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ABSTRACT: Cation−π or cation−π−π interaction between one cation and one or
two structures bearing rich π-electrons (such as benzene, aromatic rings, graphene, and
carbon nanotubes) plays a ubiquitous role in various areas. Here, we analyzed a new
type interaction, cation⊗3π, whereby one cation simultaneously binds with three
separate π-electron-rich structures. Surprisingly, we found an anomalous increase in
the order of the one-benzene binding strength of the cation⊗3π interaction, with K+ >
Na+ > Li+. This was at odds with the conventional ranking of the binding strength
which usually increases as the radii of the cations decrease. The key to the present
unexpected observations was the cooperative interaction of the cation with the three benzenes and also between the three
benzenes, in which a steric-exclusion effect between the three benzenes played an important role. Moreover, the binding energy
of cation⊗3π was comparable to cation⊗2π for K+ and Na+, showing the particular importance of cation⊗3π interaction in
biological systems.

■ INTRODUCTION

Noncovalent interactions play crucial roles in the structures,
dynamic processes, and functions of microscale and nanoscale
materials, and also for macroscopic materials.1−9 Specifically,
cation−π interactions are ubiquitous in chemistry, nano-
technology, physics, and biology, occurring in supermolecular
assembly, molecular recognition, enzyme catalysis, drug
delivery, and stability of protein structure,10−17 and their
properties have been extensively studied.18−38

In 1993, Kumpf and Dougherty34 proposed a new interaction
between an alkali metal cation (M+) and two benzenes (Bz)
(denoted as cation−π−π interaction) to form a complex of a
cation sandwiched between two staggered, face-to-face benzene
molecules (M+⊗2Bz complex) based on quantum chemical
methods calculations, which were later experimentally demon-
strated.27 In 2006, Reddy et al.29 showed that the binding
energy of the M+⊗2Bz complex was stronger than the other
possible configuration. Further, Gal et al.35 reported that the
aliphatic chain connecting two benzene rings was favored to
sandwich a Li+ cation between the two benzenes with the help
of cation−π−π interaction. These results suggest that the cation
will trigger a structural folding when the structure contains two
aromatic subunits connected by a flexible atomic chain.
Structures rich in π-electrons (such as benzene, aromatic

rings, graphene, and carbon nanotubes) are abundant in
biological and other materials.39−44 Lisy and his co-workers32,45

performed a series of experiments showing competition of the
cation−π interaction simultaneously with cation−dipole, π−
hydrogen, and water−water hydrogen bonds. El-Shall et al.46

determined the structures of the cluster cations (C6H6)n
+ with n

= 2−6 both experimentally and theoretically. They found a
quasiplanar triangular structure for the benzene trimer ion.
Recently, we demonstrated that cation−π interaction between
Li+ cation and carbon nanotubes was the key to the mechanism
of Li intercalation in Li-based energy storage devices.47 In those
studies, the analysis was still based on the single cation−π
interaction, although there observations focused on a cation
surrounded by three or more π-electron-rich structures
together with one or more water molecules. Thus, the
experimental and simulation results are still far from being
fully understood.
Herein, we analyze a new type of cooperative interaction,

namely a cation⊗3π interaction, whereby one cation (Li+, Na+,
and K+ serving as examples) interacts simultaneously with three
separate structures containing rich π-electrons (as a representa-
tive structure, we have used benzene), which is clearly different
from the cation−π or cation−π−π interactions due to a steric-
exclusion effect between the three benzenes. This cooperative
interaction resulted in a stable triangular structure, ◬,
characterized via one cation surrounded by three benzenes,
termed the M+⊗3Bz complex. Interestingly, we found that the
increase in the order of the one-benzene binding strength
(OBB-strength) of the cation⊗3π interaction with respect to
the radii of the cations was the opposite of the order observed
for the OBB-strength in the cation−π−π and cation−π
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interactions. Explicitly, the OBB-strength of the cation⊗3π
interaction increased, and the OBB-strength of the cation−π
and cation−π−π interaction decreased, with respect to the
cations ranging in order from Li+, Na+, to K+. Here, the OBB-
strength is the absolute value of the one-benzene binding
energy (OBB-energy), which is the binding energy in a
M+⊗nBz complex between a single benzene and the residual
stable M+⊗(n-1)Bz complex. Moreover, the OBB-energies of
the K+⊗3π and Na+⊗3π interactions were comparable to
K+⊗2π and Na+⊗2π, respectively, while the OBB-energy of
Li+⊗3π was much weaker than Li+⊗2π. Considering that the
cation⊗3π interaction also occurs for other ions (such as the
iron, copper, or cobalt cation), these findings are expected to
have great applications in the design and self-assembly of
carbon-based materials/devices, and in the understanding of
biological systems.

■ METHODS
All of our calculations were performed by the second-order Møller−
Plesset perturbation theory (MP2), as implemented in the Gaussian-
09 package48,49 with the 6-311++G(d,p) basis set of triple-zeta quality
and including diffuse functions applied on all atoms, which has been
widely used to study metal cation−π and π−π interactions.50 Basis set
superposition errors (BSSEs) were corrected by using the full
counterpoise correction method.51

The initial structures consisted of three benzenes around one cation
(K+, Na+, or Li+), in which the three benzenes formed a triangle with
the cation at the center of the triangle, and the cation rested over the
hollow site of each benzene (◬). The conformations shown in Figure
1 were obtained after relaxation.

■ RESULTS
The triangular structures after relaxation included two kinds of
conformations (Figure. 1), namely, M+⊗3Bz-T1 and M+⊗3Bz-
T2. In the two K+-based structures, the cation was found at the
hollow site of each benzene, with the three benzenes arrayed
symmetrically around the cation, where the two upper
overlapping benzenes perfectly aligned for the K+⊗3Bz-T1
complex, and they overlapped with a 30° dislocation for
K+⊗3Bz-T2 (Figure 1G,H). The vertical distance between the
cation and a benzene was denoted by dM(T) where M = K, Na,
and Li, and T = T1 and T2. For dK and dNa, the distances were
virtually the same for the T1 and T2 structures, ∼2.95 Å and
2.76 Å, respectively. However, in the Li+-based complex, the
two conformations Li+⊗3Bz-T1 and Li+⊗3Bz-T2 were clearly
different. Li+⊗3Bz-T1 was similar to K+⊗3Bz-T1 with dLi(T1)
= 2.63 Å. Li+⊗3Bz-T2 showed a compact triangular structure
(Figure. 1F), with the cation located above the bridge site of
each benzene ring, although the three benzenes were still
symmetrically arrayed about the cation, with dLi(T2) = 2.37 Å,
the shortest of all the distances observed between any of the
cations and the benzene.
To study the stability of the M+⊗3Bz complex, we examined

the OBB-energy Ebinding, defined by

⊗

= ⊗ − ⊗ − −

+

+ +

E n

E n E n E

(M Bz)

(M Bz) (M ( 1)Bz) (Bz)

binding

(1)

with n = 2, 3. Ebinding(M
+⊗nBz) denotes the binding energy in a

M+⊗nBz complex between a single benzene and the residual
stable M+⊗(n − 1)Bz complex, which can describe the energy
required to separate the benzene from the stable M+⊗nBz
complex and result in the M+⊗(n − 1)Bz complex together

with a free benzene. Here, E(M+⊗3Bz) stands for the energy of
the complex consisting of one cation and three benzenes with
either of the stable structures, M+⊗3Bz-T1 or M+⊗3Bz-T2.
E(M+⊗2Bz) denotes the energy of the complex consisting of
one cation and two benzenes with the most stable structure
M+⊗2Bz, namely the cation sandwiched between two parallel
benzenes.29 E(M+⊗Bz) indicates the energy of the cation−
benzene interaction, while E(Bz) denotes the energy of an
individual benzene. We also calculated the OBB-energy
Ebinding(M

+⊗2Bz) for comparison.
Figure 1I shows the OBB-energies as a function of the radius

of each cation. It is clear that the strength (the absolute value of
the OBB-energies) of the cation⊗3π interaction increased in
the order of Li+ < Na+ < K+, whether they were in the structure
T1 or T2. This is a surprising contrast to the normal order of
the strength for the cation−π−π or cation−π interactions
which are ranked in the order Li+ > Na+ > K+.27 Interestingly,
Ebinding(K

+⊗3Bz-T1) = −14.44 kcal/mol and Ebinding(K
+⊗3Bz-

T2) = −14.60 kcal/mol, very close to Ebinding(K
+⊗2Bz) =

−14.55 kcal/mol, showing that the K+⊗3π interaction was
comparable to K+⊗2π. In contrast, for the Na+ cation,

Figure 1. Relaxed conformations for the K+⊗3Bz (A, D), Na+⊗3Bz
(B, E), and Li+⊗3Bz (C, F) complexes. The labels T1 and T2 denote
the first and the second kinds of structures, respectively. The large
balls, small balls, and violet balls represent the carbon atoms, the
hydrogen atoms, and the cation (K+, Na+, or Li+). (A−F) Top view of
conformations of M+⊗3Bz, in which the vertical distance between the
cation and the benzene is given in the unit of angstroms at the top
views. (G) Side view of the T1 structures of the M+⊗3Bz complex.
(H) Side view of the T2 structures of the K+⊗3Bz and Na+⊗3Bz
complexes. (I) One-benzene binding energy of the M+⊗3Bz (T1, red
dashed; T2, red solid) and M+⊗2Bz (blue solid) complexes. The
strength (the absolute value of the OBB-energies) for the cation⊗3π
interaction of the M+⊗3Bz complex increased in the order of Li+ <
Na+ < K+, whether they were in the structure T1 or T2, contrast with
the normal order of the strength for the cation−π−π interactions of
the M+⊗2Bz complex which were ranked in the order Li+ > Na+ > K+.
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E b i n d i n g (Na+⊗3Bz -T1) = −11 .58 kca l /mo l and
Ebinding(Na

+⊗3Bz-T2) = −12.08 kcal/mol, which were weaker
than Ebinding(Na

+⊗2Bz) = −18.13 kcal/mol. The energy
difference between them was 6.55 kcal/mol for T1 and 6.05
kcal/mol for T2, corresponding to about 10−11 kBT at a T =
300 K. Thus, Na+⊗2Bz is more stable than Na+⊗3Bz. For Li+,
Ebinding(Li

+⊗3Bz-T1) = +1.31 kcal/mol, denoting that
Li+⊗3Bz-T1 is much less stable than Li+⊗2Bz. We thought
that there was a barrier between Li+⊗3Bz-T1 and Li+⊗2Bz, so
that the structure Li+⊗3Bz-T1 still showed its stability during
the relaxation. Ebinding(Li

+⊗3Bz-T2) = −6.00 kcal/mol, which is
much weaker than Ebinding(Li

+⊗2Bz) = −25.94 kcal/mol, so
that Li+⊗3Bz is obviously less stable than Li+⊗2Bz. We note
that both K+ and Na+ are important and abundant components
in biological systems, while Li+ is much rarer. The comparable
OBB-energies between M+⊗3Bz and M+⊗2Bz for K+ and Na+

imply the importance of M+⊗3Bz in biological systems.
Further, the value of [Ebinding(K

+⊗3Bz) − Ebinding(K
+⊗2Bz)]

− [Ebinding(Na
+⊗3Bz) − Ebinding(Na

+⊗2Bz)] ≈ 10 kBT (for T =
300 K) also indicates the difference between K+ and Na+, which
may be helpful to the understanding of differences in the
behavior of K and Na cations, as in the K-ion channels in a
biosystems.
Mechanism Underlying the Observations. To elucidate

the mechanism underlying the difference of the behaviors
between the K+⊗3π, Na+⊗3π, and Li+⊗3π interactions, and
underlying their anomalous order, we analyzed the interaction
of a single benzene in the M+⊗nBz complex and took the
structure T2 to illustrate the idea. A benzene participates in two
kinds of interactions: (1) the interaction of the benzene with
the cation and (2) the interaction of the benzene with other
benzenes in the complex.
We defined the cation−π interaction energy as Ecation−π

(n) =
Ecation−nπ − Ecation−(n−1)π in the M+⊗3Bz complex (n = 3) and
M+⊗2Bz complex (n = 2). Ecation‑nπ = E(M+⊗nBz) − E(M+) −
E(nBz) denotes the interaction between the cation and the
remaining n benzenes. E(nBz) is the energy of the n benzenes
within the conformation of the M+⊗nBz complex in the
absence of the cation. We thereby obtained the cation−π
interaction energy of an individual benzene with the cation
while taking into account the effect from the other benzenes in
the complex. As shown in Table 1, the differences between
Ecation−π
(3) and Ecation−π

(2) were +2.93 kcal/mol for K+, +7.29 kcal/
mol for Na+, and +21.33 kcal/mol for Li+. These values were

positive, denoting that the cation−π interaction in the M+⊗3Bz
complex is weaker than that in M+⊗2Bz.
We then calculated the π−π interaction energy of a single

benzene with respect to the other benzenes in the complex as
Eπ−π
(n) = Enπ − E(n−1)π, with Enπ = E(nBz) − nE(Bz). Here,

E(nBz) represents the energy of the n benzenes within the
structure of the M+⊗nBz complex, but in the absence of the
cation. The obtained values of the π−π interaction energy
allowed us to evaluate the effect from the relative positions of
the benzenes in the M+⊗nBz complex (see Table 1).
Compared to the case of two-benzene stacking in the
M+⊗2Bz complex, a benzene in M+⊗3Bz obtained an
additional π−π energy from three-benzene stacking: −2.97
kcal/mol, −1.24 kcal/mol, and −1.38 kcal/mol for K+, Na+, and
Li+, respectively. The negative sign of these values denotes that
the stacking interaction of an individual benzene with the other
benzenes in the M+⊗3Bz complex is stronger than that in
M+⊗2Bz.
Now we can rewrite eq 1 as

⊗ = +π π π
+

− −E n E E(M Bz) n n
binding cation

( ) { )

The difference of the OBB-energy between the M+⊗3Bz and
M+⊗2Bz complexes read

Δ = − + −π π π π π π− − ‐ ‐E E E E E( ) ( )binding
(3,2)

cation
(3)

cation
(2) (3) (2)

(2)

which includes the difference due to the cation−π interaction
(the first two terms) and due to the π−π interaction (last two
terms). As shown in Table 1, (Ecation−π

(3) − Ecation−π
(2) ) was always

positive, meaning that the cation−π interaction in M+⊗2Bz
always exceeded that in M+⊗3Bz, while the negative values of
(Eπ−π

(3) − Eπ−π
(2) ) show that the π−π interactions in the M+⊗3Bz

complexes (except for the unstable Li+⊗3Bz-T1) are stronger
than those in M+⊗2Bz. Interestingly, we found that, for K+, the
energy difference from the π−π stacking interaction was −2.97
kcal/mol, and its absolute value was larger than the energy
difference from the cation−π interaction (+2.93 kcal/mol).
Thus, the OBB-energy in the K+⊗3Bz complex was a little
stronger than that in K+⊗2Bz. However, for Na+, the energy
difference from the π−π stacking interaction is −1.24 kcal/mol,
and gives an absolute value smaller than the energy difference
from the cation−π interaction (+7.29 kcal/mol). In this case,
the OBB-energy of the Na+⊗3Bz complex was weaker than
that in Na+⊗2Bz. In the case of Li+, the energy difference from
the π−π stacking interaction (−0.138 kcal/mol) cannot readily
offset the energy difference from the cation−π interaction
(+21.33 kcal/mol). This discrepancy results in the OBB-energy
of the Li+⊗3Bz complex being significantly weaker than that in
Li+⊗2Bz.
Why is the interaction between an individual benzene and

the cation so different for Li+, Na+, and K+ in the M+⊗3Bz
complex as compared to M+⊗2Bz? Clearly, the interaction of
the cation with a benzene depends on the distance between
them, and we usually can calculate the different equilibrium
distances for the interactions in the different complexes.
Interestingly, we found that the equilibrium distances in
M+⊗2Bz were essentially the same as the values in M+⊗Bz
(Table 2), although we expected that the behavior of the
interaction between the cation with a benzene in M+⊗2Bz
might be different from M+⊗Bz due to the presence of the
second benzene. From this observation, we expected the
equilibrium distance between the cation and the benzene in
M+⊗3Bz would also resemble that in M+⊗Bz, but we found

Table 1. Cation−π Interaction Energy (Ecation−π
(n) ) and the

π−π Interaction Energy (Eπ−π
(n) ) in the M+⊗nBz Complexa

M+⊗3Bz Ecation− π
(n) Eπ − π

(n) Ecation − π
(3,2) Eπ − π

(3,2)

K+⊗3Bz-T1 −11.53 −2.91 +2.95 −2.84
K+⊗3Bz-T2 −11.55 −3.04 +2.93 −2.97
K+⊗2Bz −14.48 −0.07
Na+⊗3Bz-T1 −9.82 −1.75 +7.41 −0.85
Na+⊗3Bz-T2 −9.94 −2.14 +7.29 −1.24
Na+⊗2Bz −17.23 −0.90
Li+⊗3Bz-T1 −0.74 +2.05 +22.87 +4.38
Li+⊗3Bz-T2 −2.28 −3.71 +21.33 −1.38
Li+⊗2Bz −23.61 −2.33

an = 3 stands for the M+⊗3Bz complex, and n = 2 for the M+⊗2Bz
complex. Ecation−π

(3,2) = Ecation−π
(3) − Ecation−π

(2) , and Eπ−π
(3,2) = Eπ−π

(3) − Eπ−π
(2) . The

energies are given in the unit of kcal/mol.
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that they were quite different (Table 2). Remarkably, the
distances for dNa(M

+⊗⊗3Bz) and dLi(M
+⊗3Bz) were

considerably larger than the corresponding distances for
dNa(M

+⊗Bz) and dLi(M
+⊗Bz). In addition to the interaction

of the cation with the benzenes, the interaction between the
benzenes in M+⊗3Bz also differed from that in M+⊗2Bz and
M+⊗Bz. In considering M+⊗3Bz, we assume that there are
only three benzenes forming a triangular structure △ (as the
structure T2 with the absence of the cation, see the inset in
Figure 3) with a distance h between a benzene and the center of

the triangle. The interaction energy E3π = E(3Bz) − 3E(Bz) of
this structure may be expressed as a function of h (Figure 3).
E3π reaches a minimum of −3.27 kcal/mol at hm = 2.86 Å.
Moreover, E3π increases very rapidly as h decreases from hm.
Clearly, hm was much larger than dNa(M

+⊗Bz) and
dLi(M

+⊗Bz). From Figure 3, we can see that E3π = 2.26 and
207.34 kcal/mol for h = dNa(M

+⊗Bz) = 2.50 Å and h =
dLi(M

+⊗Bz) = 1.91 Å, respectively. These values of E3π for Na
+

and Li+ in complex with a benzene were 5.53 kcal/mol, and
210.61 kcal/mol larger, respectively, than the minimal value of
E3π at hm. If we locate a cation at the center of this triangle, the
three-benzene interaction (trying to make h closer to hm)
would compete with the cation−benzene interaction (trying to
make h closer to dM). However, hm > dM(M

+⊗Bz) for M = Na
and Li, resulting in steric exclusion between the three benzenes
and making the cation−benzene distance smaller than hm, but
larger than dM(M

+⊗Bz). Because the distance between the
cation M+ (M = Na or Li) and a benzene is larger than

dM(M
+⊗Bz) due to the steric-exclusion effect, the interaction

of the cation M+ with a benzene was weaker in M+⊗3Bz as
compared to the interaction in M+⊗2Bz (and M+⊗Bz). Thus,
Ecation−π
(3) − Ecation−π

(2) reached a value of +7.29 kcal/mol for Na+ as
shown in Figure 2. For Li+, Ecation−π

(3) − Ecation−π
(2) = +22.87 kcal/

mol in the structure T1, which was so large that the structure
with the Li+ cation at the center of the triangle became unstable
at room temperature. To achieve a stable structure, the relative
positions of the three benzenes shifted so that the cation did
not face the center of each benzene (the structure T2) as
shown in Figure 1F. For K+, Ecation−π

(3) − Ecation−π
(2) = +2.93 kcal/

mol, a very small value because the cation−benzene distance
did not change much in M+⊗3Bz, since this distance in M+⊗Bz
was only slightly larger than hm. These factors resulted in the
order of the OBB-strength of the cation⊗3π interactions to
increase in the order Li+ < Na+ < K+, as opposed to the OBB-
strength of cation⊗2π and cation⊗π which decrease in the
order Li+ > Na+ > K+. For M+⊗2Bz, it is clear that the steric-
exclusion effect was very weak, because the π−π interaction
between the two benzenes was very small since the distance
between the two benzenes was two times greater than the
cation−benzene distance. These factors led the OBB-strength
in the M+⊗2Bz to increase in the same order as M+⊗Bz.
Now, we considered the other potential structures consisting

of one cation and three benzenes. The initial conformations
with a sandwich core of one cation sandwiched between two
benzene molecules were applied as follows: (A) the third
benzene forming a triple stacked structure over the sandwich
core in a parallel configuration; (B) the third benzene resting
on the side of the sandwich core in a perpendicular
configuration.
For the Li+ ion, we obtained three stable structures, labeled

by S1, S2, and S3 (see Figure 4). From the initial conformation
A of the Na+ and K+ ions, there are two stable structures S1 and
S2. However, from the initial conformation B, the sandwich-

Table 2. Cation−Benzene Distance (dM) in the M+⊗3Bz Complex to the M+⊗2Bz and M+⊗Bz Complexes

M+⊗3Bz (n = 3) M+⊗2Bz (n = 2) M+⊗Bz (n = 1)

K+ Na+ Li+ K+ Na+ Li+ K+ Na+ Li+

dM 2.96a 2.77a 2.63a 2.93 2.53 2.00 2.90 2.50 1.91
2.95b 2.75b 2.37b

aData for the T1 structure of the M+⊗3Bz complex. bData for the T2 structure of the M+⊗3Bz complex. The distance is given in the unit of Å.

Figure 2. Differences in the interaction energy (Ecation−π
(3) − Ecation−π

(2) ) of
a single benzene with the cation between the M+⊗3Bz and M+⊗2Bz
complexes (red curve), and the differences in the interaction energy
(Eπ−π

(3) − Eπ−π
(2) ) of a benzene with the other benzenes between the

M+⊗3Bz and M+⊗2Bz complexes (blue curve). The dashed and solid
curves denote the T1 and T2 structures, respectively. The inset
indicates the schematic representation of the cation−π (red arrow)
and π−π (blue arrow) interaction in M+⊗3Bz, where the large balls,
small balls, and violet balls stand for the carbon atoms, the hydrogen
atoms, and the cation (K+, Na+, or Li+), respectively.

Figure 3. Interaction energy of a complex composed of only three
benzenes forming a triangular structure (inset), as a function of their
distance h to the center of the triangle structure of them.
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core-based initial conformation of Na+ and K+ went to the
triangular structures (T1 or T2) during the relaxation, which
showed that the sandwich-core-based structures with the third
benzene resting on the side of the core were not stable for Na+

and K+. From their OBB energies presented in Table 3, we can

see that, for the Li+ complex, the stability of the sandwich-core-
based structures is comparable to the stability of the triangular
structure Li+⊗3Bz-T2, and is clearly stronger than the
triangular structure Li+⊗3Bz-T1. For Na+ and K+, the
triangular structures are much more stable than the sandwich-
core-based structures.
We notice here that El-Shall et al.46 observed that the most

stable structure of benzene tetramer cation (C6H6)4
+ was the

form of a pancake trimer stack core (C6H6)3
+ with an additional

neutral molecule resting against the side of the core, which is
very similar to the Li+⊗3Bz-S3 complex. Meanwhile, the most
stable structure of the benzene hexamer cation (C6H6)6

+ can be
taken as a pancake trimer stack core (C6H6)3

+ surrounded by
other three benzene molecules, which form a triangle similar to
the triangular structures of K+⊗3Bz and Na+⊗3Bz.

■ CONCLUSION
We analyze a new type of cooperative interaction, M+⊗3π,
which induced a stable triangular structure ◬ composed of a
single cation and three benzenes. The cation⊗3π interaction
has a comparable strength to the cation−π and cation−π−π
interactions but different behavior, so that it is of the same
importance with the cation−π and cation−π−π interactions,
and can play a special role in many cases, particularly in
biological systems. Explicitly, we found an unexpected
increasing order of the OBB-energy of the cation⊗3π
interaction with respect to the radii of the cations, Li+ < Na+

< K+. In the case of cation−π and cation−π−π, for a cation with
a larger radius, the distance between the cation and the benzene
is greater which results in decreased binding strength (Li+ >
Na+ > K+).27 The steric-exclusion effect between the three
benzenes in M+⊗3Bz makes the distance between the cation
and a single benzene considerably different from the distance in
M+⊗Bz and M+⊗2Bz, resulting in the odd behaviors of
cation⊗3π with respect to cation−π and cation−π−π. This
anomalous order increasing behavior of the cation⊗3π favors
the preferential behavior of a cation directly surrounded by
three benzenes as shown in earlier experiments,32,45 although
the physics behind the experimental observation may be more
complicated since there are one or more water molecules
involved. Moreover, the OBB-energy of the K+⊗3π interaction
was comparable to K+⊗2π, and the OBB-energy of Na+⊗3π
was a little weaker than Na+⊗2π, while the OBB-energy of
Li+⊗3π was much weaker than Li+⊗2π. The observation that
Li+⊗2Bz is much more stable than Li+⊗3Bz suggests a
potential application for a selective self-assembly of bio/
nanomaterials. In the case of biological molecules, there are
abundant fragments that are rich in aromatic rings, and it is
well-known that the behavior, including the aggregate behavior,
of a protein in pure water can be very different from its
behavior in phosphate buffer.52 Moreover, the cooperative
cation⊗3π interaction also occurs for other cations, such as
iron, copper, or cobalt cation. Thus, our findings are expected
to extend the understanding of the behavior of biological
molecules, and may have many applications in the design of
carbon-based materials/devices.
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