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Salts, ionic compounds comprising cations (positive ions) and
anions (negative ions), are essential materials for biotic
activities. They are also utilized as inorganic minerals for
industry. The appropriate arrangement of charged species
through electrostatic interactions is a significant issue for
constructing ordered nanoscale architectures in various states.
For example, most inorganic, organic, and inorganic–organic
hybrid salts use electrostatic interactions between ions to
form organized three-dimensional (3D) crystal structures.[1]

The 3D structures defined herein include not only crystals of
isomeric space groups in a cubic system but also non-isomeric
crystals. Appropriate pairs of cations and anions yield ionic
liquids, which are partially ordered but essentially non-

dimensional (0D) states.[2] In ionic liquids, bulky geometries
of both the cationic and the anionic species effectively
prevent crystallization owing to significantly weaker ionic
interactions. In contrast to crystals and liquids from ions, soft
materials formed by electrostatic interactions between
charged components have been reported as liquid crystals
on the basis of ionic mesogens.[3, 4] For example, Kato et al.
reported various ionic liquid crystals comprising alkyl-sub-
stituted imidazolium salts, which afford columnar structures
and have ionic conduction.[4a,e] Compared to such ionic
mesophases, in which the locations of either cations or
anions cannot be confirmed, more rigidly organized struc-
tures with a certain level of mobility in their building subunits
are also useful for various applications such as ferroelectric
materials. In contrast to bulky components, planar cationic
and anionic molecules effectively interact with each other and
form charge-by-charge assemblies composed of alternately
stacking charged components. Aided by supplementary
van der Waals interactions along with electrostatic and p–p

interactions,[5] dimension-controlled charge-by-charge assem-
blies will form not only crystals but also soft materials such as
supramolecular gels, liquid crystals, and other organized
structures.

In comparison to p-conjugated cations, which are often
based on sp2-hybridized planar geometries, p-conjugated
planar anionic species are required to delocalize their
excess electrons, for example by depositing them in aromatic
systems, to prevent them from suffering an electrophilic
attack. Focusing on these perspectives, one of the strategies
for forming planar anions is the complexation of electroni-
cally neutral p-conjugated anion receptors and spherical
halide anions. As p-conjugated planes for associating with
halide anions,[6] BF2 complexes of 1,3-dipyrrolyl-1,3-propane-
diones efficiently bind spherical anions with inversion of
pyrrole rings (1 and 2 ; Scheme 1 a).[7, 8] Receptor 1 affords
single crystals, which are composed of 1D columnar structures
of alternately stacking chloride and bromide complexes and
tetrapropylammonium (TPA) countercations, and are pre-
pared from a hydrocarbon solvent.[8b,c] In contrast to these
crystal states, an alkyl-substituted receptor 2 exhibits the
formation of anion-responsive supramolecular octane gel,
which is temporally transformed into a solution state by the
addition of tetrabutylammonium (TBA) salts owing to the
formation of soluble ion pairs comprising fairly aliphatic TBA
cations and receptor–anion complexes.[8b, 9] Therefore, the
introduction of planar cations in place of bulky TBA cations
may form fine-tuned supramolecular organized structures as
soft materials using p–p stacking and electrostatic interac-
tions along with van der Waals forces. Herein, we present the
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formation and properties of dimension-controlled charge-by-
charge assemblies of p-conjugated receptor–anion complexes
and planar cations. Compared to the stacking assemblies of
electronically neutral heterotopic components,[10] a charge-
by-charge assembly is an efficient strategy for gathering
multiple p planes in an ordered and desired fashion for the
fabrication of functional materials.

To achieve dimension-controlled charge-by-charge stack-
ing assemblies, the introduction of planar cations instead of
sterical cations was attempted. In fact, we combined the
receptors with Cl� , Br� , and BF4

� salts of planar
4,8,12-trialkyl-4,8,12-triazatriangulenium (TATA) cations,
(TATACn)Cl (n = 3, 8, 12, and 16), (TATAC3)Br, and
(TATAC3)BF4 (Scheme 1b); the core structure of these
TATA cations was reported by Laursen et al.[11] Completely
flat geometries of TATA cations, which are supported by
single-crystal X-ray analysis of (TATAC3)X (X = Cl and Br)[12]

and theoretical studies at the DFT level,[13] are appropriate
for stacking with receptor–halide (Cl� and Br�) complexes. In
fact, single-crystal X-ray analysis of equivalent mixtures of 1
and (TATAC3)X (X = Cl and Br) exhibited alternately stack-
ing charge-by-charge structures comprising planar receptor–
anion complexes and TATA cations (Figure 1 a).[12] The
distance between receptor–anion complexes in, for example,
1·Cl�(TATAC3)+ is 6.85 �, which is 0.44 � shorter than that of
1·Cl�(TPA)+ (7.29 �) (Figure 1b).[8b] The Cl�···Cl� distance
and the distance between proximal receptor–anion complex
and planar cation are 7.83 and 3.49/3.49 �, respectively. The
distances between the center of a TATA cation and Cl�

exhibit two unequivalent values: 4.30 and 6.42 �. These
values, which are both more than 3.5 �, suggest that the
columnar structure is not aligned perpendicularly, but is
rather inclined at 608 in the crystal state. Similar results were
also observed in 1·Br�(TATAC3)+.

Among the various planar cations, the TATA structure
was deemed suitable for yielding gel states based on receptor
2. The ion pairs 2·Cl�(TATACn)+ (10 mg mL�1 of 2
with 1 equiv of TATA salts) afforded opaque gels from

2·Cl�(TATAC3)+ (inset of Figure 2a) and precipitates from
2·Cl�(TATACn)+ (n = 8, 12, and 16) in octane at 20 8C after
heating to over 40 8C to solution. This observation is in
contrast to the observation that the addition of TBACl to an
octane gel of 2 (10 mgmL�1) initially affords a solution at
room temperature that is followed by the formation of

Scheme 1. a) Structures and anion-binding mode of p-conjugated
acyclic anion receptors 1 and 2. b) Structure of the TATACn cations.

Figure 1. Solid-state stacking structures (left: stick, right: space-filling
representations) of a) 1·Cl�(TATAC3)+ and b) 1·Cl�(TPA)+ (TPA = tetra-
n-propylammonium).[8b] Atom color code for the stick representations:
C brown, H pink, B yellow, F green, Cl green spheres, N blue, O red.
Subunit color code for the space-filling representations: 1 magenta,
cations cyan, Cl� yellow-green.

Figure 2. a–c) Surface measurements of an octane xerogel of
2·Cl�(TATAC3)+ at 20 8C: a) optical microscope, b) AFM, and c) SEM
images. Inset of (a): photographs of the gel under visible (top) and
365nm UV light (bottom). d) Fluorescence spectra of gels and
precipitates of 2·Cl�(TATAC3)+: n = 3 (red), 8 (blue), 12 (green), and 16
(orange). e) XRD pattern of an octane xerogel of 2·Cl�(TATAC3)+ at
25 8C. In-plane spacings: 4.25 nm; between layers: 0.73 nm.
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precipitates after several days.[8b] The gel of 2·Cl�(TATAC3)+

is transformed to solution at 35 8C, which is higher at about
8 8C than the gel of 2, also suggesting that appropriate TATA
salts can stabilize gels. Scanning electron microscopy (SEM),
optical microscopy (OM), and atomic force microscopy
(AFM) analyses showed the submicrometer-scale morpholo-
gies of the xerogels or precipitates of 2·Cl�(TATACn)+:
2·Cl�(TATACn)+ (n = 3, 8, and 12) formed entangled fibril
structures (Figure 2a–c), whereas 2·Cl�(TATAC16)+ afforded
irregular-shaped structures. The diameter and length of the
bundled fibers are estimated to be 0.1–2 mm and more than
100 mm, respectively, in, for example, 2·Cl�(TATAC3)+.
Receptors bearing methoxy, octyloxy, and dodecyloxy
chains as well as 1 provided no gel-like materials when
mixed with (TATACn)Cl (n = 3, 8, 12, and 16). Longer alkyl
chains of receptor–anion complexes help to stabilize the
dimension-controlled stacking assemblies, whereas those of
the TATA units provide less-ordered morphologies. Thus, the
formation of fibril morphologies requires appropriate combi-
nations of receptor–chloride complexes and cations. Further-
more, in contrast to 2·Br�(TATAC3)+, which formed fibers
similar to 2·Cl�(TATAC3)+, a mixture of 2 and (TATAC3)BF4

afforded TATAC3BF4 crystals, which were insoluble in octane,
and a gel of 2 independently, as BF4

� was unable to form a
planar receptor–anion complex and subsequently charge-by-
charge assemblies. These results suggest that the size, shape,
and polarizability of anions are also essential for constructing
gelated materials comprising planar ions. Furthermore,
equivalent amounts of receptors and TATA salts are required
to form ordered fibril structures, as mixtures of unequivalent
amounts of 2 and (TATAC3)Cl provide precipitates with
nonspecific morphologies from excess components along with
the 2·Cl�(TATAC3)+ fibers.

Gels or precipitates of 2·Cl�(TATACn)+ (n = 3, 8, 12, and
16) without solvent removal showed absorption maxima
(lmax) at around 510 and 550 nm, in comparison with those of
a film cast from CH2Cl2 solutions of receptor 2 at about
480 nm and (TATACn)Cl salts (n = 3, 8, 12, and 16) at 547, 544,
546, and 556 nm, respectively. The absorbance ratios at these
wavelengths (510 and 550 nm) depend on the alkyl chain
lengths of the TATA cations: 2·Cl�(TATAC3)+ had a lmax at
554 nm along with a small shoulder at 513 nm, whereas
2·Cl�(TATAC16)+ had a lmax at 513 nm with a shoulder at
548 nm. This tendency is ascribable to the stacking area and
orientation between the core p planes of the receptor–anion
complexes and TATA cations as the building subunits of
charge-by-charge assemblies. At present, it is not easy to
definitively correlate the electronic properties of charge-by-
charge assemblies with their stacking structures because of
the less symmetrical geometries of receptor–anion complexes
and complicated exciton coupling between heterogeneous
planar chromophores. Furthermore, emissions from the gels
and precipitates of 2·Cl�(TATACn)+ (n = 3, 8, 12, and 16) and
2·Br�(TATAC3)+ (lex = 497 nm) were observed at 658, 621,
608, 593, and 672 nm, respectively (Figure 2d). From these
observations, it can be assumed that longer alkyl chains in the
TATA cations might loosen the charge-by-charge stacking
columns and as a result disturb the column bundling to affect
their electronic and optical properties.

The structure of 2·Cl�(TATAC3)+ fibers as a xerogel was
revealed through synchrotron radiation X-ray scattering
analysis. Peaks with d spacings of 3.68, 1.94, 1.51, 1.23, 1.11,
0.92, and 0.73 nm were indexed to (100), (200), (210), (300),
(220), and (310); a reflection of (001) was assigned to a
periodic stacking distance of the assembled unit of a
hexagonal columnar (Colhex) phase with a = 4.25 nm and
c = 0.73 nm based on a trimeric assembly (Z = 3.00 for a
density 1 = 1.0; Figure 2e). An interaction between alkyl
chains was observed at a 0.42 nm peak. The c value (0.73 nm)
corresponds to the distance between the stacking structure of
both a receptor–anion complex and a TATA cation. An
intercolumnar distance of 4.25 nm is derived from a partial
interpenetration of the alkyl chains of the proximal columns.
The circular trimeric assemblies are also consistent with the
fan-like geometry of the pyrrole-inverted receptor–anion
complex. Similar to the pattern of 2·Cl�(TATAC3)+,
2·Br�(TATAC3)+ exhibited peaks with d spacings of 3.63,
1.95, 1.48, 1.24, 1.16, 0.93, and 0.74 nm, which were indexed to
(100), (200), (210), (300), (220), (310), and (001), respectively,
of a Colhex phase with a = 4.2 nm and c = 0.74 nm based on a
trimeric assembly (Z = 2.90 for 1 = 1.0). In contrast, a dried
sample of 2·Cl�(TATAC16)+ exhibited peaks with d spacings of
5.09, 2.55, 1.70, 1.31, 1.09, 1.01, and several small peaks of
around 0.8–0.7 nm indexed as (001), (002), (003), (004), (005),
(006), and reflections of stacking distances of a discotic
lamellar structure. The discotic lamella comprises a planar
TATA cation and receptor–anion complex, wherein long alkyl
chains of TATA and those of the receptor units are
interdigitated, revealing an intercolumnar distance of about
5 nm. In this case, longer alkyl chains at the periphery of a
TATA cation may disturb the formation and alignment of a
hexagonally ordered stacking columnar structure. From these
observations, we can safely conclude that the alkyl chain
lengths control the geometries of stacking pairs consisting of
receptor–anion complexes and TATA cations and, as a result,
their macroscopic states.

Detailed properties of 2·Cl�(TATAC3)+, which provided a
more stable gel as compared to the others, were also
examined in other states as soft materials. Differential
scanning calorimetry (DSC) of an octane xerogel of
2·Cl�(TATAC3)+ (5 8Cmin�1) suggested phase transitions at
75 and 96 8C during the first heating, 88 and 42 8C during the
first cooling, and 44 and 96 8C during the second heating.
Polarizing optical microscopy (POM) measurements between
glass substrates revealed the formation of a focal conic texture
around 90 8C on cooling from the isotropic liquid (Iso) phase.
Slow cooling at 2 8C min�1 afforded larger focal conic domains
along with greater areas of dark domains (Figure 3a) than fast
cooling at 5 8C min�1, suggesting that the discotic columnar
structures are well-aligned perpendicularly to the substrates.
Further, synchrotron radiation X-ray scattering analysis at
variable temperatures suggested the phase properties and
structures and was consistent with the phase transitions. The
measurements at 25, 45, and 65 8C during the first heating
were quite similar to that of the xerogel state (Figure 2e),
whereas at 70 8C after cooling from Iso, they showed relatively
sharp peaks with d spacings of 4.08, 2.35, 2.04, 1.54, 1.36, 1.17,
1.13, and 0.73 nm, which were indexed to (100), (110), (200),
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(210), (300), (220), (310), and (001), respectively, of a Colhex

phase with a = 4.64 nm and c = 0.73 nm based on a tetrameric
assembly (Z = 3.58 for 1 = 1.0; Figure 3b).[14] The style of the
molecular assembly in the mesophase is basically identical to
that in the xerogel. However, as observed in the differences in
peak widths, the organized structure in the mesophase, which
shows sharp pattern, is more ordered owing to annealing than
those in the xerogels.[15] The intercolumnar distance of
4.64 nm is larger than that of the xerogel (4.25 �), which is
ascribable to the well-aligned columnar structures and
moderate interpenetration of alkyl chains. Analysis at
110 8C exhibited only a halo peak, suggesting an isotropic
state. Furthermore, the shear-driven alignment of the organ-
ized structure, which was prepared by shearing around 90 8C
and cooling to room temperature, also suggests the formation
of liquid crystal in the mesophase. A diffraction peak
corresponding to the interdisc order appeared dominantly
along the sheared direction, whereas those corresponding to
the intercolumn order appeared strongly along the direction
perpendicular to the sheared direction.[16] As no significant
decompositions of building components appeared after
repeated transitions between the mesophase and the isotropic
liquid states, it is worth noting the potential stability of these
charge-by-charge assemblies.

In summary, we proposed and demonstrated a charge-by-
charge assembly as a new concept and strategy for fabricating
stacking structures comprising organic ionic species. Recep-
tor–anion complexes as negatively charged planar compo-
nents readily assemble with planar cations through electro-
static and p–p interactions. Columnar assemblies based on
these charge-by-charge stacking structures were found to
form supramolecular organogels consisting of submicrome-
ter-scale fibers. Moreover, the materials exhibited a liquid
crystal columnar phase, showing a property to readily form
oriented structures owing to the existence of the charge-by-
charge columns. Various commercially available or synthe-
sized planar cations[4g,17] may also be fabricated into ordered
structures on the basis of a charge-by-charge assembly. The
creation of a library of charge-by-charge assemblies, covering
various combinations of planar ionic species, would provide
promising functional soft materials as oriented salts for future
application.
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