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Ion-based materials of boron-modified
dipyrrolyldiketones as anion receptors†

Yoshitaka Terashima,a Mayumi Takayama,a Katsuhiro Isozakib and
Hiromitsu Maeda*a

Boron-modified pyrrole-based anion receptors (catechol–boron and

diphenylboron dipyrrolyldiketone derivatives) formed planar receptor–

anion complexes, leading to charge-by-charge assemblies with planar

cations, as in the corresponding difluoroboron derivative.

Appropriately designed organic ionic species can form highly
ordered assembled structures via electrostatic interactions,
resulting in the formation of ion-based materials such as crystals
and soft materials including liquid crystals.1–3 In contrast to ion-
based materials wherein either the cationic or the anionic com-
ponent plays a predominant role in forming organised structures,
the arrangement of both the charged species is especially challen-
ging because very few suitable ionic building subunits are avail-
able. Considering the geometries of the charged species, planar
p-conjugated ions are suitable for the formation of stacking
assemblies via p–p and electrostatic interactions. However, unlike
planar cations, planar anions are difficult to prepare because of
their excess electrons, which make them susceptible to electro-
philic attack. Therefore, anion binding of electronically neutral
p-conjugated receptor molecules can be considered an alternative
strategy to fabricate planar anionic structures.

As receptor candidates,4 dipyrrolyldiketone boron complexes
(e.g. 1a–d, Fig. 1a) form planar receptor–anion complexes, which
behave as the constituents of ion-based crystals and soft materials
in combination with cations.5–7 The formation of soft materials
requires long-alkyl-chain-substituted aryl moieties at the pyrrole
a-positions, as seen in 1b–d. In particular, the introduction of
planar cations such as a 4,8,12-tripropyl-4,8,12-triazatriangulenium
(TATA) cation (Fig. 1b)8 into the predesigned receptor–anion
complexes results in charge-by-charge assemblies comprising
alternately stacking positively and negatively charged species as

supramolecular gels and thermotropic liquid crystals.6c,f Bulky
cations such as tetrabutylammonium (TBA) are also included in
the charge-by-charge assemblies.6d,e Recently, we found that pyrrole
b-substitution is essential for the fabrication of charge-based
materials with different assembling modes.6g Thus far, the pre-
paration of charge-based materials has been restricted to difluoro-
boron (BF2) complexes. With this background, we focused on the
introduction of substituents onto boron units for modulating the
structures and properties of charge-based materials, as observed in
catechol–boron (BO2) and diphenylboron (BC2) complexes.7

Boron-modified derivatives 2a–d and 3a–d (Fig. 1a) were
synthesised by reacting the corresponding dipyrrolyldiketone
derivatives with BCl3 and catechol for 2a–d and with BPh3 for
3a–d in dry toluene.9 UV/vis absorption spectra of 2a and 3a in
CH2Cl2 (1 � 10�5 M) showed the maxima (lmax) at 521 and
503 nm, respectively, whereas the fluorescence emission
maxima (lem) and corresponding quantum yields (FF)
(in parentheses) of 2a and 3a excited at lmax in CH2Cl2 were

Fig. 1 (a) Anion-binding mode of boron-modified dipyrrolyldiketone derivatives
1a–d, 2a–d and 3a–d and (b) structure of a TATA cation.
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558 nm (0.02) and 540 nm (0.93), respectively. In contrast, 1a
showed lmax = 515 nm and lem (FF) = 552 nm (0.98). Therefore,
the introduction of boron substituents resulted in moderate
changes in the absorption and emission wavelengths, while
catechol–boron substitution significantly decreased FF.‡

Single-crystal X-ray analysis of 2a and 2a�Cl�–TBA+ revealed
solid-state packing structures, which showed that the assembled
structures were similar to 1a and 1a�Cl�–TBA+,6a respectively,
whereas 3a formed edge-to-edge packing structures because of
the bulky diphenylboron moiety.§ In particular, 2a�Cl�–TBA+

showed charge-by-charge assemblies comprising alternately stack-
ing two 2a�Cl� planes and two TBA+ cations. Introduction of long
alkyl chains yielded soft materials both in the absence and
presence of anions. In fact, 2d and 3d formed supramolecular
gels from octane (10 mg mL�1) at their corresponding transition
temperatures, i.e. at 27.5 and 22.5 1C, respectively, whereas 2c and
3c were in a gel-like state below 3.5 and �40.5 1C, respectively.
Synchrotron X-ray diffraction (XRD) of the xerogels of 2d and 3d
showed lamellar and rectangular columnar (Colr) structures,
respectively. In the scanning electron microscopy (SEM) measure-
ments, the xerogel of 3d showed a fibrous structure with a width
of ca. 0.5–1.0 mm, whereas that of 2d showed no specific mor-
phology. UV/vis absorption of 2d and 3d as octane gels showed the
maxima lmax at ca. 538 and 476 nm, respectively, and the
fluorescence emission maxima lem excited at lmax at 667 and
531 nm, respectively. Furthermore, unlike 3d�Cl�–TATA+, which
formed a precipitate, the ion pair 2d�Cl�–TATA+ formed octane gel
at r.t. Similar to that of 2d, the gel of 2d�Cl�–TATA+ showed an
absorption lmax at ca. 530 nm with shoulders at 504 and 566 nm,
although 3d�Cl�–TATA+ showed lmax at ca. 512 nm; this observa-
tion suggested that the bulky diphenyl substituents in 3d interfere
with the efficient stacking of the molecules, although the ion pair
of 2d formed an organised structure similar to that of 1d.

The mesophase behaviours of 2b–d and 3a–d were examined
by differential scanning calorimetry (DSC) and polarised optical
microscopy (POM) (Fig. 2a). DSC measurements of 2b–d revealed
reversible mesophases during heating and cooling processes.
For example, upon second heating, 2d showed a mesophase over
a wider temperature range of 57–208 1C than that in the case of
1d (65–156 1C).6b Longer alkyl chains provided mesophases over
narrower temperature ranges, as observed in 1b–d.6b On the
other hand, 3b–d showed no mesophase upon cooling and
instead showed exothermic first-order crystal–crystal transitions
upon heating, e.g. at 59 1C for 3d. In addition, the significantly
lower transition temperatures of 3b–d to isotropic liquids (iso),
e.g. at 86 1C for 3d, as compared to those of 1b–d and 2b–d
suggested that 3b–d formed less effective stacking structures
because of the bulky phenyl moieties on boron. Furthermore,
POM images of 2b–d showed ribbon-like textures similar to
those of 1b–d6b upon cooling from iso, in contrast to 3b–d,
which showed no textures derived from mesophases.

Synchrotron XRD revealed the organised structures of the
mesophases. XRD analysis of 2b–d revealed the formation of
hexagonal columnar (Colh) mesophases. For example, the XRD
pattern of 2d at 195 1C upon first cooling showed d = 3.63 (100),
2.09 (110), 1.81 (200), 1.39 (210), 1.21 (300), 1.04 (220) and 1.00
(310) nm (Fig. 2b), derived from the Colh phase of a = 4.19 nm.

A diffused and broad scattering halo was observed at around
0.44–0.45 nm, corresponding to disordered alkyl chains and the
intermolecular stacking distance (c). The average number (Z) of
molecules in the assembled unit was estimated to be 2.0 for r = 1.
Moreover, the mesophases of 2b, c exhibited similar diffraction
peaks, and the unit parameters of 2b (210 1C) and 2c (205 1C) were
a = 3.21 and 3.74 nm, respectively, with c = 0.45 nm (Z = 2.0 for
r = 1). The a values of 2b–d were consistent with the molecular
lengths speculated by a theoretical study at the AM1 level.10

Similar to 1b–d, 2b–d formed organised structures based on the
circular units comprising self-assembled dimers (Fig. 2b). On the
other hand, the XRD patterns of 3b–d showed various phases; for
example, the XRD pattern of 3c as a mesophase at 35 1C upon
second heating showed d = 2.82 (200), 2.25 (110), 1.20 (020) and
0.78 (230) nm, derived from the Colr phase of a = 5.62 nm, b =
2.46 nm and c = 0.42 nm (Z = 2.1 for r = 1) without the formation
of a dimer structure. In addition, the XRD pattern of 3c at 55 1C
upon second heating exhibited the Colr phase of a = 4.47 nm, b =
2.98 nm and c = 0.42 nm, suggesting the formation of a more
condensed packing structure by heating. In contrast, 3d showed a
crystal-like diffraction at 70 1C.11 UV/vis absorption and fluores-
cence emission spectra of 2d in the film after once melting
suggested that the stacking mode was similar to that of 1d but
different from that of 3d. These observations suggested that aryl
substituents on boron prevented the formation of dimension-
controlled stacking structures based on the core p-planes and
instead led to the formation of complicated packing structures in
the derivatives possessing long alkyl chains.

Next, the assemblies comprising receptor–anion complexes,
2d�Cl� and 3d�Cl�, and a planar cation were examined. The
assembly 2d�Cl�–TATA+, which was prepared by reprecipitation
from 1,4-dioxane, showed the formation of mesophases with three
transition temperatures of 74, 59 and 44 1C during first cooling. In
addition, similar to 1d,6b,c the transition temperature of 2d�Cl�–
TATA+ to Iso was significantly lower (94 1C) than that of 2d (208 1C).
On the other hand, 3d�Cl�–TATA+ showed no mesophase upon
cooling but underwent exothermic second-order crystal–crystal

Fig. 2 (a) POM image of (i) 2d at 195 1C and (ii) 3d at 70 1C upon first cooling
and second heating and (b) synchrotron XRD analysis of 2d at 195 1C upon first
cooling and a possible model of a Colh structure (inset).

Communication ChemComm

Pu
bl

is
he

d 
on

 0
7 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
B

ir
m

in
gh

am
 o

n 
30

/1
0/

20
14

 2
0:

00
:0

9.
 

View Article Online

http://dx.doi.org/10.1039/c3cc38494b


2508 Chem. Commun., 2013, 49, 2506--2508 This journal is c The Royal Society of Chemistry 2013

transitions at, for example, 51 1C upon heating. Furthermore, the
POM image of 2d�Cl�–TATA+ exhibited a broken-fan-like texture at
64 1C upon first cooling (Fig. 3a(i)), whereas 3d�Cl�–TATA+ showed
a crystal-like texture at 70 1C upon second heating (Fig. 3a(ii)).

XRD analysis of 2d�Cl�–TATA+ at 64 1C upon first cooling
suggested the formation of a Colr phase of a = 7.34 nm, b =
2.84 nm and c = 0.80 nm (Z = 4.3 for r = 1) consisting of the dimeric
disk unit on the basis of d = 3.67 (200), 2.65 (110), 1.92 (310), 1.83
(400), 1.71 (410), 1.33 (220) and 0.80 (001) nm. In addition, the XRD
pattern at 53 1C upon second heating exhibited a Colr phase of a =
7.76 nm, b = 3.99 nm and c = 0.80 nm (Z = 6.1 for r = 1), suggesting
the increasing number of constituent ion pairs in an ellipsoidal
disk in the expanded unit lattice. In this case, the introduction of a
catechol–boron moiety instead of BF2 changed the phase from Colh
in 1d�Cl�–TATA+6c to Colr in 2d�Cl�–TATA+, because of the stacking
of charged planes with parallel displacement. On the other hand,
the XRD pattern of 3d�Cl�–TATA+ exhibited various phases such as
a Colh phase of a = 5.02 nm and c = 0.85 nm (Z = 4.2 for r = 0.9) at
40 1C upon second heating, on the basis of d = 4.35 (100), 2.62
(110), 2.16 (200), 1.45 (300) and 0.85 (001) nm. In addition, XRD
analysis at 72 1C upon second heating revealed a crystal-like
diffraction pattern, which was found to be well correlated with
an exothermic transition in the DSC profile. The bulky diphenyl-
boron moiety leads to weak stacking between the charged compo-
nents, resulting in low transition temperatures and complicated
structures in the mesophases.

In summary, boron-modified pyrrole-based p-conjugated
anion receptors formed supramolecular assemblies such as meso-
phases based on charge-by-charge assembled structures. The
substituents on a boron affected the assembled structures both
in the absence and presence of anions as a planar cation salt. In
particular, catechol–boron complexes formed mesophases based
on charge-by-charge assemblies, similar to the BF2 complexes,
whereas diphenylboron complexes formed crystal-like meso-
phases upon heating. Further modified boron substituents can
change the mode of assembly and afford various ionic materials
based on charge-segregated assemblies, which comprise stacking

structures of identical charged species.6g,h Detailed investigations
on the formation of such assemblies are currently under way.
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