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Introduction
The protonation reactions or the physico-chemical pro-

cess of protonation are ubiquitous in almost all the areas of
chemistry and biochemistry1–5. The chemical method of pro-
tonation is basic of many chemical rearrangements, and
enzymatic reactions4. The resulting protonated molecule is
frequently an essential intermediate that guides the succeed-
ing steps of the overall process. The knowledge of the intrin-
sic basicity and the site of protonation of a compound are
central for the understanding of the mechanism of chemical
reactions. The legend proton affinity is defined as the nega-
tive of the enthalpy change of a protonation reaction at the
standard conditions. The gas-phase proton affinities are a
quantitative measure of the intrinsic basicity of a molecule6.
The study of thermochemistry of the proton transfer reaction
in the gas phase is well-known experiment of acid-base re-
action7. Dynamics of proton transfer is also important for ion-
ization processes in mass spectroscopy8.

In the investigation of ample number of molecule spe-
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In the investigation of sufficient number of molecule species from the interstellar and circumstellar media with almost 80% of
these cations are protonated molecules. The carbonyl sulphide (OCS) molecule being the interstellar molecule has three pos-
sible protonation sites (either O, S, or C). So, the investigation is performed to determine the best site for the protonation of
carbonyl sulphide (OCS) theoretically. The physico-chemical process of protonation is allied with the energy lowering phe-
nomenon. For ambivalent molecules having more than one lone pairs at different sites, the protonation occurs preferentially.
Preferred site of protonation is an important physico-chemical input in suggesting and modeling reaction mechanism involv-
ing such molecules. Locating the preferred site of protonation in ambivalent molecules is a fascinating problem of experiment
as well as theoretical chemistry. The present study has invoked local density functional descriptors governing electrophilic
attack for Fukui function (f–), local softness function (s–) and local philicity function (–) theoretically locating the preferred
site of protonation, an electrophilic reaction, of the chosen of ambidentate molecule whose preferred site of protonation are
known experimentally. It is found that theoretically prediction in terms of computed theoretical descriptor values regarding the
preferred sites of protonation in carbonyl sulphide (OCS) molecules have one to one correspondence with the experimental
findings.
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cies from the interstellar and circumstellar media with about
10% being cations and almost 80% of these cations are pro-
tonated molecules9–16. Jefferts et al.17 during their study,
first detected the carbonyl sulphide (OCS) as a recognized
interstellar molecule within the giant molecular Sagittarius
B2 and was further confirmed in about ten interstellar
sources18–20.This interstellar molecule OCS participate an
significant role in the global cycling of sulphur21 and it forms
the major source of stratospheric aerosol22 due to its high
abundance (about 500 ppm) in the troposphere.

Since, the OCS molecule has three possible protonation
sites (either O, S, or C) so the purpose of this work was to
determine the best site for the protonation of OCS theoreti-
cally which correspond with the experimental result23–28.

In the physico-chemical process of protonation, when a
proton dynamically approaches towards a nucleophile from
a long distance, it is attracted by the electron cloud of the
molecule. Thus a proton acting as an electrophile starts soak-
ing the electron density from the entire skeleton of the nu-
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cleophile29 and as a result, the electron cloud of the nucleo-
phile is redistributed and remains under the influence of
nucleus of the electrophile. Ultimately the proton fixes at a
site of lone pair – the site of protonation, of the molecule.
However, if there is no lone pair in the structure of the mol-
ecule, the proton remains weakly attached to the sphere of
the charge cloud of the molecule. The polarizing power of
the proton induces a physical process of structural and ener-
getic changes in the molecule. This phenomenon is, in par-
ticular, at the origin of the site of protonation, has consider-
able effect on the strength and length of the bonds5. The
structural and energetic changes induced by the polarizing
power of the proton are expected to be at its maximum at the
gas phase of the molecule. Thus, the gas-phase basicity is
certainly the ideal revelator of the structural and energetic
characteristics of the molecular protonation process.

If a molecule has more than one donor sites i.e. lone
pairs and if a proton approaches such a molecule, the pro-
ton will not find all the donor sites to be attacked equally
likely. The proton will select the most preferred site in the
structure of the molecule. In the dynamic process of proto-
nation reaction, the preferred site may be identified by the
attaching proton in a kinetic and thermodynamic process.
But the selection of preferred site will be decided by the ther-
modynamically controlled process. When the proton is fixed
at the preferred site, the enthalpy change is more and when
the proton fixes at non-preferred site liberation of energy is
less. The procedure follows the hierarchical steps: (i) calcu-
late energy of the molecule first, and (ii) then attach proton
at different probable sites to generated protonated species
one after another, and (iii) then compute the energy of the
protonated species theoretically and/or experimentally.

The preferred site of protonation in ambidentate molecules
can also predicted from the charge densities on atomic sites
and also the hybridization of the lone pair that binds the pro-
ton5,29,30. Introduction of Conceptual Density Functional
Theory based global and local descriptors by Parr and co-
workers31–34 made DFT more popularize and initiated a new
arena of scientific research. Although, the global descriptors
like electronegativity, hardness and electrophilicity index are
hypothetical concepts35–47, these descriptors are success-
fully used to predict several physico-chemical properties of
molecules as well as the reaction surfaces45,47 and to probe

the site of chemical reaction of molecules48. It is worth men-
tioning that the local descriptors are evolved from the global
descriptors. Global quantities like hardness, softness deal
with the stability and reactivity of different interacting frag-
ments as a whole.

If a proton approaches dynamically towards a donor, what
direction will be preferred from among several directions that
can produce the same type of chemical bond between the
proton and the donor? Since the purpose of this work here is
to correlate the known site selectivity in terms of local den-
sity functional descriptors, so it is pertinent to discuss the
local reactivity descriptors in brief.

The most popular method for predicting how and whether
a reaction will take place is the frontier molecular orbital theory
(FMO)49. This method uses the shapes and symmetries of
the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) to indicate whether
a reaction will occur or not. If the HOMO of the electron do-
nor and the LUMO of the electron acceptor have the same
shape (symmetry) and phase, then electron transfer from
the HOMO of the first molecule to the LUMO of the second
can occur, often forming a bond between the reagents50.
This motivated the definition of a function in the context of
density functional theory (DFT) that encapsulates the essence
of FMO31,51–53 but, in principle, includes both electron cor-
relation31,54. This function is known as the “Fukui function”
f(r). The quantity f(r) is a local property depending on posi-
tion, r and hence it possesses different value at different
position in the chemical species. The Fukui function, f –(r), is
defined as the change in density that one observes when
one goes from N to N – 1 electrons (with the nuclear posi-
tions fixed) and within the frozen core approximation this is
analogous to the density of the HOMO orbital. A similar func-
tion, f +(r), can be defined as the difference between the elec-
tron densities of the N + 1 and N electron systems; this is
analogous to the LUMO orbital density. The Fukui function is
labeled according to whether the system is acting as an elec-
tron acceptor or an electron donor. The f +(r) says where an
electron will add to the molecule. The f –(r) says where an
electron given to an electron acceptor will come from. Elec-
tron donors tend to attack the molecule where f +(r) is large
because this is where the molecule “wants electrons”. The
essence of the theoretical development is that the numerical
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values of f +(r) and f –(r) in molecules predict the preferred
sites for electrophilic or nucleophilic attack in the molecules.
Electron acceptors tend to attack the molecule where f –(r) is
large because this is where the molecule has electrons that
it is “willing to give up”31,51. .

Notwithstanding some workers reported the failure of
Fukui functions to predict the reaction site of a molecule30,
still the Fukui functions are used in several works as good
descriptor of site selectivity48,51,55–60.

Parr and Yang31,33, on the basis of DFT, further intro-
duced a new local DFT descriptor – the local softness (s)
which have been found potentially useful to identifying the
preferred sites of molecules prone to chemical reaction. The
local softness can be considered as “local abundance” or
“concentration” of their corresponding global properties. The
conceptual structure and the necessary algorithm for this
descriptor have crystallized a distinct branch of conceptual
chemistry – the local Hard-Soft Acid-Base (HSAB) principle.

In order to provide a unified treatment of chemical reac-
tivity and selectivity concept of philicity is introduced30 through
a resolution of identity.

Theoretical background
There is a paradigm shift in the realm of conceptual chem-

istry due to the density functional underpinning of Parr et
al.31,32,52,61. The useful qualitative entities like hardness,
electronegativity and electrophilicity index which were ab-
stract semiotic representations are now considered as theo-
retical quantities of cognitive representations. According to
DFT, given the electron density function (r) of a chemical
system and the ground state energy and everything can be
determined. The chemical potential,  of that system in equi-
librium has been defined as the derivative of the energy func-
tional E () with respect to the electron density at fixed mo-
lecular geometry.

The chemical potential, , is given by62

 = –= [E ()/]v (1)
where v is the external potential acting on an electron due to
the presence of nucleus.

The differential definition more appropriate to atomic sys-
tem is on the basis that for a system of N electrons with
ground state energy E [N,v],

 = –= [E/N]v (2)
The absolute hardness is defined63 as

 = ½ [/N]v = ½ [(2 E/N2)]v (3)
The ansatz for hardness is mathematically difficult because
the numerical method is required to be invoked to solve it64.
However, Parr and Pearson63, invoking finite difference ap-
proximation, suggested an approximate formula for the evalu-
ation of hardness and electronegativity as

= ½ (I – A) (4)
 = ½ (I + A) (5)

where I is the ionization energy and A is the electron affinity
of the chemical species. Pearson65 proceeded further to
evaluate ‘I’ and ‘A’ in terms of orbital energies of the highest
occupied molecular orbital, HOMO and the lowest unoccu-
pied molecular orbital, LUMO by connecting it with Hartree -
Fock SCF theory and invoking Koopmans’ theorem the hard-
ness and electronegativity are reformulated as

 = ½ (–HOMO + LUMO) (6)
and  = – = – ½ (LUMO + HOMO) (7)

where I = –HOMO, and A = – LUMO.
The inverse of hardness is defined as softness31,33.
S = ½= (N/)v = 1/(I – A) (8)

Parr et al.34 defined another global parameter, the electro-
philicity index () as

 = ()2/(2) (9)
or,

 = {(I +  A)2}/8(I – A) (10)

The Fukui function is defined as
f(r) = [/v (r)]N = [(r)/N]v (11)

The Fukui function can give three predictions:
(i) governing electrophilic attack: f –(r) = [(r)/N]–v   (12)
(ii) governing nucleophilic attack: f +(r) = [(r)/N]+v    (13)
(iii) governing neutral (radical) attack:
f 0(r) = [(r)/N]0v (14)

The three cases have S >R, S < R and S ~R.
A “frozen core” approximation now gives d= dvalence

in each case, and therefore,
(a) governing electrophilic attack: f –(r) = HOMO (r) (15)
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(b) governing nucleophilic attack: f +(r) = LUMO (r) (16)
(c) governing neutral (radical) attack:
f 0(r) ½ [HOMO (r) + LUMO (r)] (17)

where (r) is the electron density.
Local softness, s(r) , can be written by the formula
s(r) = S f (r) = ((r)/)T,v(r) (18)

There are three local softness functions:
(a) governing electrophilic attack: s–(r) = S f –(r) (19)
(b) governing nucleophilic attack: s+(r) = S f +(r) (20)
(c) governing neutral (radical) attack: s0(r) = S f 0(r) (21)

Here s–(r), s+(r) and s0(r) are the local softnesses correspond-
ing to electrophilic attack, nucleophilic attack and radical at-
tack respectively66. The local philicity index30 is given as

(r) = f(r) (22)

There are three local philicity functions:
(a) governing electrophilic attack: – (r) = f – (23)
(b) governing nucleophilic attack: + (r) = f + (24)
(c) governing neutral (radical) attack: + (r) = f + (25)

Propose of this study to locate the reactive centers for the
chemico-physical process of protonation of representative
molecule in terms of the computed values of local density
functional descriptors.

Method of computation
Computational study is performed within ab initio frame-

work and descriptors have been calculated using concep-
tual density functional theory. All the modeling and structural
optimization of compounds have been performed using
Gaussian 09 software package67. For optimization purpose,
Hartree-Fock with basis set 6-311G has been adopted.

The optimized structure for carbonyl sulfide are presented
in Fig. 1.

All the global descriptor such as global hardness (),
chemical potential (), electronegativity (), global softness
(S), and global electrophilicity index () are computed for
the molecules stated above using eq. (6), eq. (7), eq. (8 )
and eq. (10) respectively and are given in the Table 1.

The global descriptors are used to compute the local

Table 1. Global hardness (), global softness (S), chemical
potential (), and global electrophilicity index () in eV

Molecules (eV) (eV) (eV) (eV) S (eV)
OCS 6.90112 –4.8611 4.8611 1.71207 0.1449

Table 2. The computed Fukui function (f –), local softness (s–), local
philicity index (–) in eV for different donor centers of carbonyl

sulfide (OCS)
Center f – s– –

O 0.30078 0.043584 0.51495
C 0.03277 0.004748 0.0561
S 0.84815 0.122901 1.4521

descriptors. Since proton is an electrophile and the site se-
lectivity of the instant reactions will be decided by f –, s– and
–, so computation has done to calculate the values of Fukui
function (f –), local softness (s–), local philicity index (–) only
using eq. (15), eq. (19) and eq. (23) respectively for all the
probable donor centers of the chosen molecule and are given
in the Table 2.

Fig. 1. Optimized structure of carbonyl sulfide.

Results and discussion
The structural formula shows that the molecule has three

probable sites, ‘O’ ,‘S’ and ‘C’ of protonation. The evaluated
Fukui functions (f –), the local softness (s–) and local philicity
(–) for the three different donor centers O, S and C of the
molecule OCS are presented in Table 2. It is the intrinsic
characteristics of Fukui function that the numerical value of
f – measures the reactivity (nucleophilicity) of a particular
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atomic site of a donor center towards an electrophile, the
proton. Looking at Table 2, it can be seen that the f – values
of the different donor centers in the donor, OCS follows the
order S > O > C which clearly indicates that the S-center in
OCS molecule is the more reactive center towards an
electrophile.

In prediction based upon the calculated atomic charges,
on the other hand, would be seriously in error. In OCS, the
most negative atomic charge are found to be on O, S and C,
–0.4404, 0.197, 0.24338 respectively, followed inconsistent
with the experimental fact23,24–28 that S is the most attrac-
tive site of protonation attack.

So, the experiment23,24–28 and theory proceed hand in
hand in the matter of selecting the preferred site of protona-
tion in multi dented molecule like OCS and the theoretical
tour is some local DFT descriptor.

Conclusion
Molecules may have more than one site having lone pair

of electrons in its structure in terms of valence bond descrip-
tion. The lone pairs are the centre where an electrophile usu-
ally attaches during the course of chemical reactions between
a nucleophilic and electrophile. Proton is an electrophile. It
approaches kinetically towards a molecule and soaks elec-
tron density from the molecule. In the process energy lower-
ing takes place. It is also quite expected that proton will pre-
fer more polarizable site in the molecule for binding. The
local Hard-Soft Acid-Base (HSAB) principle has introduced
a cluster of local theoretical descriptors namely the Fukui
functions, local softnesses and the local electrophilicity indi-
ces. The thermodynamic mechanism of protonation can be
rationalized in terms of the local Hard-Soft Acid-Base (HSAB)
descriptors. The gamut of the theory is that the site selectiv-
ity in the physico-chemical process of protonation can be
predicted in terms of these theoretical descriptors.

In the present study, determined the preferred site of elec-
trophilic reactions/protonation of such molecules in terms of
the local descriptors discussed above and the result is 1 to 1
correspondence between the theoretical prediction and ex-
perimental finding. In other words, the preferred site of pro-
tonation can be rationalized in terms of the local density func-
tional descriptors. The experiment and theory proceed hand
in hand in the matter of selecting the preferred site of pro-

tonation in multidented compounds and the theoretical tour
is some local DFT descriptor. But prediction based upon the
calculated atomic charges, on the other hand, would be se-
riously in error.
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