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Abstract – The quantitative structure property relationship (QSPR) is a powerful analytical approach that can link physicochemical 

properties of the molecular or ionic specimens mathematically with their 3D structures. The primary strategy of this predictive molecular 

based approach is to obtain optimum quantitative structure-property correlations by employing specific quantum-chemical descriptors 

(QCDs) that can encode structural features numerically. This theoretical insight is mainly aimed at computing HOMO and LUMO Eigen 

values and the associated QCDs such as HOMO-LUMO energy gap (∆����), Ionization potential (IP), Electron affinity (EA), 

Electronegativity (χ), Chemical hardness (η), Chemical softness (σ), Electronic chemical potentials (µ), and Electrophilicity index (ω) for 

the variably sized hydrated sulfate clusters [SO4 (H2O)n]2−, n = 1−4, & 16 separately using DFT:B3LYP hybrid functional, and predicting 

their most significant physical properties plus kinetic stabilities quantum mechanically. The major structure-based physical properties 

assessed here are electronic localization & polarizability, electronegativity, electrophilicity, degree of chemical hardness & softness, and 

the extent of global electron density transfer. The general results show that [SO4(H2O)4]2− has more propensity to loose electrons among 

the ions with hydration number n < 4, and [SO4(H2O)16]2− is the most kinetically instable ion having significant electronic polarizability 

among other smaller clusters sampled in this study. It is believed that this QCD based QSPR studies for the biologically most important 

and abundant micronutrient SO4
2− ions would be highly useful to understand their physiological roles.  

Keywords – Hydrated sulfate ions, Chemical stability, HOMO/LUMO, and QSPR analysis. 

 

 

I. INTRODUCTION 

In recent years, the fundamental principles of quantitative structure-activity and structure-property (hereafter, 

QSAR/QSPR) research approaches have been applied to different disciplines of science as they enable to predict most significant 

physicochemical properties and molecular activities from the concerned 3D molecular structures quantum mechanically [1], [2]. 

Due to this structure-property/activity correlations feature, these approaches are also used in finding out the most desirable and 

suitable molecular structures with unique and functionalized characteristics. The same feature actually makes them a quite short but 

very reliable searching route of the most promising chemical compounds for use in chemometrics, pharmacokinetics, 

pharmacodynamics, drug design and discovery, toxicology etc. [3]. However, a successful enquiry of this structure-activity/property 

interrelationships is not easy as expected. But, several advancements in the quantitative aspects of QSAR/QSPR have made them 

quite fascinating quantum mechanical approaches more especially in the field of modern chemistry, biochemistry, pharmaceutical 

science, and health research. For example, a direct employment of the quantum-chemical descriptors (hereafter, QCDs) derived 

from the properties of the molecules determined through quantum mechanical calculations in predicting meaningful structure 

activity/property interrelationships and molecular kinetic stability is one of the most widely used tools. In particular, the wisely 
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selected QCDs play significant roles in QSPR analysis as they speculate precise molecular physicochemical properties on the basis 

of which detailed insights into the nature of chemical compounds and their kinetic stability can be predicted.  

In principle, the quantum-chemical descriptors are the most convincing and reliable source for describing almost all electronic 

and geometric properties of the molecules and their orbitals' interactions as they are formulated on the basis of quantum information 

of the molecular/ionic specimens mathematically [4], [5]. For instance, the descriptors EHOMO and ELUMO (energy of the highest 

(lowest) occupied (unoccupied) molecular orbital) provide quantitative information related to molecular/ionic stability and 

theoretical explanation related to electronic transitions plus approximate HOMO-LUMO energy gap ∆��	
 (∆��	
  = ���
� −
 ���
�, band gap) itself acts as a significant indicator to identify how intensely the molecules/ions take part in chemical reactions 

(smaller the  ∆��	
, faster is the electronic donation from HOMO to LUMO). In order to interpret QSPR analysis quantitatively, 

the EHOMO, ELUMO and ∆��	
 descriptors must be directly or indirectly used in the quantum mechanically formulated relationships 

(Eqs. 1−7) of few more important QCDs: Ionization potential (IP), Electron affinity (EA), Electronegativity (χ), Chemical hardness 

(η), and Electronic chemical potentials (µ) use them directly (Eqs.1−4, 6) while Chemical softness (σ) and Electrophilicity index 

(ω) use indirectly (Eqs. 5 & 7) [6], [7], [8], [9], [10], [11], [12]. 
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In theoretical chemistry, several theoretical/computational methods that are either based on classical force fields or quantum-

mechanical force fields are very often employed for optimizing low energy electronic structure and determining thermodynamic 

stabilities and dipole moments. But, only the molecular orbitals (MOs) based approach of quantum-chemical methods are used to 

compute EHOMO and ELUMO on the basis of which aforementioned electronic descriptors can be determined mathematically (Eqs. 

1−7). The density functional theory (hereafter, DFT) is one of such approaches. 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 known among 

the scientists as a quite efficient model having extraordinary abilities to cope with the complicated type quantum mechanical 

mathematical procedures in the limited computational resources (time and CPU memories) [13], [14]. It's remarkable skills in 

exploring ground state electronic structures of the many-body-multi-electron molecular/ionic systems and computing HOMO-

LUMO interactions and EHOMO, ELUMO [15], [16], [17], [18], [19], [20], [21] side by side plus its wide applicability in quantizing 

those QCDs theoretically [22], [23], [24] are notable. Being DFT: B3LYP hybrid functional a successful method to predict a wide 

range of molecular properties, it is employed here to compute HOMO-LUMO Eigen values and ∆��	
 for the variably sized 

hydrated sulfate clusters [SO4(H2O)n]2−
 n = 1−4 & 16 separately followed by the projection of their most important physicochemical 

properties on the basis of theoretically derived numerical indices of the QCDs. The triggering factors for conducting this quantum 

mechanical study on differently-sized hydrated sulfate clusters are to understand their experimentally observed: (1) water losing: 

[SO4(H2O)n]2−→ [SO4(H2O)n−1]2− + H2O; water gaining: [SO4(H2O)n−1]2− + H2O → [SO4(H2O)n]2−; and charge separation: 

[SO4(H2O)n]2− → [HSO4(H2O)n−k]− + [OH(H2O)k−1]− reactions reported elsewhere [25], (2) electrons losing/gaining propensities 

in chemical reactions, (3) ability to firmly-hold electron cloud, (4) degree of chemical softness/hardness, and (5) electronic 

polarizability and electrophilicity more deeply. This sort of study for the hydrated sulfate ions may eventually provide important 

features that help to realize their physiological properties and roles in living organisms. Biologically, these ions are considered as 

the most important and abundant micronutrients in human tissues, cells, and plasma (300 µM). Most importantly, the influx and 

efflux mechanisms occurred in all the cells for the optimal supply of sulfate ions in the human body make these ions one of the 
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major sources of sulfur in many organisms [26]. Moreover, this study is useful to understand the variation in the physicochemical 

properties of the hydrated sulfate ions with respect to hydration number n, and their predominant activities in several sulfate-

enriched aqueous systems such as electrolytes of flow battery systems [27], [28]; human body fluids [29], [30]; beverages such as 

beer, juice, milk, wine, mineral water etc.; foods and vegetables such as almonds, broccoli, bread, cauliflower etc.; laxatives (Na2SO4 

solution) used for medical treatments etc. The structure of this paper is organized as: the computational details are outlined in section 

2, the results and discussions are presented in section 3, and the conclusions are summarized in section 4. 

II. COMPUTATIONAL DETAILS 

Prior to calculate the numeral values of QCDs for the QSPR analysis of each and every hydrated sulfate [SO4(H2O)n]2−, n = 1−4 

& 16, the most stable electronic structures of them (except for n = 16 cluster) were computed theoretically by using computationally 

designed molecular models as their trial structures. They were carefully built in GaussView: the Gaussian graphical interface [31], 

and the respective Cartesian coordinates of the atoms were extracted for geometry optimization. In the case of [SO4(H2O)16]2− ion, 

the trial structure was directly displayed using Cartesian coordinates extracted from the database file produced through Monte Carlo 

simulation [32]. The concerned Gaussian keywords and methodologies were selected as instructed in Gaussian 09 manual [33]. 

The hybrid functional based DFT: B3LYP was employed with a greater basis set of the type 6−31G (d, p), where "6−31G" is the 

standard, split-valence double-zeta basis set: the mathematical functions that were used in the Gaussian script computationally 

while describing the core and valence orbitals of the atoms; and the functions inside parentheses "(d, p)" are polarization functions 

on heavy atoms and hydrogen for describing chemical bonds. Again, to direct Gaussian for running desirable computations, the 

ionic charge and spin multiplicity were specified as two integers in the format of (charge, spin multiplicity). Here, all the hydrated 

sulfate ions are anionic with similar negative charge units: [SO4(H2O)n]2−
, n = 1−4 & 16 has charge units of −2 each with spin 

multiplicity 1. Hence, the set of integers used in their Gaussian input files were (−2, 1). Moreover, while solving electronic 

Schrodinger equation iteratively, 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 [33], [34]. Since the current interest of the author is to 

understand QSPR of the differently sized hydrated sulfate clusters quantum mechanically, only the concerned QCDs (ionization 

potential (IP), electron affinity (EA), chemical hardness (η), chemical softness (σ), electronic chemical potentials (µ), 

electrophilicity index (ω), and electronegativity (χ)) are determined mathematically using DFT derived values of the EHOMO, ELUMO, 

and �� descriptors as formulated in equations (Eqs.1−7). While extracting these Eigen values, the Gaussian output files of each of 

these ions (such as .log, and .fchk) containing three dimensionally displayed chemical data were read by using GaussView, and the 

concerned molecular orbitals with HOMO−LUMO surface plots and Eigen values plus molecular electronic configurations were 

displayed in the 3D space.  

III. RESULTS AND DISCUSSIONS 

Even though the quantum mechanically derived descriptors (IP, EA,η, σ, µ, ω, and χ) are incapable of addressing the bulk 

effects directly [35], the quantitatively determined magnitudes of them in QSPR studies can reveal successful structure property 

correlations. As there is mostly no any internal error in the computational process except the minor assumptions made while 

formulating the concerned quantum mechanical model efficiently, the process of elucidating structure activity/property relations on 

the basis of fundamental principle of the quantum chemistry-based descriptors is more reliable than those predicted by 

experimentally measured descriptors [35]. According to quantum mechanical theory, these descriptors have direct relations with 

the Eigen values � of only those molecular orbitals (MOs) that are most spatially delocalized at the frontier part of the 

molecules/ions: HOMO and LUMO. Apart from this, these orbitals and their interactions play significant roles in determining 

chemical stability of any molecular specimens, and their subsequent analysis provides primary information for explaining 

intramolecular HOMO−LUMO charge transfer phenomena and the related consequences. Additionally, incorporating 

HOMO−LUMO orbital interactions with their energy gap (∆��	
) mathematically provides quantitative explanation for predicting 

kinetic stability of any types of the molecular/ionic compounds including their degree of hardness, softness (concept of hard and 

soft nuleophiles and electrophiles) and electronic polarizabilities. The DFT computed surface plots of these orbitals depicting 

concerned HOMO−LUMO energy gaps (∆��	
) for the variably sized hydrated sulfate ion clusters [SO4(H2O)n]2−
, n = 1−4 &16 

and their quantum mechanical relations with the reactivity descriptors are separately discussed below. 
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3.1 HOMO−LUMO gap (∆����) in predicting kinetic stability 

 In order to estimate the wide-range of quantum mechanical descriptors quantitatively for QSPR analysis of the variably sized 

hydrated sulfate ions [SO4(H2O)n]2−, n = 1−4 & 16, the required HOMO-LUMO surface plots, and their Eigen values 

���
�  and ���
�  are extracted from the DFT generated quantum mechanical information and are displayed in Figure 1 to Figure 

5, where the calculated values of their energy gap ∆�&, ∆��, ∆�), ∆�*,and ∆�+ in both Hartree (a.u.) and electron volt (eV) units 

are clearly mentioned. As one can see in each of these figures, the electron density surfaces of the HOMO are distributed mainly 

over the central SO4
2− (highly localized) units while the LUMO surfaces show a significant probability electron density over the 

hydrated surrounding H2O molecules. This variation of the electronic occupancy in the frontier molecular orbitals has not only 

outlined the possibility of undergoing electronic delocalization from the central SO4
2− unit to surrounding H2O molecules in the 

course of structural stabilization as reported elsewhere [20] by the same author but also verified the optical excitation (HOMO to 

LUMO transition) phenomena shown by the HOMO electron. Appearance of the holes on the LUMO surfaces of all the hydrated 

sulfate ions sampled in this study further demonstrates the origination of attractive force that can bind electron cloud more closely 

to the ionic centers. Moreover, the DFT derived HOMO-LUMO energy gaps ∆�&  = 8.98 /0, ∆��  = 8.93 /0, ∆�)  =
8.56 /0,  ∆�*  = 8.54 /0, and ∆�+  = 3.05 /0 for the [SO4(H2O)n]2−, n = 1−4 & 16 ions respectively not only approximates their 

band gaps (electronic band gaps) exist in between valence band and conductance band but also predicts individual lowest energy 

transition frequency in UV visible spectroscopy. While comparing these values to each other, the trend is in decreasing order: ∆�& >
 ∆�� >  ∆�) >  ∆�* >  ∆�+with increasing hydration number n of the SO4

2− ion. It ascertains that the HOMO to LUMO electronic 

transition takes place comparatively more easily with increasing hydration number n, suggesting bigger clusters are kinetically less 

stable (larger ∆��	
 always infers higher ionic/molecular stability means lower is the chemical reactivity) even though they are 

thermodynamically/energetically more stable as predicted by electronic structure calculations [20]. For example, among the sulfate 

ion hydrated clusters with n = 1−4 & 16, the  
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� = 0.48510 9. :. 

���
� = 0.15501 9. :.  

∆�&  =  0.33009 9. :.   
 =  8.98 /0 

Figure 1. DFT computed surface plots of HOMO and LUMO depicting HOMO−LUMO energy gap ∆�& 

for [SO4(H2O)]2−
 ion. 

���
� = 0.44548 9. :. 

���
� = 0.11721 9. :.  

∆��  =  0.32827 9. :.   
 =  8.93 /0 

Figure 2. DFT computed surface plots of HOMO and LUMO depicting HOMO−LUMO energy gap ∆�� 

for [SO4(H2O)2]2−
 ion. 
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���
� = 0.40757 9. :. 

���
� = 0.09286 9. :.  

∆�)  =  0.31471 9. :.   
=  8.56 /0 

Figure 3. DFT computed surface plots of HOMO and LUMO depicting HOMO−LUMO energy gap ∆�) 

for [SO4(H2O)3]2−
 ion. 

���
� = 0.37761 9. :. 

���
� = 0.06383 9. :.  

∆�*  =  0.31378 9. :.   
=  8.54 /0 

Figure 4. DFT computed surface plots of HOMO and LUMO depicting HOMO−LUMO energy gap ∆�* 

for [SO4(H2O)4]2− ion. 
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easiest HOMO to LUMO electronic transitions occurs in the cluster with n = 16: [SO4(H2O)16]2−,  implying that it is kinetically 

the least stable (more reactive) cluster. In particular, the band gap ∆�& for the cluster [SO4(H2O)]2− (n = 1) is as equal as the band 

gap ∆�� for [SO4(H2O)2]2−                       (n = 2), and the band gap ∆�) for the cluster [SO4(H2O)3]2− (n = 3) is again as equal as the band 

gap ∆�* for [SO4(H2O)4]2− (n = 4). It further means that the paired or unpaired electron present in the HOMO of the first ion (n = 

1) undergoes as fast transition as in second ion (n = 2), and the same is the case in between third (n = 3) and fourth (n = 4) ion. But, 

the rate of optical electronic transition that takes place from HOMO to LUMO in the clusters [SO4(H2O)]2− and [SO4(H2O)2]2− must 

be slower than that occurring in both [SO4(H2O)3]2− and [SO4(H2O)4]2− clusters. Again, the relatively smaller band gap ∆�+ for the 

[SO4(H2O)16]2− hydrated state signifies an occurrence of the fastest electrons/charges migration from HOMO to LUMO, eventually 

clarifying how the energy transfer events are intensified or the ionic type chemical reactions are initiated (HOMO electrons are very 

often considered as the most reactive). The detailed structure based properties (QSPR) for these variably sized hydrated sulfate ion 

clusters can only be predicted after analyzing the quantum mechanically determined numerical QCDs as explained below logically 

and concisely.    

3.2. Quantum-chemical descriptors (QCDs) in QSPR analysis  

In QSPR studies, many good quantum-chemical (mechanical) descriptors are used to represent significant molecular features 

and to reflect simple molecular properties numerically. They are actually called global numerical indicators due to their importance 

and responsibility in providing quantum mechanical insights into the most appropriate molecular/ionic properties which in turn are 

���
� = 0.27242 9. :. 

���
� = 0.16037 9. :.  

∆�+  =  0.11205 9. :.   
=  3.05 /0 

Figure 5. DFT computed surface plots of HOMO and LUMO depicting HOMO−LUMO energy gap ∆�+ 

for [SO4(H2O)16]2− ion. 
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highly associated with their structure based activities (QSAR) [36]. In this section, a brief explanation of the concerned molecular 

descriptors and their remarkable significance in featuring structure property/activity correlations are presented in reference to the 

variably sized hydrated sulfate ion clusters [SO4(H2O)n]2−, n = 1−4 & 16.  

3.2.1 Ionization Potential (IP), Electron Affinity (EA), and Electronegativity (χ)  

Ionization potential (IP) of any molecular or ionic specimen is such type of the parameters used in QSPR analysis that can 

measure binding force of the electrons themselves are held centrally through the positively charged nucleus [37], [38]. As it 

approximates the amount of energy required (endothermic type energy) to remove most loosely bound electron out of the nuclear 

province from the isolated molecular or ionic specimens in their ground electronic state, the absolute magnitude of it can be used 

to work out on the strength of the chemical bonds as well. More importantly, the quantum mechanically derived absolute value of 

it can be used as a descriptor to predict kinetic stability of the molecular or ionic specimens. It is based on the fact that molecules 

or ions having less-tightly held electrons must have comparatively low IP values and hence, they have high tendency of acting as 

good reducing agents (high propensity of losing electrons or undergoing oxidation) and generating corresponding cationic forms 

more likely. It eventually infers that such molecules or ions are comparatively more reactive, less kinetically-stable/chemically-

inert and have high susceptibility towards electrophilic attack. Unlike IP, another QSPR descriptor "Electron Affinity" (EA) is 

defined by an energy released (exothermic type) while adding an extra electron to the atom of isolated molecules/ions in the ground 

state [38]. In other words, it evaluates the intensity of gaining an electron by the isolated ionic or molecular specimens. The DFT 

derived absolute value of this quantum mechanical indicator is very often used to predict oxidizing/reducing properties of the 

molecules/ions and to characterize their susceptibility towards nucleophilic attack while studying charge-transfer reactions: 

molecular/ ionic specimens having more or less positive EA values tend to behave mostly as good electron acceptor or donor 

respectively. Similarly, another most frequently used indicator in QSPR studies is Electronegativity (χ) as it enables to measure the 

tendency of attracting shared electron pair towards bonded atoms or group of atoms of the molecules or ions [38]. More explicitly, 

the quantum mechanically derived absolute value of it is used to pinpoint the polar region/s of the molecule: greater the 

electronegativity, stronger is the intensity of an atom or a substituent group to attract electron pairs towards it; creating oppositely 

charged terminals.  

In quantum mechanics, all three descriptors (IP, EA,χ) are mathematically related to the DFT predicted Eigen values of the 

HOMO and LUMO: EHOMO and ELUMO (Eqs.1-3). The absolute numerical values of them (eV) for the variably sized hydrated sulfate 

clusters [SO4 (H2O)n]2−, n = 1-4 &16 are summarized in Table 1. While comparing the magnitude of the IP for [SO4(H2O)n]2−, n = 

1-4 clusters, the order is: [SO4(H2O)]2− > [SO4(H2O)2]2− > [SO4(H2O)3]2− > [SO4(H2O)4]2−.  It means, among these clusters, the last 

ion with n = 4 has more propensity to loose electrons or to generate its cationic form than with other hydrated ions. It further suggests 

that [SO4(H2O)4]2− ion has less tightly held but more polarizable type electron cloud than with other ions and so on. This is quite 

reasonable because the electrons of its centrally located sulfate ion are decentralized/ delocalized to four surrounding H2O molecules 

symmetrically as confirmed by the same author elsewhere quantum mechanically [20]. Similarly, an order of the same ionic clusters 

in terms of their EA values (magnitude) is decreasing: [SO4(H2O)]2− > [SO4(H2O)2]2− > [SO4(H2O)3]2− > [SO4(H2O)4]2−, implying 

that the first ion can accept the electron more readily (good electron acceptor) than that by any other ions. Alternatively, a relatively 

smaller magnitude of the EA for the [SO4(H2O)4]2− ion signifies the absence of strongly nucleus-pulled electron cloud which actually 

makes this ion to give up its electrons more facilely. Such quantum mechanically predicted high electron-accepting property of the 

[SO4(H2O)]2− and [SO4(H2O)2]2− ions could support the fact "[SO4(H2O)]2− and [SO4(H2O)2]2− ions hardly exist in the aqueous type 

solutions and hence, always have high preference of undergoing more sequential hydration (gaining H2O molecules: 

[SO4(H2O)n−1]2− + H2O → [SO4(H2O)n]2−) through intensive distribution of atomic charges from the central SO4
2− unit to nearby 

hydrated H2O molecules". A more genuine yet quite supportive explanation for the IP, EA, and χ predicted electronic polarizabilities 

and the electronic rigidness is presented in the following subsection 3.2.2 on the basis of DFT derived numeral values of chemical 

hardness (η) and chemical softness (σ).  
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Table 1. The DFT computed quantum chemical descriptors (QCDs) of variably sized hydrated sulfate clusters [SO4(H2O)n]2−, n = 

1-4 & 16. 

 

 

QCDs (eV) 

Hydrated sulfate ions 

[SO4(H2O)]2− [SO4(H2O)2]2− [SO4(H2O)3]2− [SO4(H2O)4]2− [SO4(H2O)16]2− 

���
� 4.218 3.189 2.527 1.737 4.364 

���
�  13.200 12.122 11.090 10.275 7.413 

���	
 8.98 8.93 8.56 8.54 3.05 

IP − 4.218 −3.189 −2.527 −1.737 −4.364 

EA −13.200 −12.122 −11.090 −10.275 −7.413 

χ − 8.71 −7.65 −6.81 −6.01 −5.89 

η 4.49 4.46 4.32 4.27 1.52 

σ 0.223 0.224 0.231 0.234 0.658 

µ 8.71 7.65 6.81 6.01 5.89 

ω 8.45 6.56 5.37 4.23 11.41 

3.2.2 Chemical Hardness (η) and Softness (σ)  

In order to explain the stability of the transition metal complexes and the mechanism of their chemical reactions, R. G. Pearson 

had introduced a qualitative concept for Hard and Soft Acids and Bases (HSAB principle) in 1963. However, the same concept was 

realized as a fundamental tool to characterize and classify Lewis acids and Lewis bases type molecular compounds into hard or soft 

or borderline types on the basis of frontier molecular orbital (FMO) analysis using HOMO-LUMO interactions. In general, FMO 

analysis states that the Lewis acid-base type interactions are mainly controlled by the relative energies � of the participating FMOs: 

HOMO (EHOMO) & LUMO (ELUMO), and the energy gap (∆�) between them. The closely related terminologies of the Hard and Soft 

category of Lewis acids and Lewis bases that are responsible to quantize the electronic polarizability of the interacting chemical 

species are chemical hardness (η) and chemical softness (σ) respectively. Literally, the term "Hard" refers to those chemical species 

that are characterized by high charge density, small ionic size, 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 

[39]. The quantitative prediction of these structure based properties through quantum mechanical descriptors η, and σ enable 

chemists/physicists to understand kinetic stabilities or chemical reactivities of any molecular/ionic species without referring to large 

supercomputers and databases. As formulated in Eqs. 4 and 5 in introduction section, these electronic descriptors representing 

respectively for "Hard" and "Soft" characteristics are mathematically related to molecular orbital based quantitative parameters 

EHOMO, ELUMO, and ∆Egap. Within the range of DFT computational scheme, η is defined as the second order derivative of the 

electronic energy E of a chemical/ionic system with respect to number of electrons =, for a fixed external potential 0(>): @ =
 &� AB(�

BC(D =  &
� [B'

BC], and σ is an inverse of η. Thus, in broader sense, both σ and η measures how intensely the molecular/ionic 

specimens acquire electrons, and hence describes their chemical reactivity or kinetic stability quantitatively. While correlating these 

descriptors with the HOMO-LUMO energy gap ∆��	
 (Figure 1-Figure 5), it can be deduced that smaller (larger) the η (σ) value 

easier is the electronic transition from HOMO to LUMO implying that more reactive the molecular specimens become. In a reverse 

way, those molecular/ionic specimens which possess larger (smaller)  ∆��	
 always have high (low) degree of hardness, and hence 

become less (more) reactive or hard (soft) specimens. Again, molecules/ions having lower  ∆��	
 always have easier electronic 

polarization, stressing that the molecular/ionic hardness has a closed relation with electronic polarizability. Moreover, on the basis 

of ∆��	
, the fundamental concept of  “Activation Hardness” can also be defined and used more especially in differentiating the 

rates of the reactions occurred at different reactive sites of the molecule, and hence it is more appropriate while predicting orientation 

effects as well.      
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The mathematically derived absolute values of the η and σ descriptors for the variably sized hydrated sulfate clusters 

[SO4(H2O)n]2−, n = 1-4 & 16  are listed in Table 1. While comparing η or σ  values of these hydrated clusters, one may conclude 

that greater the hydration number n of the sulfate ion, lesser (greater) is the degree of chemical hardness (softness). More 

particularly, the biggest hydrated sulfate ion cluster [SO4(H2O)16]2− sampled in this study has comparatively the lowest value of η  

= 1.52 eV (highest value of σ = 0.658), indicating this ion has the least (most) degree of chemical hardness (softness) and thus, 

becomes relatively most reactive or least kinetically stable with more significant electronic polarizability. Similarly, η and σ are 

almost identical in magnitudes among the clusters with n = 1 to 4 further suggesting that they must have quite comparable chemical 

reactivities or kinetic stabilities. In terms of electronic polarizability, the relatively hardest and the least reactive [SO4(H2O)]2− ion 

must have restricted electronic polarizations due to the presence of tightly-held electron cloud than in the [SO4(H2O)2]2−, 

[SO4(H2O)3]2−, and [SO4(H2O)4]2− ions which must have relatively easily, more easily, and the most easily polarizable electron 

clouds respectively, further making them to be characterized as a relatively soft, softer and the softest hydrated sulfate ion 

respectively. Such a weak inbound electronic cloud or firmness, and the most electronic polarizability characteristics of the 

[SO4(H2O)4]2− hydrated state makes itself to loose electron comparatively most easily, i.e., it should have the lowest magnitude of 

IP as predicted by the DFT (Table 1: more logical interpretations behind it are already explained in subsection 3.2.1). Energetically, 

[SO4(H2O)16]2− state is relatively more stable than other clusters with n = 1, 2, 3, 4; [SO4(H2O)4]2− state is relatively less stable than 

other bigger clusters but more stable than smaller clusters and so on; and the same is their order of thermodynamic stability 

([SO4(H2O)16]2−  > [SO4
2-(H2O)4]2−  > [SO4

2-(H2O)3]2− > [SO4
2-(H2O)2]2− > [SO4

2-(H2O)]2−) as well [6], but in terms of tendencies of 

their HOMO electrons to initiate the particular charge transfer events or chemical reactions (HOMO to LUMO transition event), 

the kinetic stability order of them is predicted as just opposite: [SO4(H2O)16]2− (∆E = 3.05 eV) < [SO4(H2O)4]2− (∆E = 8.54 eV) < 

[SO4(H2O)3]2− (∆E = 8.56 eV) < [SO4(H2O)2]2− (∆E = 8.93 eV) < [SO4(H2O)]2− (∆E = 8.98 eV) because the HOMO electrons are 

considered as the most reactive electrons, and their rapid transition to LUMO (due to less HOMO−LUMO energy gap) determines 

ionic/molecular kinetic stability or reactivity quantum mechanically. 

3.2.3 Electronic chemical potential (µ) and Electrophilicity index (ω)  

 As like as chemical-hardness (η), the DFT derived electronic chemical potential (µ) is also extremely useful to predict structure 

based properties in QSPR studies. In terms of working principle, the first indicator is used to measure how intensely the 

molecular/ionic specimens acquire electrons whereas the second indicator is used to measure escaping tendency of the electronic 

cloud from one ionic/molecular specimen to another when they combine mutually in the ground electronic state conditions [40]. 

The net electronic chemical potential (µ) actually arises whenever two reacting specimens ‘X’ and ‘Y’ have unidentical electron 

density fleeing propensity. For example, if �G represents electronic chemical potential for ‘X’ and �His that for ‘Y’, and if �G > �H, 

the electronic cloud from 'X' fluxes towards 'Y' until the interacting chemical system achieves the equilibrated electronic chemical 

potential �GH. In this case, the specimen ‘X’ behaves as electron-donor or nucleophile and ‘Y’ as electron-acceptor or electrophile 

and a difference in their chemical potentials �� (�G−�I) approximates the extent of global electron density transfer (GEDT) in 

polar chemical reactions [41]. Quantum mechanically, µ  is equal to negative of the electronegativity (χ) in Mulliken and Pauling 

scale (Eq. (6)). The physical meaning of it can be extended to interpret electronic polarizability of the interacting molecular/ionic 

specimens: lower the magnitude of µ, more easy is to gain an electron (instead, more difficult is to lose) or more firmly the electron 

cloud is centralized around the molecular/ionic specimens.  

Similarly, Parr et al. [42] has defined Electrophilicity index (ω) as an effective quantum-mechanical indicator that can measure 

energy lowering associated with an occurrence of utmost electron flow from the donor to acceptor species. It actually quantifies the 

electron acceptor propensity to gain an additional electronic charge from the interacting molecular/ionic specimen [43] and hence, 

estimates the electron-loving or electrophilic tendency of the molecular or ionic specimens. This unique characteristic feature of ω 

makes itself one of the most important indicator in electrophile-nucleophile chemistry while analyzing electrophilicity of the 

majority of the interacting organic specimens and their chemical reactions. From the quantum mechanical viewpoint, it is defined 

mathematically by Eq. (7) where a direct relation of it with square of the chemical potential (µ2), and inverse relation of it with 

chemical hardness (η) are formulated.  This relationship is used to identify the most effective electrophile: those molecular or ionic 

specimens having higher value of μ2, but lower value of η must have relatively higher value of ω, specifying such particular 

specimens as most electron-loving species.  
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The theoretically determined values of η and ω for the variably sized hydrated sulfate ion clusters [SO4(H2O)n]2−, n =1-4 &16 

are listed in Table 1. The relatively higher values of μ, and ω but comparable value of η  for [SO4(H2O)]2− ion (� =  8.71/0, J =
 8.45 /0, � = 4.49 /0) than that for bigger clusters with n = 2, 3 & 4 indicates that the first ion has a high degree of electrophilicity 

or strong electrophilic character (difficult (easy) to lose (gain) electron, and presence of tightly-held electron cloud) than the latter 

ions and accordingly, the last ion with n = 4; [SO4(H2O)4]2− (� =  6.01 /0, J =  4.23 /0, � = 4.27 /0) has the least degree of 

electron loving tendency among them due to its relatively more polarizable and less strongly-held electron cloud as explained above 

in subsection 3.2.2. In the case of [SO4(H2O)16]2− ion (� =  5.89 /0, J =  11.41 /0, � = 1.52 /0 ), the degree of chemical 

hardness is relatively low indicating this particular ion is comparatively more reactive and has less firmly held electron cloud (more 

polarizable electron density) plus weak electrophilic character. As a whole, all these hydrated clusters may show high preference 

towards accepting electron pair from the nucleophile such as H2O (the lone pairs on the central O atom in H2O can be donated 

readily to form a bond) illustrating the possibility of forming more and more bigger hydrated clusters step-by-step through this 

addition type reaction: [SO4(H2O)n−1]2− + H2O → [SO4(H2O)n]2−. Moreover, the charge separation reaction of the SO4
2− ion 

([SO4(H2O)n]2− → [HSO4(H2O)n−k]− + [OH(H2O)k−1]−) transforming into HSO4
− and OH− is governed by the variation in their 

hydration strength: the reactant SO4
2− and the product OH− interact with H2O relatively stronger than HSO4

− ion [44]. It is reported 

elsewhere [44] that the reaction barrier is relatively higher whenever >2H2O molecules are left from the reactant [SO4(H2O)n]2− to 

hydrate the products HSO4
− and OH−, and such charge separation propensity is relatively higher in the clusters with n = 3 and 4 ( 

e.g. [SO4(H2O)4]2− → [HSO4(H2O)]− + [OH(H2O)2]− ), however in the clusters with n > 6  and other relatively larger clusters, the 

charge separation is dominated by dissociation via loss of H2O molecule. In the case of [SO4 (H2O)4]2− cluster, this charge separation 

reaction is favored by an intermediate represented by the hydrogen bond bound ([HSO4(H2O)]− & [OH(H2O)2]−) products followed 

by the columbic repulsion between these anions whereas in the bigger clusters, loss of H2O is preferred due to the existence of weak 

hydrogen bond between central SO4
2− unit and the outersphered H2O molecules (the innersphered H2O molecules screen the inward 

binding force of the outersphered H2O) plus higher stability of the resulting products in hydrated states. It is supported here as well 

that the symmetric cluster [SO4(H2O)4]2− (� =  6.01 /0, J =  4.23 /0, � = 4.27 /0) has more polarizable electron cloud which 

actually enhances this ion to lose or dissociate H2O leading to the formation of charge-separated products, and the biggest cluster 

[SO4(H2O)16]2− (� =  5.89 /0, J =  11.41 /0, � = 1.52 /0) sampled in this study is chemically softest and hence, may show 

more affinity towards taking part in chemical reactions either by losing H2O molecules (dissociation of the cluster) to the 

environment or by exchanging them between inner and outer solvation shells (average time an ion spends in a hydration shell (~ 2-

4 nanoseconds) is about two orders of magnitude longer than the lifetime of an individual H2O–H2O hydrogen bond [45]).    

To predict the degree of GEDT between any two pre-selected sulfate ionic pairs, the concerned �� values are calculated, and 

the extent of transferring electron density flux is speculated. For example, the significantly low �� (�� =  �& − ��) values for the 

ionic pairs: (1) [SO4(H2O)]2− and [SO4(H2O)2]2− (�� = 1.06 eV), (2) [SO4(H2O)2]2−  and [SO4(H2O)3]2− (�� = 0.84 eV), and (3) 

[SO4(H2O)3]2− and [SO4(H2O)4]2− (�� = 0.80 eV) confirm that the GEDT between them is relatively small. These data eventually 

tells us that the rate of transferring electron density flux between these ionic pairs is in the order [[SO4(H2O)]2− to [SO4(H2O)2]2−] > 

[[SO4(H2O)2]2− to [SO4(H2O)3]2−]  > [[SO4(H2O)3]2− to [SO4(H2O)4]2−]. Therefore, the unanimous conclusion one can draw here is 

these ionic pairs must have some chances of occurring electron/ charge transfer events [46] even though more trustworthy 

experimental and theoretical results are required.    

IV. CONCLUSION 

In molecular modeling and structure entry steps of computational chemistry and chemical drug design, predicting the most 

significant physicochemical properties of the molecules simply on the basis of knowledge of their three dimensional structures 

(Quantitative Structure-Property Relationships Approach: QSPR) plays vital role. In addition to it, the same structure-property 

correlation feature of this predictive molecular based approach is regarded as quite significant more especially in revealing chemical 

reactivities or kinetic stabilities of the molecular/ionic specimens quantitatively. In this study, the global quantum-chemical 

reactivity descriptors (QCDs) that are directly derivable from the DFT produced electron density based 3D molecular structure such 

as energy of the HOMO (EHOMO) and LUMO (EHOMO), HOMO−LUMO energy gaps (∆��	
), ionization potential (IP), electron 

affinity (EA), chemical hardness (η), chemical softness (σ), electronic chemical potential (µ), electrophilicity index (ω), and 

electronegativity (χ) are chosen, and on the basis of their absolute numerical values, the QSPR analyses including relative chemical 

or kinetic stabilities of variably sized hydrated sulfate ion clusters [SO4(H2O)n]2−, n = 1-4 & 16 are explored quantum mechanically.  
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Prior to determine the absolute values of those QCDs involved in this QSPR studies for [SO4(H2O)n]2−, n = 1-4 & 16, the DFT 

computed surface plots of their individual frontier molecular orbitals were thoroughly analyzed, and observed that HOMO is the 

highest occupied, non-bonding, and highly localized electron density surface present around centrally located SO4
2− unit while 

LUMO is the lowest unoccupied orbital surface displaying significant probability electron density over centrally inbound but 

peripheral H2O molecules. The HOMO and LUMO energy extracted from the DFT generated quantum mechanical information, 

and their gaps ∆��	
 calculated as ∆�&  = 8.98 /0,  ∆��  = 8.93 /0,   ∆�)  = 8.56 /0,   ∆�*  = 8.54 /0,and ∆�+  = 3.05 /0 

respectively for [SO4(H2O)n]2−, n = 1-4 &16 hydrated states were found not only to approximate their electronic band gaps but also 

to imprecise their lowest energy transition frequency in UV visible spectroscopy. On the basis of same ∆��	
 values, the 

mathematical indices for all the DFT based QCDS (IP, EA,η, σ, µ, and ω) were determined for each of these hydrated sulfate 

clusters, and the concerned 3D structure-property correlations were interpreted quantitatively. The relatively smaller magnitude of 

IP and EA showed that [SO4(H2O)4]2− cluster has more propensity to loose electrons or to generate its cationic form and has less 

tightly held (nucleus-pulled) or more polarizable type electron cloud than in other hydrated ions with n < 4. Similarly, the 

comparatively lowest value of η (η = 1.52 eV) but highest value of σ  (σ = 0.658) marked [SO4(H2O)16]2− ionic cluster as the most 

reactive (least (most) degree of chemical hardness (softness)) or less kinetically stable with more significant electronic polarizability 

among other smaller clusters sampled in this study. Moreover, among the ions with n ≤ 4, the calculated values of μ, and ω predicted 

[SO4(H2O)4]2− (� =  6.01 /0, J =  4.23 /0) cluster under that type which has the least degree of electron loving tendency and 

accordingly, the biggest hydrated sulfate cluster [SO4(H2O)16]2− (� =  5.89 /0, J =  11.41 /0, � = 1.52 /0 ) sampled in this 

study was also marked as an ion having a significantly weak electrophilic character. 

Even though all the DFT derived HOMO and LUMO Eigen values and their band gaps(∆��	
) plus the mathematically 

determined values of the QCDs for the variably sized hydrated sulfate ion clusters would be as reliable as those obtained through 

high-level computational methods, this QSPR study was mainly limited to computationally cheap hybrid density functional DFT: 

B3LYP with 6−31G (d, p) basis set due to the shortage of enough computational resources. One may use more advanced theoretical 

models with systematically convergent basis sets for explicitly correlated wave functions [47] to reinforce the results reported here 
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