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Abstract In general, the quantum chemical computations are the most attractive source of quantum-chemical
descriptors (QCDs) which in turn are known for their strong abilities to depict all of the electronic and geometric
properties of the molecules and their interactions. The quantitative structure property relationship (QSPR) study
actually employs them in obtaining optimum structure-property correlations numerically. This work is mainly
focused on determining HOMO/LUMO Eigen values and the concerned energy, electronic and reactivity descriptors
of the variably sized hydrated bisulfate clusters [HSO4(H,0),] , n =0, 3, & 4 separately using DFT: B3LYP hybrid
functional method, and on predicting their most significant physicochemical properties quantum mechanically. The
major three dimensional structure-based electronic and kinetic properties assessed here are electronegativity,
electrophilicity, electronic localization & polarizability, extent of global electron density transfer and chemical
hardness & softness. The DFT derived HOMO/LUMO orbital electron densities of each of these ions confirmed the
occurrence of electronic delocalization from the central HSO, unit to surrounding H,O molecules in the course of
their structural stabilization. In terms of strength of their nuclear-inbound electron clouds, [HSO,4(H,0)4]" cluster is
found to have less propensity to loose electrons and has a less polarizable type electron cloud, and in reference to the
difference in their chemical potentials, the electron density flux transferring rate is predicted as [[HSO4(H,0),]” to
[HSO,4(H,0)3] ] < [[HSO4(H,0)s] to [HSO,4(H,0),] ]. Meanwhile, the DFT based chemical hardness/softness
indices of them indicated the least kinetic stability of [HSO,4(H,0),]” among the ions with n < 4.
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1. Introduction

The quantitative structure property relationship (hereafter, QSPR) is a powerful analytical and a predictive
molecular based research approach that links physicochemical properties of the molecular or ionic specimens
mathematically with their 3D structures [1], [2]. It is very often used in finding out quite short yet reliable searching
route while investigating unique and functionalized characteristic features of the most desirable and suitable
molecular structures. Its primary strategy is to acquire optimum quantitative structure-property correlations simply
by employing those quantum-chemical descriptors (hereafter, QCDs) that are derived from the properties of the
molecules determined through quantum mechanical calculations. Since such type QCDs encode structural features
numerically, they can be employed directly to predict most significant structure activity/property interrelationships
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and molecular kinetic stability quantitatively [3]. More important is the QCDs can be used to derive most significant
molecular physicochemical properties such as electronic localization & polarizability, electronegativity,
electrophilicity, degree of chemical hardness & softness etc. Basically, they are those electronic/geometric
properties of the molecular specimens that are based on the electronic descriptors encoding the most reliable
quantum information extracted through molecular orbitals' interactions [4], [5]. These descriptors are (1) Energy
descriptors: Enomo and Epymo (energy of the highest (lowest) occupied (unoccupied) molecular orbital)
approximate molecular stability, electronic transition frequency & band gap AEy,, (HOMO-LUMO energy

AEgqp = Erymo — Enomo), and AEy,, itself indicates how intensely the molecular specimens take part in chemical

reactions (larger AE,,, always means slower electron donation from HOMO to LUMO and vice versa); (2)
Electronic descriptors: ionization potential (IP), electron affinity (EA), electronegativity (), electronic chemical
potentials (), and electrophilicity index (w) describe molecular electronic polarizability and drift velocity; and (3)
Reactivity descriptors: chemical-softness (o) and hardness (7) indicate kinetic stability or molecular reactivity of the
reacting specimens [6], [7], [8], [9], [10], [11], [12].

While computational methods based on classical or quantum-mechanical force fields are just useful for determining
low energy electronic structures, thermodynamic stabilities, and dipole moments of the molecular specimens, the
molecular orbitals (MOs) based quantum-chemical methods are widely used to compute aforementioned descriptors
(1), (2), and (3). The density functional theory (hereafter, DFT) is one of them. Quantum mechanically, it is an
LCAO-Kohn-Sham ansatz based theoretical model in relation with the spatially dependent electron density function
[13], [14], [15]. It is one of the most potential theoretical methods in investigating low energy electronic structures
of the many-body-multi-electron molecular/ionic systems as well as in determining MOs, HOMO-LUMO
interactions, Eyonmo and E;yyoWith their proper theoretical quantization [16], [17], [18], [19], [20], [21], [22], [23].
In this study, the DFT method with B3LYP hybrid functional is employed computationally and computed
HOMO-LUMO orbitals and their respective Eigen values for the variably sized hydrated bisulfate clusters
[HSO4 (H20),] n =0, 3, and 4 separately followed by the mathematical determination of AEj,,and the numerical
indices of the most significant QCDs. The main objective of this QSPR study is to interpret experimentally
observed: (1) water gaining: [HSO4(H,0)n_;]” + H,O — [HSO,(H,O)n]"; charge separation: [HSO4(H,O)n]™ + H,O
© [SO4(H,0)n]* + H3z0" ; proton gaining (water loosing):  [HSO.(H,0)n] ~ + H30" <> H,SO, + (n+1)H,0 events
of the hydrated bisulfate ions [24], [25] in reference to [HSO4(H,0),] . n =0, 3, and 4, and to understand their (2)
electron loosing/gaining tendencies in chemical reactions, (3) electron cloud firmly-holding ability, (4) degree of
chemical softness/hardness, and (5) electronic polarizability and electrophilicity quantitatively. This in-depth
quantum mechanical investigations of their most probable activities in aqueous type solutions may eventually reveal
quite essential characteristic features that would eventually be highly useful not only to climatology for illuminating
their reactivity and growth mechanisms at vapor/solution interface of aqueous tropospheric aerosols but also to
human physiology for explaining various physiological activities and roles in different types of body fluids and to
electrochemistry for understanding electrochemical activities of the batteries operated through sulfate and bisulfate
enriched aqueous electrolytes.

Actually, the ubiquity of HSO, ion in wide range of aqueous systems is due to its effective dissolution in agqueous
systems: polar H,O molecules surround HSO, ions centrally forming polarized hydration shells [HSO,(H,0),]
with hydration number n varies from 1 to 16 as reported elsewhere through IR and MS spectroscopies [26]. This
hydration phenomenon is most commonly observed in atmospheric aqueous aerosols where significant SO,
conversion reactions into SO,*" take place, which exists as [HSO4(H,0),]” or hydrated H,SO, depending upon the
pH level [27]. Similarly, the HSO, ionic hydration and its hydrated complexes exist abundantly in biological
systems where they function as denaturing agents to native structure of a-chymotrypsin [28] and as easing
specimens to gastrointestinal absorption and metabolic processes plus biosynthetic processes of active sulfate (3'-
phosphoadenosine-5'-phosphosulfate (PAPS)) [29]. Moreover, the variably sized hydrated HSO, ions present in the
catholyte and anolyte solutions of the electrochemical systems such as redox flow battery technology where aqueous
H,SO, is most commonly used as a supporting electrolyte (H,SO, (ag.) <> H' (ag.) + HSO, (ag.) <> 2H" (aq.) +

N

4 R Chemistry Research Journal

@

e/
Z

=

57



Marahatta AB Chemistry Research Journal, 2022, 7(2):56-69

S0,* (aq.)) are involved in conducting electricity [30]. However, the sequential hydration mechanisms of the HSO,~
ions and their variably sized hydrated complexes are reported as undesirable phenomena due to their adverse effect
in electrochemical activity of the lead acid battery system where concentration range of aqueous H,SO, (working
electrolyte) is 0.05M to 6.0M [31]. More important is a substantial amount of hydrated HSO, ions are detected in
the kitchen vegetables belonging to cruciferous family such as Cauliflower, Broccoli, Chinese cabbage, Chinese
broccoli, and many other similar green leaves vegetables [32]. Quantitatively, they are estimated in the range of
picomolar (102 mol/L) level in various ordinary eatable plants, foods, drugs, and many other real-life samples that
are predominantly aqueous in nature [33]. Despite all these abundances and necessities of the hydrated HSO, ions
in wide range systems, very limited research reports concentrated to the most significant QCDs based QSPR studies
are published. In regard to this, current study is intended to derive the most potential QCDs through DFT based
computational approach and to employ them for the quantitative prediction of the most significant physicochemical
properties and the Kinetic stabilities of [HSO4(H,0),] n =0, 3, & 4. Apart from this, the DFT based mathematical
indices of the QCDs are used here to interpret the most probable change in physicochemical properties of the
hydrated ions in respect to their hydration number n. The structure of this paper is organized as: the computational
details are expressed in section 2, the results and discussions are presented in section 3, and the conclusions are
given in section 4.

2. Computational Details

As explained in introduction section, the QSPR analyses always access different types of the QCDs enabling to
encode structural features of the molecular specimens quantitatively. This is why, the quantum mechanical
computation of the fundamental energy descriptors such as Eyomo, Erymo and AEg,, is mandatory prior to
determine other types of the QCDs. Since this QCDs based QSPR study focuses mainly on the prediction of the
most probable characteristic features of the hydrated HSO, ions in reference to [HSO,(H,0),] n =0, 3, & 4
specimens quantum mechanically, the MOs based DFT method with B3LYP hybrid functional is applied here as a
computational model to each individual trial structures separately, and computed their low energy electronic
structures with frontier MOs such as HOMO, HOMO-1, LUMO, LUMO+1 and their respective Eigen values E.
While constructing their trail structures, the molecular structure of HSO, ion was computationally modeled in the
Gaussian graphical interface GaussView [34], and nH,O molecules (n = 3, 4) were added one at a time to its
immediate vicinity and were made sure that no central and peripheral hydrogen bonding between them takes place.
All the Cartesian coordinates of the atoms of each trial structure were extracted and used separately as a Gaussian
input file for the energy minimization computational procedures. The required Gaussian keywords and
methodologies were selected as per the instructions mentioned in Gaussian 09 manual [35]. The standard basis set
of the type 6-31G (d, p) was used, where "6—31G" represents the split-valence double-zeta type mathematical
functions that describe core and valence orbitals of the atoms; and the function inside the parentheses "(d, p)"
indicates polarization type mathematical functions on hydrogen and heavy atoms for describing their chemical
bonding. Accordingly, while routing Gaussian script for the desirable computations, the separate integral values for
ionic charge and spin multiplicity were specified in the Gaussian format (charge, spin multiplicity). Here, both
hydrated (n = 3 & 4) and unhydrated (n = 0) HSO, ions are anionic with a unit negative charge: [HSO4(H,0),] n =
0, 3, & 4 has a charge unit of —1 each with spin multiplicity 1, the set of integers used in their respective Gaussian
input files were (-1, 1). Moreover, the self-consistent field (hereafter, SCF) with both default SCF procedure
(SCF=Tight) and Berny algorithm for geometry optimizations to a local minimum were selected [35], [36] for the
iterative solution of the electronic Schrodinger equation. Since the current objective of this study is to predict
various physicochemical properties of the differently sized hydrated bisulfate clusters through QCDs based QSPR
approach, the numerical indices for the most significant descriptors such as ionization potential (IP), electron
affinity (EA), chemical hardness (77), chemical softness (o), electronic chemical potentials (z), electrophilicity (w),
and electronegativity () were determined numerically using DFT derived Eigen values Eyomo. ELymo, and their
difference AE,, as per their mathematical formulations mentioned in equations (Egs.1-7). While extracting these
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basic energy descriptor values, the Gaussian output files (such as .log, and .fchk) of each of the hydrated ions
containing three dimensionally displayed chemical data were read through GaussView, and the concerned molecular
orbitals with HOMO-LUMO surface plots and Eigen values plus molecular electronic configurations were
displayed in the 3D space.

3. Results and Discussions

3.1 Importance of Quantum Chemical Descriptors (QCDs)

Despite the inabilities of QCDs in addressing bulk effects directly [37], the QSPR approach is assumed to be a quite
significant technique due to their unique mathematical indices that can be utilized to explain structure-property
correlations quantitatively. While experimentally measured descriptors are less reliable to elucidate structure
activity/property correlations precisely, the quantum mechanically derived descriptors predict comparatively more
accurate physicochemical properties as the latter is developed through computational coding without any internal
mathematical error (except the minor assumptions made in the quantum mechanical formulations) [1], [2], [3], [5],
[23], [37]. In QSPR study, the mostly employed QCDs listed below have direct mathematical relations with
computationally derived energy descriptors Eyomo,ELumo, and AE:

IP = _EHOMO (1)
EA = _ELUMO (2)
__ (IP+EA)
= @ @3)
—E + E AEgq
n = ( 1-10M02 LUMO) _ 527 4 (4)
1
o= ®)
I+ EA
by Q)
_ ¥
o=" ™)

The Eigen values Eyomo, Erumo Of the two spatially delocalized MOs at the frontier part of the molecular
specimens: HOMO and LUMO, and the orbital type HOMO—-LUMO interactions not only plays important roles in
predicting kinetic molecular stability, but also provides primary information required for describing intramolecular
HOMO-LUMO charge transfer events and the related electronic transition frequencies. In addition to this, the
HOMO-LUMO orbital interactions and their energy gap (AEy,,) are used to predict the degrees of hardness,
softness, and electronic polarizabilities of the molecular/ionic specimens. The computationally derived three
dimensional surface plots of these two frontier MOs and the concerned HOMO-LUMO energy gaps (AEgq,,) for the
differently sized hydrated bisulfate ion clusters [HSO4(H,0),] . n = 0, 3, & 4 plus their mathematical relations with
other QCDs are discussed below separately.

3.2 HOMO-LUMO Energy and Energy gap (AE ;)

This QSPR study targeted to predict most significant physicochemical properties of the variably sized hydrated
bisulfate ions [HSO4(H,0),], n = 0, 3, & 4 needs their DFT produced HOMO-LUMO surface plots, and the
respective Eigen values Eygpo and E o While determining other major type of the QCDs mathematically. The
concerned electron density based surface plots of these frontier MOs of each of the HSO, ions are displayed in
Figure 1 to Figure 3 respectively, where calculated values of the energy gaps AE;, AE,, and AE; in both Hartree
(a.u.) and Electron Volt (eV) units are clearly mentioned. As can be seen in Figure 1, the HOMO electron density
surface of unhydrated HSO, ion (n = 0) is mainly distributed over the four O atoms while the LUMO surface is
distributed over the entire ionic specimen.
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E,ymo = 0.24516 a. .
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AE;, = 0.30241a.u.

= 8.2289 eV
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Eyomo = —0.05725 a.u.

Figure 1: DFT computed surface plots of HOMO and LUMO depicting
HOMO-LUMO energy gap AE; for [HSO,(H,0),] " ion.

In the case of trihydrated HSO, ion with n = 3, the HOMO surface is highly localized over the central HSO, unit
while the LUMO surface shows a significant probability electron density over the hydrated H,O molecules, but in
the hydrated state with n = 4, both HOMO and LUMO surfaces are localized centrally around HSO, unit as can be
seen in Figure 3. This variation of the electronic occupancy in the frontier molecular orbitals not only highlights the
existence of electronic delocalization from the central HSO, unit to surrounding H,O molecules during the course
of structural stabilization as reported elsewhere [21] by the same author but also verifies the optical electronic
excitation (HOMO to LUMO transition) phenomena shown by the HOMO electron.
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ELumo = 0.20273 a.w.

S

AE, = 0.32124a.u.

= 8.7414 eV

Eyomo = —0.11851 a. u.

Figure 2: DFT computed surface plots of HOMO and LUMO depicting
HOMO-LUMO energy gap AE, for [HSO,4(H,0)z] ~ion.

If we refer to these electron density surfaces, we may observe asymmetric holes on all the LUMO surfaces,
indicating the origination of attractive force that can bind electron cloud more closely to the ionic centers. Moreover,
the DFT derived HOMO-LUMO energy gaps AE, = 8.2289 eV,AE, = 8.7414 eV,AE; = 5.8428 ¢V for the
[HSO,4(H,0),] ,n =0, 3 & 4 ions respectively approximates their band gaps (electronic band gaps) exist in between
valence band and conductance band and hence, predicts their individual lowest energy transition frequencies in UV

visible spectroscopy.
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E,ymo = 0.08320 a.w.

a

AE; = 0.21472a.u.

= 5.8428 eV

Eyomo = —0.13152 a. u.

Figure 3: DFT computed surface plots of HOMO and LUMO depicting HOMO—-LUMO
energy gap AE; for [HSO4(H,0),] ~ion.

If we compare these values for tri- and tetra- hydrated clusters to each other, the trend is in decreasing order:
AE, > AE;. It indicates that the HOMO to LUMO electronic transition occurs comparatively more easily with
increasing hydration number n, suggesting [HSO4(H,0)4] cluster is kinetically less stable (smaller AE,,, always
infers lower ionic/molecular stability means higher is the chemical reactivity) even though it is predicted as
energetically more stable through theoretical electronic structure calculations [21]. From this observation, it can be
generalized that bigger the size of the hydrated bisulfate cluster, higher is the chemical reactivity, exactly similar
trend as that of the hydrated sulfate clusters [SO4(H,0),]*” (n = 1-4, 16) reported elsewhere [38]. The detailed 3D
structure based physicochemical properties (QSPR) of these variably sized hydrated bisulfate ion clusters can only
be predicted through the quantitative analysis of quantum mechanically determined QCDs as explained below
concisely.

3.3. Quantum-Chemical Descriptors (QCDs) in QSPR analysis

Since the quantum-chemical (mechanical) descriptors in QSPR analysis are very often used to depict some of the
most significant physicochemical properties of the molecular/ionic specimens numerically, they are widely known
as typical type global numerical indicators. These indicators are actually used to provide quantum mechanical
insights into the most appropriate molecular/ionic properties which in turn are highly associated with their structure
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based activities (QSAR). In the following subsections, a brief explanation of the concerned molecular descriptors
(Table 1.) and their uses in featuring structure property/activity correlations are presented in reference to the variably
sized hydrated bisulfate ion clusters [HSO4(H,0),] withn=0, 3 & 4.

Table 1: A DFT computed quantum chemical descriptors (QCDs) for the hydrated bisulfate clusters [HSO4(H,0),] ",

n=0,3 &4.
QCDs (eV) Hydrated bisulfate ions
[HSO4(H20)ol  [HSO4(H20)s]  [HSO4(H20)4]

Enomo -1.5578 —-3.2248 -3.5788
ELumo 6.6711 5.5165 2.2640
AEyq, 8.2289 8.7414 5.8428
IP 1.5578 3.2248 3.5788
EA -6.6711 -5.5165 —2.2640
X —2.5566 -1.1458 0.6574
7 2.5566 1.1458 —-0.6574
1) 0.7943 0.1502 0.0740
n 4.1144 4.3707 2.9214
o 0.2430 0.2288 0.3423

3.3.1. Electronic Descriptors

The descriptors that are associated with the electronic structures, and their corresponding energy
descriptorsEyomo ELumo, and AE obtained through the series of MOs based quantum mechanical computations are
called electronic descriptors. Following are the most important 3D structure based descriptors employed here to
depict electronic polarizabilities and the related consequences of the hydrated bisulfate clusters [HSO4(H,0).]* ", n =
0,3&4.

(1) lonization Potential (I1P)

In any molecular or ionic specimens, the electrons are held centrally through the positively charged nucleus. This
electron-nucleus binding force can be measured by an electronic descriptor called ionization potential (hereafter, IP).
It is a parameter that quantitatively approximates the amount of energy required to remove most loosely bound
electron out of the nuclear territory from the isolated molecular or ionic specimens in their ground electronic states
[39], [40]. Thus, it is an endothermic type energy whose absolute value can be taken as a mathematical index to
approximate the strength of the chemical bonds. In QSPR analysis, its quantum mechanically derived mathematical
index is used as a parameter while predicting Kinetic stability of the molecular or ionic specimens. The principle
behind this is molecules or ions having less-tightly held electrons would have comparatively low IP values and
hence, they may have high tendency of behaving as good reducing agents (high propensity of losing electrons or
undergoing oxidation) and of generating corresponding cationic forms more likely. It eventually explains that such
molecules or ions are comparatively more reactive, less Kinetically-stable/chemically-inert, and have high
susceptibility towards electrophilic attack. In theoretical computations, this descriptor is mathematically related to
the quantum mechanically derived Eigen values Eyomos ELumo (EQ.1). The absolute numerical values of it (eV) for
the variably sized hydrated bisulfate clusters [HSO,(H,0),], n = 0, 3, & 4 are summarized in Table 1. If we
compare the magnitude of their IP, the order is: [HSO4(H,0)s]” > [HSO4(H,0)3]” > [HSO4(H,0)o]". It means,
among these clusters, the ion with n = 4 has less propensity to loose electrons or to produce its cationic form than
that with n = 3 ion. It suggests that [HSO4(H,0),]” ion has comparatively more tightly held plus less polarizable type
electron cloud. From this, it can be approximately generalized that bigger the size of the hydrated bisulfate clusters,
more is the nuclear-inbound electron cloud. And, this is a quite explanatory result because the electrons of the
centrally located bisulfate ion are more delocalized to the surrounding H,O molecules that eventually results a
creation of the stronger hydrogen bonded network between themselves.
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(2) Electron Affinity (EA)

In contrary to IP, the "Electron Affinity" (EA) is an exothermic type energy that is released while adding an extra
electron to the atom of isolated molecules/ions in the ground state [41]. It actually evaluates the intensity of
accepting an electron by the isolated ionic or molecular specimens. The theoretically derived absolute value of it is
very often used while predicting oxidizing/reducing abilities of the molecules/ions and characterizing their
susceptibility towards nucleophilic attack. More especially, in charge-transfer reactions, the numerical index of EA
is used to identify electron accepting or donating behavior of the molecular/ionic specimens: those having more or
less EA values tend to behave as good electron acceptor or donor respectively. If we refer to the EA values
(magnitude) of the hydrated bisulfate clusters listed in Table 1, the trend is [HSO4(H,0),]” < [HSO4(H,0)s]” <
[HSO4(H,0)o]", implying that the unhydrated bisulfate ion has a more affinity for the electrons than that with other
hydrated ions. This is as per our well-established principle: more negative EA value always infers higher affinity of
the atoms towards the electrons. Alternatively, among the clusters with n < 4, [HSO,4(H,0)4]” ion (n = 4) has a
relatively lower affinity for the electrons due to having the least negative EA value, further indicating that
[HSO,4(H,0),] ion is comparatively not good at accepting extra electrons. The similar type explanations could be
valid to the clusters with n > 4 which is, however, not sampled here due to the unavailability of the computational
resources. As a whole, this quantitative prediction of the comparatively higher electron-accepting propensities of the
hydrated bisulfate clusters with n < 4 supports the fact that "[HSO,(H,O)]” and [HSO,(H,0),]" ions do not exist in
the aqueous type solutions™ as they are highly unstable species and always tend to stabilize through the sequential
hydration step by step (gain of H,O molecules: [HSO,(H,O)n_4]" + H,O — [HSO,4(H,O)n]") during which intense
distribution of atomic charges from the central HSO, unit to immediate H,O molecules occurs.

(3) Electronegativity (y)

Electronegativity is that type of the electronic indicator used in QSPR studies which enables quantum chemists to
approximate tendency of attracting shared electron pair towards bonded atoms or group of atoms of the molecules or
ions [41]. This parameter is actually affected by the distance that the valence electrons reside from the positively
charged nuclei. More specifically, the Mulliken introduced concept of absolute electronegativity (the arithmetic
mean of IP and EA as shown in Eq. 3) can be used to identify the polar region/s of the molecule: higher
electronegativity value always signifies stronger intensity of an atom or a substituent group to create oppositely
charged terminals. In the chemical reactions, the difference in electronegativity 4y = y, — x; of the two reacting
specimens always plays vital role: a specimen of lower electronegativity (,) transfers electrons to another specimen
of higher electronegativity (y,) until they attain equal electronegativity values (Electronegativity Equalization
Principle (EEP)). In the reaction between electron acceptor (Lewis acid "A") and electron donor (Lewis base ":B"),
an EEP measures the quantity of charge transfer AN and the energy change AE associated with the reaction that
results A:B type complex product [39]. In a conceptual analogy of the same, we may predict the electron
transferring/accepting abilities of the hydrated bisulfate clusters in their possible chemical reactions. As listed in
Table 1, [HSO4(H,0),4] ion has the highest y value among the clusters with n < 4, indicating that former may accept
electrons transferred by the latter type clusters, further supporting the fact that [HSO4(H,0),]” ion has
comparatively more tightly held plus less polarizable type electron cloud as depicted by its IP value presented in
subsection 3.3.1(1).

(4) Electronic Chemical Potential ()

It is that type of the electronic descriptor which in principle measures escaping tendency of the electronic cloud from
one ionic/molecular specimen to another whenever they mutually combine in the ground electronic state conditions
[42]. The driving force for this electronic fleeing propensity is the difference in chemical potential () between any
two reacting specimens "Y" and 'Z". If 4, and s, represent their respective electronic chemical potentials, and z, > 1,
the electronic cloud of "Y' fluxes towards 'Z" until this interacting chemical system achieves equilibrated electronic
chemical potential .. Here, these two reacting specimens ‘Y’ and 'Z' behave as electron-donor or nucleophile and
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electron-acceptor or electrophile respectively. Mathematically, « is equal to negative of the electronegativity () in
Mulliken and Pauling scale (Eg. (6)). In quantum mechanics, the absolute value of it can be used to interpret
electronic polarizability of the interacting molecular/ionic specimens: lower value of x depicts easier electron
gaining (or difficult to lose) or the presence of more tightly held electron cloud in molecular/ionic specimens. More
importantly, the difference in the chemical potentials Az (1,~u,) of "Y* and "Z' approximates the extent of global
electron density transfer (GEDT) in polar chemical reactions [43]. As an example, the significantly low Au (Au =
4, — u,) values for the ionic pairs: (1) [HSO4(H20)o]” and [HSO4(H0)s]™ (Au = 1.41 eV), and (2) [HSO4(H20)s]"
and [HSO4(H,0),]™ (4u = 1.80 eV) signify that the GEDT between them is relatively small. These Ay values
eventually depict electron density flux transferring rate between the concerned ionic pairs which is found to be in the
order [[HSO4(H,0)s]” to [HSO4(H20)3] 1 < [[HSO4(H,0)s]™ to [HSO,4(H,0)4]]. From this, we may predict that
these ionic pairs must undergo electron/charge transfer reactions [44] between themselves as depicted above from
their respective y values which is, however needs more trustworthy experimental and theoretical verifications to
establish the fact.

(5) Electrophilicity Index (w)

Parr et al. [42] has defined Electrophilicity index (w) as a parameter that can measure energy lowering associated
with the maximum electron flow from the donor to acceptor specimens. In another words, it approximates the
tendency of acceptor molecular/ionic specimens to gain an additional electronic charge from the similar donor type
specimen. Therefore, this parameter estimates the electron-loving or electrophilic ability of the molecular/ionic
specimens quantitatively. The same feature of this descriptor has actually made it a quite significant quantum
mechanical index in an electrophile-nucleophile chemistry more especially for interpreting electrophilicity of the
most of the interacting organic specimens and their chemical reactions. According to the quantum mechanical
perspective, it is formulated with the square of the chemical potential (), and chemical hardness (1) as shown in
Eqg. (7). This mathematical relationship is very often used to identify the specimens having most intense electrophilic
abilities: those having higher value of 42, but lower value of 7 must have relatively higher value of w, indicating
themselves as the most electron-loving specimens.

The DFT derived values of 7 and w for the variably sized hydrated bisulfate ion clusters [HSO,4(H,0),] ,n=0,3 &
4 are listed in Table 1. The relatively higher values of u, and w but comparable value of 7 for [HSO,(H,0)o] ion
(u= 2.5566¢eV, w = 0.7943 eV, n =4.1144 V) than those for [HSO,(H,O);]” («= 1.1458eV, w =
0.1502 eV, n = 4.3707 eV) indicates that the former ion has comparatively higher degree of electrophilicity or
stronger electrophilic character (difficult (easy) to lose (gain) electron) than the latter and accordingly, the last ion
with n = 4; [HSO4(H,0)4] (1= —-0.6574 eV, w = 0.0740 eV, n = 2.9214 eV) has the least degree of electron
loving tendency among the clusters with n < 4. This is because former type ions are in the state of changing more
stable clusters via the association of additional H,O molecules, but the latter ion is already more stabilized through
the peripheral addition of four H,O molecules. In fact, H,O is an electron rich nucleophile whose central O atom is
highly polar with two lone pair electrons and is involved in hydrogen bonding with the central HSO, unit in the
course of structural stabilization of each hydrated cluster. Thus, in general, all these bisulfate clusters with n <4 may
show high preference towards electron rich terminal of H,O, demonstrating their propensity in making bigger and
bigger hydrated clusters through step-by-step hydration mechanism: [HSO4(H,O)n_;]” + H,O — [HSO4(H,0)n] .
The detailed averaged Gibbs free energy change (4G) during such stepwise H,O addition mechanism is reported by
Tsona et al. elsewhere [24]. Moreover, the charge separation reaction of the HSO,4 ion ([HSO4(H,O)n] + H,0 <
[SO, (H,0)n]* + H30") transforming into SO, and H;0" is governed by the variation in their hydration strength:
the products SO,% and H3;O" interact relatively more strongly than that in between HSO,~ and H.,O favoring forward
reaction [44], reassuring again the same type of sequential hydration mechanisms of the HSO, ion.
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3.3.2. Reactivity Descriptors

(1) Chemical Hardness () and Chemical Softness (o)

A qualitative concept for Hard and Soft Acids and Bases (HSAB principle) introduced by R. G. Pearson in 1963 has
been realized fully as a fundamental tool to characterize and classify Lewis acids and Lewis bases type molecular
compounds into hard or soft or borderline types. It is actually based on frontier molecular orbital (FMO) analysis
plus HOMO-LUMO interactions [45]. According to this analysis, the Lewis acid-base type interactions are mainly
governed by the relative energies of HOMO (Eyomo), LUMO (ELyu0), and their energy gap (AE). The closely
associated terminologies of the Hard and Soft category of Lewis acids and Lewis bases with those FMO's energy
parameters are chemical hardness (n) and chemical softness (o) respectively. These descriptors are actually used to
quantize the electronic polarizability of the interacting chemical species. Literally, the term "Hard" refers to those
chemical species that are characterized by small ionic size, high charge density, non-polarizable electron cloud, and
high preference of participation in ionic bonding interactions whereas "Soft" applies to those which have low charge
density and are large and strongly polarizable. The quantum mechanically derived 5, and o indices enable
chemists/physicists to predict kinetic stabilities or chemical reactivities of any molecular/ionic specimens without
referring to large supercomputers and databases. These indices can be computed by using the mathematical
equations formulated in Eqgs. 4 and 5 in subsection 3.1. In the range of DFT based mathematical scheme, 7 is
defined by the second order derivative of the electronic energy E of any chemical/ionic systems with respect to
number of electrons N, i.e. for a fixed external potential V(r), n can be expressed in terms of following
mathematical relationship:

n= [ = 16n ®)

2 lonz ON

On the basis of this mathematical equation, it can be said that n and its inverse parameter o measure how intensely
the molecular/ionic specimens acquire electrons which further means they describe the chemical reactivity or kinetic
stability of the specimens quantitatively. While correlating the concerned energy descriptors Eyomo, Erymoand
HOMO-LUMO energy gap AE,,, (Figure 1-Figure 3) with n, it can be deduced that smaller (larger) the n (o) value
faster is the electronic transition from HOMO orbital to LUMO orbital suggesting that more reactive the molecular
specimens become. In contrast to this, the molecular/ionic specimens possessing smaller (larger) AE,,, always have
low (high) degree of hardness, specifying more (less) reactive or soft (hard) specimens having facile electronic
polarizing abilities. Furthermore, the activation hardness of the molecules/ions that is used more especially in
differentiating the rates of the reactions occurred at their different reactive sites can also be defined on the basis
of AE,,,,. Hence, it is more appropriate while predicting orientation effects of the reacting specimens as well.

The quantum mechanically derived absolute values of the n and o indicators for the variably sized hydrated bisulfate
clusters [HSO4(H,0),], n = 0, 3 & 4 are listed in Table 1. While comparing n or o values of these hydrated
clusters, one may conclude that greater the hydration number n of the bisulfate ion, lesser (greater) is the degree of
chemical hardness (softness). In particular, the biggest hydrated bisulfate ion cluster [HSO4(H,0),]” sampled in this
study has comparatively the lowest value of n = 2.9214 eV (highest value of o = 2.9214 eV), suggesting this as
a cluster having relatively less (more) degree of chemical hardness (softness) and faster chemical reactivity or least
kinetically stability. In respect to electronic polarizability, the relatively harder and less reactive [HSO4(H,0);]™ ion
must have restricted electronic polarizations due to the presence of tightly-held electron cloud than in other clusters
with n < 3. In terms of HOMO to LUMO charge transfer events or chemical reactions, the [HSO4(H,0),]™ state
(AE = 5.8428¢V) has relatively more tendency than [HSO4(H,O)s]” (AE = 8.7414 eV) due to having low
HOMO —-LUMO energy gap. This is actually based on the principle that the HOMO electrons are always regarded
as the most reactive electrons, and their rapid transition to LUMO determines ionic/ molecular kinetic stability or
reactivity quantum mechanically.
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4. Conclusion

The QSPR analysis is a quantitative type study known among the scientists for its extraordinary skills of employing
several quantum mechanical descriptors that have abilities to code large well-defined physicochemical information.
This feature actually enables itself to present these two major advantages: (a) characterization of the compounds and
substituents, and (b) prediction of their chemical reactivity or molecular stability in computational molecular
designing/modeling and structure entry steps of theoretical chemistry and chemical drug design. The main
responsible fundamental part of the QSPR technique behind these notable predictions is a three dimensional
structure of the molecules. In this research work, the computationally cheap yet decent hybrid density functional
DFT: B3LYP with 6-31G (d, p) basis set was employed and interpreted the three dimensional structure-property
correlations and the concerned QSPR analyses of the variably sized hydrated bisulfate ion clusters [HSO4(H,0),]", n
= 0, 3, & 4 quantitatively. The principal 3D molecular structure based quantum-chemical descriptors (QCDSs)
accessed in this study were Eyomo, ELymo, HOMO—-LUMO energy gaps (AE,,,), ionization potential (1P), electron
affinity (EA), chemical hardness (77), chemical softness (o), electronic chemical potential (), electrophilicity index
(w), and electronegativity (x). While confirming the 3D structural entity and the most significant probability
electron density of each ion, the DFT computed surface plots of the molecular orbitals including HOMO and LUMO
were thoroughly analyzed. In terms of strength of the HOMO/LUMO nuclear-inbound electron clouds,
[HSO,4(H,0),] cluster was found to have less propensity to loose electrons and has a less polarizable type electron
cloud, and in reference to the difference in the chemical potentials 4y, the electron density flux transferring rate was
predicted as [[HSO4(H,0)o] to [HSO4(H,0)3] ] < [[HSO4(H,0)3s]” to [HSO4(H,0)4] 1. Meanwhile, while comparing
the DFT based chemical hardness/softness indices of them, the [HSO4(H,0),]” ion was found to be the least
kinetically stable among the ions with n < 4. To the knowledge of this author, the results presented here are quite
reliable, but it is still recommended to use other advanced theoretical models with systematically convergent basis
sets [46] for producing more quantitative type structural correlations.
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