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Abstract In the present article, we study the influence of
external electric field on the density-based global and local
reactivity descriptors using examples of some planar nonli-
near polyatomic molecules with C2V point group symmetry.
The study mainly involves the application of weak electric
field in a direction along the principal axis and along its per-
pendicular direction. We also discuss the strength of the elec-
tric field studied in this work in terms of the strength of the
molecular interaction. The work is expected to throw light
on the effect of interactions within the above range on reac-
tivity descriptors. Results are presented for a few prototype
molecules.
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1 Introduction

There has been significant recent interest on the study of
the behavior of the density-based reactivity descriptors in
the presence of external electric field. A systematic study
was done to explore the effects of electric field on reacti-
vity descriptors for some linear molecules [1]. Analysis of
the behavior of electron density and its variation with res-
pect to the small perturbations can disclose many interesting
aspects concerning the reactivity pattern of atomic and mole-
cular systems, due to the redistribution of the electron density
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[2–6]. Apart from the explicit solvent effects [7], these per-
turbations can be introduced by the application of external
electric fields. This results in the change in reactivity and
physical properties of the molecular systems. Very recently,
the influence of electric field on the hydrogen bond network
of methanol has been studied [8]. These effects are espe-
cially important in ordered crystalline environments, such
as solid oxides and biological macromolecules [9–20]. Of
late, the electric field effects on the structures, energetic and
transition states of water clusters have been investigated [21].
These local electrostatic fields play an important role in cata-
lytic functions and in governing the stabilization of many
bio-molecular systems [22–30]. These external effects, in
the form of electric field or solvent cause dramatic changes
in the reactivity. Therefore, it is of considerable interest to
predict the reactivity and stability of molecular systems in
the presence of such external parameters.

In the present work, we have studied the behavior of the
density-based reactivity descriptors [31], such as chemical
potential, hardness, Fukui function, etc., for some planar non-
linear polyatomic molecules on application of external elec-
tric field. We have also presented the strength of interactions
represented by the electric field under study. These descrip-
tors are reliable in describing the reactivity and stability pat-
terns of several molecular systems [32–55]. In general, the
descriptors are classified to refer to the whole system, called
“global reactivity descriptors” (GRD) or to a local part of the
system, called “local reactivity descriptors” (LRD). As most
of the descriptors are related to either derivatives of energy
or electron density with respect to the number of electrons, it
is expected that they would provide some useful information
about the reactivity of the molecular systems in the presence
of such external perturbation.

The area of conceptual density functional theory (DFT)
is one of the explored areas in recent times. The various
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concepts involved in conceptual DFT along with their appli-
cations have been recently reviewed [56]. Most of these
studies are performed in the gas phase [57–66]. Very recently,
we have studied the effect of the external electric field on the
reactivity descriptors for some linear molecules. Parthasarathi
et al. [67] have studied the behavior of the reactivity des-
criptors in the presence of electric field. Our recent study
of the effect of external field was restricted only to linear
molecules [1]. Solvent effects on the reactivity of molecular
systems have also been studied [68–75]. An expression for
the variation of Kohn–Sham Fukui function under the exter-
nal field, using the energy density perturbation methods, has
been derived involving Unsöld approximation [76].

In this article, we will extend our previous study on the
response of the GRD and LRD to some planar nonlinear poly-
atomic molecules with C2V symmetry. In the case of linear
molecules, where the electron density is mainly distributed
along the molecular axis, one would easily understand the
behavior of the descriptors under the application of electric
field. This is not the case with nonlinear polyatomic mole-
cules. Therefore, it is important to understand the chemistry
of the reactive atoms, in these V-shaped molecules, subjected
to external perturbation in the form of external electric field.
It is also important to judge the strength of the applied field
values in terms of energies of interaction. This allows us to
define the scope of the present work in terms of the type of
molecular interaction.

The present paper has been organized as follows: we give a
brief theoretical background of the global and local reactivity
descriptors in Sect. 2. This is followed by the methodology
and computational details in Sect. 3. In Sect. 4, we present our
results for the stability and reactivity of the molecular systems
in the presence of external field in terms of these reactivity
descriptors. The conclusions are presented in Sect. 5.

2 Theoretical background

Within the framework of DFT, the energy of an atom or mole-
cule can be expressed in terms of electron density, ρ(r) as
[77]

E[ρ] = FHK[ρ] +
∫

v(r)ρ(r) dr (1)

where v(r) is the external potential and FHK[ρ] is universal
Hohenberg–Kohn functional.

GRD such as chemical potential, µ and hardness [78–80],
η for a system can be defined as the first and second partial
derivative of E[ρ] with respect to the number of electron N

under constant external potential v(r), respectively, as

µ =
(

∂ E[ρ]
∂ N

)
v(r)

(2)

η = 1

2

(
∂2 E[ρ]
∂ N 2

)
v(r)

= 1

2

(
∂µ

∂ N

)
v(r)

(3)

Inverse of hardness is the global softness, S, expressed as

S = 1

2η
=

(
∂ N

∂µ

)
v(r)

(4)

In order to compute µ and η, the finite difference approxi-
mation is helpful [31]

µ ≈ −I − A

2
(5)

η ≈ I − A

2
(6)

where I and A are ionization potential and electron affinity
of a chemical species, respectively.

The global hardness reflects the overall stability of a sys-
tem. However, the site selectivity and reactivity can only be
studied using the local reactivity descriptors. One such des-
criptor is local softness s(r) [82], which is defined as

s(r) =
(

∂ρ(r)

∂µ

)
v(r)

=
(

∂ρ(r)

∂ N

)
v(r)

(
∂ N

∂µ

)
v(r)

= f (r)S (7)

and∫
s(r)dr = S (8)

where f (r) is the Fukui function(FF) [81]

f (r) =
(

∂ρ(r)

∂ N

)
v(r)

=
(

δµ

δv(r)

)
N

(9)

Thus, Fukui function can be restated either as the change of
electron density at point r when the total number of electrons
is changed or as the sensitivity of chemical potential of a
system to an external perturbation at a particular point r .

The N-discontinuity problem of atoms and molecules
[83,84] in Eq. (9) leads to the introduction of both right- and
left- hand side derivatives at a given number of electrons,
N0(= N )

f +(r) =
(

∂ρ(r)

∂ N

)+

v(r)

for nucleophilic attack, and (10a)

f −(r) =
(

∂ρ(r)

∂ N

)−

v(r)

for electrophilic attack (10b)

By finite difference method using the electron densities of
No, No +1, No −1 electron systems, Fukui functions for the
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Table 1 Variations of chemical potential, hardness and CFF with electric field applied along the principal axis for H2O

Electric field (in au)a µ (in au) η (in au) f −
o f −

H f +
o f +

H

0.000 −0.2185 0.2459 0.8368 0.0816 0.0753 0.4623

0.001(O) −0.2194 0.2452 0.8363 0.0818 0.0766 0.4617

0.002(O) −0.2202 0.2445 0.8359 0.0821 0.0781 0.4609

0.003(O) −0.2211 0.2438 0.8354 0.0823 0.0796 0.4602

0.004(O) −0.2220 0.2430 0.8350 0.0825 0.0812 0.4594

0.005(O) −0.2229 0.2422 0.8345 0.0828 0.0828 0.4586

0.006(O) −0.2239 0.2415 0.8340 0.0830 0.0845 0.4577

0.001 −0.2177 0.2467 0.8372 0.0814 0.0741 0.4629

0.002 −0.2169 0.2473 0.8377 0.0812 0.0729 0.4635

0.003 −0.2161 0.2480 0.8381 0.0810 0.0719 0.4640

0.004 −0.2153 0.2486 0.8385 0.0807 0.0711 0.4644

0.005 −0.2146 0.2493 0.8390 0.0805 0.0703 0.4648

0.006 −0.2139 0.2499 0.8394 0.0803 0.0698 0.4651

a Field applied towards O atom is shown in parenthesis alongside the field value

nucleophilic and electrophilic attack can be defined, respec-
tively, as

f +(r) ≈ ρNo+1(r) − ρNo(r) (11a)

f −(r) ≈ ρNo(r) − ρNo−1(r) (11b)

Yang et al. [85] introduced the concept of atom condensed
Fukui function, based on the idea of electronic population
around an atom in a molecule, similar to the procedure fol-
lowed in population analysis technique [86]. The condensed
Fukui function for an atom k undergoing nucleophilic and
electrophilic attack can be defined, respectively, as

f +
k ≈ q No+1

k − q No
k (12a)

f −
k ≈ q No

k − q No−1
k (12b)

where qk are electronic population of the kth atom of a par-
ticular species.

3 Methodology

To study the application of electric field in case of planar
nonlinear polyatomic molecules, we consider in the present
paper simple molecules belonging to C2v point group sym-
metry, such as H2O, CH2S, HCHO, SO2 and O3. The prin-
cipal axis of all these molecules is the C2 axis of symmetry
which passes through the central atom(s). First, the above
molecules were optimized at DFT level using 6-31++G (d, p)
basis set with B3LYP hybrid functional at zero field. These
minima were further confirmed by frequency calculations.
Then the field was applied along the principal axis from 0.001
to 0.006 au, increasing by 0.001 au each time, to calculate the
energy of the neutral, cationic and anionic systems. Hence,
the global and local parameters were calculated at each field

value using the Eqs. (5), (6) and (12), respectively. The local
parameters such as condensed Fukui function were calcula-
ted using the Lowdin [87,88] based method of population
analysis. It should, however, be noted that for higher field
values sometimes is unable to converge to the correct state
for (N ± 1) systems. This is one of the reasons for choosing
such small field values. We also analyzed whether the applied
field is strong enough to really mimic the molecular interac-
tion and reaction. To achieve this, we calculated the diffe-
rence in the energy of the molecule with 0.000 and 0.006 au
field. The effect of change in the orientation of the electric
field for all the molecular systems has also been studied.
In addition, the electric field was applied perpendicular to
the molecular plane as well as in the direction perpendicu-
lar to the principal axis in the molecular plane. Similarly,
all the global and local parameters were calculated at each
field value. All the calculations were performed by GAMESS
software [89].

4 Results and discussion

4.1 Behavior of global and local reactivity descriptors
when the electric field is applied along principal axis

The behavior of the global and local reactivity descriptors for
planar nonlinear polyatomic molecules, H2O, CH2S, HCHO,
SO2 and O3 in presence of external electric field applied
along the principal axis are presented in Tables 1, 2 and
Figs. 1, 2. In order to avoid repetition, we are presenting
the values of GRD and LRD for H2O molecule in Table 1
while results for molecules with similar information, CH2S
and HCHO molecules, are presented in Figs. 1 and 2. When
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Table 2 Variations of chemical potential, hardness and CFF with electric field applied along the principal axis for O3

Electric field (in au)a µ (in au) η (in au) f −
O2 f −

O1,3 f +
O2 f +

O1,3

0.000 −0.2803 0.1986 0.2035 0.3983 0.2553 0.3723

0.001(O2) −0.2805 0.1987 0.2034 0.3983 0.2550 0.3725

0.002(O2) −0.2807 0.1987 0.2032 0.3984 0.2548 0.3726

0.003(O2) −0.2809 0.1987 0.2031 0.3984 0.2545 0.3727

0.004(O2) −0.2811 0.1987 0.2030 0.3985 0.2543 0.3729

0.005(O2) −0.2813 0.1987 0.2029 0.3986 0.2540 0.3730

0.006(O2) −0.2816 0.1987 0.2028 0.3986 0.2538 0.3731

0.001 −0.2801 0.1986 0.2036 0.3982 0.2556 0.3722

0.002 −0.2799 0.1986 0.2037 0.3981 0.2559 0.3721

0.003 −0.2797 0.1986 0.2039 0.3981 0.2561 0.3719

0.004 −0.2795 0.1986 0.2040 0.3980 0.2564 0.3718

0.005 −0.2793 0.1985 0.2041 0.3979 0.2567 0.3717

0.006 −0.2791 0.1985 0.2043 0.3979 0.2570 0.3715

a Field applied towards central O atom (O2) is shown in parenthesis alongside the field value
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Fig. 1 Plot of change in chemical potential (CP)/hardness with respect
to zero fields against electric field applied along the principal axis for
the molecular systems, CH2S, HCHO and SO2. Square CP of HCHO,
triangle CP of CH2S, circle CP of SO2, vertical lines Hardness of
CH2S, diamond Hardness of HCHO, stars Hardness of SO2. Dashed
line represents the values of the parameter when the field is applied
towards more electronegative atom while the solid line represents the
value of that parameter when the field is applied in opposite direction

the field is applied towards the central atom (say from the
line joining the two H atoms to the O atom along the princi-
pal axis, in case of H2O) of all the species, and if the central
atom is more electronegative atom the chemical potential and
hardness decreases with increasing field values. For instance,
when the electric field is applied towards the O and S atom in
H2O, HCHO and CH2S, respectively, the chemical potential
and hardness decreases (Table 1; Fig. 1). On the other hand,
if the central atom is more electropositive and if the field
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Fig. 2 Plot of Change in Condensed Fukui Function (CFF) for electro-
philic/nucleophilic attack with respect to zero fields applied along the
principal axis for the reactive atoms (bold) in CH2S, HCHO and SO2.
triangle electrophilicity of CH2S, square electrophilicity of HCHO,
stars electrophilicity of SO2, diamonds nucleophilicity of CH2S, ver-
tical lines nucleophilicity of HCHO, times nucleophilicity of SO2.
Dashed line represents the values of the parameter when the field is
applied towards more electronegative atom while the solid line repre-
sents the value of that parameter when the field is applied in opposite
direction

is directed towards the central atom, the chemical potential
and hardness increase with increasing field. In case of SO2,
the field directed towards the central atom S results in the
increase in chemical potential and hardness with increasing
field values (Fig. 1). Interestingly, in case of O3, when the
field is towards the central O atom, the chemical potential
decreases, while the hardness remains almost constant with
increasing field. But as the field direction is reversed, the
chemical potential increases and hardness values decrease
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marginally with increasing field (Table 2). These marginal
changes in O3 may be due to its small dipole moment.

When the direction of the electric field is reversed, the
trends in the chemical potential and hardness are also rever-
sed for all the systems except O3. This signifies that the direc-
tion of the field plays a very important role in understanding
the stability and reactivity of a system.

We now turn our attention to the local reactivity descrip-
tors. When the field is applied along the principal axis towards
the central atom, the condensed Fukui function (CFF) for
electrophilic attack (nucleophilicity) decreases for that atom,
provided the central atom is more electronegative. As an
illustration, the nucleophilicity of O in H2O (Table 1) and
HCHO and S atom in CH2S (Fig. 2) decrease, when the
electric field is applied towards those atoms. Moreover, the
CFF for nucleophilic attack (electrophilicity) of H atoms in
H2O decreases (Table 1). At the same time, when the field
is applied towards the central atom in CH2O and CH2S,
the electrophilicity of C atom increases almost linearly with
increasing field (Fig. 2). On the other hand, when the field is
towards the electropositive central atom, the electrophilicity
for that atom decreases. SO2 provides an example for this.
However, the nucleophilicity of O atoms in SO2 decreases
slowly in this field range (Fig. 2). Although ozone has a
V-shaped structure, it behaves differently. When the field is
directed towards the central oxygen atom, its nucleophilicity
as well as its electrophilicity decreases while the nucleo-
philicity and electrophilicity of the other two oxygen atoms
increase as the field values increase. This may be due to its
resonance structure (Table 2).

When the direction of the electric field is reversed, the
trends in the nucleophilicity of the reactive atoms in H2O,

CH2S, HCHO, SO2 and O3 as well the electrophilicity
reverses (Tables 1, 2; Fig. 2). It should, however, be noted
that the global and local reactivity descriptors in case of pla-
nar nonlinear polyatomic molecules behave almost similar
to those for the linear molecules. Moreover, it is important
to observe from Figs. 1 and 2 that the variations of change
in GRD and LRD with respect to zero fields against external
electric field are almost linear and uniform. This means that
the applied electric field produces small perturbation of the
molecular charge distribution.

4.2 Behavior of global and local reactivity descriptors
when the electric field is applied perpendicular
to the principal axis

The behavior of GRD and LRD under the influence of elec-
tric field perpendicular to the principal axis for H2O, CH2S
and SO2 molecules are presented in Tables 3, 4 and 5 and for
HCHO and O3 molecules in Figs. 3 and 4. When the elec-
tric field is applied perpendicular to the molecular plane of
the molecules H2O, CH2S and SO2, the hardness and chemi-

cal potential decrease with field value increasing from 0.000
to 0.006 au (Tables 4, 6, 8) irrespective of the field being
applied above or below the plane of the molecule. Howe-
ver, this decrease is much lower than the case in which the
field is applied along the principal axis. This implies that
there is an induced polarization above and below the plane
of the molecule. This induced polarization perpendicular to
the axis of the molecules was almost absent for linear mole-
cules, which resulted in constant values of reactivity descrip-
tors, when the field was applied perpendicular to the axis [1].
For O3 molecule, on the other hand, the hardness and chemi-
cal potential remains almost constant with increasing field,
regardless of the field directed above or below the molecular
plane (Fig. 3).

Now, when the field is directed perpendicular to the prin-
cipal axis in the molecular plane, i.e., the field is applied in
a direction from, say, H2 atom to H1 atom in H2O, CH2S
and HCHO and from O1 atom to O2 atom in SO2. With the
increase in the magnitude of field, the chemical potential and
hardness for SO2 (Table 7) decrease slowly and for CH2S
(Table 5) and HCHO (Fig. 3) these remain almost constant.
It should be, however, noted that the decrease is substantial
in the case of H2O (Table 3). Although the field direction is
reversed, the global parameters do not change. This is mainly
due to the symmetry in the molecules.

When the field is directed perpendicular to the principal
axis in the molecular plane i.e., say, from H2 to H1 atom
in H2O, CH2S and HCHO, the nucleophilicity of central
atoms remains almost constant throughout this field range.
For instance, the nucleophilicity of O atom in H2O, S and
O atom in CH2S and HCHO, respectively, along with C
atom remains constant (Tables 3, 5; Fig. 4). Moreover, in
case of in H2O, CH2S and HCHO, the nucleophilicity of
the H atom towards which the field is applied decreases
(Tables 3, 5; Fig. 4). But, in case of SO2, the nucleophi-
licity of S atom decreases while the nucleophilicity of O
atom towards which the field is applied increases (Table 7).
This may be due to the presence of more electropositive cen-
tral atom. Surprisingly, the behavior of CFF for nucleophi-
lic attack of central atom varies as the field value is increa-
sed. It is observed that the electrophilicity of central atom
in H2O and SO2 increases with increasing field (Tables 3,
7). On contrary, in case of HCHO, the electrophilicity of O
and C atoms decreases slowly while the electrophilicity of
S, in CH2S, remains constant with increasing field (Table 5;
Fig. 4). However, for H2O, CH2S and HCHO, the electrophi-
licity of atom towards which the field is assigned decreases
(Tables 3, 5; Fig. 4).

When the field is assigned perpendicular to the molecular
plane, the nucleophilicity of all the atoms for H2O, CH2S and
SO2 molecules remains almost constant with the increase in
the field values (Tables 4, 6, 8). However, on the other hand,
the electrophilicity behavior is quite different. The electro-
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Table 3 Variation of chemical potential, Hardness and CFF for H2O molecule when the field is applied from H2 to H1 atom

Electric fielda (in au) µ (in au) η (in au) f −
O f −

H1 f −
H2 f +

o f +
H1 f +

H2

0.000 −0.2185 0.2459 0.8368 0.0816 0.0816 0.0753 0.4623 0.4623

0.001 −0.2187 0.2458 0.8368 0.0813 0.0820 0.0756 0.3950 0.5294

0.002 −0.2190 0.2454 0.8368 0.0810 0.0823 0.0765 0.3309 0.5926

0.003 −0.2197 0.2448 0.8367 0.0806 0.0826 0.0780 0.2731 0.6490

0.004 −0.2205 0.2440 0.8367 0.0803 0.0829 0.0797 0.2238 0.6965

0.005 −0.2215 0.2430 0.8367 0.0800 0.0833 0.0815 0.1837 0.7348

0.006 −0.2227 0.2418 0.8367 0.0797 0.0836 0.0832 0.1521 0.7646

a Applying field in opposite direction will change the values CFF of H1 to H2

Table 4 Variation of chemical potential, hardness and CFF for H2O molecule when the field is applied perpendicular towards the molecular plane

Electric fielda (in au) µ (in au) η (in au) f −
o f −

H f +
H f +

o

0.000 −0.2185 0.2459 0.8368 0.0816 0.4623 0.0753

0.001 −0.2185 0.2460 0.8368 0.0816 0.4623 0.0754

0.002 −0.2186 0.2459 0.8368 0.0816 0.4622 0.0756

0.003 −0.2187 0.2459 0.8368 0.0816 0.4620 0.0759

0.004 −0.2187 0.2458 0.8368 0.0816 0.4618 0.0764

0.005 −0.2187 0.2458 0.8368 0.0816 0.4614 0.0771

0.006 −0.2188 0.2457 0.8368 0.0816 0.4611 0.0778

a Same values when the field is reversed

Table 5 Variation of chemical potential, hardness and CFF for CH2S molecule when the field is applied from H2 to H1 atom

Electric fielda (in au) µ (in au) η (in au) f −
S f −

c f −
H1 f −

H2 f +
S f +

c f +
H1 f +

H2

0.000 −0.1768 0.1633 0.6610 0.1602 0.0894 0.0894 0.5122 0.3824 0.0527 0.0527

0.001 −0.1768 0.1632 0.6610 0.1602 0.0891 0.0897 0.5122 0.3824 0.0525 0.0529

0.002 −0.1769 0.1633 0.6610 0.1602 0.0889 0.0899 0.5122 0.3824 0.0523 0.0531

0.003 −0.1769 0.1633 0.6610 0.1602 0.0886 0.0902 0.5122 0.3824 0.0520 0.0533

0.004 −0.1769 0.1632 0.6610 0.1602 0.0883 0.0905 0.5122 0.3824 0.0518 0.0535

0.005 −0.1770 0.1632 0.6610 0.1602 0.0880 0.0908 0.5122 0.3824 0.0516 0.0537

0.006 −0.1770 0.1632 0.6610 0.1602 0.0878 0.0910 0.5122 0.3824 0.0514 0.0540

a Applying field in opposite direction will change the CFF values of H1 to H2

philicity of the central atom in H2O and SO2, i.e., O and
S atom, respectively, increases while the S atom in CH2S
decreases (Tables 4, 6, 8). This may be due to the nearly equi-
valent electro-negativities of C and S in CH2S. However, in
case of O3, neither the nucleophilicity nor the electrophilicity
of O atoms change in this field range (Fig. 4).

As the field direction is reversed, there is no change in
the behavior of the atoms in terms of their reactivity. This
implies that whenever a reagent, either nucleophilic or elec-
trophilic, attacks from above or below the molecular plane
would experience similar reactivity on a particular atom.

In our earlier article [1], we inferred that the variation
of the hardness parameter in the presence of external elec-
tric field is actually dependent on the net cooperative effect
exhibited by the collection of all the atoms present in
the molecule. The above discussions (Sects. 4.1 and 4.2)

probably imply the same. Hence, the decrease or increase
of hardness of a molecule under the external field does not
necessarily mean that the reactivity of a specific site or atom
present in the molecule would be enhanced or deactivated.

Apart from the numerical analysis discussed above, we
present some of our results using the perturbative analysis.
The Fukui function under the presence of electric field (F)

can be written as a Taylor series expansion,

f (r) = f0(r) + f ′(r)F + 1

2! f ′′(r)F.F + · · · (13)

The first term f0(r) is the FF at zero field. The second term

f ′(r) = δ2ρ(r)
δNδF and the third term f ′′(r) is equal to δ3ρ(r)

δNδFδF
can be related, respectively, to the linear Fukui response and
nonlinear Fukui response defined by Senet [90], who has also
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Fig. 3 Plot of change in CP/Hardness with respect to zero fields against
electric field applied perpendicular to the principal axis for HCHO
and O3 molecules square CP/Hardness of O3. triangle CP/Hardness
of HCHO. Dashed line represents the values of Hardness while solid
line represents the values of CP when the field is applied perpendicular
to the principal axis
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Fig. 4 Plot of change in CFF for electrophilic/nucleophilic attack with
respect to zero fields against electric field applied perpendicular to the
principal axis for reactive atoms in HCHO and O3 molecules. triangle
nucleophilicity/electrophilicity of O, C and H atoms in HCHO, square
nucleophilicity/electrophilicity of O atoms in O3. Dashed line repre-
sents the values of electrophilicity while solid line represents the values
of nucleophilicity when the field is applied perpendicular to the princi-
pal axis

made a general perturbative analysis of electron density with
respect to the number of electrons and external potential.
It is clear from the above that the linear trend observed in
the present numerical results will breakdown at somewhat
stronger fields.

For weak fields, Figs. 1, 2, 3 and 4 show the linearity
of the reactivity descriptors. To see the effect of breakdown

of linearity, we extended our calculations up to larger field
values. It is found that, when the field is applied along the
principal axis the linearity of GRD breaks after 0.01 au of
field value for CH2S, H2O, O3 and SO2. As an example, to
be a linear plot the extrapolated hardness value for CH2S
should be 0.1593 au at a field value of 0.02 au along the C2

axis, but the calculated hardness at that field is 0.1393 au.
This shows a drop in hardness value which is larger than
that predicted from the linear plot. Similarly, we have obser-
ved the breakdown of linearity of nucleophilicity of S in
CH2S after 0.03 au, O in HCHO after 0.015 au, O in SO2

after 0.01 au. When the field is perpendicular to the principal
axis, the variations of GRD becomes nonlinear after 0.006 au
for HCHO and 0.008 au for O3. On the other hand, the linea-
rity in the variation of nucleophilicity is lost after 0.01 au for
O in HCHO, while the variation of electrophilicity is lost
after 0.006 au for central O atom in O3. However, it should
be again mentioned that it is often difficult to converge to
the correct state for (N ± 1) systems for higher field values.
Thus, it is difficult to demonstrate the nonlinearity at very
strong field values.

Moreover, analysis of the energy difference for the above
molecular systems in weak field range, applied along the prin-
cipal axis and in perpendicular direction, clearly suggests that
there is a weak interaction with the external electric field. It
is found that the difference in the energies of the mentio-
ned systems with and without field along the principal axis
ranges from 0.8837 kcal/mol for ozone to 3.9423 kcal/mol for
formaldehyde. This energy difference signifies weak inter-
action of the molecular systems with external electric field
applied along the principal axis. The values range from
0.0757 kcal/mol for H2O to 0.3989 kcal/mol for SO2 in per-
pendicular direction. Although the present analysis is not
very rigorous, it can, however, explain the present observa-
tion in the variation of CFF as well as the hardness parame-
ters.

5 Conclusions

We have investigated the effect of electric field on reacti-
vity of some of the C2V symmetry molecules. Under such
external parameter, their stability and reactivity were syste-
matically studied using the density based reactivity descrip-
tors. In order to understand the behavior of these descriptors
in the presence of electric field for polyatomic molecules,
we have studied the effect of application of external field
towards the principal axis as well as to the axis perpendicu-
lar to the principal axis. In the case of application of electric
field perpendicular to the principal axis, there is change in
both GRD and LRD unlike linear molecules. Our results once
again support that the variation of the hardness parameter is
actually dependent on the net cooperative effect exhibited by

123



382 Theor Chem Account (2008) 120:375–383

Table 6 Variation of chemical potential, hardness and CFF for CH2S molecule when the field is applied perpendicular towards the molecular plane

Electric fielda (in au) µ (in au) η (in au) f −
S f −

C f −
H f +

S f +
C f +

H

0.000 −0.1768 0.1633 0.6610 0.1602 0.0894 0.5122 0.3824 0.0527

0.001 −0.1768 0.1632 0.6610 0.1602 0.0894 0.5121 0.3824 0.0527

0.002 −0.1769 0.1632 0.6610 0.1602 0.0894 0.5118 0.3825 0.0528

0.003 −0.1769 0.1632 0.6610 0.1602 0.0894 0.5113 0.3826 0.0530

0.004 −0.1770 0.1631 0.6610 0.1602 0.0894 0.5106 0.3827 0.0533

0.005 −0.1771 0.1630 0.6610 0.1602 0.0894 0.5097 0.3829 0.0537

0.006 −0.1772 0.1629 0.6609 0.1603 0.0894 0.5086 0.3830 0.0542

a Same values when the field is reversed

Table 7 Variation of chemical potential, hardness and CFF for SO2 molecule when the field is applied from O1 to O2 atom

Electric fielda (in au) µ (in au) η (in au) f −
S f −

O1 f −
O2 f +

S f +
O1 f +

O2

0.000 −0.2491 0.2047 0.3131 0.3434 0.3434 0.4830 0.2585 0.2585

0.001 −0.2491 0.2046 0.3130 0.3393 0.3477 0.4830 0.2584 0.2586

0.002 −0.2491 0.2046 0.3129 0.3353 0.3519 0.4831 0.2583 0.2587

0.003 −0.2491 0.2046 0.3126 0.3314 0.3560 0.4832 0.2581 0.2587

0.004 −0.2491 0.2046 0.3122 0.3278 0.3601 0.4834 0.2579 0.2587

0.005 −0.2491 0.2045 0.3117 0.3244 0.3639 0.4836 0.2577 0.2587

0.006 −0.2491 0.2045 0.3112 0.3212 0.3676 0.4839 0.2574 0.2587

a Applying field in opposite direction will change the values CFF of O2 to O1

Table 8 Variation of chemical potential, hardness and CFF for SO2 molecule when the field is applied perpendicular towards the molecular plane

Electric fielda (in au) µ (in au) η (in au) f −
S f −

O f +
S f +

O

0.000 −0.2491 0.2047 0.3131 0.3434 0.4830 0.2585

0.001 −0.2491 0.2046 0.3131 0.3434 0.4830 0.2585

0.002 −0.2491 0.2047 0.3131 0.3434 0.4832 0.2584

0.003 −0.2491 0.2046 0.3131 0.3434 0.4836 0.2582

0.004 −0.2492 0.2046 0.3132 0.3434 0.4841 0.2579

0.005 −0.2492 0.2045 0.3132 0.3434 0.4848 0.2576

0.006 −0.2493 0.2045 0.3132 0.3434 0.4857 0.2572

a Same values when the field is reversed

the collection of all the atoms present in the molecule. We
observe from the strength of interactions that our study is
applicable to effect of weak interactions on the descriptors.
Moreover, we try to present some perturbative analysis to our
findings and numerically show the breakdown of linearity of
reactivity descriptors.
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