 fk

NBO 1 fk
NBO 7 fk

NBO 6

BD C2-O1 BD C2-O1 LP C2 LP O1

1 8 fk
NBO, i 0.7937 0.7937 0.0422 0.9303

2 6 fk
NBO, i 0.2063 0.2063 0.9578 0.0697

Ci
2 0.0000 0.0000 0.9088 0.0894 ∑

i
Ci

2 f NBO; i
k

fk
−

1 8 Ci
2 fk

NBO, i 0.0000 0.0000 0.0384 0.0831 0.1215 0.1331

2 6 Ci
2 fk

NBO, i 0.0000 0.0000 0.8704 0.0062 0.8767 0.8669
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Computational methods

All the structures included in this study were optimized at the
B3LYP/6-31G(d) [25, 26] level of theory using the
Gaussian09 package [27]. The electrophilic Fukui function
was evaluated from a single point calculation in terms of mo-
lecular orbital coefficients and overlap matrix. The wave func-
tions were calculated with Gaussian09 and the condensed
Fukui functions were obtained with a modified version of
UCA-FUKUI [28] (URL: http://www2.uca.es/dept/quimica_
fisica/software/UCA-FUKUI.zip).

Results and discussion

Condensed Fukui functions provide information related to
the atomic reactivity in the molecule. The following sec-
tion introduces a new reactivity index based on condensed
Fukui functions, but which provides information about
orbital rather than atomic reactivity. In this work, we
chose to study NBOs, because they are very localized
and allow the reaction site of an electrophile or nucleo-
phile to be delimited to a relatively small region in the
proximity of the atom. This can be an important advan-
tage because it gives helpful information about the more
reactive sites in the molecule.

Reactivity indexes for NBOs: theoretical justification

If canonical molecular orbital coefficients (Cχα and Cνα) are
substituted by NBO coefficients (CχNBO and CνNNBO), Eq. 20
is transformed into Eq. 24. The values fk

NBO used in this work
were calculated using a modified version of UCA-FUKUI
software [28].

f NBO
k ¼

X
ν∈k

Cν NBOj j2 þ
X
χ∉μ

CχNBO
*Cν NBO Sχν

" #
ð24Þ

Now, we will redefine the condensed functions in this way:

f αk ¼
X
ν∈k

Aν αj j2 þ
X
χ∉μ

Aχα
*Aν α Sχν

" #
ð25Þ

f NBO
k ¼

X
ν∈k

Bν NBOj j2 þ
X
χ∉μ

BχNBO
*Bν NBO Sχν

" #
ð26Þ

where Aiα and Bij are molecular orbital coefficients and χi are
basis functions.

ϕHOMO ¼
X

i

Aiχi ð27Þ

ϕNBO
j ¼

X
i

Bi jχi ð28Þ

If the HOMO is developed in a linear combination of
NBOs, Eq. 29 is obtained,

ϕHOMO≈
X

i

Ciϕ
NBO
i ð29Þ

Table 2 Parameters: fk
− (Eq. 21), fk

NBO, i (Eq. 24) and Ci
2 fk

NBO, i (Eq. 33) for the F2 molecule

k Z fk
NBO 6 fk

NBO 8 fk
NBO 9 fk

NBO 2 fk
NBO 5 fk

NBO 7 fk
NBO 4

LP F1 LP F1 LP F2 LP F2 LP F2 LP F1 LP F1

1 9 fk
NBO, i 0.0029 0.0029 0.9971 0.9971 0.9847 0.0153 0.0029

2 9 fk
NBO, i 0.9971 0.9971 0.0029 0.0029 0.0153 0.9847 0.9971

Ci
2 0.0000 0.4979 0.4979 0.0000 0.0000 0.0000 0.0000 ∑

i
Ci

2 f NBO; i
k

fk
−

1 9 Ci
2 fk

NBO, i 0.0000 0.0014 0.4965 0.0000 0.0000 0.0000 0.0000 0.4979 0.5000

2 9 Ci
2 fk

NBO, i 0.0000 0.4965 0.0014 0.0000 0.0000 0.0000 0.0000 0.4979 0.5000

Table 3 FFNBOs (Eq. 33) and related parameters: fk
− (Eq. 21), fk

NBO, i

(Eq. 24) and Ci (Eq. 29) for the CO molecule

Z fk
− fk

NBO 2 fk
NBO 1 fk

NBO 7 fk
NBO 6

CMO 7 BD C2-O1 BD C2-O1 LP C2 LP O1

8 0.1331 0.7937 0.7937 0.0422 0.9303

6 0.8669 0.2063 0.2063 0.9578 0.0697

Ci 0.0000 0.0000 0.9533 0.2989

FFNBO 0.0000 0.0000 0.9088 0.0894
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then the HOMO (ϕHOMO) could be represented as in Eq. 30:

ϕHOMO≈
X

i

Ci

X
j

B jiχ j

 !
¼
X

i

X
j

CiB jiχ j

¼
X

i

X
j

CiB jiχ j ¼
X

j

X
i

CiB ji

 !
χ j ð30Þ

if we compare Eq. 30 and Eq. 27 we can deduce Eq. 31

Aj≈
X

i

CiB ji ð31Þ

and by substituting Eq. 31 in Eq. 25 we obtain Eq. 32.

f αk ≈
X

i

Ciαj j2 f NBO; i
k þ

X
j

CiαC jα

X
ν∈k

X
χ∈k
χ≠ν

Bχ iBν j Sχν

0
BB@

1
CCA

2
664

3
775
ð32Þ

In Eq. 32, two components can be distinguished, one of
which being the elements |Ciα|

2fk
NBO, i; this part could be con-

sidered the intrinsic participation of each NBOi to fk
α. The sec-

ond contribution, ∑
j
CiαC jα ∑

ν∈k
∑
χ∈k

Bχ iBν j Sχν

 !
, is the sum

of the crossed components (NBOi with other NBOs). The pa-
rameters fk

α and fk
NBO, i were calculated with a modified version

of the UCA-FUKUI software, and theCiα values were obtained
by the least squares method. Thus, the term:

∑
j
CiαC jα ∑

ν∈k
∑
χ∈k

Bχ iBν j Sχν

 !
can be calculated and we

can determine if it is negligible. If f αk ≈∑
i
Ciαj j2 f NBO; i

k is accept-

ed, we obtain the distribution of the fk
α coefficient taking into

account the considered NBOs. This allows us to discuss what
NBOs have influence on the fk

α value. To compare different
NBOs, we defined a global coefficient for each NBO, FFi

NBO,
as the sum of all terms: |Ciα|

2fk
NBO, i, for all atoms in the mole-

cule (Eq. 33), which summarizes the global reactivity of a NBO.

Fig. 1 a Fontier molecular
orbital (FMO) of the Fukui
approximation (Eq. 16) for the
CO molecule. b Finite difference
(FD) approximation (Eq. 14). c
Main studied natural bond
orbitals (NBOs) and FFNBOs

parameters. d NBO energy levels
(a.u.)

Table 4 FFNBOs (Eq. 33) and related parameters: fk
− (Eq. 21), fk

NBO, i

(Eq. 24) and Ci (Eq. 29) for the F2 molecule

Z fk
− fk

NBO 6 fk
NBO 8 fk

NBO 9 fk
NBO 5 fk

NBO 7 fk
NBO 4

CMO 9 LP F1 LP F1 LP F2 LP F2 LP F2 LP F1

9 0.5000 0.0029 0.0029 0.9971 0.9971 0.9847 0.0153

9 0.5000 0.9971 0.9971 0.0029 0.0029 0.0153 0.9847

Ci 0.0000 −0.7056 0.7056 0.0000 0.0000 0.0000

FFNBO 0.0000 0.4979 0.4979 0.0000 0.0000 0.0000
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FFNBO
i ¼

X
k

Ciαj j2 f NBO; i
k ð33Þ

Table 1 shows |Ciα|
2fk

NBO, i values (Eq. 32), calculated
for the CO molecule. These values provide an approxi-
mate distribution of the fk

α index in terms of NBOs. We
can see that NBO 7 (lone pair centered on the carbon)
contributes mainly to the condensed Fukui function of
the C atom. The oxygen condensed Fukui function has a
big contribution from NBO 6 (lone pair centered on the

oxygen). Also, we can see that the sums ∑
i
Ciαj j2 f NBO; i

k

for oxygen and carbon atoms are approximately equal to

the corresponding fk
− functions. In Table 2, Ci

2 fk
NBO, i

values are shown for the F2 molecule. The conclusions
that can be drawn from the data in Table 2 are similar to
the previous ones (Table 1). Finally, supplementary
Tables S1–S3 show results for H2O, CH2O and NH3

molecules.

Fitting a frontier orbital with a linear combination of NBOs

In the previous section, we replaced a frontier orbital with a
linear combination of NBOs (Eq. 29). The coefficients of
Eq. 29 were obtained by the least square method. For the
HOMO frontier orbital, we chose the occupied NBOs with

Fig. 3 Canonical-orbital energy levels for the F2 molecule. Left Neutral-molecule energy levels, right cation-molecule energy levels

Fig. 2 a FMO of the Fukui
approximation (Eq. 16) for the F2
molecule. b FD approximation
(Eq. 14). c Main studied NBOs
and FFNBOs parameters. d NBO
energy levels (a.u.)
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high energy (logically, for the LUMO we chose the unoccu-
pied NBOs with low energy). Very stable sigma NBOs or core

NBOs were not included in Eq. 29. Fittings were obtained
using a program we developed for this purpose.

Fig. 4 Sample of molecules used to test the new index
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Testing the FFNBO index in a sample of simple molecules

The new index (Eq. 33) was calculated for simple molecules:
CO, F2, H2O, CH2O and NH3. The results can be seen in
Tables 3 and 4 (see also supplementary Tables S4–S6). In

Table 3, we can see the calculated parameters for the CO
molecule: the column fk

− / CMO 7 (canonical molecular or-
bital 7) corresponds to the condensed Fukui function for the
HOMO (Eq. 21), the other columns are condensed functions
of the NBOs (Eq. 24). In the row labeledCi, the coefficients of

Table 5 FFNBOs (Eq. 33) and
related parameters: fk

− (Eq. 21),
fk
NBO, i (Eq. 24) and Ci (Eq. 29) for
reagent 17

Z fk
− fk

NBO 17 fk
NBO 16 fk

NBO 19 fk
NBO 2 fk

NBO 9 fk
NBO 15 fk

NBO 18

CMO 19 LP O7 LP O7 LP O8 BD C1-C2 BD N6-O8 LP O7 LP O8

6 0.0282 0.0000 0.0005 0.0005 0.4386 0.0000 0.0026 0.0001

6 0.0083 0.0000 0.0004 0.0005 0.5520 0.0034 0.0076 0.0042

1 0.0009 0.0000 0.0005 0.0000 0.0000 0.0000 0.0003 0.0000

1 0.0084 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001

1 0.0035 0.0000 0.0000 0.0004 0.0000 0.0000 0.0002 0.0008

7 0.0068 0.0226 0.0283 0.0300 0.0093 0.3726 0.1036 0.0999

8 0.4289 0.9771 0.9674 0.0033 0.0000 0.0035 0.8820 0.0038

8 0.5150 0.0002 0.0030 0.9653 0.0000 0.6206 0.0038 0.8912

Ci −0.0002 0.6089 −0.6830 0.0000 0.0001 −0.0713 0.0775

FFNBO 0.0000 0.3708 0.4664 0.0000 0.0000 0.0051 0.0060

Fig. 5 a FD approximation
(Eq. 14) of reagent 17. b FMO of
Fukui approximation (Eq. 16). c
NBOs 15, 16, 18, 19 and FFNBO

values
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the least square method (Eq. 29) are shown, and in row
FFNBO, the new reactivity indices of the NBOs (Eq. 33).
The fk

− values for the CO molecule are 0.8669 (carbon) and
0.1331 (oxygen), and, as we can see in Table 1, the main
contributor to the carbon parameter (100 % approximately)
is NBO7 (CNBO7

2 ·fCarbon
NBO7 = 0.8704), for oxygen, NBO7 and

NBO8 are the principal contributors of the fk
− parameter

(31 % and 68 % approximately: CNBO6
2 ·fOxygen

NBO6 = 0.0384 and
CNBO7
2 ·fOxygen

NBO7 = 0.0831).
Figures 1 and 2c present graphical representations of the

studied NBOs (Tables 3, 4) with their FFNBO values (see also
Figs. S1–S3 in the supplementary material). Also, we can see
pictures of Fukui functions (Fig. 1a) calculated by means
Eq. 16, and finite difference approximation (Fig. 1b) by
Eq. 14. Figure 1a,b shows that both approximations are very

similar. In Fig. 1c, the NBO with the highest FFNBO value is
NBO 8, as we would expect if we compare the FMO of Fukui
approximation images (Fig. 1a) with the NBO images
(Fig. 1c). Something similar occurs in Fig. 2c: NBOs 8 and
9 have the highest FFNBO values [compare the FMO of Fukui
approximation images (Fig. 2a) with the NBOs images
(Fig. 2c)]. Similar conclusions were also obtained for all
the other studied NBOs (Figs. S1–S3). Note that Fig. 2a shows
an unusual Fukui function because HOMO (CMO9) and
HOMO−1 (CMO8) are degenerate orbitals (Fig. 3, left).
Figure 3 (right) shows the F2 cation and we also note that
the lost electron belongs to BETA-CMO9. The CMO8 has
the same shape as that of BETA-CMO9 and CMO9 is similar
to a rotated BETA-CMO9. We have not changed this figure
because it does not affect the discussion. The images in Figs. 1

Fig. 6 Some images of the reaction path for the protonation of reagent 17

Fig. 7 Left Average local
ionization energy of reagent 17
(Eq. 35), right Fukui function (FD
approximation, Eq. 14):
electrophilic attack
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and 2 were generated with Gauss View [29] and UCA-
FUKUI.

Testing the FFNBO index in a representative sample
of molecules

The molecules used to test the new index (Fig. 4) were taken
from [30]. We chose this sample because it is representative
and has a great diversity of functional groups: double bonds,
triple bonds, halogens (F, Br, Cl), cyanide, nitro, ether, ester,
amine, ketone, aldehyde, and aromatic rings.

Table 5 lists the calculated parameters for reagent 17. The
column fk

− / CMO 19 (canonical molecular orbital 19) corre-
sponds to the condensed Fukui function for the HOMO
(Eq. 21); the other columns are condensed functions of the
NBOs (Eq. 24). The coefficients of the least square method
(Eq. 29) are in row C and row FFNBOshows the new reactivity
indices of the NBOs (Eq. 33). Supplementary Tables S7–S31
present the parameters shown in Table 5 for the reagents
shown in Fig. 4.

The most interesting thing in Table 5 is that two NBOs
from the same atom have diverse values for the FFNBO param-
eter. For example, NBO 19 and NBO 18 (Fig. 5): both are lone
pairs centred in O8 but their FFNBO values are very different.
According to this index, a greater reactivity should be expect-
ed for NBO 19. To test the new reactivity index, we used a
protonation reaction and calculated the reaction path for some
reagents. The criteria for selection of the reaction site (the
atom) was that it had to have a large nucleophile tendency
and two or three NBOs (lone pairs) centred in the same atom.
The highest FFNBO value in reagent 17 was obtained for the
lone pair NBO 19 (Table 5). Figure 5 (left) shows a represen-
tation of this orbital. To the right, we have NBO 18 (lone pair)
but with a smaller FFNBO value (Table 5). FD and FMO ap-
proximations are also illustrated in Fig. 5. FMO predicts the
same reactivity for NBO16 and NBO19. However, FD ap-
proximation seems to indicate the largest reactivity for
NBO19, as predicted by the FFNBO index, but note that the
FFNBO is obtained from the FMO approximation. The images
in Figs. 5 and 6 were produced using the software Chemcraft
(http://www.chemcraftprog.com/).

Figure 6 shows the protonation of the O8 atom in reagent
17. Six points along the reaction path are represented. The
NBO that interacts with the proton is NBO 19 (Fig. 5).
Reagents in supplementary Figs. S4–S12 have the same char-
acteristics of reagent 17 and we obtained the same conclusions
in all cases.

Average local ionization energy and Fukui function

The average local ionization energy I(r) is the energy neces-
sary to remove an electron from point r in the space of a
system. Its lowest values reveal the locations of the least

tightly held electrons, and thus the favored sites for reaction
with electrophiles or radicals. If ρi(r) is the electronic density
of the orbital 8i(r), having energy εi, and the total electronic
density is ρ(r), then the average orbital energy at point r is:

εi ¼

X
i

ρi rð Þεi
ρ rð Þ : ð34Þ

The summation is over all occupied orbitals. If Ii≈ |εi| is
assumed to be valid (where Ii is the ionization energy of an
electron in an orbital and εi is the energy of an electron in ϕi),
then Eq. 34 can be rewritten as:

I rð Þ ¼

X
i

ρi rð Þ εij j

ρ rð Þ ð35Þ

Where Ī(r) is the average local ionization energy at r [31].
Figure 7 (to the left) shows the average local ionization

energy of reagent 17 and (to the right) the Fukui function for
electrophilic attack (Eq. 14). These differ but both functions
give complementary information about reactivity. On the one
hand, the average local ionization energy describes the distri-
bution of the energy necessary to extract an electron. On the
other hand, the Fukui function (FD and FMO approximations)
gives information about where an electron can be extracted
with higher probability.

Conclusions

A new parameter that gives extra information about reactivity
has been defined and a viable means of calculation has been
identified for it. The parameter was calculated in a varied and
representative group of molecules and the results compared
with some protonation reactions to test the validity of the new
index, obtaining satisfactory conclusions. The protonation re-
actions studied were coherent with the obtained values of
FFNBO.

Acknowledgments Calculations were performed through CICA
(Centro Informático Científico de Andalucía) and at the “Centro de
Supercomputación de la Universidad de Cádiz”.

References

1. Pearson RG (1963) Hard and soft acids and bases. J Am Chem Soc
85:3533–3539

2. Meng-yao S, Da-wei X, Bing Y, Zheng Y, Ping L, Jian-li L, Zhen S
(2013) An efficiently cobalt-catalyzed carbonylative approach to
phenylacetic acid derivatives. Tetrahedron 69:7264–7268

82 Page 10 of 11 J Mol Model (2015) 21: 82

http://www.chemcraftprog.com/


3. Allison TC, Tong YJ (2013) Application of the condensed Fukui
function to predict reactivity in core–shell transition metal nanopar-
ticles. Electrochim Acta 101:334–340

4. Salgado-Morán G, Ruiz-Nieto S, Gerli-Candia L, Flores-Holguín N,
Favila-Pérez A, Glossman-Mitnik D (2013) Computational
nanochemistry study of the molecular structure and properties of
ethambutol. J Mol Model 19:3507–3515

5. Rincon E, Zuloaga F, Chamorro E (2013) Global and local chemical
reactivities of mutagen X and simple derivatives. J Mol Model 19:
2573–2582

6. Obot IB, Gasem ZM (2014) Theoretical evaluation of corrosion in-
hibition performance of some pyrazine derivatives. Corros Sci 83:
359–366

7. Pérez P, Domingo LR, Duque-Noreña M, Chamorro E (2009) A
condensed-to-atom nucleophilicity index. An application to the di-
rector effects on the electrophilic aromatic substitutions. J Mol Struct
THEOCHEM 895:86–91

8. Mineva T, Russo N (2010) Atomic Fukui indices and orbital hard-
nesses of adenine, thymine, uracil, guanine and cytosine from density
functional computations. J Mol Struct THEOCHEM 943:71–76

9. Domingo LR, Chamorro E, Pérez P (2009) An analysis of the regio-
selectivity of 1,3-dipolar cycloaddition reactions of benzonitrile N-
oxides based on global and local electrophilicity and nucleophilicity
indices. Eur J Org Chem 3036–3044 doi: 10.1002/ejoc.200900213

10. Parr RG, Szentpaly LV, Liu SB (1999) Electrophilicity index. J Am
Chem Soc 121:1922–1924

11. Parr R, Yang W (1989) Density-functional theory of atoms and mol-
ecules. University Press, Oxford

12. Mulliken RS (1934) A new electroaffinity scale; together with data
on valence states and on valence ionization potentials and electron
affinities. J Chem Phys 2:782

13. Iczkowski RP, Margrave JL (1961) Electronegativity. J Am Chem
Soc 83:3547–3551

14. Sen KD, Jørgensen CK (1987) Electronegativity, structure and bond-
ing. Springer, Berlin

15. Pearson RG (1997) Chemical hardness: applications from molecules
to solids. Wiley-VCH, Weinheim

16. Geerlings P, De Proft F, Langenaeker W (2003) Conceptual density
functional theory. Chem Rev 103:1793–1873

17. Koopmans T (1933) Über die Zuordnung von Wellenfunktionen und
Eigenwerten zu den Einzelnen Elektronen Eines Atoms. Physica 1:
104–113

18. Kohn W, Sham L (1965) Self-consistent equations including ex-
change and correlation effects. J Phys Rev 140:1133

19. Liu S (2009) Electrophilicity. In: Chattaraj PK (ed) Chemical reac-
tivity theory: a density functional view, Chap. 13. CRC, Boca Raton

20. Domingo LR, Sáez JA, Pérez P (2007) A comparative analysis of the
electrophilicity. Chem Phys Lett 438:341–345

21. Parr RG, Yang W (1984) Density functional approach to the frontier-
electron theory of chemical reactivity. J Am Chem Soc 106:4049

22. Yang W, Parr RG (1985) Hardness, softness, and the Fukui function
in the electronic theory of metals and catalysis. Proc Natl Acad Sci
USA 82:6723–6726

23. Yang W, Mortier WJ (1986) The use of global and local parameters
for the analysis of of the gas-phase basicity of amines. J Am Chem
Soc 108:5708–5711

24. Mendizabal F, Donoso D, Burgos D (2011) Theoretical study of the
protonation of [Pt3(μ-L)3(L′)3] (L = CO, SO2, CNH; L′ = PH3,
CNH). Chem Phys Lett 514:374–378

25. Becke AD (1993) Density-functional thermochemistry. III The role
of exact exchange. J Chem Phys 98:5648–52

26. Frisch MJ, Pople JA, Binkley JS (1984) Self-consistent molecular
orbital methods. 25. Supplementary functions for gaussian basis sets.
J Chem Phys 80:3265–3269

27. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Mennucci B, Petersson GA,
Nakatsuji H, CaricatoM, LiX, Hratchian HP, IzmaylovAF, Bloino J,
Zheng G, Sonnenberg JL, Hada M, Ehara M, Toyota K, Fukuda R,
Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O, Nakai H,
Vreven T, Montgomery JA, Jr., Peralta JE, Ogliaro F, Bearpark M,
Heyd JJ, Brothers E, Kudin KN, Staroverov VN, Kobayashi R,
Normand J, Raghavachari K, Rendell A, Burant JC, Iyengar SS,
Tomasi J, Cossi M, Rega N, Millam JM, Klene M, Knox JE, Cross
JB, Bakken V, Adamo C, Jaramillo J, Gomperts R, Stratmann RE,
Yazyev O, Austin AJ, Cammi R, Pomelli C, Ochterski JW, Martin
RL, Morokuma K, Zakrzewski VG, Voth GA, Salvador P,
Dannenberg JJ, Dapprich S, Daniels AD, Farkas O, Foresman JB,
Ortiz JV, Cioslowski J, Fox DJ (2009) Gaussian 09, Revision A.02,
Gaussian Inc, Wallingford, CT

28. Sánchez-Márquez J, Zorrilla D, Sánchez-Coronilla A, de los Santos
DM, Navas J, Fernández-Lorenzo C, Alcántara R, Martín-Calleja J
(2014) Introducing “UCA-FUKUI” software: reactivity-index calcu-
lations. J Mol Model 20:2492

29. Dennington R, Keith T, Millam J (2009) Gauss View 5.0. Semichem
Inc, Shawnee Mission, KS 7

30. Domingo LR, Pérez P, Contreras R (2004) Reactivity of the carbon–
carbon double bond towards nucleophilic additions. Tetrahedron 60:
585–591

31. Politzer P, Murray JS, Bulat FA (2010) Average local ionization en-
ergy: a review. J Mol Model 16:1731–1742

J Mol Model (2015) 21: 82 Page 11 of 11 82

http://dx.doi.org/10.1002/ejoc.200900213

	Reactivity indices for natural bond orbitals: a new methodology
	Abstract
	Introduction
	Theoretical background
	Local reactivity descriptors: local parameters
	Frontier molecular orbital method


	Computational methods
	Results and discussion
	Reactivity indexes for NBOs: theoretical justification
	Fitting a frontier orbital with a linear combination of NBOs
	Testing the FFNBO index in a sample of simple molecules
	Testing the FFNBO index in a representative sample of molecules
	Average local ionization energy and Fukui function

	Conclusions
	References


