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A B S T R A C T   

The noncovalent interaction between chlorine oxyanions, namely: (hypochlorite (ClO− ), chlorite (ClO2
− ), chlo-

rate (ClO3
− ), and perchlorate (ClO4

− ), and benzene block is explicitly investigated and analyzed theoretically. The 
performance of a variety of DFT functionals and their dispersion-corrected DFT-D3 functionals as well as various 
wavefunction-based SAPT methods for the prediction of noncovalent interaction energies of C6H6–ClOx

− (x =
1–4) complexes is justified in comparison with the benchmark CCSD(T)/CBS method. The results showed that 
benzene can form stable hydrogen-bond complexes of moderate strength with chlorine oxyanions. Moreover, the 
existence of favorable anion-π interactions between chlorine oxyanions and benzene π-system was demonstrated, 
which is predominantly attributed to attractive dispersion effects that depend on both the anion polarizability 
and the binding distance. It is worth mentioning that the origin of the binding energy in the studied complexes 
was found to be attributed in 68–74% to dispersion interaction. The sSAPT0/aVDZ method is found to perform 
qualitatively well for the prediction of the variation trends for the interaction energy components, compared to 
the computationally expensive, though provided the most accurate performance, SAPT2+(CCD)δMP2/aVTZ 
method. The D3-corrected DFT functionals showed good overall performance, particularly those of M06-2X, 
TPSS, PBE, and B3LYP.   

1. Introduction 

Noncovalent interactions have been found to be of great importance 
in chemistry, supramolecular chemistry, materials science, and molec-
ular biology [1–7]. In particular, the interaction of anions with electron- 
deficient aromatic rings, namely anion-π interactions [8,9], has attrac-
ted considerable attention based on theoretical calculations [10–16]. 
Many of these theoretical studies have primarily been devoted to 
exploring and understanding the nature of the anion-π interaction using 
different anions and π-systems. The studied π-systems have been selected 
to be electron-deficient aromatics of positive quadrupole moments for 
which the electrostatic interaction with anions can be attractive; 
because interactions of anions with electron-rich aromatics with nega-
tive quadrupole moments have been believed to be repulsive [10–14]. It 
has been speculated that this type of interaction is dominated by elec-
trostatic interactions between anions and each of positive quadrupole 

moments and anion-induced polarizations of the electron-deficient ar-
omatic rings [10–12], while others suggested that the origin of anion-π 
interactions involve charge transfer [13,14]. Also, it has been demon-
strated that the binding of anions by substituted benzenes is due to 
charge-dipole interactions of the anion with the substituents, whereas 
the interaction of the anion with the phenyl ring itself remains repulsive 
[15,16]. Experimental evidences for the observation and applications of 
anion-π interactions can be intensively found in the literature [17–20]. 

While much of the computational studies of anion-π interactions 
have been devoted to the interactions of halides with electron-deficient 
substituted benzenes, only few studies concerned with the interaction of 
halide ions with electron-rich substituted benzenes have been reported 
[15,21–23]. Surprisingly, it has been reported that an attractive anion-π 
interaction does exist for electron-rich aromatics with negative quad-
rupole moments such as di/trihalobenzene rings with fluoride ions [21]. 
It has been concluded that the polarizability of the aromatic π-electron 
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density may not be responsible for the aromatic-anion binding but rather 
it may be the polarizability of the aromatic substituents. Furthermore, a 
theoretical and experimental structural evidences of the anion-π inter-
action in gas phase between an electron-rich triethylbenzene ring (Qzz =

− 9.1 DÅ) and a fluoride ion has been reported [22]. The CCSD(T)/CBS 
calculations on the triethylbenzene moiety with fluoride yielded an 
interaction energy of − 0.9 kcal/mol. It has been predicted that anion-π 
interactions are possible even for electron-rich aromatic systems when 
the induction effect is large enough to compensate for the electrostatic 
repulsion [22]. For the interaction of chloride with electron-rich aro-
matic rings such as benzene, which is expected to be strongly repulsive, 
the binding energy is found to be negligible due to the opposing effects 
of electrostatic (unfavorable) and ion-induced polarization (favorable) 
forces, which largely cancel each other out [23]. A previously reported 
theoretical study [15] showed that the interaction energy for trime-
thylbenzene with chloride ion is slightly attractive (− 0.4 kcal/mol at the 
M06-2X/6-31+G(d) level). It was concluded that the anion binding can 
be attributed to direct interaction of the anion with the local dipole 
induced by the substituents and not with substituent-induced polariza-
tion of the π density as previously believed [24]. This idea that anion-π 
interactions are favorable because of electrostatic interaction with the 
substituents was recently supported [25]. Therefore, key questions still 
remain regarding the origin of the ability of these electron-rich aromatic 
π-systems to bind anions: Do attractive anion-π interactions exist be-
tween electron-rich unsubstituted benzene ring and anions other than 
halides for example, halogen oxyanions? Does the nature of the anions 
play a role in the anion π-interaction? Despite the important role the 
polarizability of the aromatic π-electron density plays, does the polar-
izability of the anions themselves correlate with the interaction energy? 
To date, there has been no systematic investigation on the nature of the 
anion-π interactions in which oxyanions interact with the π-system of 
unsubstituted electron-rich aromatic rings. To shed light on these 
questions, the aim of the study reported here focuses on investigating the 
interactions of chlorine oxyanions namely: hypochlorite (ClO− ), chlorite 
(ClO2

− ), chlorate (ClO3
− ), and perchlorate (ClO4

− ) with benzene by using 
high-level ab initio and DFT calculations. 

We have deliberately chosen this series of chlorine oxyanions 
because they are harmful for public health [26–28]. These oxyanions are 
disinfectant by-products that are usually found in the disinfection pro-
cess of a drinking water treatment plant (DWTP) when chlorine, chlo-
rine dioxide, or hypochlorite solution is used as a disinfectant. For 
example, the exposure to ClO2

− and ClO3
− anions can cause oxidative 

damage to red blood human cells [29], while the perchlorate (ClO4
− ) has 

been identified as a contaminant of concern in hypochlorite solutions 
and drinking water systems because it is an endocrine-disrupting 
chemical that can affect the human thyroid system for long-term expo-
sure [30,31]. In this respect, we decided to study the interactions of the 
above mentioned halogen oxyanions with benzene, a prototype of aro-
matic π-systems that can be used as a promising class of neutral anion 
receptors (e.g. graphene and graphene-based materials). To the best of 
our knowledge, no computational studies have been reported on the 
interaction of halogen oxyanions with benzene. 

2. Computational details 

Generally, the CCSD(T) method provides binding energies with 
relatively high accuracy for various types of noncovalent complexes, 
especially when a complete basis set extrapolation (CBS) is utilized. 
Therefore, we used it to benchmark the performance of various DFT 
functionals: PBE, PBE0, B97D, TPSS, M06-2X, B3LYP, and ωB97XD, and 
their dispersion-corrected DFT-D3 [32] functionals. The dispersion- 
corrected DFT-D3 functionals are account for an accurate description 
of long range interactions, while both M06-2X and ωB97XD functionals 
already included dispersion corrections to some extent. However, add-
ing the D3 correction to M06-2X functional was found to improve the 
results in general [33]. 

In seeking to locate benzene centroid-anion structures, we initially 
optimize the possible low-energy conformations of the different 
C6H6–ClOx

− (x = 1–4) complexes at the MP2/6–311++G(d,p) level. The 
lowest-energy conformers of these complexes that only describe the 
noncovalent interaction of the studied anions with the π-system of 
benzene will then be selected for the benchmark calculations. All ge-
ometry optimizations were performed without symmetry constraints. 
The vibrational frequency analysis was carried out to ensure that the 
conformations are global (aryl C–H hydrogen-bonding: S1) or local 
(anion-π interactions: S2 and S3) minima on the potential energy sur-
face. All calculated binding energies were corrected for the basis set 
superposition error (BSSE) using the counterpoise (CP) correction [34]. 
From the benchmark calculations, we aim to identify DFT functionals 
that are less computationally demanding than MP2 and CCSD(T) 
methods, but yields good agreement with the CCSD(T)/CBS benchmark 
data. 

The MP2 and CCSD(T) binding energies at the complete basis set 
limit can be estimated by Halkier’s two-point extrapolation scheme 
[35,36]. This extrapolation scheme is based on the proportionality of the 
basis set error in the electron correlation energy to N− 3 for the aug-cc- 
pVNZ basis sets (N = D, T, Q …) of Dunning [37]. The MP2/CBS limit 
values were evaluated from aug-cc-pVTZ and aug-cc-pVQZ basis sets. 
The CCSD(T)/CBS limit values were then estimated by adding the MP2/ 
CBS binding energies and the difference between the CCSD(T)/aVDZ 
and MP2/aVDZ binding energies, ΔECCSD(T), according to Eqs. (1)–(4): 

ECBS =
[
ENN3 − EN− 1(N − 1)3 ]/[N3 − (N − 1)3 ] (1)  

where in the present study, N = 4 (Q) and N-1 = 3 (T) 

EMP2/CBS =
{(

EMP2/aug− cc− pVQZ × 43) −
(
EMP2/aug− cc− pVTZ × 33) }/[43 − 33]

(2)  

ΔECCSD(T) = ECCSD(T)/aug− cc− pVDZ − EMP2/aug− cc− pVDZ (3)  

ECCSD(T)/CBS = ΔECCSD(T) +EMP2/CBS (4) 

In order to characterize and understand the nature of the interaction 
existing between the chlorine oxyanions and the π-system of benzene, 
interaction energy decomposition analysis for the lowest energy con-
formations of the studied complexes of chlorine oxyanions with benzene 
was performed using the symmetry-adapted perturbation theory (SAPT) 
[38–40]. An assessment of the accuracy of various wavefunction-based 
SAPT methods for the prediction of noncovalent interaction energies is 
carried out for C6H6–ClOx

− (x = 1–4) complexes using SAPT0, sSAPT0, 
SAPT2, SAPT2+, SAPT2+(3), and SAPT2 + 3 methods with double- and 
triple-zeta basis sets of Dunning denoted as aug-cc-pVDZ (aVDZ) and 
aug-cc-pVTZ (aVTZ), respectively. The geometries used for SAPT cal-
culations are the lowest energy BSSE-corrected MP2/6–311++G(d,p) 
structures. The total interaction energies of SAPT methods are then 
compared with those of our reference CCSD(T)/CBS method. The 
interaction energies are decomposed into electrostatic (Eelst), induction 
(Eind), dispersion (Edisp), and exchange-repulsion (Eexch) components. 
The DFT-D3, MP2, and CCSD(T) calculations are performed using 
Gaussian09 [41] while wavefunction-based SAPT analysis are carried 
out using PSI4 package [42]. In order to further characterize anion-π 
interactions in real space based on the electron density, the noncovalent 
interaction NCI analysis based on the reduced density gradient (RDG) 
method [43] has been performed using the Multiwfn program [44]. 

3. Results and discussion 

3.1. Structures and binding energies of C6H6–ClOx
− (x = 1–4) complexes 

Benzene may have different bonding motifs in its interaction with 
oxyanions. In addition, to the anion–π interaction, it can interact via aryl 
C–H hydrogen bonding [45]. It has been confirmed that benzene C–H 
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groups form hydrogen bonds of moderate strength (17–63 kJ.mol− 1) 
with Cl− ions, as well as with NO3

− and ClO4
− univalent oxyanions 

[46,47]. The present study shows that C6H6 forms three lowest energy 
complexes with chlorine oxyanions through aryl C–H hydrogen- 
bonding (S1) and anion–π (Cl-Up, S2 and Cl-Down, S3) interactions, 
as indicated in Figs. 1 and 2, respectively. Generally, C6H6 can interact 
with the anion via one or two C–H groups resulting in linear or bifur-
cated complex, respectively [45]. The S1 conformers in Fig. 1 are all 
global minima on the potential energy surface, in which oxyanions are 
on the lateral position with respect to the benzene ring, where two C–H 
groups bind to each oxyanion. For ClO− , the linear complex is slightly 
more stable than the bifurcated one, though both of them are global 
minima. It has the shortest hydrogen bond (1.800 Å) with a slightly bent 
C–H⋯O angle (172.1◦). Except for the bifurcated C6H6-ClO− complex, 
which is asymmetric with two C–H⋯O bonds of 2.007 Å and 2.459 Å, 
the complexes of C6H6 with ClO2

− , ClO3
− , and ClO4

− are nearly symmetric, 
with C–H⋯O bonds of ~ 2.160, 2.220, and 2.310 Å, respectively. Based 
on estimating the residual NBO atomic charges on chlorine oxyanions, it 
is worth noting that the NBO charges transferred from ClO− , ClO2

− , ClO3
− , 

and ClO4
− to benzene via hydrogen bonding interaction are found to be 

0.027, 0.022, 0.014, and 0.012e, respectively. This systematic decrease 
in the amount of charge transferred is consistent with the elongation in 
C–H⋯O bond from ClO− (1.800 Å) to ClO4

− (2.309 Å), which goes along 
with the progressive decrease in the binding energies (ΔEb) from 42.78 
(C6H6–ClO− ) to 28.26 kJ/mol (C6H6–ClO4

− ). 
Because aryl C–H hydrogen bonding interaction with anions is well 

established as one of the most important anion-arene interactions, our 
ultimate goal in the present study is to shed some light on the nature of 
the anion-π interaction in C6H6–ClOx

− (x = 1–4) complexes. To accom-
plish this goal, two lowest-lying energy conformations (S2 and S3) 
indicated by Cl-Up and Cl-Down, respectively, are considered. The 
optimized structures are depicted in Fig. 2 together with the equilibrium 
distance between the Cl-atom of the anion and the ring centroid, RCl− x, 
and the MP2/CBS binding energies (ΔEb). The anions are located along 
the principal axis of the benzene ring with chlorine atoms perpendicu-
larly centered above the benzene centroid. In S2 (Cl-Up) orientation, the 
Cl atom is pointing away from the benzene surface while the O atoms are 
facing it and vice versa in S3 (Cl-Down). In C6H6–ClO2

− , the oxygen 
atoms are stacked on either the C atoms or the midpoint of two parallel 
C–C bonds. In S2 and S3 structures of C6H6–ClO3

− and C6H6–ClO4
−

Fig. 1. Linear and bifurcated MP2/6–311++G(d,p) optimized structures of S1 (hydrogen-bonding) conformers of C6H6–ClOx
− (x = 1–4) complexes. MP2/CBS 

binding energies (ΔEb), O–H equilibrium distances (RO− H), and C–H⋯O bond angles are given. 
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complexes, the oxygen atoms have staggered tripod conformations with 
the ring centroid where the oxygen atoms are stacked on the midpoint of 
the C–C bonds, which are nearly isoenergetic with the eclipsed ones (in 
which the oxygen atoms are stacked on the C atoms). The S2 (S3) con-
formers have relatively small binding energies of − 0.21 (− 1.34), − 3.93 
(− 5.35), − 4.19 (− 7.63), and − 4.11 kJ/mol (− 1.40 kJ/mol) for ClO− , 
ClO2

− , ClO3
− , and ClO4

− , respectively, at the MP2/CBS level, see Fig. 2. It is 
obvious that the binding strength increases when going from ClO− to 
ClO3

− , and then decreases for ClO4
− , which is in consistent with the 

corresponding variation in RCl− x values, where RCl− x decreases when 
going from ClO− (3.509 Å) to ClO3

− (3.144 Å), while it becomes the 
longest in the case of ClO4

− (Fig. 2). This eccentric behaviour can be 
attributed to the fact that, in C6H6-ClO4

− complex an oxygen atom is 
located between the chlorine atom and benzene centroid. 

Except for C6H6–ClO4
− , the S3 orientations are significantly more 

favorable than S2 ones. This may be initially explained on the basis that 
the negatively charged oxygen atoms in S3 orientations are pointed 
upward from the electron-rich benzene ring, and hence minimize the 
repulsive electrostatic interaction between the oxyanions and the 

negative quadrupole moment of benzene. In contrast, the S2 orientation 
of C6H6–ClO4

− complex is more stable by 2.7 kJ/mol than the corre-
sponding S3 orientation. In agreement with our finding, the Cl-Up 
orientation of ClO4

− with the electron-deficient cyanuric acid (Qzz =

6.96 DÅ) is found to be more stable by 2.0 kcal/mol than the corre-
sponding Cl-Down orientation at the MP2/CBS level of theory [48]. 
Therefore, the focus here will be on the S3 (Cl-Down) conformers of 
ClO− , ClO2

− , and ClO3
− anions and the S2 (Cl-Up) orientation of ClO4

− to 
be our candidates for the assessment of DFT and SAPT methods with our 
benchmark reference CCSD(T)/CBS method. 

The calculated BSSE-uncorrected and BSSE-corrected binding en-
ergies of C6H6–ClOx

− (x = 1–4) complexes are given in Table 1. Signifi-
cant BSSEs are noticed in the studied complexes. Generally, the CP 
correction to BSSEs provides improvement to binding energies with 
respect to the reference CCSD(T) values, where it goes parallel with the 
trend of change in binding energy when going from C6H6–ClO− to 
C6H6–ClO4

− for a particular basis set. On the other hand, as the basis set 
size increases from aVDZ to aVQZ, the MP2 binding energies increase 
and the BSSE tends to decrease accordingly. The C6H6–Cl− binding 

Fig. 2. Optimized structures of S2 and S3 conformers (Cl-Up and Cl-Down) of C6H6–ClOx
− (x = 1–4) complexes calculated at the MP2/6–311++G(d,p) level with 

BSSE correction. MP2/CBS binding energies (ΔEb, kJ/mol), RCl− x and RO− x equilibrium distances (Å) between the ring centroid × and Cl or O atoms, respectively, 
are given. 
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energies are given for comparison. For C6H6–Cl− complex, it is not 
surprising to find that all MP2 and CCSD(T) binding energies are positive 
due to a strong repulsive interaction between the negative charge of Cl−

ion and the negative Qzz of benzene (experimental Qzz = –8.7 DÅ), 
which is consistent with previously reported expectations [10–12]. 
Unlike the C6H6–Cl− and C6H6–ClO− which are unstable by 3.74 and 
1.36 kJ/mol at CCSD(T)/CBS level with respect to the dissociated ben-
zene and each of Cl− and ClO− , respectively, the complexes of benzene 
with ClO2

− , ClO3
− , and ClO4

− become stable (− 2.18, − 4.53, and − 1.60 kJ/ 
mol, respectively). Careful inspection reveals that the variation trends in 
binding energy when going from C6H6–ClO− to C6H6–ClO4

− are very 
similar at the MP2/aVNZ (N = D, T, and Q), MP2/CBS, and CCSD(T)/ 
CBS levels of theory. These trends of variation in binding energy when 
going from C6H6–ClO− to C6H6–ClO4

− go along with similar trends of 
variation in RCl-x interacting distances. More interestingly, a trend of 
increasing the binding energy when going from MP2/aVDZ to MP2/CBS 
level for each complex is detectable. In the absence of any substituents, it 
may be the polarizability of chlorine oxyanions that is responsible for 
the favourable anion-π interactions between benzene and chlorine 
oxyanions. 

In order to elucidate the important role the polarizability of chlorine 
oxyanions may play in the binding of the studied oxyanions to benzene, 
the London formula (Eq. (5)), derived from second-order perturbation 
theory, has been used to calculate the dispersion energy of the interac-
tion between the anion and π-systems [49]. It correlates the distance 
between the interacting centers, RAB, their polarizabilities (αA, αB), as 
well as their ionization potentials (IA, IB) and produces the dispersion 
contribution to the energy of interaction (Edisp). 

Edisp = −
3
2

IA⋅IB

IA + IB

∑

a

∑

b∕=a

αA⋅αB

R6
AB

(5) 

The calculated polarizabilities (αA, in Å3) and the first ionization 
potentials (IA, in kJ/mol) of the anions calculated at the MP2/aVTZ level 
on the MP2/6-311++G(d,p) optimized structures of the interacting 
anions are shown in Table 2. The corresponding αA and IA of benzene, 
calculated at the same level of theory are footnoted. The dispersion 
energies (Edisp, in kJ/mol) calculated using the London formula at the 
optimized distances between the chlorine atom of the anion and the 
benzene’s centroid (RAB, in Å) are revealed. Careful inspection of the 
data in Table 2 shows that the polarizability of the oxyanions increases 
with increasing the number of oxygen atoms from 4.121 for Cl− (x = 0) 
to 6.126 Å3 for ClO4

− (x = 4). This may be due to the accompanying 
increase of the π-electron density of the oxyanion that is dispersed over 
all the oxygen atoms as a result of an extended π-system. Thus, the 
polarizability contribution (αA٠αB) to the dispersion energy increases 
from about 43.23 for C6H6–Cl− to 64.26 Å6 for C6H6–ClO4

− . For the 
ionization potential contribution, the overall effect is obviously 

insignificant. 
It is noteworthy that the dispersion energy (Edisp) estimated from 

London’s formula (Eq. (5)) correlates well with the interacting distance, 
RAB (RCl− x), where it increases from 7.73 kJ/mol for C6H6–Cl− (RAB =

3.591 Å) to 30.47 kJ/mol for C6H6–ClO3
− (RAB = 3.144 Å), and then 

drops to 11.07 kJ/mol for C6H6–ClO4
− (RAB = 3.810 Å), in accordance 

with Eq. (5) and Table 2. This correlation is consistent with that of the 
calculated binding energies (ΔEb) of the studied complexes and the 
binding distances (RCl− x), as indicated in Fig. 2. It can be explained on 
the basis that the Cl atom becomes more positively charged when going 
from Cl− to ClO3

− , while the anion’s negative charge is distributed on the 
oxygen atoms that are oriented far away from the center of the benzene 
ring, which makes the interaction of the positively charged Cl atom with 
the quadrupole of the benzene ring more favorable. In the case of 
C6H6–ClO4

− complex, in which the ClO4
− anion is stacked on the benzene 

ring with three of its oxygen atoms directed downward and the fourth 
one is upward, the RCl− x increases to 3.810 Å with a subsequent decrease 
in Edisp to 11.07 kJ/mol. On the other hand, the correlation of the 
dispersion energy with the anion polarizability contribution (αA٠αB) 
goes parallel when going from C6H6–Cl− to C6H6–ClO3

− , which means 
that the increased anion polarizability might lead to stronger dispersion 
interaction, depending on the binding distance. Nevertheless, these 
correlations may confirm that the binding in the studied complexes 
arises predominantly from the attractive dispersion interaction. 

3.2. Non-covalent interaction (NCI) – Reduced density gradient (RDG) 
analysis 

To characterize the nature of the noncovalent interactions, the NCI 
analysis based on the reduced density gradient (RDG) method [43] can 
be used. The RDG is given as: 

RDG(r) =
1

2(3π2)
1/3

|∇ρ(r)|
ρ(r)4/3 (6)  

where ρ(r) and ∇ρ(r) are the electron density and its gradient, respec-
tively. The plot of the RDG versus sign(λ2) ρ(r), that is, the density ρ(r) 
multiplied by the sign of λ2 (the second eigenvalue of the electron 
density Hessian matrix) can provide valuable information about the 
nature of the interaction. In addition, the sign of λ2 can be used to 
distinguish between the bonded (λ2 < 0) and non-bonded (λ2 > 0) in-
teractions. Therefore, the analysis of the sign of λ2 can help to differ-
entiate between different types of noncovalent interactions, whereas the 
electron density ρ(r) can correlate with their relative strengths. Fig. 3(a) 
shows plots of the RDG versus sign(λ2)ρ(r) for the studied C6H6–ClOx

− (x 
= 1–4) complexes. The regions of very low ρ (i.e., ρ < 0.005 a.u.) 
correspond to weak dispersion interactions, while those of slightly 
higher density values (i.e., 0.005 < ρ < 0.05 au) correspond to stronger 
noncovalent interactions, including both attractive hydrogen bonding 

Table 1 
BSSE-corrected binding energies (ΔEb, in kJ/mol) of S3 (Cl-Down) conformers of 
C6H6–ClOx

− (x = 1–3) and S2 (Cl-Up) conformer of C6H6–ClO4
− complexes ob-

tained at various MP2 and CCSD(T) levels of theory. BSSE-uncorrected binding 
energies are given in parentheses. Binding energies of C6H6–Cl− complex are 
given for comparison.  

Complex MP2 CCSD(T) 

aVDZ aVTZ aVQZ CBS aVDZ CBS 

C6H6–Cl− 5.35 
(2.52) 

2.44 
(0.35) 

2.02 
(1.06) 

1.71 7.38 
(4.17) 

3.74 

C6H6–ClO− 1.32 
(− 2.58) 

− 0.55 
(− 3.07) 

− 1.01 
(− 2.09) 

− 1.34 4.02 
(− 0.33) 

1.36 

C6H6–ClO2
− − 3.23 

(− 10.97) 
− 4.20 
(− 8.30) 

− 4.86 
(− 6.52) 

− 5.35 − 0.06 
(− 8.52) 

− 2.18 

C6H6–ClO3
− − 6.52 

(− 19.35) 
− 6.84 
(− 12.59) 

− 7.30 
(− 9.58) 

− 7.63 − 3.42 
(− 17.19) 

− 4.53 

C6H6–ClO4
− − 1.35 

(− 10.21) 
− 3.39 
(− 8.26) 

− 3.80 
(− 5.89) 

− 4.11 1.15 
(− 8.48) 

− 1.60  

Table 2 
Calculated molecular polarizabilities (αA, Å3) and first ionization potentials (IA, 
kJ/mol) of the chlorine oxyanions, the optimized distance between the chlorine 
atom of the anion and the benzene’s centroid (RAB, in Å), contributions of mo-
lecular polarizabilities (αA⋅αB, in Å6) and ionization potentials (IA⋅IB/(IA + IB), in 
kJ/mol) for the C6H6–ClOx

− (x = 0–4) complexes, and the corresponding 
dispersion energies (Edisp in kJ/mol).   

aαA 
aIA αA⋅αB IA⋅IB/(IA + IB) RAB Edisp 

Cl− 4.121 350.40 43.230 255.70 3.591 − 7.73 
ClO− 4.690 275.90 49.199 213.60 3.509 − 8.44 
ClO2

− 5.370 235.90 56.331 188.80 3.279 − 12.86 
ClO3

− 6.010 463.70 63.045 311.20 3.144 − 30.47 
ClO4

− 6.126 559.10 64.262 351.40 3.810 − 11.07  

a The molecular polarizability and the first ionization potential of benzene are 
αB = 10.490 Å3 and IB = 945.9 kJ/mol, respectively, calculated at MP2/aVTZ 
level. 
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(λ2 < 0) and steric repulsion/nonbonded overlap (λ2 > 0) [43]. Careful 
inspection of the RDG plots reveals clearly that there are no spikes in the 
blue regions which suggest the absence of any hydrogen bonding be-
tween the oxyanions and the C–H of the benzene ring for all complexes. 
There exists a spike in the red region located in the low-density, low- 
gradient region, which indicates the existence of strong repulsion at the 
center of the benzene ring due to the nonbonding overlap. There are two 
distinct spikes located in the very low density (i.e., ρ < 0.005 a.u.) region 
(green), which indicates the existence of anion-π interactions between 
the benzene ring and oxyanions in all studied complexes. As the inter-
action energy of these complexes becomes more negative, when going 
from C6H6–ClO− to C6H6–ClO3

− , the location of these spikes shift towards 
the more negative sign(λ2)ρ values. Fig. 3 (b) displays the corresponding 
low gradient (RDG = 0.5 au) low density isosurfaces of the studied 
complexes. The RDG isosurfaces provide a real molecular space visual-
ization of noncovalent interactions. In the present work we are specif-
ically interested in the regions of low density and low RDG which are 
indicative of weak noncovalent interactions (green). The low-gradient, 
low-density isosurfaces show areas of nonbonded overlap at the center 
of the benzene rings (red). The anion-π interactions are visualized in fan- 
shaped green regions centered between the anions and benzene ring. 
This clearly demonstrates that the C6H6–ClOx

− (x = 1–4) complexes 
studied here are exclusively formed by anion–π interactions. 

3.3. SAPT assessment of the interaction energies of C6H6–ClOx
− (x = 1–4) 

complexes 

It is well known that an anion is expected to be drawn to an electron 
deficient π-system through electrostatic interaction. For this anion to 
approach the centroid of an electron-rich π-system ring, it is supposed to 
be electrostatically repelled. However, the orbital overlap resulting from 
this approach apart from enhancing the dispersion and induction in-
teractions (favorable) increases the repulsive exchange interaction 
(unfavorable). These opposing effects largely cancel out each other, 
leading to net attractive anion-π interactions in many electron-rich 
π-systems [21–23]. To verify this belief, the various types of forces 

participating in this type of interaction will be analyzed by using SAPT 
calculations. 

The assessment of SAPT performance for the prediction of non-
covalent interaction energies is carried out for C6H6–ClOx

− (x = 1–4) 
complexes using SAPT0, sSAPT0, SAPT2, SAPT2+, SAPT2+(3), and 
SAPT2 + 3 methods with aVDZ and aVTZ basis sets. The total interaction 
energies of SAPT calculations are given in Table 3 together with the 
corresponding CCSD(T)/CBS values. It should be noted that, the inter-
action energy, Eint, obtained exclusively by the SAPT analysis, refers to 
the difference between the energy of the complex and the energy of the 
isolated monomers in the geometry of the complex. This slightly differs 
from the binding energy (ΔEb) reported in Table 1, which is the energy 
difference between the energy of the complex and the energy of the 
isolated monomers in, however, their optimized geometries. Mean ab-
solute error (MAE) and root mean square error (RMSE) of the various 
SAPT methods with respect to CCSD(T)/CBS are given. The MAE and 
RMSE are used to measure the errors in comparing the various SAPT 
methods as well as to characterize the performance of each method. 
Interaction energies for C6H6–Cl− are given only for comparison. As 
shown in Table 3, the MAE and RMSE values of the various SAPT 
methods range from 0.31 to 5.09 kJ/mol. The methods that yield the 
lowest overall errors are SAPT2+(CCD)δMP2/aVTZ and SAPT2+(3)δ 
MP2/aVTZ (0.31 and 0.46 kJ/mol, respectively), while those that yield 
the highest overall errors are the SAPT2/aVTZ and SAPT2+/aVTZ (5.07 
and 4.97 kJ/mol, respectively). 

Similar to MP2 [50,51], both SAPT0 and sSAPT0 perform better with 
smaller basis sets such as aVDZ than with the relatively larger aVTZ basis 
set where there can be a favorable cancellation of errors (SAPT0/aVDZ 
has a MAE of 1.49 kJ/mol, while SAPT0/aVTZ has a MAE of 3.28 kJ/ 
mol). SAPT2, 2+, 2+(3), and 2 + 3 with aVDZ basis set have MAEs of 
3.00, 2.86, 1.00, and 0.75 kJ/mol, respectively, while they performs 
worse with aVTZ yielding MAEs of 5.07, 4.97, 2.49, and 1.99 kJ/mol. 
Compared to SAPT0, it seems that these SAPT methods of relatively high 
order perform worse with aVDZ and much worse with the relatively 
large aVTZ basis set with many times higher computational cost. There 
is an obvious decrease in MAE from SAPT2 to SAPT2 + 3 with either 

Fig. 3. NCI-RDG analysis: (a) Plots of reduced density gradient (RDG) versus the electron density ρ multiplied by the sign of the second Hessian eigenvalue (λ2) for 
weak interactions in C6H6–ClOx

− (x = 1–4) complexes at the MP2/6–311++G(d,p) level (b) RDG isosurfaces (isovalue = 0.5 au). The surfaces are colored on a blue- 
green–red scale according to values of sign(λ2)ρ, ranging from − 0.04 to 0.04 au. Blue indicates strong attractive interactions, red indicates strong repulsive 
nonbonded overlap, and green indicates weak electrostatic and van der Waals interactions. 
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aVDZ or aVTZ. Moreover, the trend of increased accuracy with increased 
order holds for the studied complexes with either aVDZ or aVTZ. SAPT2 
+ 3 performs better than SAPT2+(3) with both aVDZ (0.75 vs. 1.00 kJ/ 
mol) and aVTZ (1.99 vs. 2.49 kJ/mol). 

It is worth noting that the inclusion of δMP2 correction in SAPT2 +
δMP2 and SAPT2+(3)δMP2 with relatively large aVTZ basis set signifi-
cantly improve their performance. They yield MAE of 2.20 and 0.46 kJ/ 
mol, respectively. Because δMP2 correction includes both induction and 
dispersion characters one may suggest that the energy components that 
favourably participate in the interaction energies of studied complexes 
are the induction and dispersion forces. To further treatment of 
dispersion energy, CCD dispersion amplitudes are used here alone 
(SAPT2+(CCD)/aVTZ) and in conjunction with δMP2 correction 
(SAPT2+(CCD)δMP2/aVTZ). Though SAPT2+(CCD) is an improvement 
over SAPT2+, it does not outperform SAPT2+/aVDZ in terms of MAE. 
On the other hand, SAPT2+(CCD)δMP2/aVTZ provides the most accu-
rate performance with the smallest MAE of 0.31 kJ/mol, in agreement 
with previously reported findings [52]. 

The SAPT analysis is carried out for C6H6–ClOx
− (x = 1–4) complexes 

using sSAPT0/aVDZ and SAPT2+(CCD)δMP2/aVTZ methods. The total 
interaction energies of SAPT calculations are given in Table 4 together 
with the corresponding CCSD(T)/CBS values. Careful inspection shows 
that, for all C6H6–ClOx

− (x = 1–4) complexes, SAPT2+(CCD)δMP2/aVTZ 
reproduces the CCSD(T)/CBS interaction energies very well, while 
sSAPT0/aVDZ largely underestimates them. However, sSAPT0/aVDZ 
performs qualitatively well for the prediction of the trends of variation 
of the different components of the interaction energy, compared to the 
computationally expensive SAPT2+(CCD)δMP2/aVTZ. The perfor-
mance of sSAPT0 method has found to be qualitatively better with small 
basis sets for highly polarizable systems such as the current studied 
complexes, where there can be a favorable cancellation of errors [51]. 
Therefore, sSAPT0/aVDZ method may be more suitable for studying 
larger anion-π aromatic systems with much lower computational cost. 

The SAPT2+(CCD)δMP2/aVTZ results show that the interaction 

energy of C6H6–Cl− (2.06 kJ/mol) is close to our CCSD(T)/CBS value 
(1.86 kJ/mol) and the previously reported CCSD(T)/CBS value (2.34 kJ/ 
mol) [23]. Careful inspection reveals that the C6H6–Cl− has repulsive 
electrostatic (13.86 kJ/mol) and exchange (20.82 kJ/mol) energies that 
are mostly compensated by the attractive induction (− 15.82 kJ/mol) 
and dispersion (− 16.81 kJ/mol) energies. 

The introduction of an oxygen atom stabilizes the resultant 
C6H6–ClO− complex by 1.63 kJ/mol, compared to C6H6–Cl− . However, 
it is still unstable by 0.43 kJ/mol, where Edisp and Eind contributions are 
almost cancelled out by the unfavorable Eelst and Eexch components. As 
the number of oxygen atoms increases when going from C6H6–ClO− to 
C6H6–ClO3

− , the binding energy increases by about 5.45 kJ/mol, while 
for C6H6–ClO4

− , it increases by only 3.88 kJ/mol. 
It is worth to note that there is a shift from repulsive to attractive 

electrostatic (Eelst) component in the case of C6H6–ClO3
− , where it be-

comes attractive by 3.86 kJ/mol. This shift is accompanied by a pro-
gressive increase in the repulsion-exchange (Eexch) component as well as 
the attractive dispersion component (Edisp), which goes along with a 
corresponding shortening in the interacting distance (RCl-x) from 3.591 
Å (C6H6–Cl− ) to 3.144 Å (C6H6–ClO3

− ) and then elongation to 3.810 Å 
(C6H6–ClO4

− ) (Fig. 2), where it goes parallel with the trend of variation 
in binding energy when going from C6H6–ClO− to C6H6–ClO4

− (Table 1). 
Therefore the binding distances correlate not only with the binding 
energies of the studied complexes but with their dispersion components 
as well (Table 4). This is also consistent with the trend of variation of 
London’s dispersion energy, Edisp, and the interacting distance, RAB as 
indicated in Eq. (5) and Table 2. 

The results given in Table 4 show that the anion-induced polarization 
effect has a favorable contribution to the interaction energy, where all 
C6H6–ClOx

− (x = 0–4) complexes have attractive induction (Eind) en-
ergies. However, these Eind contributions are relatively low, and only 
slightly decrease from C6H6–ClO− (− 8.0 kJ/mol) to C6H6–ClO3

− (− 7.3 
kJ/mol), while the corresponding dispersion effects are two-fold (− 15.6 
kJ/mol) to four-fold (− 28.8 kJ/mol) higher. It is known that the charge 

Table 3 
SAPT interaction energies (in kJ/mol) for the low-lying energy conformers of C6H6–ClOx

− (x = 1–4) complexes using the MP2/6-311++g(d,p) optimized geometries. 
C6H6–Cl− interaction energies are given for comparison and not included in MAE and RMSE.  

Method/Basis set C6H6–Cl− C6H6–ClO− C6H6–ClO2
− C6H6–ClO3

− C6H6–ClO4
− MAE RMSE 

CCSD(T)/CBS 1.86 0.70 − 1.89 − 5.01 − 3.02 0.00 0.00 
SAPT0/aVDZ 4.81 2.08 − 2.46 − 8.78 − 2.79 1.49 2.03 
sSAPT0/aVDZ 4.91 2.06 − 2.37 − 8.47 − 2.77 1.39 1.88 
SAPT2/aVDZ − 0.38 − 2.06 − 5.01 − 8.53 − 5.60 3.00 3.02 
SAPT2+/aVDZ 0.27 − 1.35 − 4.49 − 8.72 − 6.10 2.86 2.92 
SAPT2+(3)/aVDZ 1.95 0.61 − 2.57 − 6.92 − 4.34 1.00 1.21 
SAPT2+3/aVDZ 2.16 0.98 − 2.37 − 6.88 − 3.37 0.75 0.99 
SAPT0/aVTZ 0.94 − 0.48 − 4.92 − 11.37 − 5.55 3.28 3.79 
sSAPT0/aVTZ 1.05 − 0.51 − 4.83 − 11.03 − 5.53 3.17 3.63 
SAPT2/aVTZ − 2.94 − 3.87 − 6.91 − 10.93 − 7.78 5.07 5.09 
SAPT2+/aVTZ − 2.41 − 3.19 − 6.40 − 11.10 − 8.40 4.97 5.04 
SAPT2+δMP2/aVTZ 1.27 − 0.56 − 4.16 − 7.88 − 5.40 2.20 2.27 
SAPT2+(CCD)/aVTZ − 1.63 − 2.20 − 4.67 − 8.25 − 6.45 3.09 3.10 
SAPT2+(CCD)δMP2/aVTZ 2.06 0.43 − 2.43 − 5.02 − 3.45 0.31 0.37 
SAPT2+(3)/aVTZ 0.07 − 0.71 − 3.86 − 8.48 − 6.11 2.49 2.62 
SAPT2+(3)δMP2/aVTZ 3.76 1.92 − 1.61 − 5.25 − 3.11 0.46 0.64 
SAPT2+3/aVTZ 0.52 − 0.18 − 3.59 − 8.48 − 4.94 1.99 2.20  

Table 4 
sSAPT0/aVDZ and SAPT2+(CCD)δMP2/aVTZ energy components of the interaction energies of S3 (Cl-Down) conformers of C6H6–ClOx

− (x = 1–3) and S2 (Cl-Up) 
conformer of C6H6–ClO4

− complexes. Energy components of C6H6–Cl− are given for comparison as well as the CCSD(T)/CBS values of Eint.  

Complexes sSAPT0/aVDZ SAPT2+(CCD)δMP2/aVTZ CCSD(T)/CBS 

Eelst Eexch Eind Edisp Etot Eelst Eexch Eind Edisp Etot Eint 

C6H6–Cl− 21.02 17.66 − 17.97 − 15.79 4.91 13.86 20.82 − 15.82 − 16.81 2.06 1.86 
C6H6–ClO− 15.07 12.53 − 10.00 − 15.54 2.06 9.61 14.41 − 8.01 − 15.58 0.43 0.70 
C6H6–ClO2

− 6.01 21.48 − 8.54 − 21.32 − 2.37 2.54 23.95 − 7.64 − 21.28 − 2.43 − 1.89 
C6H6–ClO3

− − 2.12 31.08 − 8.71 − 28.72 − 8.47 − 3.86 34.95 − 7.28 − 28.83 − 5.02 − 5.01 
C6H6–ClO4

− 13.99 21.33 − 13.93 − 24.16 − 2.77 9.38 23.45 − 11.74 − 24.54 − 3.45 − 3.02  
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transfer (CT) energy as well as the polarization effect is included in the 
SAPT induction energy component (Eind), where the CT is a short-range 
intermolecular interaction and the polarization effect is a long-range 
interaction [53]. Therefore, the shortening in RCl− x equilibrium dis-
tance when going from ClO− to ClO3

− was supposed to be accompanied 
by a consequent increase in CT contribution (an increase in Eind value), 
which has not occurred. This may be explained on the basis that the role 
of the charge-transfer interaction is insignificant, compared to that of 
dispersion effect. In addition, the APT-charges (Atomic Polar Tensor 
approach) [54] (0.023, 0.017, 0.01, and 0.027e) and the NBO charges 
(0.012, 0.011, 0.013, and 0.008e) transferred from ClO− , ClO2

− , ClO3
− , 

and ClO4
− , respectively, to the π-system of benzene do not correlate with 

the interaction energy. However, the APT charges do correlate with the 
corresponding induction energies (see Table 4). Therefore, the induction 
effect, in terms of short-range CT interaction, has minor contribution to 
the binding energy, while the origin of the binding energy in the studied 
complexes can be attributed in 68–74% to dispersion interaction. 

The variation of Eelst component induced by the introduction of ox-
ygen atoms to Cl− ion can be further discussed in terms of electrostatic 
potentials (ESPs). ESP maps for benzene, chlorine oxyanions, and 
C6H6–ClOx

− (x = 1–4) complexes are depicted in Fig. 4. It is well known 
that the negative Qzz of benzene maximizes the electrostatic repulsion 
for anion such as Cl− when approaches the ring centroid. However, the 
introduction of strongly electronegative oxygen atoms results in a sub-
sequent increase in the nuclear charge on the central Cl atoms (natural 
atomic charges of chlorine (oxygen) atoms of ClO− , ClO2

− , ClO3
− , and 

ClO4
− are − 0.116 (− 0.884), 0.877 (− 0.939), 1.856 (− 0.952), and 2.606e 

(− 0.901e), respectively. The ESP maps clearly show the negative ESP 
above the benzene ring, which is consistent with the largely negative Qzz 
value of benzene. More importantly, a progression in the reduction of 
the negative ESPs above the Cl atoms (relatively small negative in blue) 
of ClO− , ClO2

− , and ClO3
− is clearly noted. This can be due to the presence 

of a greater quantity of nuclear charge on the Cl atoms when going from 
ClO− to ClO3

− , which leads to such depletion in the negative ESP values 
near the Cl atoms. This depletion is, in turn, accompanied by a pro-
gressive increase in the negative ESPs distributed around the oxygen 

atoms (relatively large negative values in red) and much more favour-
able anion-π interactions, as compared to C6H6–Cl− . Therefore, these 
anions are expected to favourably lie above the benzene ring, where 
chlorine atoms are perpendicularly centered above the benzene 
centroid, while the oxygen atoms are directed upward (S3, Cl-Down 
conformer) as shown in Fig. 4. For ClO4

− , the negative ESP is equally 
distributed around the anion surface. When the ClO4

− anion is stacked on 
the benzene ring with three of its oxygen atoms directed downward and 
the fourth one is upward (Cl-Up), the electrostatic component becomes 
repulsive with Eelst value of 9.38 kJ/mol (Table 4). 

3.4. Assessment of DFT binding energies 

The BSSE-corrected binding energies of C6H6–ClOx
− (x = 1–4) com-

plexes obtained at various levels of DFT along with the deviations (ΔΔE 
(=ΔEDFT − ΔECCSD(T)/CBS)) from the reference CCSD(T)/CBS values are 
given in Table 5. Inspection of the data shows that, the dispersion- 
uncorrected DFT functionals (PBE, PBE0, and TPSS) largely deviate 
from the CCSD(T)/CBS binding energies by ~3.68–9.97 kJ/mol. It is 
worth noting that, these deviations from CCSD(T)/CBS binding energies 
progressively increase when going from C6H6–ClO− to C6H6–ClO3

− , and 
then slightly decrease in the case of C6H6–ClO4

− , which is reflected in the 
trend of increasing the attractive dispersion contributions in the studied 
complexes (Table 4). For B97D (hybrid GGA-D), M06-2X (hybrid meta- 
GGA), and ωB97XD (Long-range corrected (LC) hybrid GGA-D) func-
tionals, in which the dispersion correction is included to some extent, 
the CCSD(T)/CBS binding energies are moderately underestimated by 
~1.31–4.02 kJ/mol. 

In particular, the M06-2X binding energies are the closest to the 
CCSD(T)/CBS values (within 1.3–3.6 kJ/mol). This is in consistent with 
what has been previously reported: the M06-2X meta-GGA hybrid 
functional is the best dispersion-corrected meta-GGA hybrid on the 
GMTKN30 database [33,55], where it has previously been employed for 
modeling noncovalent interactions. 

On the other hand, the D3-corrected DFT functionals show good 
overall performance. They underestimate the CCSD(T)/CBS binding 

Fig. 4. Electrostatic potential (ESP) map of benzene, ClOx
− (x = 1–4) anions, and the low-lying energy conformers of their C6H6–ClOx

− (x = 1–4) complexes on the 
0.001 electrons/bohr3 surfaces obtained at the MP2/6–311++G(d,p) level (C: grey; H: white; Cl: green; O: red). 
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energies by ~0.05–3.6 kJ/mol. These deviations steadily decrease when 
going from C6H6–ClO− to C6H6–ClO3

− , and then slightly increase in the 
case of C6H6–ClO4

− , which is reflected in the trend of increasing the 
corresponding dispersion contributions, as indicated in Table 4. For 
C6H6–ClO− , M06-2X-D3 deviates by 0.79 kJ/mol from the CCSD(T) 
value, whereas it agrees very well (ΔΔE = 0.05 kJ/mol) for C6H6–ClO3

− . 
However, for C6H6–ClO2

− and C6H6–ClO4
− , PBE-D3 shows better agree-

ment. The accuracy of D3-corrected M06-2X method appears to be 
improved by ~ 0.59–1.60 kJ/mol when going from C6H6–ClO− to 
C6H6–ClO4

− complex, compared with the D3-uncorrected M06-2X one, 
which is also consistent with the corresponding increase in the disper-
sion component (Table 4) from C6H6–ClO− (− 15.6 kJ/mol) to 
C6H6–ClO3

− (− 28.8 kJ/mol) and then to C6H6–ClO4
− (− 24.5 kJ/mol). 

This finding asserts on the importance of the dispersion forces in the 
binding nature of oxyanion-benzene complexes. Overall, comparison of 
the deviations from the CCSD(T)/CBS binding energies given in Table 5 
results in the following ranking in order of decreasing the accuracy: 
M06-2X-D3 ≈ TPSS-D3 ≈ PBE-D3 ≈ B3LYP-D3 > PBE0-D3 > B97-D3 >
M06-2X > ωB97XD > B97D > PBE > TPSS > PBE0. This suggests that 
D3-corrected functionals could be useful for reliable binding energy 
predictions for large oxyanion-π systems. 

4. Conclusions 

In the present study, we have investigated the different interactions 
of chlorine oxyanions (ClOx

− (x = 1–4)) with benzene using high levels of 
ab initio and DFT theories. The results showed that benzene forms three 
lowest energy complexes with chlorine oxyanions through aryl C–H 
hydrogen-bonding (S1) and anion-π interactions (S2 and S3). The 
hydrogen-bonding interaction was found to be of moderate strength. In 
contrast to the unfavourable anion-π interactions of halide anions on the 
electron-rich benzene surface, the present study demonstrates the 
presence of favourable anion-π interactions between chlorine oxyanions 
and the π-system of the unsubstituted benzene ring. This attractive 
anion-π interaction is predominantly attributed to attractive dispersion 
effects that depend on both the anion polarizability and the binding 
distance. It is worth mentioning that the origin of the binding energy in 
the studied complexes can be attributed in 68–74% to dispersion 
interaction. 

In SAPT methods assessment, the SAPT2+(CCD)δMP2/aVTZ method 
was found to be the most accurate method, which may go along with our 
finding that the dispersion and induction forces play a predominant role 
in the interaction energies of the studied complexes. However, sSAPT0/ 
aVDZ method was found to perform qualitatively well for the prediction 
of the variation trends of the different components of the interaction 
energy, compared to the computationally expensive SAPT2+(CCD)δ 
MP2/aVTZ. 

A variety of DFT functionals and their dispersion-corrected DFT-D3 
functionals have been considered and justified in comparison with the 
benchmark CCSD(T)/CBS method. Among the studied DFT functionals, 
D3-corrected functionals were found to have the best performance in 
predicting the binding energies in C6H6–ClOx

− (x = 1–4) complexes. This 
finding asserts on the importance of the dispersion forces in the oxy-
anion binding to benzene. 
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