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a  b  s  t  r  a  c  t

Activated  carbons  (ACs)  are  widely  used  in  the  purification  of  drinking  water  without  almost  any  knowl-
edge about  the adsorption  mechanisms  of  the  persistent  organic  pollutants.  Chlordecone  (CLD,  Kepone)
is an  organochlorinated  synthetic  compound  that  has  been  used  mainly  as agricultural  insecticide.  CLD
has  been  identified  and  listed  as a persistent  organic  pollutant  by the Stockholm  Convention.  The  selec-
tion  of  the  best  suited  AC  for this  type of  contaminants  is  mainly  an  empirical  and  costly  process.  A
theoretical  study  of  the  influence  of AC  surface  groups  (SGs)  on  CLD  adsorption  is  done  in order  to  help
understanding  the  process.  This  may  provide  a  first selection  criteria  for the  preparation  of  AC  with  suit-
able  surface  properties.  A  model  of  AC  consisting  of  a  seven  membered  ring  graphene  sheet  (coronene)
with  a functional  group  on the  edge  was  used  to  evaluate  the  influence  of the  SGs  over  the  adsorption.
Multiple  Minima  Hypersurface  methodology  (MMH)  coupled  with  PM7 semiempirical  Hamiltonian  was
employed  in  order  to  study  the  interactions  of  the  chlordecone  with SGs  (hydroxyl  and  carboxyl)  at  acidic
TAIM and neutral  pH  and  different  hydration  conditions.  Selected  structures  were  re-optimized  using CAM-
B3LYP  to  achieve  a well-defined  electron  density  to  characterize  the  interactions  by  the  Quantum  Theory
of  Atoms  in Molecules  approach.  The  deprotonated  form  of  surface  carboxyl  and  hydroxyl  groups  of  AC
models  show  the  strongest  interactions,  suggesting  a  chemical  adsorption.  An  increase  in carboxylic  SGs
content  is proposed  to enhance  CLD  adsorption  onto  AC at neutral  pH  conditions.

© 2016 Elsevier  Inc.  All  rights  reserved.
. Introduction

Chlordecone (CLD), decacholoropentacyclo[5.3.0.02.6.03.9.04.8]
ecan-5-one (CAS 143-50-0), is a chlorinated organic compound
f chemical formula C10Cl10O (Fig. 1). It has been addressed as a
ersistent Organic Pollutant (POP) by the Stockholm Convention

ince May, 2009 [1], and it has also been included in the Oslo and
aris Convention (OSPAR) as a substance of possible concern [2].
etween 1951 and 1975 about 1,600,000 kg of CLD were synthe-
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sized in the U.S.A., the production was stopped in 1976, and finally
in 1990 the authorization for its use was retired in France. However,
it was extensively used as pesticide in banana crops until 1993 in
the French West Indies: Martinique and Guadeloupe [3,4].

Chlordecone presents a low solubility in water (2.7 mg  at 25 ◦C),
except at pH > 9 where chlordecone hydrate appears, it has a
high molecular weight (490.64 g/mol) and its vapor pressure is
−2.25 × 10−7mmHg  at 25 ◦C [5]. Due to chlordecone’s persistence
in natural environments and its high chemical and microbiological
resistance, even after several years of not being used, 8–9% of culti-
vation areas of Guadeloupe contain CLD concentrations higher than
1 mg/kg in topsoil, and as high as 9 mg/kg in some banana fields [3].

CLD may  be bound to soils for several decades to half a millennium,
depending on soil type [3]. CLD has a strong affinity for lipids with a
large bioaccumulation and biomagnification along of the food chain
(log Kow = 4.5–6) [4,5], and it is known for its endocrine-disrupting
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Fig. 1. (A) AC model consisting on coronene and its oxidi

haracter [6,7] and its carcinogenic potential [8–10]. Before CLD
roscription in the French West Indies, polluted tap water, local
ottled spring water, and contaminated food have been consumed
11,12]. It has been recently shown that prenatal exposure is as well
ssociated with a decreased length of gestation, hormone disrup-
ion and altered infants’ cognitive and motor development [13,14].
he presence of chlordecone at high concentration (up to 10 �g/L)
n several water resources [15], has risen awareness of CLD pol-
uted consumption and residual waters as a serious issue. In order
o limit CLD exposure for the population in Guadeloupe and Mar-
inique, drinking water and production plants have been equipped
ith activated carbon (AC) filters [16,17].

ACs are very popular systems for treating water contaminated
ith persistent organic pollutants and to limit pesticide contami-
ation [18–22]. The adsorption process onto AC is a very complex
henomenon ruled by multiple factors that range from chemical
omposition to textural properties [23,24]. The experimental pro-
edures for determining the best-suited adsorbent are very time
nd resources consuming due to the high number of ACs types
hat are needed to be tested [16,25–27]. The influence of surface
roups content over the adsorption properties has been reported
nd studied to some extent both experimentally and theoretically
or porous carbons, mainly AC and soot particles [28–32]. Durimel
t al. prepared sugarcane bagasse ACs with different textural char-
cteristics and surface compositions, and used them to evaluate
he influence of those factors along with the solution pH over the
dsorption of CLD on AC. The results indicated that high carbon
nd acidic groups content favors the adsorption of CLD on AC [16].
he present work focuses on evaluating the influence of some AC
urface groups (SGs) over the adsorption of CLD under acidic and
eutral conditions. The interactions of CLD with two SGs of AC are
tudied using Multiple Minima Hypersurface (MMH)  methodology
33–36]. MMH  is a non-dynamical stochastic approach that allows
stimating the thermodynamic association functions by means of
he internal energy calculations with semiempirical Hamiltonians.

In a previous work [17,37], a methodology based on MMH
as proposed for the study of the influence of AC surface groups

ver the adsorption process of small organic molecules on AC. The
rocedure has been successfully used to identify the main inter-
ctions responsible for hexachlorocyclohexane isomers (� and �)
17], paracetamol and 125I-paracetamol [37] adsorption in similar
ystems. The current work aims to extend the methodology to a
ore complex system, using a bigger AC model as required by the

ize of the contaminant (CLD). Furthermore, in the present work
he interactions between the CLD and AC surface groups are ana-
yzed taking into account the energetic and geometrical aspects in

rder to better understand the adsorption process. Since the energy
nd geometric analysis suggests the possibility of chemisorption in
ome systems, the Quantum Theory of Atoms in Molecules (QTAIM)
rms: X = H (Coronene), COOH, COO− , OH, O− and (B) CLD.

approach [38] is used to provide a more rigorous classification of
the nature of interactions. The final goal is to provide insights to
improve the selection process of the best suited ACs according to
its SGs compositions for the removal of chlordecone.

2. System under study

The interactions between the guest molecules and AC’s sur-
face have been studied with different theoretical procedures. Small
polycycles and their oxidized derivatives are commonly used for
building idealized models of carbon based materials [28,39–50].
In fact, naphthalene [17,44,45] coronene [37,43,49–51], and their
derivatives have been repeatedly employed for this kind of theo-
retical studies. The use of such small models has both advantages
and disadvantages, being the most obvious of the advantages the
savings in computational resources allowing either the application
of relatively high level calculations or a throughout exploration of
the interactions space. On the other hand, the use of these small
models brings alone negative effects regarding their size, and, in
some cases, the oversimplification of the structure. The dramatic
reduction in size of these models with respect to the real structures
can reduce the non-local contributions to the dispersion energies.
In the specific case of AC, the use of oxidized forms of polycycles
completely neglects the influence of pore shape, defects, pore size
and pore connectivity. In return, it allows to explore the Potential
Energy Surface (PES) and to perform a large number of calculations
with a minimal computational cost in order to achieve a quantum
chemical and statistical description of the edge SGs influence over
the adsorption processes.

In a previous work, Durimel et al. showed that CLD adsorption
onto the studied ACs is probably governed by hydrogen bonding of
chlorine groups in CLD with carboxylic surface groups of AC and by
hydrophobic interactions between the graphitic surface of the AC
and the CLD [16]. It is known that ACs contains O,  N, S and inorganic
minerals according to its natural origin. These heteroatoms can be
bonded on the graphene layers edges or in the aromatic rings in
the graphene layers faces. In this last case the sp2 character of the
C atom is lost, but this oxidation occurs to a lesser extent compared
to the oxidation over the sp2 carbons situated on the edges. It is
known that the presence of oxygen containing SGs on the graphene
edges has a decisive influence over the AC properties [52] and that
is why  both, theoretical and experimental studies emphasize these
SGs. In order to focus our attention on the SGs’ influence over the
adsorption process, the selected AC model consists of a seven ringed
aromatic polycycles (coronene) with a functional group attached

to the edge of the molecule (Fig. 1). As surface groups, hydroxyl
(OH) and carboxyl (COOH) both directly attached to an sp2 carbon
lying on the edge, were selected since these are the most commonly
encountered and abundant oxygenated SGs on ACs surfaces [39].
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Fig. 2. General theoretical methodology used in the present work.

The coronene aromatic compound has been chosen herein to
odel the ACs. The edge of the coronene has been modified by car-

oxyl and hydroxyl groups to obtain the oxygen containing models
f AC (see Fig. 1A). Note that the models provide both, the aromatic
haracter (or graphene structure) and the SGs at the edges of ACs.

. Methods and procedures

The general methodology employed in the present study con-
ists of two main steps. In the first step the MMH  methodology
s utilized to explore the interactions space of the CLD with the
C SGs and select distinctive minima structure representing differ-
nt types of interaction. The second step is a follow up step where
he selected distinctive minima structures are re-optimized using
FT and the geometries and electronic structure are treated using
TAIM [38] to more accurately describe the nature of the interac-

ions present. Fig. 2, describes the general methodology followed
n this work.

MMH methodology combines a quantum semi-empirical meth-
ds for the evaluation of the energies with statistical mechanics to
btain thermodynamic quantities related to the molecular associ-
tion process [53–61]. The main procedure of this approach will be
utlined briefly.

An appropriate construction of several random molecular
eometries initially generates a set of n non-redundant cluster con-
gurations, starting from the independently optimized structures
f AC, CLD and water. The random structures are optimized, nor-
ally following an energy gradient pathway, and a set of clusters

f local minima in the configuration space is obtained. The energy,
i, of every i-th cluster of the ensemble is thus obtained.

The partition function of molecular association is calculated by
hoosing the same set of non-interacting molecules as reference
alue for the energy scale, which means that the association process
s taken as isothermal.

Thermodynamic properties such as association energy
�EASSOC), entropy (�SASSOC), and Helmholtz free energy (�AASSOC)
re then calculated by this procedure [34,35]. The term of associ-
tion energy used, means the thermodynamic association energy
alculated through the statistically weighted sum (i.e., partition
unction) of the representative “supermolecule” states. It will be
alled “mean association energy” from now on [34].

A Boltzmann distribution is used to calculate the thermally aver-
ged state of the typical macroscopic system at room temperature
298.15 K).

Adsorption is a thermodynamic competitive process where the
tronger interactions dominate over the weaker interactions. How-
ver, in a real system not only one type of interaction (the strongest)
ill determine the adsorption. It is well known that AC surface

s very irregular (morphologically, topologically and chemically
peaking) and many different adsorption sites are present. Even for
imilar adsorption sites, it is possible to find many different ways

n which the solvent is adsorbed, especially for weakly interacting
ystems.

Association energy is defined as �Eassoc = Esupermolecule−Eref,
here, Esupermolecule is the energy of the molecular complex formed
 Graphics and Modelling 65 (2016) 83–93 85

by the AC model and the solvent (water and chlordecone) and Eref
is the sum of the energies of each independent molecules. A favor-
able thermodynamic association implicates that the supermolecule
will be more stable than the isolated molecules. Considering that
the energy of the molecules are negative, then �Eassoc will be neg-
ative. Thus, a major absolute value of �Eassoc correspond to more
energetically favorable associations.

The standard MMH  procedure [33] puts the solute in the center
of a cubic box and then generates the solvent molecules in random
configurations. By this procedure, the region of space for generated
solvent molecules cannot be restricted. In the present work, how-
ever, we utilized a modified version of the MMH  methodology in
order to improve the exploration of the configurational space [36].

The first modification relates to the program that generates the
random configurations to allow specification of the region, orienta-
tion and dimensions of the solvent box [36]. This functionality can
be used to make a more rational use of computational resources
and improved analysis when exploring the configurational space
involving an elongated shape solute molecule. The second modifi-
cation consists of an additional step to select the minimum number
of random configurations needed to ensure a correct exploration of
the configurational space. The specifics to these modifications have
been described in detail in previous works [17,37].

The number of different random configurations was set to 700
after testing to obtain the minimum number of initial configura-
tions needed for a reasonable convergence of the �EASSOC. The
semiempirical Hamiltonian PM7  [62] was used for the optimiza-
tion of the 700 different geometries and energies of each system,
as implemented in MOPAC2012 program [63]. PM7  is a modern
semiempirical Hamiltonian and it was  parameterized using exper-
imental and high-level ab initio reference data and it improves
the description of non-covalent interactions with respect to pre-
vious semiempirical methods. The main disadvantage of using a
semiempirical Hamiltonian is the lack of theoretical rigor. However,
semiempirical methods have advantages on their own: these meth-
ods do not suffer from Basis Set Superposition Error (BSSE) because
their basis sets are orthogonal, correlation effects are implicitly
considered during the parameterization procedures using experi-
mental data, and it allows to compute large systems, or in this case
large number of supermolecules, efficiently [64]. For that reason,
the use of semiempirical methods as a practical tool for modeling
chemical systems has been extended to a wider range of species
[62].

For the re-optimization of geometries, Becke’s three parameter
hybrid method using the correlation functional of Lee, Yang and
Parr with the Coulomb-attenuating long-range correction: CAM-
B3LYP [65–68] was used with the Pople’s basis set 6-31+G(d,p).
CAM-B3LYP yields atomization energies of similar quality to those
from B3LYP, while benefiting from a reduced Self-Interaction Error
[65]. The electronic structure was further refined by using the
6311++G(2df,2pd) basis set as implemented in Gaussian 09 [69].

The distinctive minima structures obtained for the systems
SG/CLD/(H2O)n = 0–3 and their electronic structures were treated
using Bader’s QTAIM [38] in order to characterize the interaction
types that take place during the adsorption process according to
Nakanishi’s criteria [70,71]. The QTAIM, enables us to analyze the
nature of chemical bonds and interactions which is one of the main
goals of this investigation.

4. Results and discussion
4.1. MMH calculations. Water clustering

Since adsorption of CLD occurs from aqueous solution, it is
important to understand the role of water as solvent in the interac-
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ions of CLD with OH and COOH SGs. In previous works by our group,
he interaction of water molecules with the SGs has been studied
sing the present methodology for two models of AC, a naphthalene
17] and a coronene-based model [37]. This allows determining the

inimum number of water molecules needed to saturate the SG,
nd the association energies obtained for the water cluster with the
Gs can be used as a reference to compare with the inclusion of the
ontaminant.

Based on the results previously obtained for similar system, the
aximum number of water molecules included in the calculations

or the present study was set to three. The detailed procedure has
een published and all programs for processing are available on a
eb site [17,29,37].

In an attempt to expand the range of applicability of semiem-
irical methods, PM7Hamiltonian was developed in 2012 with a
ubsequent significant increase in accuracy. The result was that
he average unsigned error in the heats of formation of organic
olids calculated using PM7  decreased by more than 50% relative
o that for PM6, previously the most accurate of the NDDO method,
t the same time, errors in PM7  geometries have been reduced by
ver one-third relative to those of PM6  [64]. In previous works our
roup had been working with the semiempirical Hamiltonian PM6-
H2X, but in view of the improved accuracy attained by PM7  we
ecided to switch to PM7  in the present work. Hence, the study
f the interaction of SGs with water clusters up to three water
olecules was carried out in order to compare and validate the

esults against previous ones and in order to have consistent refer-
nce association energy values for the present study. Table 1 shows
he results obtained for the mean association energy per water

olecule (�EASSOC) for water cluster around the SGs obtained in
he present work as well as those obtained previously [17,37].

As shown in Table 1, the results obtained in the present work
re consistent with previously obtained results from a qualitative
tandpoint. That is, the association of water is stronger for COOH
roup than for OH group. The lowest �EASSOC for COOH group is
chieved with a single adsorbed water molecule, and there are not
ignificant differences in �EASSOC after increasing the number of
ater molecules. This result indicates that the first water molecule

aturates the COOH group and it is determinant for the solvation
rocess. However, for OH group the saturation corresponds to an
ggregate containing two or three water molecules, this behavior
s also observed for the coronene/(H2O)n = 1–3 systems.

The pH influence has been taken into account by chemical mod-
fication of the SG. The association energy per water molecule for
mall water aggregates over O− and COO− surface groups is shown
n Table 1. From these results it can be seen that affinity between
harged SG and water molecules is higher for COO− than O− group.
esides, as expected, �EASSOC is lower for charged SG than for neu-
ral SG showing stronger coulomb-dominated interactions leading
o higher affinity between water and charged SG. For both charged
G a single water molecule is enough to reach saturation.

Again, the trends obtained in the present work are consis-
ent with those obtained by Enriquez-Victorero et al. [17] and
ernández-Valdés et al. [37], further confirming the validity of

he procedure. However, the values of the individual association
nergies differ. As expected, difference is bigger for the results of
nriquez-Victorero et al. [17] since in that study both the AC model
nd the Hamiltonian differ from the ones used in this work, while
he results of Hernández-Valdés et al. [37] correspond to a study
here only the Hamiltonian has been changed. For coronene model

he negative partial charge on the O− and COO− groups should
e more delocalized over the aromatic system compared with the

aphthalene model.

Summing up, according to the association energies, the affin-
ty order between water molecules and SG is as follows:
OO− > O− > COOH > OH > coronene. The saturation of the surface
 Graphics and Modelling 65 (2016) 83–93

groups COO−, O−, and COOH occurs when the first water molecule
is added to the systems, while two or three water molecules are
needed to saturate OH surface group and coronene. The electro-
static interactions are dominant and the most stable structures are
mainly dominated by the formation of hydrogen bonds, being the
most stable structures those with the highest number of H-bonds.
This behavior was also obtained by Hernández-Valdés et al. [37].

In order to take into account the solvation process of CLD in
water, systems CLD/(H2O)n=1–5 were studied. MMH  calculations for
the solvation of chlordecone were carried out in order to be conse-
quent with the energy criterion used in the present work (Figures
SF21 and SF22). The lowest �EASSOC for chlordecone/water cluster
is achieved with a single adsorbed water molecule.

4.2. MMH  calculations. CLD adsorption

The conformational space corresponding to the interaction
of each SG with CLD was explored in presence and absence of
water molecules, and modified SGs were included in order to
take into account the solvent and pH influence. A total of 35
systems were studied, 15 systems for SG/(H2O)n = 1–3 and 20 for
SG/CLD/(H2O)n = 0–3. For each system, 700 random individual con-
figurations were generated and evaluated for each system. Fig. 3
summarizes the mean association energy results obtained for CLD
interaction with different surface groups COOH, COO−, OH, and O−

without water and with up to three water molecules at 298 K.
As it can be observed from Fig. 3, the behavior of �EASSOC for the

neutral SG/CLD/(H2O)n systems (SG = Coronene, COOH, and OH) is
very similar for all of them, while for charged SG (COO− and O−), the
�EASSOC is clearly lower. Interestingly, for every system the �EASSOC
values were considerably lower in the presence of the contami-
nant compared to the corresponding association of the AC model
with water molecules alone. Moreover, the stability of the systems
SG/CLD was considerably higher than SG/CLD/(H2O)n = 1–3 systems
(although these were still energetically favored). This behavior sug-
gests that if a CLD molecule is associated with the SG,  the molecules
of water would not be able to compete for the adsorption sites
and easily displace the CLD. However, it is important to note that
in real systems CLD is very diluted and its adsorption constant
will be displaced due to this fact. Numerical values of �EASSOC
for SG/(H2O)n = 1–3 and SG/CLD/(H2O)n = 0–3 systems are shown in
Tables ST1 and ST2 (Section T, Supplementary information). More-
over, Figs. SF1 to SF20 in Section F, supplementary information,
show geometries, interaction distances, association energies and
contribution to the mean association energy (according to the
Boltzmann distribution) for all obtained minima structures with
a population over 5%.

A comparison of the �EASSOC (Section T, Supplementary infor-
mation) for coronene versus the other neutral SGs indicates a very
little dependence of the adsorption process with the SGs composi-
tion at low pH conditions, where all studied SGs remain mostly in
neutral form. On the other hand, at pH ≈ 5–7, which is most likely
the case for drinking water, a rough estimation gives a deproto-
nation of OH surface groups lower than 3% and can be neglected,
while only COOH groups are deprotonated to a considerable extent
(≈90%) [51]. Taking into account that COO− is the only charged sur-
face group, it is predicted that carboxylic surface groups will be the
main contributors to enhance CLD adsorption onto AC at neutral
or slightly acidic pH condition. These results are consistent with
recent experimental findings by Durimel et al. [16]. In that work,
the adsorption of CLD onto ACs of different SGs content was tested,

and AC with the highest content of COOH SGs was  selected as the
best-suited for CLD adsorption [16]. The effects of basic pH condi-
tions in the CLD adsorption onto AC will be the subject of future
investigations.
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Table  1
Mean association energy per water molecule (�EASSOC) for small water aggregates containing up to three molecules of H2O with AC–SG. Energies are given in kJ/mol.

Surface group nH2O �EASSOC �EASSOC
a �EASSOC

b �EASSOC
a − �EASSOC �EASSOC

b − �EASSOC

Coronene 1 −9.0 −7.8 – 1.2 –
2  −12.4 −11.9 – 0.5 –
3  −12.9 −12.1 – 0.8 –

OH 1  −11.9 −16.9 −17.7 −5.0 −5.8
2  −14.9 −25.9 −26.8 −11.0 −11.9
3  −16.0 −24.9 −28.3 −8.9 −12.3

COOH 1  −23.8 −38.0 −36.4 −14.2 −12.6
2  −16.6 −30.7 −33.8 −14.1 −17.2
3  −15.7 −31.1 −31.1 −15.4 −15.4

O− 1 −34.7 −43.9 −52.1 −9.2 −17.4
2  −30.9 −41.5 −49.7 −10.6 −18.8
3  −29.7 −37.5 −50.1 −7.8 −20.4

COO− 1 −57.2 −57.0 −64.0 0.2 −6.8
2  −45.3 −53.8 −56.8 −8.5 −11.5
3  −40.5 −48.9 −53.5 −8.4 −13.0

a Values from Hernández-Valdés et al. based on a similar AC model [33].
b Values from Enriquez-Victorero et al. based on a naphthalene based AC model [17].

Fig. 3. Mean association energies for SG/(H2O)n (dotted lines) and SG/CLD/(H2O)n (solid lines) systems. (a) Carboxylic SGs, (b) hydroxyl SGs. “n” is the number of water
molecules added.

Fig. 4. Distinctive minima structures and their populations (%) for the systems SG/CLD. Cl·  · ·�-cloud interactions. Numbers denote structures found at PM7  while quoted
numbers account for the corresponding re-optimized structures at CAM-B3LYP/6-31 + G(d,p) level of theory.
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Fig. 5. Distinctive minima structures and their populations (%) for the systems SG/CLD/(H2O)n = 1–3. Cl· · ·�-cloud interactions. Numbers denote structures found at PM7  while
quoted  numbers account for the corresponding re-optimized structures at CAM-B3LYP/6-31 + G(d,p) level of theory.
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ig. 6. Distinctive minima structures and their populations (%) for the systems SG
uoted  numbers account for the corresponding re-optimized structures at CAM-B3

As a result of MMH-PM7  calculations two distinctive types of
nteraction were obtained for the systems under study (Figs. 4–6).
he first type of interaction consist of the chlorine atoms of
LD interacting with the �-cloud of coronene (Cl·  · ·�-cloud), giv-

ng rise to a relatively weak interaction. The second type is a
onor–acceptor interaction between negatively charge oxygen of
Gs (COO− and O−) and the electronically deficient carbonyl car-

−
on of CLD (O · · ·CO). These interactions are further described in
ection 4.4 by means of QTAIM.

The first interaction type is mostly non-covalent in nature
etween chlorine atoms of CLD as a Lewis acid and carbon atoms
(H2O)n = 0–3. O−· · ·CO interactions. Numbers denote structures found at PM7  while
-31 + G(d,p) level of theory.

of coronene AC model as a Lewis base. This kind of interaction
can be observed for the complexes including CLD (Figs. 4 and 5).
The introduction of water molecules promotes this type of interac-
tion, as can be seen from the complexes COOH/CLD/(H2O)3-1 and
OH/CLD/(H2O)3-1 (neutral SGs), and from COO−/CLD/(H2O)3-1 and
O−/CLD/(H2O)3-1 (charge SGs) in Fig. 5. The second interaction type
is only present in the charged systems and shows clear signs of

covalence, the bonding distance between the charged oxygen of
the SG and the carbonylic carbon of the CLD (O−· · ·CO interactions)
are in the range between 1.5 and 1.6 Å (Fig. 6). Furthermore, the
carbonylic groups of the CLD in the complexes lose their planar
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onfiguration (i.e., the carbon sp2 character) with the correspond-
ng increase of the C O bond distance from 1.19 Å to 1.24 Å. This
vidence suggests that a chemical sorption may occur at neutral
nd basic pH conditions between CLD and AC.

The Cl·  · ·�-cloud interactions are easily found and appear to be
avored from an entropic perspective since most starting geome-
ries lead to this type of final structure. Nevertheless, the O−· · ·CO
nteractions are much stronger, and taking into account that the
opulation percentage value (99%) of the COO−/CLD-1 complex
Fig. 6) suggests the occurrence of chemical sorption, this kind of
nteraction had not been previously reported. For the O−/CLD sys-
em (absence of water) no close O−· · ·CO interaction was found,
owever, it is readily found after the addition of the first water
olecule (system O-/CLD/H2O-1, Fig. 6), pointing to a major role of

he solvating water molecules over the association process.
Regarding the aromaticity in the behavior of AC, two  main

ffects are observed in our systems. First, the presence of inter-
ctions involving the delocalized electrons of the aromatic model.
econd, the stabilization of the electron density in negatively
harged surface groups.

As mentioned before, Enriquez-Victorero et al. [17] studied �-
CH and �-HCH adsorption on AC SGs. Since CLD and HCH are

imultaneously present in water bodies as persistent organic pollu-
ants, a competitive relationship with regards to the adsorption on
C should be expected and studies addressing this issue should be
arried out in the future. However, although, the selected semiem-
irical Hamiltonians and AC models are somewhat different, by
omparing the nature of the interactions present in both systems
t can be speculated that CLD adsorption should be favored over
CH by the present of COO− as SG in AC. This suggests that under
eutral pH conditions CLD adsorption onto AC should be favored
ver � and �-HCH.

.3. Re-optimization using CAM-B3LYP DFT

In order to obtain a higher quality electronic structure and
eometry to characterize the nature of the interactions present,

 further minimization process was carried out. The crite-
ion used for the selection of the geometrically representative
tructures was mainly visual and based on general chemical
nowledge. Hence, a further statistical analysis will be mean-
ngless. From the full set of minima obtained by MMH,  12
istinctive minima structures for the systems SG/CLD/(H2O)n = 0–3
ere selected and each PM7  geometry was re-optimized using
AM-B3LYP/6-311++G(2df,2pd)//CAM-B3LYP/6-31+G(d,p) density

unctional method. This re-optimization is especially relevant in the
resent study due to the presence of relatively strong interactions
O−· · ·CO). CAM-B3LYP is a type of range-separated hybrid func-
ional designed to minimize the self-interaction error while being
elatively fast, and thus more suitable than most popular functional
or this type of system where certain degree of charge transfer

ay  occur. Figs. 4–6 show the geometries and population (in per-
ent) obtained by MMH  procedure and its re-optimized geometries
sing DFT. An analysis of these figures shows that for the most
omplexes presented in Figs. 4 and 5, the main interactions are of
he type Cl·  · ·�-cloud. However, Fig. 6 show that some structures
COO−/CLD-1 and O−/CLD/H2O-1) present an interaction between
he negatively charge oxygen of the SG and the electronically defi-
ient carbonylic carbon of the CLD (O−· · ·CO), as mentioned above. It
s noteworthy that upon re-optimization by CAM-B3LYP both inter-
ction types found by MMH  were practically unchanged for most
omplexes, supporting the validity of the results obtained by the

emiempirical method.

When using different methods (such as PM7  and CAM-B3LYP),
t is expected to obtain some rearrangement in the water clusters
nd even in the interactions with the AC model, due to differences
 Graphics and Modelling 65 (2016) 83–93 89

between the PESs when calculated with different methods as it is
expected for weak interacting systems. The difference between the
structures of minima between the methods reflects the flat nature
of the PESs, which is expected for weakly interacting systems. This
reinforces the need to make the largest possible and efficient explo-
ration of the PESs, as it is proposed in our study.

For Cl·  · ·�-cloud interaction types (Figs. 4 and 5), optimiza-
tion methods yielded some differences: while for PM7  the average
interaction distances are about 2.7 Å, CAM-B3LYP/6-31 + G(d,p) re-
optimizations yield an average of 3.6 Å. This result suggests that
the semiempirical Hamiltonian PM7  used in MMH  procedures
overestimates this kind of interactions, which leads to variation
in structures such as COO−/CLD/(H2O)3-1 and O−/CLD/(H2O)3-1
(Fig. 5) during CAM-B3LYP/6-31 + G(d,p) re-optimization process.
Nevertheless, most of the structures of minima obtained from PM7
and CAM-B3LYP conserved the main interaction types. This sup-
port the use of the semiempirical Hamiltonian to describe the main
interactions in the PESs. This conclusion emerges from a compar-
ison of trends between both methods to reproduce the relative
association energies between all distinctive structure (see Fig. SF23
in Supporting information).

4.4. QTAIM analyses

In order to further ascertain the possibility of a chemisorption
process, a QTAIM study was carried out in order to have a more
detailed characterization of the interactions present in the systems
under study. The polar coordinate (R, �) representation of the plot
for Hb(r)c versus (�2/8m)∇2�b(r)c and has been shown to be use-
ful to classify, evaluate and understand the nature of molecular
interactions in a unified and rigorous way  [70,71].

The application of QTAIM allowed to characterize the topol-
ogy of the electron density and its Laplacian at bond critical points
(BCPs), and hence, to describe intermolecular interactions, and clas-
sify them from weak to strong, according to generally accepted
criteria. Other density based functions, namely total energy den-
sity (HBCP), the ratio between potential and kinetic energy density
(VBCP/GBCP), and the ellipticity of the electron density (ε) were also
used for classifying. The values of these properties at BCPs of SG/CLD
and SG/CLD/(H2O)n = 1–3 distinctive complexes are presented in
Tables 2 and 3, also the corresponding structures are shown in
Figs. 7 and 8, respectively. The corresponding electron densities
were obtained used CAM-B3LYP/6-311 + + G(2df,2pd) functional
density.

The interactions showed in Fig. 7 are mainly of dispersive nature
(vdW). The ellipticity of the electron density (�) for Cl·  · ·�-cloud
interactions has high values that are characteristic of directionless
or weak dispersive interactions, meaning that these are not typical
bonding interactions between atoms, but halogen-bond interac-
tions with the �-cloud of the AC model. Halogen bonding is a weak
non-covalent interaction where halogen atoms function as elec-
trophilic species [72]. These types of interactions are present a
wide range of distances and energies ranging from vdW to charge
transfer [73].

The interactions between water molecules and CLD are mostly
either closed shell hydrogen bonds (HB) with a high dispersive
character or charge transfer H2O· · ·CO (CT) types. Few struc-
tures (Table 3) show covalent interactions between the negatively
charged oxygen in the SG and the electronically deficient carbon
in CLD (O·  · ·CO). This confirmed the conclusion drawn from the
analysis of the results from MMH  and the subsequent DFT re-
optimizations (Fig. 6) where it was  suggested the possibility of a

chemisorption of CLD in the presence of charged SGs. The low � in
these cases accounted for straight cylindrical single bonds, and den-
sity based functions verify weak to strong covalent bonds. Taking
into account that COO− is the only charged SG at neutral pH con-
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Fig. 7. Interactions and bond paths obtained by QTAIM for distinctive minima structures for the systems with interactions of the type Cl· · ·�-cloud.

Fig. 8. Interactions and bond paths obtained by QTAIM for distinctive minima structures for the systems with interactions of the type O−· · ·CO.
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Table  2
Interatomic distances (d), electron density (�BCP), Laplacian of electron density (∇2�BCP), total energy density (HBCP), potential-kinetic energy density ratio (VBCP/GBCP) and
ellipticity of the electron density (ε) at the BCPs for the systems with interactions of the type Cl·  · ·�-cloud.

Complex Interaction Atomsa d (Å) �BCP (a.u.) ∇2�BCP (a.u.) HBCP (a.u.) VBCP/GBCP ε Typeb

Coronene/CLD-
1′

1 C· · ·Cl 3.59 0.0040 0.0134 0.0008 −0.6921 0.39 vdW
2  C· · ·Cl 3.83 0.0032 0.0101 0.0006 −0.7011 2.01 vdW
3  C· · ·Cl 3.83 0.0032 0.0100 0.0006 −0.6999 1.61 vdW

Coronene/CLD/(H2O)3-
1′

1 C· · ·Cl 3.76 0.0035 0.0114 0.0007 −0.6973 2.24 vdW
2  C· · ·Cl 4.09 0.0019 0.0058 0.0003 −0.6909 1.14 vdW
3  C· · ·Cl 3.79 0.0033 0.0103 0.0006 −0.6948 1.23 vdW
4  O· · ·C 2.71 0.0144 0.0537 0.0016 −0.8653 0.76 CT

COOH/CLD-
1′

1 C· · ·Cl 3.60 0.0039 0.0132 0.0008 −0.6895 0.61 vdW
2  C· · ·Cl 3.86 0.0028 0.0090 0.0005 −0.7013 2.43 vdW
3  C· · ·Cl 3.78 0.0032 0.0108 0.0006 −0.7029 8.63 vdW

COOH/CLD/(H2O)3-
1′

1 C· · ·Cl 3.79 0.0030 0.0095 0.0006 −0.6872 0.44 vdW
2  C· · ·Cl 4.06 0.0022 0.0065 0.0004 −0.6990 2.88 vdW
3  C· · ·Cl 3.90 0.0026 0.0081 0.0005 −0.6966 1.54 vdW
4  O· · ·C 2.49 0.0230 0.0717 0.0009 −0.9499 0.24 CT
5  H· · ·O 2.03 0.0192 0.0730 0.0019 −0.8854 0.06 HB

COO−/CLD/(H2O)3-
1′

1 O· · ·Cl 3.00 0.0100 0.0382 0.0015 −0.8168 0.13 vdW
2  O· · ·C 2.44 0.0235 0.0815 0.0016 −0.9167 0.11 CT

OH/CLD-
1′

1 C· · ·Cl 3.72 0.0037 0.0118 0.0007 −0.7004 1.18 vdW
2  C· · ·Cl 3.72 0.0035 0.0110 0.0006 −0.6947 0.42 vdW
3  C· · ·Cl 3.90 0.0028 0.0091 0.0005 −0.7033 4.30 vdW

OH/CLD/(H2O)3-
1′

1 C· · ·Cl 3.63 0.0042 0.0135 0.0008 −0.6999 0.54 vdW
2  C· · ·Cl 4.25 0.0015 0.0047 0.0003 −0.6908 2.49 vdW
3  H· · ·O 1.92 0.0244 0.0866 0.0010 −0.9531 0.03 HB
4  O· · ·C 2.62 0.0162 0.0597 0.0017 −0.8684 0.38 CT

O−/CLD-
1’

1  C· · ·Cl 3.61 0.0042 0.0136 0.0008 −0.7000 1.01 vdW
2  C· · ·Cl 3.59 0.0045 0.0147 0.0008 −0.7102 1.92 vdW
3  C· · ·Cl 3.27 0.0084 0.0247 0.0012 −0.7575 0.35 vdW

O−/CLD/(H2O)3-
1’

1  O· · ·Cl 2.91 0.0126 0.0465 0.0015 −0.8483 0.10 vdW
2  O· · ·C 2.48 0.0216 0.0774 0.0017 −0.9019 0.18 CT

a Atoms in the left side of the column correspond to AC model or water molecules, and atoms in the right side are of CLD.
b Interaction types: (vdW) van der Waals dispersive interactions, (HB) hydrogen bonds, and (CT) charge transfer interactions between water and CLD electron deficient

carbon.

Table 3
Interatomic distances (d), electron density (�BCP), Laplacian of electron density (∇2�BCP), total energy density (HBCP), potential-kinetic energy density ratio (VBCP/GBCP) and
ellipticity of the electron density (ε) at the BCPs for the systems with interactions of the type O−· · ·CO.

Complex Interaction Atomsa d (Å) �BCP (a.u.) ∇2�BCP (a.u.) HBCP (a.u.) VBCP/GBCP ε Typeb

COO−/CLD-
1′

1 O· · ·C 1.63 0.1599 −0.0989 −0.1141 −2.2768 0.05 Cov-w
2  C· · ·O 2.83 0.0134 0.0487 0.0017 −0.8339 1.98 vdW

COO−/CLD/(H2O)3-
2′

1 O· · ·C 1.53 0.1991 −0.3406 −0.1990 −2.7478 0.05 Cov-w
2  H· · ·O 1.87 0.0296 0.0916 −0.0009 −1.0386 0.01 HB
3  H· · ·O 1.83 0.0319 0.0979 −0.0016 −1.0606 0.07 HB

O−/CLD/H2O-
1′

1 O· · ·C 1.50 0.2178 −0.4515 −0.2404 −2.8849 0.06 Cov-s
2  H· · ·O 1.77 0.0370 0.0975 −0.0046 −1.1595 0.03 HB

s, and
bonds

d
c
r
p
o

5

s
a
e
s
c
C
o

a Atoms in the left side of the column correspond to AC model or water molecule
b Interaction types: (vdW) van der Waals dispersive interactions, (HB) hydrogen 

itions (over 90%), these results are consistent with the idea that
hemical sorption occurs between CLD and COO− SG at this pH, as
eported experimentally by Durimel et al. [16]. These results can
otentially help to improve the design of better AC for the removal
f CLD from drinking water.

. Conclusions

MMH  methodology, together with a simplified model of AC was
uccessfully employed to explore the PESs of the systems of interest
nd evaluated their thermodynamic association energy for differ-
nt pH and solvation conditions. For acidic conditions, the results

uggest a non-dependence of the association energy with the SG
omposition, while under neutral conditions the SG COO− (>90%
OOH deprotonated) should enhance CLD adsorption. A DFT re-
ptimization of some minima structures showed that, although
 atoms in the right side are of CLD.
, (Cov-w) weak covalent interactions, and (Cov-s) strong covalent interactions.

PM7  overestimates the strength of dispersive interactions, it pro-
vides a correct qualitative description of the types of interactions
that dominate the molecular association in these systems. The
study using QTAIM showed a predominance of dispersive inter-
actions for acid conditions and confirmed the presence of covalent
interactions between the negatively charged oxygen of the SGs and
the carbonylic carbon of the CLD, further suggesting the possibility
of a chemical sorption of CLD on charged SGs, especially for COO−

under neutral pH conditions.
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