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A solid-state complex utilizing non-covalent interactions between

two aromatic cations is synthesized and characterized. The X-ray

study of the structure shows that the anion templated p+–p+

interactions are the major driving force in the crystal packing,

while p+–p, p–p, p–anion and p+–anion interactions assist the

overall stabilization of self-assembly. In addition, we also identify

the cation-mediated non-covalent interaction between two p

anions (p2–p2 interaction). The interaction energies of the

important driving forces (p+–p+, p+–p, p–anion, p+–anion, and p2–

p2 interactions) observed in the crystal structure are calculated

using dispersion-corrected density functional theory (DFT-D).

Intensive studies of p-interactions1 including H–p,2 p–p,3 cation–
p,4 and anion–p5 interactions have been conducted in the past two
decades and these p-interactions are utilized for molecular
recognition, molecular assembly, and crystal packing of organic
materials, nanomaterials and biomolecules.6 Theoretical inter-
pretations based on high level ab initio calculations have been
instrumental in understanding the nature of p-interactions.
Recently, it has been reported that p+–p interactions are much
stronger than p–p and H–p interactions, but different from typical
non-aromatic cation–p interactions because of the strong disper-
sion interactions between the stacked aromatic ring systems.7

Since positively charged p systems require anionic species for
stabilization, conceptually cation–anion neutral interaction could

be exploited in designing solid-state assembly of anion-templated
molecular architectures. Toward this direction, as a complement
species of anions, the positively charged p systems can be
exploited, thereby the resulting p interactions would play an
important role in p-stacking. The p+–p interactions are often found
in nature, and have been successfully utilized in the design of a
solid-state complex.8 Recently, anion-templated p+–p+ interactions
have been theoretically investigated, where the H bonding between
counter anion and p+-moiety stabilizes the complex.9 The binding
energies of such complexes are much higher than those of p–p
and p+–p complexes, with the electrostatic contribution larger than
the dispersion term.

Given that the p+–p and p+–p+ interactions are genuinely
different from the p–p and cation–p interactions in terms of
magnitude and directionality, a molecular entity composed of p+

and p moieties would result in the crystal packing being defined
by p+–p and p+–p+ interactions. Toward this direction, we design a
molecular entity which could lead to crystal assembly featuring
both p+–p+ and p+–p interactions, which are experimentally
realized by producing the X-ray crystallographic structure where
the p+–p+ interactions are imprinted as its distinct characteristics
by playing a major role in crystal packing. We also note that the
cation-mediated non-covalent interaction between two p anions
(p2–p2 interaction) are also present amidst the p+–p+, p+–p, p–p,
p–anion and p+–p2 interactions.

To have many p+-moieties, we have prepared a molecular
system (Fig. 1) which is the triply protonated form of 49-(4-pyridyl)-
2,29:69,299-terpyridine (PTP){ where three p+-moieties (pyridinium
moieties) are mutually bridged by the central p-moiety (pyridine).
Therefore, given that anion-templated p+-moieties bind each other
more strongly than those of p+–p and of p–p complexes, the major
driving force for the crystal packing in PTPH3?3X2 (X = NO3;
Fig. 1a) would be p+–p+, while other p-interactions would assist the
overall stabilization of the crystal packing, but not necessarily in
energetically favourable orientations. The X-ray crystallographic
study§ reveals the presence of a triply protonated PTP molecule,
three nitrate anions and a solvent water molecule constituting the
asymmetric unit. The pyridyl nitrogen atoms of Rings 1A, 1B and 3
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of the PTPH3 molecule are protonated at the stipulated reaction
condition.

The solid-state structure of the title complex includes a
combination of N–H…O, O–H…O, C–H…O hydrogen bonds, p+–
p, p+–p+, p+…anion, p…anion and p2–p2 interactions (Tables S1–
S3, ESI3). The molecular packing in the complex is such that the
p+–p and p+–p+ stacking interactions between the pyridinium and
pyridine rings of the partner molecules are optimized. The
pyridinium ring 1A of the molecules at (x, y, z) is in contact with
the pyridine ring 2 of the partner molecule at (1 2 x, 1 2 y, 1 2 z)
with a ring centroid separation of 3.692(1) Å. Another pyridinium
ring 3 at (x, y, z) is in contact with ring 1A of the neighboring
molecule at (2 2 x, 1 2 y, 1 2 z) with a ring centroid separation of
4.316(1) Å (Table S2, ESI3). These two types of p+–p and p+–p+

stacking interactions lead to the formation of stacked ribbon-like
structure (Fig. 1b). Moreover, another pyridinium ring 1B of the
molecules at (x, y, z) and (1 2 x, 2y, 2z) are strictly parallel, with
an interplanar spacing of 3.293(1) Å and an inter-centroid
separation of 3.528(1) Å, corresponding to a ring offset of
1.265 Å. This p+–p+ stacking interaction combines the ribbons
into a p-stack layered assembly (Fig. 1b). Interestingly, three
oxygen atoms (O4, O5 and O6) of the nitrate anion are in contact

in either side of the p+–p+ stacked pyridinium 1B rings in the
molecule at (x, y, z) and (1 + x, y, z), where the separation distances
between the oxygen atoms and ring centroids are 3.697(2), 3.488(2)
and 3.756(2) Å respectively (Table S3, ESI3). The shortest separation
distances are below the sum of the van der Waals radii, reflecting
significant anion…p+ interaction by which the entire assembly
exhibits a unique combination of anion…p+/p+–p+/p+…anion
network (Fig. 1c). In another substructure, O5 and O8 atoms are
in contact with the central pyridine ring 2 and pyridinium ring 1A
respectively, which results in a unique combination of non-
covalent interactions, to be designated as anion…p/p–p+/p+…anion
network (Fig. 1c). The nitrate anions also occupy the interlayer
regions by NO3

…NO3 interactions (Fig. S1, ESI3). The water oxygen
atom O1w acts as double donor to the nitrate oxygen atoms O4
and O6 to generate a R4

4(12) type water–nitrate dimeric unit (Table
S1, Fig. S2, ESI3). A packing view showing these p+–p+, p+–p,
p+…anion, p2–p2 interactions and hydrogen bonded synthon has
been depicted in Fig. S2, ESI.3

To understand the main driving forces in the crystal packing,
we have calculated interaction energies of p+–p+, p+–p, p–anion,
p+–anion and p2–p2 interactions observed in the crystal structures
using DFT-D(B97-D/TZV2P)10,11 (Fig. 2). As shown in Fig. 2a, the

Fig. 1 (a) An ORTEP (anisotropic displacement ellipsoid) diagram with atom numbering scheme of the title complex. Thermal ellipsoids are drawn at the 30%
probability level. Rings 1A, 1B and 3 are aromatic cations (p+), while Ring 2 is neutral (p); (b) stacking arrangement of PTPH3 molecules through p+–p+ and p+–p
interactions; (c) stacking arrangement of PTPH3 molecules through p+–p+, p+–p, p+–anion and p–anion interactions.
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formation of H-bonded clusters between PTPH3, NO3 and H2O
would essentially precede crystal packing that involves p-interac-
tions. It should be noted here that NO3

2 is not only an anion but
also a p2-system.

In the crystal structure, all the p-interactions are observed in
one p-stack layer (Fig. 2b). It is observed that four p+–p+

interactions are located on the four edges of the crystal unit cell
(Fig. 2b). Additionally, four p+–anion interactions are also observed
inside the unit cell. The binding energies are calculated by
computing the energies between the independent interacting
moieties whereby the independently optimized moieties would
have the geometry of crystal structure. For example, in the p-stack
layer, pyridinium–NO3

2 with pyridinium–NO3
2 shows the p+–p+

interaction, while that with pyridine shows the p+–p interaction
and so on. The binding energy of each of the four p+–p+

interactions observed on the edge of the unit cell is 228.7 kcal
mol21. Each of the two p+–p interactions located on the center of
the unit cell also has large binding energy of 27.6 kcal mol21. In
addition, due to the compact packing of [PTPH3](NO3)3?H2O, all
three NO3

2 moieties are positioned in such a way to form p+–
anion (i.e., p+–p2) interactions with the p+-rings of other
[PTPH3](NO3)3?H2O clusters with the binding energies of 215.2,

212.7 and 211.4 kcal mol21. Anion–p (or p–p2) interaction and
another highly displaced p+–p+ interaction have the respective
binding energies of 22.9 and 21.2 kcal mol21. Meanwhile, the
stable [PTPH3](NO3)3?H2O cluster includes cation-templated p2–
p2 complexes (24.6 kcal mol21) in addition to ionic H-bond and
CH…O2–O interactions (Fig. 2 and S3, ESI3). Since the distance
between the two nitrogen atoms of NO3

…NO3 is 3.24 Å, the
interaction between the two NO3

2 moieties of p2 character could
be regarded as cation-templated p2–p2 interactions. It is noted
here that by keeping the positions of the strongly bound
H-bonded clusters of [PTPH3](NO3)3?H2O, the p-interactions are
arranged in such a way that some of them are optimally
positioned and some are not, so that p+, p2, and p moieties are
packed in order to have the overall maximization of stablization
due to p-interactions. In this regard, interactions with weaker
binding energies are not necessarily representative of the optimal
geometry of that kind of interaction.7,9

Molecular modelling studies show the p+–p+ interaction as the
major driving force of the crystal packing, while other p-interac-
tions assist the overall stabilization of the crystal packing, but not
necessarily in energetically favourable orientations. A reassess-
ment of conventional p-systems in the context of this new

Fig. 2 Dispersion-corrected density functional theory (DFT-D) interaction energies (PBE-D/aVDZ BSSE corrected energies in kcal mol21). The clusters of
[PTPH3](NO3)3?H2O (a) are arranged with diverse p–stacking interactions (b) in accordance with the crystal structure whereby crystal geometries are being replaced
with the moiety optimized geometries.

This journal is � The Royal Society of Chemistry 2013 CrystEngComm, 2013, 15, 1285–1288 | 1287

CrystEngComm Communication

D
ow

nl
oa

de
d 

by
 J

ad
av

pu
r 

U
ni

ve
rs

ity
 o

n 
22

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 0

2 
Ja

nu
ar

y 
20

13
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

E
26

57
7J

View Article Online



interaction may shed new light on the already existing knowledge
in diverse fields. We believe the p+–p+ interaction holds much
promise for material design and devices. In addition, we have also
addressed a new type of cation-mediated non-covalent interaction
between the two p anions of NO3

2 moieties.
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