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A B S T R A C T   

The identification and management of contaminants of emerging concern (CECs) in water systems is crucial for 
protecting public and environmental health. This paper reports a theoretical approach to studying the adsorption 
of five CECs: Atrazine (ATZ), Caffeine (CAF), Carbamazepine (CBZ), Sulfamethoxazole (SMX), and Ibuprofen 
(IBU) - onto Activated Carbon (AC). A set of computational methods, including electrostatic molecular potential 
maps, conceptual density functional theory, Fukui functions, thermodynamic analysis, and tight-binding mo
lecular dynamics simulations, were employed to analyze the electronic/energetic interactions and mechanisms 
involved in the adsorption of CECs on AC. The theoretical methodology offered valuable predictions on reactivity 
sites, stability, and binding mechanisms. Results showed that adsorption primarily occurred through non- 
covalent interactions like π-π electron donor-acceptor interactions, van der Waals forces, and hydrophobic in
teractions. Thermodynamic properties suggested the adsorption process was spontaneous and exothermic. 
However, for the AC/SMX system, the Gibbs free energy reveals that adsorption may be unfavorably compared to 
the other study systems. Molecular dynamics simulations validated the kinetic stability in the following order 
CAF (0.13 Å)>CBZ (0.23 Å)>ATZ (0.75 Å)> IBU (1.28 Å)>SMX (1.54 Å). This exploratory theoretical study 
provides a deep understanding of the interactions between AC and five CECs, aiding in the rational design and 
optimization of AC-based treatment systems for environmental and industrial applications.   

1. Introduction 

In recent years, a group of anthropogenic substances present in the 
urban water cycle has begun to cause concerns about their potential 
effects on human health and aquatic ecosystems. These are the so-called 
contaminants of emerging concern (CECs), which, include pharmaceu
ticals, personal care products, microplastics, viruses, resistance genes, 
toxic disinfection products, as well as all organic chemicals [1], which 
enter urban water systems mainly through discharges from sewage 
treatment plants. A significant part of those substances is not treated nor 
destroyed in water treatment plants, and they are spread in the envi
ronment[2]. These substances exert adverse effects on human health, 

including neurotoxicity, reproductive toxicity, metabolic interference, 
and antibiotic resistance [3]. Among these CECs, are herbicides, stim
ulants, antibiotics, anticonvulsants, and nonsteroidal anti-inflammatory 
drugs (NSAIDs). Caffeine (CAF) is a known stimulant that significantly 
contributes to water pollution and is frequently used as an indicator of 
anthropogenic water pollution[4]. Sulfamethoxazole (SMX) is an anti
biotic, widely used in human and veterinary medication to prevent and 
treat diseases and is one of the most frequently detected antibiotics in 
surface water and wastewater [5]. Carbamazepine (CBZ) is a pharma
ceutical used as an anticonvulsant drug and is reported as one of the 
recurrently detected CECs in water bodies [6]. Among the available 
NSAIDs, ibuprofen (IBU) is one of the most consumed worldwide, after 
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ingestion by humans and animals, IBU is not completely metabolized 
and is released into sewage treatment plants [7]. Atrazine (ATZ) is an 
herbicide used to control broadleaf weeds and grasses in agriculture. Its 
intensive use added to a low biodegradability, high mobility in the 
environment, long half-life and high leaching capacity explains the 
presence of ATZ in ground and surface water [8]. 

For the removal of CECs, chemical advanced treatments, such as 
advanced oxidative processes [9] and physical treatments (e.g. ultra
filtration membranes) can be used [10]. Adsorption is a promising 
treatment because it features a simple design, easy operation, and low 
initial cost[11]. Compared to other technologies, it has the advantage 
that no intermediates are produced during the process, which can be 
more toxic than the parent compound [12]. Several experimental studies 
have been conducted to investigate the removal of CAF [13,14], SMX 
[15,16], CBZ [17–19], IBU [20,21]and ATZ [22,23] from water by 
applying activated carbon (AC). The adsorption capacity of an AC de
pends on its physicochemical characteristics (surface area, pore size, 
functional groups, point of zero charge) and the nature of the adsorbate 
(molecular weight and size, hydrophobicity, polarity) [24]. On the other 
hand, owing to the heterogeneous nature of AC, arising from differing 
feedstock compositions and activation conditions, the effectiveness of 
AC displays variability. 

Also, experimental adsorption studies contain several steps, such as 
knowing the effect of pH and ionic strength, kinetics, isotherms, ther
modynamics, desorption, and regeneration, making them very intensive 
in terms of time, energy, and material requirements [25]. In this sense, 
theoretical studies are a tool to make the best use of limited resources 
and to explore a wide range of experimental scenarios gaining a better 
understanding of the mechanisms involved in the adsorption process of 
CECs. Density functional theory (DFT) calculations have been proven to 
be useful tools in the description of the electronic structure of several 
organic compounds and their response in a molecular system [26–28]. A 
great number of papers report theoretical research on the structure of AC 
and the process of their interaction with several organic pollutants 
[29–32]. In particular, the Fukui function [16–18] offers information 
about the most reactive sites of the CECs for their interaction with the AC 
surface, thereby described as local reactivity. The Kick-Fukui method is 
a hybrid approach to exploring the potential energy surface (PES) of 
molecules and clusters. It combines the Coulomb integral [33] and Fukui 
functions to efficiently predict the global minimum of various AC/CECs 
systems. Another computational method commonly employed to un
derstand various types of non-covalent interactions (NCI), such as 
dispersive (Van der Waals forces), hydrogen bonds, dipole-dipole in
teractions, and steric effects [34] Recently, one of us has demonstrated 
that NCI is a valuable tool for understanding aspects such as chemical 
bonding, intermolecular forces, molecular packing, etc [35]. Thereby 
facilitating a quantitative understanding of the weak interactions that 
influence the structure, function, and properties of molecules. In addi
tion, Ref. [36] has explored the conformational space of molecular 
systems with tight-binding molecular dynamics simulations, reporting 
higher accuracy when compared to other semi empirical methods. In 
general, the CECs and AC are typically regarded as separate entities 
which has caused a failure to utilize the full benefits offered by 
computational methods and theoretical chemistry tools for the study of 
the adsorption process. Therefore, the use of theoretical chemistry tools 
for the calculation of the several descriptors to study different AC/CECs 
systems is an alternative to optimize the time, cost, and effort required in 
the research that is being carried out in our laboratory on the adsorption 
of CECs on materials such as AC. 

The main objective of this study was to develop a theoretical pro
cedure through a computational quantum chemistry approach for deep 
insights into the nature of interactions between AC and five CECs: 
Atrazine (ATZ), Caffeine (CAF), Carbamazepine (CBZ), Sulfamethoxa
zole (SMX), and Ibuprofen (IBU). According to the results, we consider 
that the theoretical protocol presented here can guide design and 
experimental research predicting the adsorption mechanism in material 

like AC for removing CECs. This theoretical study contributes signifi
cantly to the understanding of AC capabilities as an adsorbent for CECs 
and helps researchers design more effective treatment adsorption pro
cesses or new material designs. 

2. Methodology 

All CECs molecules were evaluated for their protonation state at pH 
= 7.0 minus0.2 sed on the experimental data carried out, using the pKa 
plugin [37,38]. The pKa plugin is a tool provided by ChemAxon that 
calculates the pKa values of all proton-gaining or losing atoms in a 
molecule based on the microspecies distribution curves by pH. pKa 
values are important in understanding the acidity and basicity of mol
ecules, as they indicate the relative ability of a molecule to give up a 
proton. A low pKa value indicates that the compound is acidic and will 
easily give up its proton to a base. The pKa plugin calculates pKa values 
based on the partial charge distribution of the molecule. 

In quantum chemical calculations, it is commonly found that a 
carbon-based material like AC is typically depicted as a single graphene 
layer. The unsaturated edges of this layer can serve as active sites for 
adsorption, as the carbon atoms at these edges possess unpaired elec
trons that are easily transferable. As a result, a zigzag-shaped graphene 
model containing 54 carbon atoms, along with corresponding func
tionalized graphite models, is used as the fundamental structure [39, 
40]. By utilizing this procedure, it becomes possible to model only a 
fraction of the material, while applying a high level of theory with a 
molecular modeling program. 

Full geometry optimizations, as well as vibrational frequency 
(absence of imaginary frequencies) of the ATZ, CAF, CBZ, IBU, SMX, and 
AC molecules, were implemented via DFT with Minnesota hybrid meta- 
GGA functional M06–2X-D3[41,42] and the 6–311++G(d,p) basis set 
[43], with solvation model based on density (SMD) for the implicit 
water. SMD is a universal solvation model, where “universal” denotes its 
applicability to any charged or uncharged solute in any solvent or liquid 
medium. All global and local chemical reactivity calculations were 
performed with TAFF software [44,45]. 

The PES of ATZ, CAF, CBZ, IBU, and SMX on the surface of AC, was 
explored with the Kick-Fukui algorithm[45–47]. In the Kick-Fukui 
method, an initial population of 100,000 individuals is preselected 
using the Fukui function (FF) [48–51]. The FF is used to identify relevant 
positions on the PES. The structure generation method (Kick) already 
has certain restrictions that allow for good candidates from the begin
ning, such as the size of the box and the connectivity analysis between 
structures. The Kick-Fukui method considers one term of the interaction 
energy equation (which contains local reactivity information between 
two interacting species) as the energy interaction descriptor. This allows 
for the efficient screening of the best individuals. Overall, the Kick-Fukui 
method is a novel approach to exploring the PES of molecules and 
clusters that combines the Coulomb integral and Fukui functions to 
efficiently predict the global minimum of various systems. In this case, 
the M06–2X-D3/SDDAll [52–55] level was used for the exploration of a 
total of 10 species, each of which was geometrically optimized at that 
level. Subsequently, a re-optimization of geometry and calculation of 
frequencies for the best structure (putative global minima), was per
formed using the M06–2X functional in conjunction with the 6–31 G (d, 
p) basis set and the Grimme dispersion correction (D3) in the 
Gaussian16 package [56]. M06–2X is the best dispersion-corrected 
meta-GGA hybrid functional on the GMTKN30 database [57]. Water 
was simulated as a solvent using the SMD parametrization of the 
IEF-PCM. 

To calculate the thermodynamic properties and binding energies we 
employed specific parameters, namely binding energy (ΔE at 0 K), 
enthalpy (ΔH), Gibbs free energy (ΔG), and entropy (ΔS) at 298.15 K. 
These calculations were conducted on the global minima obtained 
during the exploration of the PES using the supermolecule approxima
tion (refer to Eq. 1). In Eq. 1, the variable X represents E, H, G, or S. To 
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calculate ΔE, we considered the contributions of zero-point energy 
(ZPE) and basis set superposition error (BSSE) counterpoise corrections. 
The BSSE corrections helped estimate the basis set superposition error 
by comparing the properties of the AC/CECs systems with those of in
dividual monomers. We treated AC and pollutants as separate mono
mers, resulting in a total of 6 monomers: AC, ATZ, CAF, CBZ, IBU, and 
SMX. Optimization of the properties for both monomers and AC/CECs 
complex systems was performed, and frequency calculations were con
ducted using DFT with the hybrid functional M06–2X and a 6–31 G (d,p) 
basis set. Additionally, Grimme dispersion correction (D3) was applied 
using the Gaussian 16 software package. 

ΔX = Xsystem − (
∑

Xmonomer) (1) 

The optimized geometry of the AC/CECs systems in their ground (S0) 
states was used as input data to perform the intermolecular interactions 
analysis. In the first step, the Morokuma-Ziegler scheme’s energy 
decomposition analysis (EDA) was used to examine the host-guest in
teractions [58,59]. The Amsterdam Density Functional (ADF) package 
was used to conduct this analysis [60] Two components in each 
AC/CECs system were split, i.e., one fragment standing the AC and the 
other the corresponding pollutant, namely ATZ, CAF, CBZ, IBU, and 
SMX. Eq. 2 shows the breakdown of the interaction energy (ΔEint) be
tween the two fragments into four terms.  

ΔEint = ΔEPauli +ΔEElec + ΔEOrb + ΔEDisp                                        (2) 

Where ΔEPauli term describes the repulsive interaction of Pauli be
tween the occupied orbitals of the two molecular fragments in this 
instance. The classical electrostatic interaction between the two frag
ments is denoted by the second term, ΔEElec. The possible interactions 
between molecular orbitals (MOs) related to charge transfer, polariza
tion, etc. are considered by the third term, ΔEOrb. The natural orbital 
chemical valence (NOCV) method, put forth by Mitoraj, can be used to 
analyze in detail this term [61] The Grimme’s D3 dispersion correction 
for EDA calculations included the term ΔEDisp which refers to the forces 
of dispersion acting between the fragments[62] Finally, the basis set 
superposition error (BSSE) counterpoise method was used to correct the 
interaction energies between AC and pollutants for all systems [63]. 

The non-covalent interaction index (NCI)[34,64] was used to qual
itatively identify the areas where weak interactions predominate in the 
AC/CECs systems, the origin of which may be dispersive, hydrogen 
bonds, dipole-dipole interactions, or repulsive steric effects. These are 
based on the electron density (ρ), its derivatives the reduced density 
gradient (s), and the sign of the second eigenvalue (λ2) of the electron 
density matrix (Hessian matrix). Additionally, we performed the Inde
pendent Gradient Model based on the Hirshfeld partition (IGMH) [65]. 
IGMH is a new method proposed for visually analyzing intramolecular 
and intermolecular interactions in chemical systems. It builds upon the 
existing Independent Gradient Model method by replacing the free-state 
atomic densities used in IGM with atomic densities obtained from 
Hirshfeld partitioning of the molecular density. This gives IGMH a more 
rigorous physical basis. IGMH has advantages over other popular visu
alization methods like Non-covalent Interaction plots. It can separately 
visualize intrafragment and interfragment interactions with smoother 
and less jagged isosurfaces. To understand the formation of the AC/CECs 
systems the Atoms in Molecules (AIM) study was made. AIM analysis 
plays an important role to explicate the electron distribution in mole
cules and identify the special properties of the same. Based on total 
electron density, the molecular structure and the bonds are analyzed. 
The molecular graphs of the systems were analyzed to calculate the 
abundance and types of noncovalent interactions. The NCI and AIM 
were calculated at the M06–2X-D3/6–31 G(d,p) level of theory, using 
the Multiwfn software [66]. To interpret the chemical bonding, NBO 
(Natural Bond Orbital Analysis) [67,68] was used, and was performed 
using the NBO 6.0 [69]. Molecular visualization of the systems was 
carried out with the VMD software package [70]. 

The assessment of kinetic stability was conducted through molecular 
dynamic simulations employing the semi empirical tight-binding 
method. The GFN2-xTB Hamiltonian with GBSA implicit solvation 
model of water was utilized for all simulations[71,72] A duration of 1.6 
nanoseconds was set for the simulations of each AC/CECs system. Dur
ing these simulations, the equations of motion were integrated using a 
time step of 4.0 femtoseconds within the constant number of atoms, 
constant volume, and constant temperature (NVT) ensemble at a tem
perature of 298.15 K. To maintain this constant temperature, a 
Berendsen thermostat was employed. The SHAKE algorithm was applied 
to ensure the stability of all hydrogen atoms [73]. Data were recorded 
every 10 femtoseconds throughout the molecular dynamic runs. 

3. Results and discussion 

3.1. Molecular electrostatic potential maps 

Fig. 1 provides a visual representation of electrostatic potential en
ergy that can help predict the sites of nucleophilic attack, electrophilic 
attack, or areas prone to chemical bonding. In these maps, different 
colors are observed, where the red represents the zone with the negative 
potential of Molecular Electrostatic Potential (MEP), associated with 
reactive electrophilic sites, and the blue color is adapted to the zone with 
the positive potential and represents the suitable center of the nucleo
philic attacks. Hence, it was possible to analyze the potential interaction 
sites responsible for the formation of bonds by evaluating the proton 
donors and acceptors in each molecule. For example, ATZ has five 
interaction sites, two of which are proton donors and the others are 
proton acceptors. In the case of IBU, the electron density is more 
localized on the carboxylate group of the molecule, which could interact 
with the electron-poor peripheral atoms of the AC surface. 

3.2. Analysis of Kick-Fukui potential energy surface 

A comprehensive exploration of the Potential Energy Surface (PES) 
of the ATZ, CAF, CBZ, IBU, and SMX pollutants on the AC surface in their 
singlet state was carried out. To carry out this investigation, models 
based on DFT in its conceptual approach were employed, together with a 
molecular fragment assembly methodology to expand the system to a 
larger scale (Kick-Fukui method). The molecular fragment assembly 
strategy was designed using the chemical potential as a criterion, which 
allowed the identification of specific molecular fragments that acted as 
nucleophiles or electrophiles in the system. The Fukui Function (FF) 
played a key role in pinpointing regions of increased reactivity in the 
context of nucleophilicity and electrophilicity. For a more precise un
derstanding of reactivity, a detailed analysis involving quantification of 
the most reactive areas was carried out. This quantification was based on 
Fukui function condensation, providing quantitative values that high
light the region’s most likely to react. In terms of the assembly strategy, 
the molecular fragments were strategically oriented to meet the 
Maximum Matching [33] criterion, thus maximizing coherence and 
congruence in the assembly process. 

Using the combination of conceptual DFT and the molecular frag
ment assembly approach (Kick-Fukui method), we succeeded in 
comprehensively investigating the PES of ATZ, CAF, CBZ, IBU, and SMX 
pollutants on the surface of AC in the singlet state. All this is to explore 
the adsorption behaviors of pollutants on the AC surface, including 
different configurations (see Figures S1-S5 in Supplemental Material). 
Our results provide valuable information on the most reactive sites and 
the nucleophilic and electrophilic interactions in this system, which 
have significant implications for the design and understanding of re
actions at molecularly complex interfaces. In this context, we have ob
tained putative global minima for AC/CECs systems. The graphical 
representation of these global minima is presented in Fig. 2. Analyzing 
this figure, a distinctive pattern is observed concerning the electron- 
donating or electron-attracting nature of the compounds, as well as 
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their interaction with the AC surface. Specifically, compounds ATZ, 
CAF, IBU, and SMX exhibit electro-donating behavior, while the AC 
surface acts as an electro-attractant. In contrast, the CBZ compound 
shows the opposite behavior, being an electro-attractant in the presence 

of the AC surface, which in turn acts as an electron donor. This phe
nomenon is intrinsically related to the chemical potential calculated for 
each molecular fragment. 

Our PES analysis has yielded crucial results on the arrangement and 

Fig. 1. Schematic representations of Molecular Electrostatic Potential (MEP) surfaces (0.01 a.u.) for ATZ, CAF, CBZ, IBU, SMX, and AC molecules computed at the 
M06–2X-D3/6–31 G(d,p) level of theory. Color-coded with red representing electron-rich or partially negative regions, blue indicating electron-deficient or partially 
positive regions, and green for slightly electron-rich regions. Color coding: red = oxygen, blue = nitrogen, gray = carbon, white = hydrogen, chlorine = green and 
sulfur = yellow. 

Fig. 2. Fukui function (FF) isosurfaces (0.018 a.u.) and condensed values of putative global minimum structures of AC/CECs systems. f− represents the FF for the 
electrophilic attack and f+ represents the FF for the nucleophilic attack. S. 
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interactions of ATZ, CAF, CBZ, IBU, and SMX pollutants on the AC 
surface. ATZ, CAF, and CBZ pollutants have been identified and posi
tioned at the center of the AC surface. This strategic location allows them 
to interact significantly with the aromatic rings present. The presence of 
these interactions with the aromatic rings suggests a particular affinity 
between these pollutants and the aromatic regions on the AC surface. On 
the other hand, IBU and SMX pollutants, have been located at the edge of 
the AC surface. This more peripheral position facilitates their interaction 
with the terminal carbons and hydrogens of the aromatic rings. This 
position can be attributed to the negative charge that these pollutants 
possess at neutral pH. The electrostatic repulsion between the negative 
charge of the pollutants and the negative partial charges on the terminal 
carbons and hydrogens could influence this preferential location. 

In the analyzed AC/CECs systems, relative energies between the 
nearest local minima range between 0.01 and 3.15 kcal/mol. It has been 
identified that the nearest local minimum in terms of relative energy in 
the AC/ATZ system has a value of 0.05 kcal/mol, while in the AC/CAF 
and AC/IBU systems, these values are 0.01 kcal/mol, respectively. The 
AC/SMX system exhibits a value of 0.41 kcal/mol, and in the AC/CBZ 
system, the nearest local minimum in relative energy is distinguished by 
its higher value of 3.15 kcal/mol. These results capture the variability in 
the relative stability of the local minima of the studied systems, 
providing essential information for understanding the interaction 
characteristics and their molecular conformation. The local minima with 
the highest relative energy represent configurations vertical concerning 
the AC plane. Thus, these results indicate that the parallel configuration, 
representative of the lower energy’s adsorption systems, is more stable, 
which also would mean that the interaction process between the 
selected pollutants and AC is mainly physical adsorption. These findings 
have important implications in the optimization and design of processes 
involving the interaction between pollutants and AC surface. 

3.3. Global chemical reactivity descriptors 

The HOMO-LUMO energy gap (ΔEH-L) refers to the difference in 
energy between the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) in a molecule. This ΔEH-L 
plays a crucial role in determining the excitability and properties of a 
substance. A smaller ΔEH-L indicates a higher propensity for excitations, 
which can affect the substance’s characteristics. In the context of the 
AC/CECs systems (Table 1 and Figure S6 in Supplemental Material), the 
ΔEH-L ranges from 4.32 eV to 4.34 eV, showing a remarkable similarity 
among the various systems. This similarity in energy gaps suggests that 
the electronic properties and reactivity of these systems are closely 
related. 

The chemical potential (μ) is a parameter that quantifies the ten
dency of electrons to escape from an equilibrium system. It represents 
the energy that can be absorbed or released due to a change in the 
particle number of a given species, such as in a chemical reaction or 
phase transition. The μ is related to the Gibbs free energy (ΔG), which is 

a thermodynamic potential that measures the maximum reversible work 
that may be performed by a system at constant temperature and pres
sure. In the context of the selected AC/CECs systems, the μ values range 
from − 3.81 eV to − 3.87 eV, which as shown by ΔEH-L, highlights a 
remarkable similarity among the selected species, in this case, regarding 
their electron escape tendency. The higher μ-values of the AC/CAF 
(3.87 eV), AC/ATZ (3.86 eV), and AC/CBZ (3.85 eV) systems suggest 
that these systems have a slightly lower propensity to undergo phase 
changes, chemical reactions, or other processes that may affect their 
stability. This hints at a more pronounced inclination of these systems to 
undergo transitions between different phases, to react with other sur
rounding substances, or to exhibit lower susceptibility. This lower or 
greater susceptibility to change could influence their behavior and 
performance under various conditions. 

Chemical hardness (η) is a metric that gauges the stability of a 
chemical system, with higher values indicating increased stability. It is 
defined as the resistance towards electron transfer or structural changes 
in a chemical species. Pearson’s absolute hardness can be calculated as 
half the second derivative of a species’ energy concerning changes in the 
total number of electrons. In this context, η is a metric gauging the 
stability of an AC/CECs system and is associated with higher values 
indicating heightened stability. Within the dataset furnished, the η 
values range from 2.17 eV to 2.18 eV, emphasizing the congruence in 
the stability of the AC/CECs systems under scrutiny. This range suggests 
that the systems have similar resistance to electron transfer or structural 
changes, which is essential for their effectiveness in adsorbing and 
removing pollutants. In addition, it is worth mentioning that all systems 
have a positive νmin, which is presented as a putative global minimum. 

3.4. Thermodynamic properties analysis 

The specific interactions between AC and CECs can be attributed to 
various factors, such as the molecular structures and physicochemical 
properties of the pollutants, as well as the surface properties of AC. Some 
possible interactions between pollutants and AC include π-stacking, 
hydrogen bonding, and van der Waals forces. The efficiency and selec
tivity of AC as an adsorbent for pollutants depend also on its physico
chemical properties, such as high porosity, high surface area, and the 
presence of functional groups on its surface [74]. The presence of surface 
oxygenated groups on AC can increase surface polarity, which in turn 
affects the interactions with pollutants. Heat treatment of AC can be 
used to remove oxygenated chemical groups and modify their surface 
chemistry, and thus influence the adsorption process. The differences in 
thermodynamic properties among the AC and pollutant systems can 
provide insights into the efficiency and selectivity of AC for the removal 
of these pollutants. The analysis of the thermodynamic properties of the 
AC and pollutant systems revealed several trends. Table 2 presents the 
changes in binding energy (ΔE), enthalpy (ΔH), Gibbs free energy (ΔG), 
and entropy (ΔS) for each system. 

The AC/CAF and AC/ATZ combination displayed the most notable 
outcomes in terms of thermodynamic parameters, showcasing the most 
profound alterations in ΔE with values of − 24.1 kcal/mol and 
− 20.3 kcal/mol respectively. Similarly, the ΔH exhibited substantial 
shifts, registering as − 24.5 kcal/mol (AC/CAF) and − 20.2 kcal/mol 

Table 1 
Some global descriptors, HOMO-LUMO energy gaps, and smallest vibrational 
frequencies for the AC/CECs systems.  

System EHOMOa ELUMO
a ΔEH- 

L
a 

Chemical 
Potential (μ) 

Chemical 
hardness 
(η) 

νmin
b 

AC/ 
ATZ  

− 6.03  − 1.69  4.34  − 3.86  2.17  23 

AC/ 
CAF  

− 6.04  − 1.69  4.34  − 3.87  2.18  27 

AC/ 
CBZ  

− 6.01  − 1.68  4.32  − 3.85  2.17  9 

AC/IBU  − 5.99  − 1.65  4.34  − 3.82  2.17  14 
AC/ 

SMX  
− 5.98  − 1.64  4.33  − 3.81  2.17  11 

a in eV. b in cm− 1. 

Table 2 
Thermodynamic properties at the M06-2X-D3/6–31 G(d,p) level of theory, for 
the AC/CECs systems.  

Systems ΔEa ΔHa ΔGa ΔSb 

AC/ATZ  − 20.3  − 20.2  − 5.6  − 48.9 
AC/CAF  − 24.1  − 24.5  − 8.9  − 52.1 
AC/CBZ  − 17.5  − 17.5  − 4.0  − 45.2 
AC/IBU  − 15.9  − 14.9  − 4.2  − 35.9 
AC/SMX  − 11.9  − 11.4  0.7  − 40.6 

a in kcal/mol. b in cal/mol*K. 
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(AC/ATZ). These interactions also induced substantial modifications in 
ΔG, measuring at − 8.9 kcal/mol and − 5.6 kcal/mol for AC/CAF and 
AC/ATZ, respectively. Additionally, the ΔS changes stood at − 52.1 cal/ 
mol*K (AC/CAF) and − 48.9 cal/mol*K (AC/ATZ), underlining the 
profound impact of these combinations on thermodynamic properties 
when compared to other systems under study. 

Scrutiny of the ΔE and ΔH changes of the AC/ATZ and AC/CBZ in
teractions, reveals remarkable similarities. Specifically, the alterations 
observed in ΔE were − 20.3 kcal/mol (AC/ATZ) and − 17.5 kcal/mol 
(AC/CBZ), while their ΔH changes were − 20.2 kcal/mol for AC/ATZ 
and − 17.5 kcal/mol for AC/CBZ. In contrast, an examination of the ΔG 
unveils an intriguing distinction. The ΔG change for the AC/ATZ pairing 
exhibited a lower value of − 5.6 kcal/mol, in comparison to the AC/CBZ 
system which registered a value of − 4.0 kcal/mol. This discrepancy 
suggests a more energetically favorable state for the AC/ATZ interac
tion, underscoring its thermodynamic stability when contrasted with the 
AC/CBZ interaction. Overall, while the ΔE and ΔH appear analogous for 
the AC/ATZ and AC/CBZ systems, the discernible divergence in ΔG 
points towards a differential energetic preference between the two 
interactions. 

Analyzing the AC/IBU and AC/SMX systems, it becomes evident that 
these interactions manifest the most substantial values in terms of ΔE 
and ΔH alterations, registering at − 15.9 kcal/mol and − 11.9 kcal/mol 
for AC/IBU, and − 14.9 kcal/mol and − 11.4 kcal/mol for AC/SMX. 
These results suggest that the introduction of IBU and SMX to the AC 
framework induces relatively minimal shifts in ΔE and ΔH parameters. 
This indicates that the interactions between AC and these two com
pounds lead to relatively modest changes in the overall energy content 
of the system. Furthermore, the AC/SMX system stands out as a unique 
case within this study due to its positive ΔG value of 0.7 kcal/mol. This 
positive value carries significant thermodynamic implications. Specif
ically, it signifies that the adsorption process of SMX onto AC is not 
thermodynamically favorable under the specified conditions. In other 
words, the forces driving the interaction between AC and SMX do not 
align with the prevailing thermodynamic tendencies, making the 
adsorption of SMX onto AC less energetically advantageous compared to 
other systems i.e. AC/ATZ, AC/CAF, or AC/CBZ. 

3.5. AC/CECs system interactions based on Morokuma-Ziegler analysis 

The analysis using the EDA scheme was done to achieve a deeper 
understanding of these AC/CECs interactions. In all cases, the interac
tion energy (ΔEInt) was computed considering two fragments: AC and 
pollutants. The interaction energy AC/CECs were between − 17 kcal/ 
mol and − 26 kcal/mol, as can be seen in Table 3. According to the 
calculations, the interaction energy for AC/ATZ was − 20.87 kcal/mol. 
This result revealed that the dispersive forces that act between the AC/ 
ATZ are relevant. For this system, specifically, the dispersion component 
represented 60% of the total stabilizing energy. 

Electrostatic interaction (ΔEElestat) and orbital interaction (ΔEOrb) 
each contribute 23% and 17% of the total stabilizing energy. Similar 

trends were found for CBZ and CAF, as shown in Table 3, which were 
ΔEInt = − 20.62 and − 17.05 kcal/mol, respectively. In each system, the 
ΔEDisp accounts for 60% of the total stabilizing energy in AC/CBZ, and 
AC/CAF systems. 

The results also revealed that the ΔEElestat and ΔEOrb that act between 
the AC/CBZ, represented 24% and 16% of the total stabilizing energy. In 
the case of the AC/CAF system, the calculation indicates that the 
contribution to the ΔEElestat and ΔEOrb are 23% and 17% percent, 
respectively. Therefore, in each of these three systems, the dispersion 
interactions have the main contributions to forces acting between AC 
and pollutants (ATZ, CBZ, and CAF). Whereas, in the case of AC/SMX 
and AC/IBU systems, interaction energies were − 19.45 kcal/mol and 
− 25.71 kcal/mol, respectively. These ΔEInt fall in the same range of 
values of AC/ATZ, AC/CBZ, and AC/CAF. Calculations reveal that for 
AC/SMX and AC/IBU, the dispersive component contributes 40% and 
43%, respectively of the total stabilizing energy. Mainly the contribution 
ΔEElec component represents 22% and 26%, respectively, of the total 
attractive energy, see Table 3. 

Although in all cases the dispersive component is the term that 
makes the greatest contribution to the stabilizing energy, the results also 
show that the molecular conformation that the pollutants adopted 
concerning the AC surface plays an important role in the intermolecular 
interactions. In the case of ATZ, CAF, and CBZ which adopt a parallel 
conformation positioned at the center of the AC surface, the ΔEDisp term 
constitutes 60% of the stabilizing energy. However, in the case of IBU 
and SMX pollutants, which assumed a conformation in a more periph
eral position, i.e., towards the edge of the AC surface, the ΔEDisp term 
constitutes 40–43% of the total interaction energy, somewhat less than 
the results obtained for AC/ATZ, AC/CAF, AC/CBZ. In addition to the 
molecular conformation, the molecular structure of these pollutants, 
with aromatic rings, the presence of heteroatoms, functional groups, and 
aromatic regions on the AC surface, presumably influence the disper
sion, a factor that plays a decisive role in stabilizing all the complexes. 
Thus, the next step was to investigate the interactions between AC and 
pollutants using other methods discussed below. 

3.5.1. Natural orbital chemical valence analysis 
An analysis based on the NOCV methodology proposed by Mitoraj 

and Michalak [61,75] was carried out, to explore in detail the channels 
of donor-acceptor interaction between AC and the pollutants. For the 
AC/ATZ system, the donor-acceptor interaction is formed between AC 
and the ATZ molecule, see Fig. 3, top-left image. The deformation 
density channels show that these interactions involved a donation of the 
lone pair of nitrogen of the ATZ molecule, to the AC moieties. In the case 
of AC/CAF, the NOCV analysis also indicated that the deformation 
density channel, Δρ originated predominantly from the electron dona
tion from CAF to AC, see Fig. 3, top-right image. For this system, the 
deformation density channels evidence a charge depletion (outflow) 
that involved the heteroatoms of CAF, whereas an accumulation 
(inflow) of electron density arose in the region of AC. The bottom-left 
image in Fig. 3 illustrates the NOCV deformation density contributions 
for the AC/CBZ system. The complementary pairs of NOCVs describe 
deformation density contributions π-networks Δρ(π) in aromatic regions 
both on the CBZ and the AC surface. This can be associated with the 
probable π⋯π stacking interaction between AC and CBZ. This finding 
aligns well with the analysis conducted using conceptual DFT and the 
Kick-Fukui method discussed earlier. In addition, these results are also 
consistent with the EDA analysis for these three pollutants, i.e., ATZ, 
CAF, and CBZ, regarding the dominant dispersive contribution previ
ously discussed. Finally, in the case of the AC/IBU (bottom-center 
image) and AC/SMX (bottom-right image) in Fig. 3, the contours of 
deformation densities also display the probable molecule-to-surface 
charge flow. However, unlike the other three systems analyzed, for 
these two systems no evidence that the donation or back-donation 
channels originate from the electron donation. These theoretical re
sults strongly suggest that the nature of intermolecular interactions 

Table 3 
Morokuma-Ziegler scheme energy decomposition analysis (EDA), values in kcal/ 
mol, for the AC/CECs interacting systems.  

System ΔEPauli ΔEElestat ΔEOrb ΔEDisp ΔEInt 

AC/ATZ  28.82 − 11.71 
(23%) 

− 8.21 (17%) − 29.77 
(60%)  

− 20.87 

AC/CAF  20.18 − 8.72 (23%) − 6.30 (17%) − 22.20 
(60%)  

− 17.05 

AC/CBZ  33.81 − 12.99 
(24%) 

− 8.80 (16%) − 32.64 
(60%)  

− 20.62 

AC/IBU  20.08 − 11.99 
(26%) 

− 15.66 
(34%) 

− 18.14 
(40%)  

− 25.71 

AC/ 
SMX  

16.50 − 7.77 (22%) − 12.65 
(35%) 

− 15.52 
(43%)  

− 19.45  
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between AC/pollutants has an important role in the adsorption process 
of these molecules on AC. 

3.6. Non-covalent interaction index 

The interactions between AC and pollutants are governed by a 
combination of factors, including the molecular structures and 

Fig. 3. Contours of deformation density channels (Δρ), which describes the intermolecular interactions AC/CECs systems. Red and blue contours represent a 
depletion (outflow) and accumulation (inflow) of electron density, respectively. Color coding: red = oxygen, blue = nitrogen, gray = carbon, white = hydrogen, 
chlorine = green and sulfur = yellow. 

Fig. 4. NCI plot isosurfaces (0.6 a.u.) to visualize non-covalent interactions in AC/CECs systems. The sign of λ2 enables the identification of the interaction type. 
Attractive interactions appear at λ2 < 0 whereas in the cases where λ2 is positive (as in rings or cages), usually several atoms interact but are not bonded, which 
corresponds to steric crowding according to classical chemistry. The blue regions indicate pronounced attractive interactions, whereas the green regions indicate 
relatively weaker interactions. Color coding: red = oxygen, blue = nitrogen, gray = carbon (AC fragment), cyan = carbon (CECs), white = hydrogen, chlorine =
green and sulfur = yellow. 
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physicochemical properties of the pollutants, as well as the surface 
properties of AC. These interactions are characterized by non-covalent 
interactions such as π-stacking and van der Waals forces. To distin
guish between attractive and repulsive interactions, we examine the 
second derivatives of the density along the principal axis of variation. 
The second eigenvalue (λ2) can be either positive or negative, depending 
on the type of interaction. On the one hand, binding interactions, such as 
H…H interactions, are characterized by λ2<0, and density accumulation 
perpendicular to the bond. Non-binding interactions, such as steric 
repulsion, produce density depletion, so λ2 > 0. The troughs in the range 
of close to zero correspond to the weak C–H…π, London forces as in π-π 
interactions and dispersion H…H interactions, represented in green in 
the isosurface [64]. Fig. 4 shows the NCI analysis, where for each 
AC/CECs system, the most important intramolecular interactions that 
provide stabilization are the van der Waals interactions. So, the van der 
Waals interactions are responsible for stabilizing the CECs on the AC 
surface. These interactions are more intense when the contact area be
tween the CECs and AC is larger. Visually, it can be observed that the 
largest areas of interaction are presented by the AC/ATZ, AC/CAF, and 
AC/CBZ systems. Therefore, it is possible to suggest that the adsorption 
process would be more favored in these systems. Each contaminant 
exhibits unique non-covalent interactions with AC, influencing their 
adsorption mechanisms. ATZ adsorption onto AC involves multiple 
mechanisms, such as electrostatic interactions, van der Waals forces, 
hydrophobic interactions, and π-π electron donor–acceptor interactions. 
CAF adsorption on AC is influenced by various factors, including 
non-covalent interactions like π-π interactions and hydrophobic in
teractions. Previously, it was experimentally reported that the adsorp
tion capacity of CAF and IBU on AC is mainly related to the value of the 

octanol-water partition coefficient (log Kow) linked to hydrophobic in
teractions [76]. The adsorption behavior of CBZ is mainly influenced by 
the surface chemistry of the adsorbent. The main identified mechanisms 
that contribute to CBZ adsorption include π-π interactions with the ad
sorbents possessing aromatic rings in their composition. IBU binds to AC 
mainly through non-covalent interactions, including van der Waals 
forces between the carboxyl group of IBU, while the SMX adsorption on 
AC is primarily driven by non-covalent forces, such as van der Waals 
forces, hydrophobic interactions, and π-π electron donor–acceptor in
teractions. This type (π-π EDA) of interaction was found to be an 
important driving force for the sorption of CECs on AC surfaces in 
several studies reported earlier [29–32]. 

The interaction force between CECs and AC was visualized using the 
IGMH approach to analyze both its type and interaction regions. The 
mapping function in the IGMH evidences type of interactions utilizes 
color coding. The green area symbolizes van der Waals interactions, the 
blue area signifies the potential to create hydrogen bonds, and the red 
area mirrors a repulsive interaction.[77] Fig. 5 provides a visual rep
resentation of the adsorption pattern of CECs on the AC plane, clearly 
showcasing a predominance of dispersion occurring between the aro
matic rings of CECs and the aromatic areas on the AC surface. As per the 
IGMH map, the green isosurfaces predominantly entail π–π stacking 
interactions between the aromatic rings of CECs on the AC.[78] [79] 
Therefore, the intermolecular interaction in these systems is mainly 
governed by the dispersive forces that act between the AC/CECs. This 
results clearly evidenced that the simulation of the host-guest system is 
imperative to understand mechanisms involved in the adsorption of 
CECs on AC. Overall, these results are in good agreement with the other 
approaches used for analyzing the intermolecular interactions described 

Fig. 5. IGMH analysis (δginter=0.003 a.u.) of AC/CECs systems at M06–2X-D3/6–31 G(d,p) level of theory. The prominent van der Waals interaction zone, spe
cifically the π-π stacking region, is depicted by the green isosurface. The atoms colored in shades of red denote a higher degree of contribution to this interaction. 
Color coding: red = oxygen, blue = nitrogen, gray = carbon (AC fragment), cyan = carbon (CECs), white = hydrogen, chlorine = green and sulfur = yellow. 
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in the previous section. 
Atoms The study of Atoms in Molecules (AIM) analysis is crucial for 

elucidating the electron distribution within molecules and discerning 
their unique properties. AIM analysis primarily revolves around exam
ining the total electron density within a molecule to gain insights into its 
molecular structure and the nature of its chemical bonds. A key aspect of 
AIM analysis involves investigating the topology parameters of AC/CECs 
systems. These parameters provide valuable information about the 
spatial distribution of electron density within the molecule. Fig. 6 il
lustrates the analysis results, presenting the positions of all bond critical 
points (BCPs), denoted by coordinates such as (3,+3), (3,+1), and (3,-1). 
These BCPs signify regions where significant electron density gradients 
occur, indicating the presence of π-π stacking, and van der Waals in
teractions. Additionally, the figure depicts the bond paths connecting 
different components of the molecule. In addition, a topological study 
was carried out for AC/CECs (see Table S1): Density of all electrons, 
Hamiltonian kinetic energy, Potential energy density, Energy density, 
Laplacian of electron density, Lagrangian kinetic energy, Ellipticity of 
electron density, Sign(λ2)*rho, and Delta-g (under Hirshfeld partition), 
The values in this table offer deep insights into the fundamental nature 
of π-π stacking, and van der Waals interactions by dissecting the topol
ogy and properties of the electron density distribution in the AC/CECs. 

3.7. Natural population analysis charge analysis 

The investigation of charge distribution is crucial for understanding 
the electronic properties of the AC/CECs systems. To achieve precise 
charge values, the NBO method for Natural Population Analysis (NPA) 
charges was applied, as shown in Fig. 7. Charge transfer occurs when 
atoms redistribute their charges, generating distinct potential fields. A 
positive charge indicates outward electron flow, while a negative charge 
reflects inward electron flow. In the context of AC/CECs systems, NPA 
analyses can help to understand the non-covalent interactions between 
AC and the pollutants, which as mentioned before, are influenced by the 
molecular structures and physicochemical properties of the pollutants, 
as well as the surface properties of AC. By utilizing the NPA method, it is 
possible to obtain precise charge values for the atoms in the pollutants 
and AC, which can provide a better understanding of the interactions 
between them. 

Fig. 7 provides valuable insights into the charge distribution within 

stable AC/CECs structures. The NPA charge values for AC/ATZ range 
between − 0.71 and 0.66 a.u. These values suggest that there is a mod
erate charge transfer between AC and ATZ, which could be attributed to 
various non-covalent interactions such as electrostatic interactions, and 
π-π electron donor-acceptor interactions. The NPA charge values for AC/ 
CAF range between − 0.66 a.u. and 0.86 a.u. This range indicates a 
relatively strong charge transfer between AC and CAF, which could be 
due to non-covalent interactions like π-π interactions, and hydrophobic 
interactions. The strong charge transfer may contribute to the high 
adsorption efficiency of AC for CAF, as observed in the thermodynamic 
properties. The NPA charge values for AC/CBZ range between − 0.91 a. 
u. and 0.85 a.u. This range suggests a significant charge transfer be
tween AC and CBZ, which could be due to π-π interactions with the 
adsorbents possessing aromatic rings in their composition. The NPA 
charge values for AC/IBU range between − 0.80 a.u. and 0.81 a.u. 
indicating a moderate charge transfer between AC and IBU, which could 
be due to non-covalent interactions such as van der Waals forces be
tween the carboxyl group of IBU and the AC. The moderate charge 
transfer may be related to the higher ΔG value observed for the AC/IBU 
system, suggesting that the adsorption of IBU on AC is not thermody
namically favorable. Similarly, the NPA charge values for AC/SMX 
range between − 1.05 a.u. and 2.41 a.u. This wide range of values in
dicates a strong charge transfer, which could be driven by non-covalent 
interactions such as van der Waals forces. Also, may be related to the 
positive ΔG value observed for the AC/SMX system, suggesting that the 
adsorption is not thermodynamically favorable. 

3.8. Tight-binding molecular dynamics simulations 

To analyze the kinetic stability of the pollutants on the AC surface 
and to evaluate the methodology used, Tight-binding molecular dy
namics calculations were performed for all systems. In general, lower 
RMSD values indicate that the atomic positions in the compared struc
tures are more similar, while higher RMSD values indicate greater dif
ferences between the structures in the simulations performed. Fig. 8 
shows that the RMSD (Root Mean Square Deviation) fluctuation is very 
low at 298.15 K for ATZ, CAF, and CBZ on AC, averaging 0.75 Å, 0.13 Å, 
and 0.23 Å, respectively. These results indicate that ATZ, CAF, and CBZ 
are kinetically stable. On the other hand, in the AC/IBU and AC/SMX 
systems, with an average of 1.28 Å and 1.54 Å, the RMSD fluctuation is 

Fig. 6. AIM molecular graph showing the different Bond Critical Points (BCPs) of AC/CECs systems. Green, yellow, and orange spheres in the above map correspond 
to (3,+3), (3,+1), and (3,− 1) critical points, respectively. Brown lines denote bond paths. Color coding: red = oxygen, blue = nitrogen, gray = carbon (AC fragment), 
cyan = carbon (CECs), white = hydrogen, chlorine = green and sulfur = yellow. 
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higher, suggesting that they are kinetically less stable. Although RMSD 
values ≤ 2 Å are considered reasonably good according to Xiao et al. 
[80], in these simulations, high values represent reduced kinetic sta
bility. In the case of the IBU system in AC, around 200 ps of the simu
lation (see SV4 in Supporting Information), a decarboxylation reaction 
occurs, releasing the carboxyl group from the main IBU backbone in the 
form of CO2. Therefore, it is possible to state that the interactions of ATZ, 
CAF, and CBZ in AC are maintained over time, indicating kinetic sta
bility provided by aromatic interactions. 

4. Conclusions 

In this article, we develop a theoretical protocol that offers a valuable 
tool for examining five AC/CECs systems, allowing us to better under
stand the interactions and adsorption between AC and CECs. Molecular 
electrostatic potential maps, conceptual density functional theory, Fukui 
functions, and thermodynamic analysis provided insights into the elec
tronic/energetics interactions, and mechanisms involved in AC adsorp
tion of CECs.  

• Thermodynamic analysis for all systems reveals adsorption may be 
unfavorable for AC/IBU and AC/SMX systems compared to the other 
study systems. 

• The pollutants’ molecular conformation on the AC surface signifi
cantly impacts intermolecular interactions.  

• Interactions between AC and CECs include π-stacking, hydrogen 
bonding, van der Waals forces, and hydrophobic/electrostatic 
interactions.  

• Simulations through tight-binding molecular dynamics indicating 
some CECs are kinetically stable on the activated carbon surface, in 
the following order CAF (0.13 Å)>CBZ (0.23 Å)>ATZ (0.75 Å)> IBU 
(1.28 Å)>SMX (1.54 Å). 
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Fig. 7. NPA charge values for AC/CECs systems. The color code of atoms corresponds to the NPA charge values.  

Fig. 8. Floating bar plots of Root-mean-square deviation (RMSD) from tight- 
binding molecular dynamics simulations of AC/CECs systems. 
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[23] J. Lladó, C. Lao-Luque, B. Ruiz, E. Fuente, M. Solé-Sardans, A.D. Dorado, Role of 
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[28] A. Vásquez-Espinal, O. Yañez, E. Osorio, C. Areche, O. García-Beltrán, L.M. Ruiz, B. 
K. Cassels, W. Tiznado, Structure-antioxidant activity relationships in boldine and 
glaucine: a DFT study, N. J. Chem. 45 (2021) 590–596, https://doi.org/10.1039/ 
d0nj04028b. 

[29] T.N.V. de Souza, S.M.L. de Carvalho, M.G.A. Vieira, M.G.C. da Silva, D. do S. 
B. Brasil, Adsorption of basic dyes onto activated carbon: experimental and 
theoretical investigation of chemical reactivity of basic dyes using DFT-based 
descriptors, Appl. Surf. Sci. 448 (2018) 662–670, https://doi.org/10.1016/j. 
apsusc.2018.04.087. 

[30] A. Spaltro, M.N. Pila, D.D. Colasurdo, E. Noseda Grau, G. Román, S. Simonetti, D. 
L. Ruiz, Removal of paracetamol from aqueous solution by activated carbon and 
silica. Experimental and computational study, J. Contam. Hydrol. 236 (2021) 
103739, https://doi.org/10.1016/j.jconhyd.2020.103739. 

[31] S. Muthusaravanan, K. Balasubramani, R. Suresh, R.S. Ganesh, N. Sivarajasekar, 
H. Arul, K. Rambabu, G. Bharath, V.E. Sathishkumar, A.P. Murthy, F. Banat, 
Adsorptive removal of noxious atrazine using graphene oxide nanosheets: Insights 
to process optimization, equilibrium, kinetics, and density functional theory 
calculations, Environ. Res 200 (2021) 111428, https://doi.org/10.1016/j. 
envres.2021.111428. 

[32] R.J. Martínez, A.Z. Vela-Carrillo, L.A. Godínez, J. de J. Pérez-Bueno, I. Robles, 
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[46] O. Yañez, R. Báez-Grez, D. Inostroza, R. Pino-Rios, W.A. Rabanal-León, 
J. Contreras-García, C. Cardenas, W. Tiznado, Kick–Fukui: a Fukui function-guided 
method for molecular structure prediction, J. Chem. Inf. Model 61 (2021) 
3955–3963, https://doi.org/10.1021/acs.jcim.1c00605. 

[47] G.F. Metha, M.A. Addicoat, Kick: constraining a stochastic search procedure with 
molecullar fragments, J. Comput. Chem. 30 (2009) 57–64, https://doi.org/ 
10.1002/jcc.21026. 

[48] P. Fuentealba, E. Florez, W. Tiznado, Topological analysis of the fukui function, 
J. Chem. Theory Comput. 6 (2010) 1470–1478, https://doi.org/10.1021/ 
ct100022w. 
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