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Abstract. Recent years have witnessed a remarkable surge in the study of noncovalent interactions and
their role in diverse areas of chemistry, biology, material science and allied ﬁelds. Among all, hydrogen
bonding is quite extensively studied. Several other noncovalent interactions continue to attract wide attention.
Notably, cation-p interactions play a crucial role in the function of several binding sites, reaction mechanisms, self-assemblies, catalytic mechanisms, adhesion and cohesion properties in many biological and
chemical systems. The current review focuses on the character of cation-p interactions, its range and its
occurrence from a conceptual point of view. The range and nature of cation-p interactions depend on the type
of p-system and cation involved, besides solvent and environment. The size and polarizability of the psystems and the effective nuclear charge on cation and its multiplicity and spin dictate the structural and
energetic aspects of cation-p interaction. Further, factors affecting the modulation of strength and nature are
brought out in the review. The interplay between the cation-p interaction and the other noncovalent interactions, solvent and counter-ion effects are analysed, and the cooperativity of these forces in organizing
supramolecular architectures are discussed.
Keywords. Cation-p interactions; Non-covalent interactions; Cooperativity; Energy decomposition
analysis; Supramolecular interactions.

1. Introduction
Chemical bonding is the central territory of chemists,
has made spectacular progress towards an understanding of the molecular structure, function, bond
breaking, and bond-formation in molecules in the 20th
century.1–4 The importance of hydrogen bonding for
the very existence of life is widely acknowledged. It is
impressive to see that hydrogen bonding continues to
attract attention over the last century and until about a
couple of decades before noncovalent interactions
were synonyms with hydrogen bonding. However, the
quest to unravel the macromolecular structure and
function in general and biomolecules, in particular,
resulted in probing the nature of intermolecular
interactions deeper.5–7 The efforts towards unravelling
the nature of a diverse set of noncovalent interactions
such as van der Waals, hydrogen bond, p- p, cation-p,
*For correspondence

anion-p, lone pair-p, cation-alkane, halogen bond,
carbon bond, metal ion-lone pair, chalcogen bond,
pnicogen bond, lithium bond, and beryllium bond
fastened only in the few decades. It is interesting to
note that a number of counterintuitive interactions
such as halogen bonding, p-p interactions, anion-p,
etc., were shown to be of immense signiﬁcance in
controlling the supramolecular assembly formation.
How molecules aggregate to form supramolecular
assemblies is interesting in its own right. To unravel
the mechanism, one needs to delineate how noncovalent interactions manifest and operate in molecular
aggregation. While most noncovalent interactions are
considered weak, the efforts towards unravelling the
role of very weak interactions in crystal engineering
are very well accepted. Kebarle and co-workers
reported the cation-p interactions in 1981 but have
generated tremendous interest in wide-ranging ﬁelds,
followed by a series of studies by several groups such
as Dougherty, Gokel Desiraju and others.8–14 Their
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ubiquitous strength, range and overall understanding
and insight are not adequately understood. Therefore,
we attempt to explore the nature, range, strength and
signiﬁcance of the cation-p interactions. Our group has
made a series of exhaustive studies in probing the
nature and scope of cation-p interactions in the last
two decades60–62 and these studies were summarized
as a review in 2013.6 The current update provides the
contemporary perspective of cation-p interactions.
These noncovalent interactions can be broadly
divided into two categories, one is between two neutral
molecules and the other can be between an ion and a
neutral molecule. A classical Coulombic picture of
charge dependencies of two bodies separated by distance ‘r’ is given in Table 1. In general, the strength of
the interaction is likely to be stronger in the latter case.
Thus, the strongest noncovalent interaction is expected
to be between a cation or an anion with an electronrich or electron-deﬁcient center of a neutral molecule,
respectively. The two prominent electron-rich centers
in the neutral molecule are lone pair bearing centers
and p-faces of the molecule. Among these interactions, hydrogen bonds are one of the most extensively
studied over the last century, while other noncovalent
interactions appear to be grossly neglected till the last
couple of decades. Kebarle et al., experimentally
demonstrated that the afﬁnity of p-face of the aromatic
system towards alkali metal cations outcompetes the
lone pair bearing water, which provided an experimental basis for christening the term cation-p interaction.8 Currently, the chemistry, biology, and
materials science communities have recognized
cation-p interaction as a prominent facet of molecular
recognition and is a strong, attractive noncovalent
interaction between the cation and p-system.5–18
However, other essential energy components have
been identiﬁed when studied with higher levels of
theory and larger cation-p model systems.19–21 Figure 1 provides a cursory view of typical cations and psystems, which predominantly occur in chemistry and

Table 1. A classical coulombic picture of charge dependencies of two bodies separated by distance ‘r’.
S. No.
1.
2.
3.
4.
5.
6.

Type of interactions

Distance dependencies

Charge-Charge
Charge-Dipole
Dipole-Dipole
Charge-Induced Dipole
Dipole-Induced Dipole
Dispersion

1=r
1=r 2
1=r 3
1=r 4
1=r 5
1=r 6

Figure 1. Typical cations and p-systems which predominantly occur in chemistry and biology.

biology, and most of them have been extensively
studied computationally and/or experimentally. In
biology and catalysis, some of the non-covalent
interactions are referred as ‘‘second-coordination
sphere effects’’ and are involved in the speciﬁcity and
selectivity of enzymes.22 The cation-p interaction
spares a whole range and will have varied strengths
and impacts on the neighbouring structural assembly
in the solid and solution phase.23,24
2. Different noncovalent interactions
Liquefaction of helium about a century ago by Heike
Kamerlingh Onnes25 has ﬁrmly scripted the effectiveness of weak dispersive forces. Hydrogen bonding
and stacking have become essential features to
understand the nature of biomolecules and therefore
deciphering the nature of noncovalent interactions and
their manifestation in supramolecular assembly formation appears to be of profound importance in
understanding life processes. This review gives a list
of noncovalent interactions, albeit far from being
exhaustive. It is interesting to note that recent years
have witnessed tremendous interest in exploring some
of the non-intuitive ones such as the halogen bonding
and anion-p interactions, which appear to be even
more popular than the highly intuitive cation-p interactions. Energy decomposition analysis (EDA), noncovalent index (NCI), quantum theory of atoms in
molecules (QTAIM) analysis have emerged as elegant
and powerful tools to probe the nature of molecular
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interactions in general and noncovalent interactions in
particular.19,26–30 The ion-molecule interactions,
cation-p interactions are quite obvious. Further, this
highly intuitive interaction from a conventional perspective was shown to have a wide range of binding
energies. While some of the interactions between
cationic and p systems are comparable to weak noncovalent interactions, some others can be quite strong.
So much so that the strength of the cation-p interactions can be extremely high, thereby prohibiting them
from being classiﬁed under noncovalent interactions.
The current review explores the factors that affect
the nature and strength of cation-p interactions by
looking at the charge of cations, modulation in psystems, and quadrupole/dipole moments of p systems. Further, the manifestation of cooperativity
involving cation-p interaction is also presented in this
review. A statistical analysis of their occurrence in the
literature has also been summarized in Table 2. This is
followed by a critical summary of QTAIM, EDA, and
NCI plot analysis.
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3. Dipole and quadrupole moments of benzene
and other p systems
Cation-p interactions occur between the aromatic
system and cation, is believed to be governed by the
interaction of cation with negative quadrupole formed
by the p-electron clouds of the aromatic ring.6–9,32–34
In benzene, the sp2 carbon has a greater electronegativity than H, which produces substantial C--H? bond
dipoles. The sum of these six local dipoles can be seen
as a quadrupole of benzene. Disturbance in these
dipoles through modulations in p-system in terms of
size and substitution by heteroatoms or electronegative
groups inﬂuences cation-p interaction strength. It
could be understood by considering the change in the
magnitude of quadrupole moment (or p-electron density) and molecular polarizability.35,36 The importance
of polarization in the cation-p interaction can be
understood by the interaction of cation with a positive
quadrupole aromatic system. For instance, the interaction energy of Li? with 1,3,5-tricyanobenzene is

Table 2. Number of citations of selected noncovalent interactions in the last 25 years as
obtained from Web of Science.86
Year

Cation-p

Anion- p

Lone pair-p

Halogen-p

Cation-Alkane

1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

348
556
712
959
1391
1569
2289
2848
3319
3892
4600
5142
5624
6181
6164
7569
8356
9282
9304
9487
10005
10223
10829
12256
13242

7
5
5
11
8
17
15
48
66
152
288
582
911
1223
1260
2006
2487
2782
3129
3422
3785
3764
4396
4704
5432

19
20
12
17
19
33
20
30
27
46
40
48
66
113
144
202
289
318
407
443
571
558
725
753
1011

12
5
8
6
5
7
9
3
4
6
12
16
13
30
31
46
42
91
107
134
157
192
185
214
235

18
11
11
10
8
8
7
3
5
5
3
9
3
4
2
2
8
1
3
11
9
15
8
5
6
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- 4.12 kcal/mol where the positive quadrupole of
1,3,5-tricyanobenzene is ?21.12 DÅ and this interaction become repulsive when the aromatic system
approaches positive quadrupole ?30 DÅ.35,36 An
effective interaction of cation with the dipole moment
are not observed when the dipole moment of aromatic
molecule lies in the plane of the aromatic ring. For
instance, naphthalene shows strong binding with alkali
metal ions than benzene and is driven by the electrostatic energy, which arises from ion-dipole, ionquadrupole, and ion-induced dipole interactions,
however, dominated by the ion-quadrupole interaction.
Ion-induced dipole interactions also play a crucial role
in binding between cation and p-system, and to a
greater extent in complexes to the smallest cation as
expected based on the distance dependences of the
ion-quadrupole and ion-induced dipole interactions.
Lewis and co-workers investigated the binding preference of cation on dipolar monosubstituted aromatics
and stated that p cloud is generally preferred by Na?
ion over the negative end of the dipole moment.36 The
substitution of benzene by N atom leads to a disturbance in the symmetry of the p-electron system where
more negative charge is localized towards the N
atom.37 The unsymmetrical distribution of electrons
leads to two comparative binding modes viz. r-binding to the lone pair of electrons on a nitrogen atom
(dipole moment) and p-bonding to the p-electron
density of the aromatic system. Interaction of Li? ion
with quadrupole aromatic system, benzene is stronger
than the dipole system, water because of much greater
polarizability of benzene, 9.99 Å3 compare to water
1.45 Å3.31,35,37,38

4. The occurrence of noncovalent interactions
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cation system, respectively to investigate the cation-p
interactions. Besides, Histidine amino acid could also
be considered a cation or a p-system based on its
protonation state. In the available databases, the search
criteria to ﬁnd cation-p interaction between the aromatic ring and cationic side chain of amino acid is
mainly based on the structural parameters.39,40 Our
group has developed several public domain databases
such as Cation-Aromatic Database (CAD) and Aromatic–Aromatic Interactions Database (A2ID),41 In
CAD, the cation can be perpendicular or along the
aromatic ring giving cation-p and cation-r interactions respectively. To recognize the interaction
between aromatic motif and cation, aromatic rings of
Phe, Tyr, His, and Trp amino acids were considered
rings, and a sphere and cylinder were created with a
speciﬁc radius. If the cationic motif is within the
cylinder and sphere is designated as cation-p, however, if the cation is outside the cylinder but inside the
sphere it is a cation-r interaction, as shown in Figure 2. The examination of available protein structures
in the CAD exhibited that aromatic ring containing
amino acids favors binding in p fashion except for
histidine amino acid. Consequently, r-type interaction
is obtained in histidine amino acid, which may be the
presence of an electron-deﬁcient nitrogen atom inside
the aromatic ring. The employed method in this online
database can extract the available cation-p interactions

M

r2

r1

4.1 Database analysis
The extraction of cation-p patterns from the macromolecules, speciﬁcally from the 3D structure of proteins, is of utmost importance to understand the
structural features of cation-aromatic complexes.
However, the exploration of the cation-p moiety in the
proteins is not only stiff but rather also scary. Therefore, the construction of databases employing geometrical parameters to develop methods has become
extremely important to identify the criteria for cationp interaction in the 3D structure of proteins or
macromolecules. Typically, the aromatic side chain of
Phe, Tyr, and Trp amino acids and the cationic side
chain of Lys and Arg acids, and the metal cation (in
the case of metalloproteins) are considered as p- and

Figure 2. Schematic depiction of cation position with
respect to the p-system. The distances r1 and r2 are the
cations to the plane of the aromatic ring and the cation to
the principal axis 41(depicted as a dotted line) of the aromatic
ring respectively.
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for any new protein, which would help to understand
the protein stability and mechanism, and similarly in
protein-engineering and modeling.
5. The nature of noncovalent interactions
5.1 QTAIM analysis
Topological analysis of chemical bonds using Bader’s
AIM theory leads to a deeper insight into the bond
properties and other chemically signiﬁcant information.42 In various theoretical studies, topological
analysis has been demonstrated to explain the nature
of the cation-p interaction and how the strength of the
cation-p interaction is linearly dependent on the concentration of electron density at the cage critical
point.43–46 A very small value of electron density and a
positive value of Laplacian of electron density is
observed for the cation-p interaction despite having
strong or weak interaction. For instance, the value of q
is always less than 0.020 a.u. and greater than 0.004
a.u. for the weakest (-2.87 kcal/mol) or the strongest
(-65.85 kcal/mol) cation-p interactions respectively.38,43,44,47 The examination of di-cations and
onium ions interaction with p-system based on total
energy density H(r) exhibits the partial covalent
character of the cation-p interaction.46,48
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5.2.1. Theoretical background of energy decomposition analysis: Ab initio interaction energy can be
calculated using the supramolecular and perturbation
methods. The supramolecular approach provides a
realistic description of the interaction energy of
molecular systems whose size is consistent, electrons
are correlated sufﬁciently and the energy of monomers
is calculated using the full orbital basis of the
complex. Interaction energy using supramolecular
methods can be calculated as
Eint ¼ EAB  ðEA þ EB Þ
where, Eint , EAB , EA and EB are the interaction energy,
ground state energy of system AB, monomer A and
monomer B, respectively.
Interaction energy using perturbation methods can
be calculated directly as a sum of physically distinct
contributions where the interaction between the fragments is seen as a perturbation to the non-interacting
description. Symmetry-adapted perturbation theory
(SAPT) is a powerful method to decompose the
intermolecular interaction energy into physically
meaningful components viz. electrostatic (Eelc),
induction (Eind), exchange (Eexch), and dispersion
(Edisp) energy.56,57 The SAPT expression for the
Hamiltonian of ground state closed-shell fragment can
be written as,
H ¼ H0 þ V

5.2 Energy decomposition analysis
The decomposition of cation-p interaction energy into
the various energy components leads to a deeper
understanding of the nature of interaction and its
physical origin. Initially, cation-p interaction has been
explained from electrostatic consideration7–9,49 while
later, polarization effects have been emphasized.50–52
For instance, the interaction of polarizable and nonpolarizable cations such as Li? and Na? ions with the
aromatic system are driven by the polarization and
electrostatic energy components, respectively.21,53
Recently, numerous studies have demonstrated the
dominance of dispersion energy in the cation-p interactions.21,48,54 Our group has studied the interaction of
polyatomic ions with aromatic systems very systematically and elucidated the role of dispersion energy in
stabilizing cation-p interaction. Onium ion interaction
with benzene is stabilized via NH-p or CH-p interactions where the contribution of dispersion energy
dominates the interaction and increases about two-fold
in the case of methylated onium ions (Figure 3).48,55

The ﬁrst unperturbed operator H0 can be expressed
as
H0 ¼ HA þ HB
where,
HA ¼ FA þ WA ; HB ¼ FB þ WB
HA and HB stand for the Hamiltonian, FA and FB
stand for the Fock operators and WA and WB
stands for Møller–Plesset ﬂuctuation operator for
both isolated systems A and B, respectively. The
second unperturbed operator v represents the difference between total Hamiltonian H and H0, which
bring together all Coulombic potentials corresponding to the interaction between electrons and
nuclei of monomer A and monomer B and can be
expressed as
v¼

A X
B
X
a

b

B
A
X
X
1
vA ðbÞ þ
vB ðaÞ þ V0
þ
jra  rb j
a
b
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Figure 3. Variation in the percentage contribution of electrostatic (ELEC), polarization (POL) and dispersion (DISP)
energy as a function of various cations in the metal ion-benzene complexes.

vA ðbÞ ¼ 

A
X
a

vB ðaÞ ¼ 

B
X
b

many-particle density matrices are anti-symmetrized
products of the one-particle density matrix.59 The
second-order term, induction, and exchange-induction
energy can be written in the general form

Za
jrb  Ra j
Zb
jra  Rb j

ð2Þ
Eind

¼

0

0



0

X jhuA uB jV AB juA uB ij2
0

m6¼0
ð2Þ

m

EmA  E0A

m6¼0

where V0 is the internuclear interaction between
fragments A and B. The ﬁrst-order polarization energy
for the dimer AB system can be express as
ð1Þ

X jhuA uB jV AB juA uB ij2

0

0

n

EnA  E0A
ð2Þ

Epol ¼ huA0 uB0 jV AB juA0 uB0 i

¼ Eind ðA

where uA0 uB0 is the ground state wave function of
monomer A and B. V AB denotes the intermolecular
interaction potential which includes all the Coulomb
interactions between the nuclei and electrons of both
monomers A and B.58,59 Another ﬁrst-order term,
exchange energy, can be expressed as

The monomers A and B ground state wave functions and energies are denoted by u0A;B and E0A;B
A;B
respectively. uA;B
m;n and Em;n is the excited states and
energies of the monomers, respectively. The two terms
ð2Þ
ð2Þ
Eind (A/B) and Eind (A?B) are the induction energies
of A and B due to the perturbing ﬁeld of B and A,
respectively. The intermolecular interaction operator
V can be deﬁned as

ð1Þ
Eexch

ð1Þ

¼

huA0 uB0 jðV AB  Epol ÞpjuA0 uB0 i
huA0 uB0 j1 þ pjuA0 uB0 i

where p = P1?P2?P3…… indicates the many-electron intermonomer permutation operator. p1 ¼
P
 a2A;b2B Pab and p2 exchanges a single pair of
electrons and exchanges two pairs of electrons
between the monomers, respectively. It may be
expressed in terms of monomer many-particle density
matrices. For a single-determinant wave function, the

V¼

NA
X
i¼1

BÞ þ Eind ðA ! BÞ

uB ðri Þ þ

NB
X
j¼1

uA ðrj Þ þ

NA X
NB
X
1
þ V0
r
i¼1 j¼1 ij

where uA and uB , denotes the electrostatic potential of
all the nuclei of the monomers A and B respectively
and, NA and NAB is the number of electrons in monomers A and B, respectively. Vo is the constant internuclear repulsion term. Another second-order term is
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dispersion and exchange-dispersion energy can be
written as
P
ð2Þ

Edisp ¼

m6¼0
n6¼0

jhuA0 uB0 jV AB juAm uB0 ij2
EmA E0A EnB E0B

ð1Þ

where uðdispÞ denotes the ﬁrst-order dispersion wave
function of the system. Beyond second-order terms,
higher-order term contribution in the perturbing
intermolecular interaction potential can be easily
obtained on the uncorrelated level, which is a HartreeFock correction for higher-order contributions to the
interaction energy, as shown below.
ð1Þ

ð1Þ

dðHFÞ ¼ Eint ðHFÞ  Epol ðHFÞ  Eexch ðHFÞ
ð2Þ

ð2Þ

 Eind ðHFÞ  Eexchind ðHFÞ
The ﬁnal SAPT interaction energy can be written as
1
1
2
2
2
2
Eint ¼ Epol
þ Eexch
þ Eind
þ Eexind
þ Edisp
þ Eexdisp
þ dHF

where the superscript indicates the perturbation
order with respect to the intermolecular interaction
operator. The physical quantities of energy components can be calculated by combining these terms, as
shown below.
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NCI index also allows the classiﬁcation of interactions as attractive or repulsive based on the sign of
second-density Hessian eigenvalue (k2), and the
interaction can be inspected based on the color scale,
i.e., red, yellow, green, and blue. These colors indicate
repulsive, weak repulsive, weak attractive, and strong
attractive interactions, respectively. Our group has
systematically analyzed various noncovalent interactions using NCI plot and the nature of interactions
were examined.60–62 A more pronounced blue (or
greenish-light blue or green) color isosurface for the
bonds is accompanied by the covalent character and a
green or green mixed with blue colour isosurface was
observed for noncovalent bonds suggesting attractive,
weak attractive, and moderate attractive interaction.
The p-hole interaction in cation-p, anion-p, p-p, lone
pair-p and XH-p was characterized based on color and
shape of the isosurface.27
6. Strength of noncovalent interactions
As described in the preceding section, the cation-p
interaction strength can be substantially modulated
due to various factors (Figure 4). Figure 5 depicts how
the strength of Li? will almost become 4-fold when
Mg2? interacts with a carbon entity.57 Even when one
changes the ion from Li? to Mg2?, a fairly comparable

1
Eelec ¼ Epol
1
Eexch ¼ Eexch
2
2
Eind ¼ Eind
þ Eexind
2
2
Edisp ¼ Edisp
þ Eexdisp

Eint ¼ Eelc þ Eexch þ Eind þ Edisp þ dHF

5.3 NCI plots
The NCI method relies on the analysis of electron
density (q) and the reduced density gradient (RDG, s).
The combination of both allows a rough partition of
real space into bonding regions i.e. low q and high s
correspond to non-interacting density tails, high q and
low s correspond to covalent bonds, and low q and low
s correspond to noncovalent interactions. The s can be
deﬁned as
s¼

jrqj
1
=3 4=3
2ð3pÞ q
1

Figure 4. Representation of strength of the various type of
cations with a prototypical p-system benzene. Experimental
values of cation-benzene binding energy are depicted in
black colour and theoretical values are in blue as found at
CCSD(T)/Def2TZVP, and onium ions-benzene at M06-2X/
6-31G* level of theory. 29,48,83–85
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80

75

BE (kcal/mol)

70

CNT (7,7)

CNT (4,4)

50
40
30
20
10

(a)
250
CNT (7,7)

240
230
CNT (4,4)

BE (kcal/mol)

220
160
140
120
100
80
60

(b)

Figure 5. Model p-systems are considered to gauge the
impact of an increasing size of p-system on (a) Li?-p and
(b) Mg2?-p interactions

enhancement in the strength has been observed. So,
clearly, for a given cation, as the size of the p system
increases, the strength of cation-p interactions is correspondingly increased.63–66 Similarly, Figure 6
depicts various other factors that play a key role in
modulating the nature and strength of cation-p
interactions.
7. Cooperativity of noncovalent interactions
The effect of multipole noncovalent interaction
appears to be greater than the submission effect of
individual noncovalent interaction.7,67–69 This is
achieved when the noncovalent motif forms an

Figure 6. Factors inﬂuencing the strength, stability and
nature of cation- p interactions.

interaction with another motif via other noncovalent
interactions and the effects of bonds over each other
can be expressed in a cooperative or anti-cooperative
manner. Several theoretical studies have been done to
get an insight into the cooperativity effect towards the
cation-p interaction.70–77 Our group has examined
various model systems to answer how a pair of noncovalent interactions mutually impact each other,
particularly when one of the noncovalent bonds is
cation-p interaction (Figure 7). Cooperative effects
have been observed in the complex where cation-p and
other noncovalent interactions co-exist viz., cation-p
interaction is cooperative in nature in the presence of
hydrogen bond, halogen bond, and p-p interactions.67–73,77 A quantum chemical calculation of the
ternary systems, i.e., M-phenol-acceptor (M = Li? and
Mg2?; acceptor = H2O, HCOOH, HCN, CH3OH,
HCONH2, and NH3) containing cation-p and hydrogen
bond quantiﬁed a cooperativity effect and computed
positive cooperativity for both cation-p and hydrogen
bonding interaction.71 Some of the ternary systems are
shown in Figure 7. The inﬂuence of cation-p over
hydrogen bonds and vice versa was examined in the
complexes where both interactions co-exist.78,79
Ab Initio study of 4-amino-2-iodophenol as model
system possessing multiple noncovalent interactions,
including cation-p interaction, hydrogen bond, halogen bond, metal ion-lone pair, and charge assisted
hydrogen bond were examined by Saha et al.67 This
study elucidates the enhancement in the hydrogen
bond-hydrogen bond and hydrogen bond-p-p interaction forming cooperative systems by the positively
charged species. In the case of cation-p-p complexes,
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Figure 7. Representation of ternary model systems probing cooperativity of cation-p (CP) interaction with p-p (PP),
hydrogen bond through O (OHB), hydrogen bond through N (NHB) and halogen bond (XB).

the mutual inﬂuence of the cation-p and p-p interaction leads to a strong cooperative effect where the
strength of p-p interaction increases notably in the
presence of cation-p and vice-versa. The effect of
metal ion over the ﬁrst aromatic ring is the major
source of strengthening the p-p interaction. Hence, the
strength of subtle p-p interactions increases substantially, in the presence of a metal ion.7,67,69 Moreover,
the cation-p interaction enhances the effect on the
halogen bond and lithium bond, and it strengthens by
152% to 233% and 18% to 22%, respectively.
In the presence of hydrogen bond in Na?_C6H5CN_H2O complexes, anti-cooperative effects appear
in the cation-p interaction80 while the existence of
tetrel bond enhances the strength as well as cooperativity effect of cation-p interaction with shortening the
length of tetrel bond in ternary complexes.73 Azizi
et al., employed quantum mechanical calculations to
rationalize the cooperative and anticooperative effects
in a series of anion_(p-p?) complexes where p? and
p systems are the pyridinium cation and benzene
respectively.74 This study highlights the anticooperative effects in three-body interaction when an anion
and p? are on the same side of the p-system. However,
cooperative effects are witnessed when the anion and
p? systems are on the opposite side of the p-system.
Strong cooperativity occurs in the anion-p-p? due to
the substantial polarization of the p-system. To design
a reasonable scheme to improve the performance of
composite wax powder, Li and co-workers studied the
cooperativity effect between the cation-p/r and
hydrogen bonding interaction in Na?-graphene oxide(CH4)n complex. This study exhibited a cooperativity
effect due to excellent performance of graphene oxide
to design the composite wax powder.75 Sastry and

co-workers examined the importance of cation-p-p
interactions in biological systems.70 A total of 1941
protein structures containing the M-p-p motif, fetched
from the Protein Data Bank (PDB)81 and Cambridge
Structural Database (CSD)82 were analysed and stated
that cation-p and p-p interactions work in concert.
Individually, these noncovalent interactions are
somehow weak but become substantially stronger and
become even comparable to moderately strong covalent bonds due to the cooperative effects.

8. Outlook and summary
The review presents a compressive account of the
nature of the cation-p interaction. It presents a detailed
and systematic analysis of how the strength of the
cation-p interaction depends on the nature of the
cation and p-system. Energy decomposition analysis
of the review reveals that the nature of interaction
varies primarily from electrostatic driven to polarization driven to dispersion driven; viz., Na?-benzene
interaction has electrostatic as a major component
while Mg2?-benzene interaction is primarily polarization driven. However, the tetramethylammonium
ion-benzene interaction is dispersion driven. The
afﬁnity of metal ions is more towards benzene and
ammonia compare to water. In comparison between
ammonia and benzene, most metal ions prefer the
former. This has a major implication in a heteroaromatic system wherein N containing heteroaromatics,
metal ion invariably prefers r in-plane binding with N
compare to the corresponding cation-p mode of the
interaction. Though, the P substituted analogs have
reduced afﬁnity to bind in r-fashion to the metal ion
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