
Induction of an Infinite Periodic Minimal Surface by
Endowing An Amphiphilic Zwitterion with Halogen-Bond
Ability
Takahiro Ichikawa,*[a, b] Akiyoshi Okafuji,[a] Takashi Kato,[c] and Hiroyuki Ohno*[a]

We have designed an amphiphilic zwitterion with an iodine-

substituted imidazolium cation. Although it forms a layered as-
sembly with flat interfaces, the addition of an equimolar

amount of bis(trifluoromethane)sulfonimide results in the for-
mation of a bicontinuous cubic liquid-crystalline assembly with

a primitive-type infinite periodic minimal surface, where its

zwitterionic headgroup sits regularly. IR measurements re-
vealed that halogen bond between the iodine atoms on the

imidazolium cation and the anions is involved in its molecular-
assembly behavior. The present results clearly indicate the po-

tential utility of halogen bonding to control the dimensionality
and continuity of the ionic/nonionic interface of amphiphiles

in bulk and consequent mesophase patterns, which may be

a significant new molecular technology for precisely arranging
functional molecules on a 3D continuous interfaces.

An infinite periodic minimal surface (IPMS) is a unique interface
that possesses incompatible characteristics, flatness on

a minute scale and three-dimensional (3D) continuity on

a large scale.[1] These characteristics stimulated us to envision
that the use of an IPMS could serve as the basis for an innova-

tive strategy to develop alignment-free functional interfaces
with macroscopic continuity. For the construction of such an

interface, a promising approach is to use the self-organization
of thermotropic bicontinuous cubic (Cubbi) liquid crystals.[2] De-

spite a growing interest in Cubbi liquid-crystalline (LC) assem-

blies, the number of research studies that report on the appli-

cation of Cubbi liquid crystals is very limited.[3] This results from
the difficulty in designing thermotropic LC molecules that ex-
hibit Cubbi phases. For the past decade, we have been engag-

ed in overcoming the design difficulty of Cubbi liquid crystals
by employing the excellent designability of ionic liquids.[4] For

example, thermotropic Cubbi liquid crystals have been success-

fully developed by introducing ionic-liquid structures into
wedge-shaped molecules.[4, 5] They form three-dimensionally in-

terconnected, periodic ionic nanochannels that function as
alignment-free, ion-conducting pathways. Recently, we have

focused on the design of Cubbi liquid crystals based on zwitter-
ions,[6] because of their unique characteristic of forming ionic-

liquid-like ion pairs in the co-existence of suitably selected

acids or salts.[7] To date, we have succeeded in the develop-
ment of amphiphilic zwitterions that exhibit Cubbi phases in

the presence of some acids or lithium salts.[6] It has been
found that a gyroid minimal surface, a class of IPMS, is formed

in the Cubbi phases, which functions as a proton conduction
pathway. This is a pioneering study that clearly shows the po-

tential utility of IPMS as a transportation pathway. To make the

strategy using IPMS more available, it is required to accumu-
late insight into the design of LC molecules that form Cubbi

phases. In the present study, we describe a novel strategy that
causes ionic amphiphiles to form Cubbi LC assemblies, which is

inspired by the ion design developed in ionic-liquid chemistry.
During the decades of studies on ionic liquids, a number of

cations and anions have been newly designed and combined

to provide ionic liquids with desired functions and properties.[8]

Consequently, the relationships between the component ion

structures and their physicochemical properties have been in-
tensively studied. One often-used strategy is to introduce halo-

gen atoms, such as fluorine, into the anion because the elec-
tro-drawing property of halogen atoms contributes to the de-

localization of a negative charge over the anion that is effec-
tive in lowering the viscosity of ionic liquids. Contrary to the
conventional strategy, the introduction of halogen atoms into
cations has only been performed in a limited number of re-
search studies,[9] because the introduction of halogen atoms

into cations enhances the positive charge, which leads to an
enhancement of electrostatic interaction, which then increases

the crystallinity of the resultant organic salts. Although halo-

gen introduction has been avoided in the design of ionic liq-
uids with low viscosity and/or low melting point, it gradually

turns into an effective strategy for developing task-specific
ionic liquids[10] or organic salts.[11] For example, recently, we

have succeeded in increasing the refractive index of ionic liq-
uids by attaching iodine atoms onto an imidazolium ring.[9d]
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These iodine-functionalized imidazolium salts show higher vis-
cosities than that of conventional imidazolium salts. This be-

havior may be attributed to the formation of halogen-bond in-
teractions between the iodine atoms and anions. This is a class

of interaction between a electrophilic halogen atom and an
electron donor, which is similar to hydrogen bonding in several

respects, although far less familiar.[12]

Inspired by the halogen-bond interaction between these
imidazolium-based ionic liquids, we expected that the intro-

duction of halogen-bond ability into the design of amphiphilic
zwitterions will be an advantageous strategy for controlling
the intermolecular distances between their ionic headgroups
in the assembled state, which is greatly responsible for the di-
mensionality of the ionic/nonionic interface and resultant mes-
ophase pattern. To test this hypothesis, we designed amphi-

philic zwitterion ImI2ZI with an iodine-functionalized imidazoli-

um cation as an ionic headgroup (Figure 1 a). For comparison,
analogous amphiphilic zwitterion ImH2ZI with no iodine atom

has been also prepared.

Compounds ImI2ZI and ImH2ZI exhibit thermotropic smectic
(Sm) phases over wide temperature ranges (Figure 2). It is ex-

pected that electrostatic interactions between their zwitterion-
ic parts, hydrogen bonds between their amide moieties, and
ionophobic interactions play major roles in their self-organizing
behavior. X-ray diffraction measurements for these compounds
have revealed that they form bilayer structures, where their

zwitterionic headgroups form flat interfaces with interdigitated
states (see Figures S1–S3 in the Supporting Information).

To bend the flat interfaces in the Sm LC assemblies in order
to induce the exhibition of Cubbi phases with an IPMS, we
adopted a previously developed strategy, in which some acids

or lithium salts are added to form ionic complexes with their
zwitterionic parts.[6] Here, we report results obtained when

using bis(trifluoromethane)sulfonimide (HTf2N) as an additive.
Equimolar mixtures of ImR2ZI and HTf2N were successfully pre-

pared by slow evaporation of methanol solutions of these

compounds. Thermotropic LC behavior of these mixtures is

also shown in Figure 2. It can be seen that the addition of
HTf2N greatly changes the thermotropic LC behavior of ImR2ZI.
Upon cooling from the isotropic (Iso) state of the ImI2ZI/HTf2N
mixture at around 150 8C, it never shows birefringence until it

turns into a glass state at around 10 8C, although a drastic in-
crease in viscosity is observed at around 50 8C. This is a charac-

teristic phase behavior of thermotropic liquid crystals exhibit-

ing cubic phases. These phase transitions are confirmed by dif-
ferential scanning calorimetry (DSC) measurements. DSC

curves for the ImI2ZI/HTf2N mixture are shown in Figure 3 a.
Upon heating, this mixture shows a base-line shift correspond-

Figure 1. a) Molecular structures of ImI2ZI and ImH2ZI. b) 3D molecular mod-
eling of ImI2ZI and ImH2ZI.

Figure 2. Thermotropic LC properties of ImI2ZI, ImH2ZI, and their mixtures
with equimolar amounts of HTf2N on heating. G, glass; Cr, crystalline; Sm,
smectic ; Cubbi, bicontinuous cubic; Col, columnar; Iso, isotropic.

Figure 3. a) Differential scanning calorimetry curves of the ImI2ZI/HTf2N mix-
ture. b) Synchrotron X-ray diffraction pattern of the ImI2ZI/HTf2N mixture at
40 8C.
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ing to a glass–LC phase transition at 12 8C and a small endo-
thermic peak at 62 8C, indicating a phase transition from LC to

Iso phases. To characterize the cubic phase, synchrotron radia-
tion X-ray diffraction measurements were performed for the

ImI2ZI/HTf2N mixture at 40 8C, using a wavelength of 0.9993 a.
An intense diffraction peak and three weak peaks are observed

at 2q= 1.51, 2.18, 2.65, and 3.028 (Figure 3 b). By using the
Bragg equation, d-spacing values were calculated to be 37.9,
26.3, 21.6, and 19.0 a, respectively. The reciprocal ratio of these

d-spacing values was
p

2:
p

4:
p

6:
p

8 and, therefore, they can
be indexed to the reflection peaks of (110), (200), (211), and

(220) of a cubic structure with a lattice parameter of 53 a. The
appearance of these peaks is a characteristic of a Cubbi LC as-

sembly with Im3m symmetry. For further confirmation of these
LC phases, an effective approach is to examine amphotropic

LC behavior.[13] Addition of a small amount of water into the

ImI2ZI/HTf2N mixture leads to the exhibition of Col phases
showing a focal conic texture under the polarizing optical mi-

croscope (Figure 4 a), which also supports that the ImI2ZI/

HTf2N mixture forms a Cubbi phase under the water-poor con-

ditions. In contrast to the ImI2ZI/HTf2N mixture, the ImH2ZI/
HTf2N mixture exhibits a Col phase without addition of water
(Figure S9). To examine if ImH2ZI has the potential to exhibit

Cubbi phases, depending on the molar ratio of HTf2N per
ImH2ZI, we tried a contact test for the ImH2ZI/HTf2N mixture
and pristine ImH2ZI. Here, we note that pristine ImH2ZI exhib-
its only a Sm phase. From this contact test, we observed

a band-shaped optically isotropic LC domain between the
domain of the ImH2ZI/HTf2N mixture and that of pristine
ImH2ZI (Figure 4 b). It is most plausible to assume that the ap-

pearance of the non-birefringent domain is indicative of the
formation of a Cubbi phase as a mesophase between Sm and

Col phases.
In our previous study on the thermotropic LC behavior of

a series of amphiphilic zwitterions with a pyridinium cation

structure, we reported that the addition of HTf2N into the am-
phiphilic zwitterions results in the induction of Col and Cubbi

phases, where hydrophobic alkyl-chain domains are surround-
ed by an ionic-liquid-like domain.[6] This phenomenon was ex-

plained by ion exchange between the zwitterion part and
HTf2N through the hard and soft acids and bases principle.

Taking into account the previous results, we inferred that the
molecular-assembly structures of the ImI2ZI/HTf2N mixture in

the Cubbi phase adopted Im3m symmetry. A schematic illustra-
tion is described in Figure 5. In the Cubbi assembly, it is expect-

ed that the ionic headgroup of ImI2ZI sits on a primitive mini-

mal surface, a class of IPMS, and the periphery of its alkyl chain
locates in the center of 3D interwoven nanochannel domains.

Comparison of the LC behavior between ImI2ZI, ImH2ZI, and

their mixtures with HTf2N leads us to conclude that the attach-
ment of iodine atoms onto the imidazolium cation of the am-

phiphilic zwitterions has significant effects on their self-organi-
zation behavior. To elucidate the effects of this halogen substi-

tution on intermolecular interactions, we have carried out IR
measurements for the LC samples. Before discussing the IR

spectra of these LC samples, here we note the results obtained

for an ionic liquid, 1-butyl-4,5-diiodo-3-methylimidazolium
bis(trifluoromethane)sulfonimide, [BmimI2][Tf2N]. Compared to

the IR spectrum of 1-butyl-3-methylimidazolium bis(trifluoro-
methane) sulfonimide ([Bmim][Tf2N]), it has been found that
iodine introduction into the imidazolium cation gives rise to
a peak shift of the stretching vibration of the C@H bond at the

C2 position of the imidazolium ring (C2@H) from 3156 to
3139 cm@1 (Figure 6 a). Based on these results, we discuss the
IR spectra obtained for the LC samples. The IR spectra of

ImI2ZI, ImH2ZI, and their mixtures with HTf2N in the LC phases
are compared in Figures 6 b–e. Focusing on the symmetric

stretching vibration of the S=O group (S=Os) of ImI2ZI, it has
been found that the position of the S=Os band shifts from

1173 to 1140 cm@1 upon the addition of HTf2N (Figure 6 d). This

shift indicates that the sulfonate anion of ImI2ZI is protonated
by HTf2N through ion exchange between the two compounds

(Scheme 1). The change of the IR band peak position of C2@H
upon the addition of HTf2N also supports the ion exchange. Al-

though the IR absorbance peak of C2@H is observed at
3108 cm@1 for pristine ImI2ZI, that of ImI2ZI in the presence of

Figure 4. Polarizing optical microscope textures of : a) ImI2ZI/HTf2N mixture
with a small amount of water; b) the contact test sample of the ImH2ZI/
HTf2N mixture and ImH2ZI at 70 8C.

Figure 5. Schematic illustration of the proposed molecularly assembled
structure of the ImI2ZI/HTf2N mixture in the Cubbi phase with Im3m
symmetry.
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HTf2N is observed at 3129 cm@1 (Figure 6 b), which is approxi-
mately the same position as that observed for [BmimI2][Tf2N].
Similarly, a high-frequency shift of C2@H upon the addition of
HTf2N is also observed for ImH2ZI systems (Figure 6 c). The

high-frequency shift can be understood as follows. In the as-
semblies of pristine ImR2ZI, a hydrogen bond is formed be-
tween C2@H and the sulfonate anion with strong hydrogen-

bond-acceptor ability. Upon the addition of HTf2N, the proba-
bility that the sulfonate anion locates near C2@H drastically de-

creases, owing to the presence of the Tf2N anion near the imi-
dazolium cation. It is well known that the hydrogen-bond-ac-

ceptor ability of the Tf2N anion is weaker than that of the sul-

fonate anion. As a result, the hydrogen bond between C2@H
and the anion weakens, and the peak position then shifts to

the high-frequency region. These results strongly suggest that
the mixture of ImR2ZI and HTf2N co-organizes into LC assem-

blies, forming a preferable ion pair between the imidazolium
cation and the Tf2N anion. This conclusion is consistent with

a result that has been inferred from Raman measurements for
our previously reported LC materials composed of pyridinium-
based amphiphilic zwitterions and HTf2N.[6b]

It is expected that the amide group of ImR2ZI is also in-

volved in their self-organization behavior in the presence or
absence of HTf2N. To evaluate the contribution of the amide
group, we discuss the stretching vibration band of C=O and
N@H. The C=O stretching band of the amide group of ImI2ZI is
observed at 1650 cm@1, whereas that of the ImI2ZI/HTf2N mix-
ture is observed at 1681 cm@1 (Figure 6 d). A similar shift is also
found for the ImH2ZI system (Figure 6 e). The high-frequency
shifts of the C=O stretching vibration upon the addition of
HTf2N indicate that the intermolecular hydrogen bonding be-

tween the amide group of ImR2ZI weakens upon the forma-
tion of the preferential ion pair between the imidazolium

cation and the Tf2N anion. The weakening of hydrogen bond-

ing is also confirmed by the peak shift of the N@H stretching
band. Although the N@H stretching band is observed for pris-

tine ImI2ZI at 3292 cm@1, it shifts to 3332 cm@1 upon the addi-
tion of HTf2N (Figure 6 b). The most plausible explanation is

that the penetration of the Tf2N anion between the imidazoli-
um cations of ImI2ZI expands the distance between the ionic

headgroups, consequently increasing the distance between

the amide groups (Figure S12). This explanation is consistent
with the results that ImR2ZI/HTf2N mixtures exhibit nano-segre-

gated LC phases, in which the ionic/nonionic interface is
curved toward the alkyl-chain regions and the zwitterionic

parts form a continuous layer around a primitive IPMS.
Comparing the IR spectra between the ImI2ZI system and

the ImH2ZI system, we found some differences that provide

significant insights concerning intermolecular interactions in
the present LC systems. A notable difference is that S=Os of

ImI2ZI is observed at 1173 cm@1, whereas that of ImH2ZI is ob-
served at 1208 cm@1 (Figures 6 d and 6 e). The peak shift

toward lower wavenumbers upon the introduction of iodine
atoms can be explained by assuming that the substitution of
the hydrogen atoms on the imidazolium cation of ImR2ZI for

iodine atoms endows the imidazolium cation with an ability to
form a halogen bond with its sulfonate anion as well as a hy-
drogen bond. It has been reported that halogen atoms on the
imidazolium cation form halogen bonds with an electron

donor site, owing to their electrophilic properties.[9a–c] A pio-
neering study on ionic liquids with halogen-bond ability was

reported by Mukai and Nishikawa.[9a] They designed imidazoli-
um salts with halogen atoms on the imidazolium rings and
showed the formation of halogen bonds between the halogen

atoms and some anions, including the Tf2N anion, through
analysis of the crystal structures of these compounds.[9b] In par-

allel with the experimental proof, the formation of halogen
bonding between imidazolium cations and Tf2N anions was

also indicated by simulation studies.[14] Considering these stud-

ies, it is reasonable to assume that, in the presence of HTf2N,
C4@I and C5@I of ImI2ZI form halogen bonds with the neighbor-

ing Tf2N anions that are located close to the imidazolium
cation through ion exchange (Scheme 1).

A noteworthy point is that the ImI2ZI/HTf2N mixture exhibits
the Cubbi phase, whereas the ImH2ZI/HTf2N mixture exhibits

Figure 6. IR spectra of: a) [BmimI2][Tf2N] and [Bmim][Tf2N]; b–e) ImI2ZI,
c) ImH2ZI, and their respective mixtures with equimolar amounts of HTf2N,
respectively.

Scheme 1. Schematic presentation of ion exchange between ImR2ZI and
HTf2N.
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the Col phase. Generally, it is known that the increase in size of
the headgroup of amphiphiles results in increasing curvature

of the interface of assembled molecules. The molecular weight
of ImI2ZI is 723.49, which is 251.79 larger than that of ImH2ZI.
This difference directly signifies an increase in the size of the
ionic headgroup, which is depicted with a 3D molecular model

in Figure 1 b. According to the general insight, it seems to be
reasonable to expect that the ImI2ZI/HTf2N mixture should
form a nano-segregated structure with a curvature that is

larger than the Col structure of ImH2ZI/HTf2N. However, in fact,
it exhibits a Cubbi phase. These results suggest that the type of
thermotropic mesophase pattern formed by amphiphilic com-
pounds is governed not only by the size of their headgroups,

but also by the cooperation of various intermolecular and in-
tramolecular interactions, such as electrostatic, hydrogen-

bond, and halogen-bond interactions. Throughout the course

of studies on molecular architectures, halogen bonding has
been employed for the development of diverse molecular as-

semblies, such as supramolecular systems,[15] metal–organic
frameworks,[16] and so on.[17] Needless to say, during the course

of research on functional nano-segregated liquid crystals,[18] it
has been integrated into liquid-crystal chemistry.[19] One pio-

neering study was achieved by Bruce and co-workers.[19e] They

reported that the complex of alkoxystilbazole and iodopenta-
fluorobenzene exhibits LC behavior through the formation of

supramolecular mesogens. In most studies on halogen-bonded
liquid crystals, halogen bonding has been introduced for the

expansion of mesogen parts and is usually formed parallel to
the molecular axis.[19b, c, 20] In contrast, the present study is

unique in that halogen bonding is used to control the intermo-

lecular distance and intermolecular interactions perpendicular
to the molecular axis.

One of our aims throughout the course of these studies on
Cubbi LC materials is to clarify the potential utility of IPMSs for

preparing organic materials with ordered transport pathways.
Especially considering the unique characteristics of the amphi-
philic zwitterion LC systems that provide a hydrophilic inter-

face sandwiched by hydrophobic ionic-liquid-like layers, it is
expected to be a peerless situation for creating an extremely
thin, but macroscopically continuous, hydrogen-bond network
of water molecules where protons can migrate through a Grot-

thuss hopping mechanism.[6a] As well as our previous materials,
the ionic conductivities of the present materials have been

measured (Figure S13). Recently, there has been increasing at-
tention on the development of proton-conductive materials
based on liquid crystals.[21] In the future, we will follow up on

the present work with some sophisticated molecular design,
selection of more suitable ion structures, and fixation of the

formed Cubbi structures to construct an ideal situation for
proton transport through a hopping mechanism along an

IPMS.

In summary, we have succeeded in inducing a zwitterionic
amphiphile to self-organize into a Cubbi thermotropic LC phase

by attaching iodine atoms onto its ionic headgroup. Consider-
ing the fact that induction of Cubbi phase behavior is inextrica-

bly associated with the formation of an IPMS, it can be con-
cluded that the zwitterionic headgroup aligns on a periodic

minimal surface. IR measurements have revealed that halogen
bonding between the iodine-substituted imidazolium cation

and anions plays an important role in the self-organization be-
havior. The use of IPMSs is a promising approach for construct-
ing functional interfaces with 3D continuity ; however, further
improvement of the methods in order to program molecules
to form these surfaces is still required. We expect that the pres-
ent study will be an important step towards the design and

application of nanostructured materials with IPMSs.

Acknowledgements

This work was supported by the Japan Society for the Promotion

of Science, Grant-in-Aid for Scientific Research (A) (no. 26248049).

T.I. is grateful for financial support from the Grant-in-Aid for
Young Scientists (A) (no. 25708014) and Precursory Research for

Embryonic Science and Technology (PRESTO) from the JST. The
synchrotron radiation experiments were performed at the BL02B2

of SPring-8 with the approval of the Japan Synchrotron Radia-
tion Research Institute (JASRI) (Proposal No. 2015A1135). We also

thank Dr. Shogo Kawaguchi for performing the synchrotron radi-

ation X-ray diffraction measurement.

Keywords: bicontinuous cubic phase · halogen bonds ·
infinite periodic minimal surface · liquid crystals · zwitterions

[1] A. L. Mackay, Nature 1985, 314, 604 – 606.
[2] a) M. Imp8ror-Clerc, Curr. Opin. Colloid Interface Sci. 2005, 9, 370 – 376;

b) S. Kutsumizu, Curr. Opin. Solid State Mater. Sci. 2002, 6, 537 – 543; c) S.
Diele, Curr. Opin. Colloid Interface Sci. 2002, 7, 333 – 342.

[3] a) D. F. O’Brien, B. Armitage, A. Benedicto, D. E. Bennett, H. G. Lamparski,
Y. S. Lee, W. Srisiri, T. M. Sisson, Acc. Chem. Res. 1998, 31, 861 – 868;
b) B. K. Cho, A. Jain, S. M. Gruner, U. Wiesner, Science 2004, 305, 1598 –
1601; c) L. Y. Jin, J. Bae, J. H. Ryu, M. Lee, Angew. Chem. Int. Ed. 2006, 45,
650 – 653; Angew. Chem. 2006, 118, 666 – 669; d) M. J. Zhou, P. R.
Nemade, X. Y. Lu, X. H. Zeng, E. S. Hatakeyama, R. D. Noble, D. L. Gin, J.
Am. Chem. Soc. 2007, 129, 9574 – 9575; e) E. S. Hatakeyama, B. R. Wiese-
nauer, C. J. Gabriel, R. D. Noble, D. L. Gin, Chem. Mater. 2010, 22, 4525 –
4527; f) G. P. Sorenson, K. L. Coppage, M. K. Mahanthappa, J. Am. Chem.
Soc. 2011, 133, 14928 – 14931; g) R. Negrini, R. Mezzenga, Langmuir
2011, 27, 5296 – 5303; h) M. Henmi, K. Nakatsuji, T. Ichikawa, H. Tomioka,
T. Sakamoto, M. Yoshio, T. Kato, Adv. Mater. 2012, 24, 2238 – 2241.

[4] a) T. Ichikawa, M. Yoshio, A. Hamasaki, T. Mukai, H. Ohno, T. Kato, J. Am.
Chem. Soc. 2007, 129, 10662 – 10663; b) T. Ichikawa, M. Yoshio, A. Hama-
saki, J. Kagimoto, H. Ohno, T. Kato, J. Am. Chem. Soc. 2011, 133, 2163 –
2169; c) T. Ichikawa, M. Yoshio, A. Hamasaki, S. Taguchi, F. Liu, X. B.
Zeng, G. Ungar, H. Ohno, T. Kato, J. Am. Chem. Soc. 2012, 134, 2634 –
2643.

[5] B. Soberats, M. Yoshio, T. Ichikawa, S. Taguchi, H. Ohno, T. Kato, J. Am.
Chem. Soc. 2013, 135, 15286 – 15289.

[6] a) T. Ichikawa, T. Kato, H. Ohno, J. Am. Chem. Soc. 2012, 134, 11354 –
11357; b) T. Matsumoto, T. Ichikawa, J. Sakuda, T. Kato, H. Ohno, Bull.
Chem. Soc. Jpn. 2014, 87, 792 – 796.

[7] A. Narita, W. Shibayama, K. Sakamoto, T. Mizumo, N. Matsumi, H. Ohno,
Chem. Commun. 2006, 1926 – 1928.

[8] a) P. Bonhite, A. P. Dias, N. Papageorgiou, K. Kalyanasundaram, M. Gr-t-
zel, Inorg. Chem. 1996, 35, 1168 – 1178; b) C. M. Gordon, J. D. Holbrey,
A. R. Kennedy, K. R. Seddon, J. Mater. Chem. 1998, 8, 2627 – 2636; c) D. R.
MacFarlane, J. H. Huang, M. Forsyth, Nature 1999, 402, 792 – 794;
d) E. D. Bates, R. D. Mayton, I. Ntai, J. H. Davis, J. Am. Chem. Soc. 2002,
124, 926 – 927; e) A. El Kadib, P. Hesemann, K. Molvinger, J. Brandner, C.
Biolley, P. Gaveau, J. J. E. Moreau, D. Brunel, J. Am. Chem. Soc. 2009, 131,
2882 – 2892; f) H. Ohno, K. Fukumoto, Acc. Chem. Res. 2007, 40, 1122 –

ChemistryOpen 2016, 5, 439 – 444 www.chemistryopen.org T 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim443

http://dx.doi.org/10.1038/314604a0
http://dx.doi.org/10.1038/314604a0
http://dx.doi.org/10.1038/314604a0
http://dx.doi.org/10.1016/j.cocis.2004.12.004
http://dx.doi.org/10.1016/j.cocis.2004.12.004
http://dx.doi.org/10.1016/j.cocis.2004.12.004
http://dx.doi.org/10.1016/S1359-0286(03)00008-1
http://dx.doi.org/10.1016/S1359-0286(03)00008-1
http://dx.doi.org/10.1016/S1359-0286(03)00008-1
http://dx.doi.org/10.1016/S1359-0294(02)00086-9
http://dx.doi.org/10.1016/S1359-0294(02)00086-9
http://dx.doi.org/10.1016/S1359-0294(02)00086-9
http://dx.doi.org/10.1021/ar970140m
http://dx.doi.org/10.1021/ar970140m
http://dx.doi.org/10.1021/ar970140m
http://dx.doi.org/10.1126/science.1100872
http://dx.doi.org/10.1126/science.1100872
http://dx.doi.org/10.1126/science.1100872
http://dx.doi.org/10.1002/anie.200502911
http://dx.doi.org/10.1002/anie.200502911
http://dx.doi.org/10.1002/anie.200502911
http://dx.doi.org/10.1002/anie.200502911
http://dx.doi.org/10.1002/ange.200502911
http://dx.doi.org/10.1002/ange.200502911
http://dx.doi.org/10.1002/ange.200502911
http://dx.doi.org/10.1021/ja073067w
http://dx.doi.org/10.1021/ja073067w
http://dx.doi.org/10.1021/ja073067w
http://dx.doi.org/10.1021/ja073067w
http://dx.doi.org/10.1021/cm1013027
http://dx.doi.org/10.1021/cm1013027
http://dx.doi.org/10.1021/cm1013027
http://dx.doi.org/10.1021/ja2063555
http://dx.doi.org/10.1021/ja2063555
http://dx.doi.org/10.1021/ja2063555
http://dx.doi.org/10.1021/ja2063555
http://dx.doi.org/10.1021/la200591u
http://dx.doi.org/10.1021/la200591u
http://dx.doi.org/10.1021/la200591u
http://dx.doi.org/10.1021/la200591u
http://dx.doi.org/10.1002/adma.201200108
http://dx.doi.org/10.1002/adma.201200108
http://dx.doi.org/10.1002/adma.201200108
http://dx.doi.org/10.1021/ja0740418
http://dx.doi.org/10.1021/ja0740418
http://dx.doi.org/10.1021/ja0740418
http://dx.doi.org/10.1021/ja0740418
http://dx.doi.org/10.1021/ja106707z
http://dx.doi.org/10.1021/ja106707z
http://dx.doi.org/10.1021/ja106707z
http://dx.doi.org/10.1021/ja209010m
http://dx.doi.org/10.1021/ja209010m
http://dx.doi.org/10.1021/ja209010m
http://dx.doi.org/10.1021/ja407883b
http://dx.doi.org/10.1021/ja407883b
http://dx.doi.org/10.1021/ja407883b
http://dx.doi.org/10.1021/ja407883b
http://dx.doi.org/10.1021/ja304124w
http://dx.doi.org/10.1021/ja304124w
http://dx.doi.org/10.1021/ja304124w
http://dx.doi.org/10.1246/bcsj.20140049
http://dx.doi.org/10.1246/bcsj.20140049
http://dx.doi.org/10.1246/bcsj.20140049
http://dx.doi.org/10.1246/bcsj.20140049
http://dx.doi.org/10.1039/B517019B
http://dx.doi.org/10.1039/B517019B
http://dx.doi.org/10.1039/B517019B
http://dx.doi.org/10.1021/ic951325x
http://dx.doi.org/10.1021/ic951325x
http://dx.doi.org/10.1021/ic951325x
http://dx.doi.org/10.1039/a806169f
http://dx.doi.org/10.1039/a806169f
http://dx.doi.org/10.1039/a806169f
http://dx.doi.org/10.1038/45514
http://dx.doi.org/10.1038/45514
http://dx.doi.org/10.1038/45514
http://dx.doi.org/10.1021/ja017593d
http://dx.doi.org/10.1021/ja017593d
http://dx.doi.org/10.1021/ja017593d
http://dx.doi.org/10.1021/ja017593d
http://dx.doi.org/10.1021/ja807630j
http://dx.doi.org/10.1021/ja807630j
http://dx.doi.org/10.1021/ja807630j
http://dx.doi.org/10.1021/ja807630j
http://dx.doi.org/10.1021/ar700053z
http://dx.doi.org/10.1021/ar700053z
http://www.chemistryopen.org


1129; g) J. H. Olivier, F. Camerel, J. Selb, P. Retailleau, R. Ziessel, Chem.
Commun. 2009, 1133 – 1135.

[9] a) T. Mukai, K. Nishikawa, Chem. Lett. 2009, 38, 402 – 403; b) T. Mukai, K.
Nishikawa, Rsc Adv. 2013, 3, 19952 – 19955; c) T. Mukai, K. Nishikawa,
Solid State Sci. 2010, 12, 783 – 788; d) Y. Kayama, T. Ichikawa, H. Ohno,
Chem. Commun. 2014, 50, 14790 – 14792.

[10] C. F. Ye, J. M. Shreeve, J. Org. Chem. 2004, 69, 6511 – 6513.
[11] C. J. Serpell, N. L. Kilah, P. J. Costa, V. Felix, P. D. Beer, Angew. Chem. Int.

Ed. 2010, 49, 5322 – 5326; Angew. Chem. 2010, 122, 5450 – 5454.
[12] A. C. Legon, Phys. Chem. Chem. Phys. 2010, 12, 7736 – 7747.
[13] a) C. Tschierske, Curr. Opin. Colloid Interface Sci. 2002, 7, 355 – 370;

b) A. I. Smirnova, D. W. Bruce, Chem. Commun. 2002, 176 – 177; c) G. A.
Nagana Gowda, H. Chen, C. L. Khetrapal, R. G. Weiss, Chem. Mater. 2004,
16, 2101 – 2106.

[14] R. Q. Lu, Z. Q. Qu, H. Yu, F. Wang, S. T. Wang, Comput. Theor. Chem.
2012, 988, 86 – 91.

[15] A. Priimagi, G. Cavallo, P. Metrangolo, G. Resnati, Acc. Chem. Res. 2013,
46, 2686 – 2695.

[16] R. Bertani, P. Sgarbossa, A. Venzo, F. Lelj, M. Amati, G. Resnati, T. Pilati, P.
Metrangolo, G. Terraneo, Coord. Chem. Rev. 2010, 254, 677 – 695.

[17] P. Metrangolo, G. Resnati, T. Pilati, S. Biella, Struct. Bonding (Berlin) 2008,
126, 105 – 136.

[18] a) K. Binnemans, Chem. Rev. 2005, 105, 4148 – 4204; b) T. Kato, N. Miz-
oshita, K. Kishimoto, Angew. Chem. Int. Ed. 2006, 45, 38 – 68; Angew.
Chem. 2006, 118, 44 – 74; c) D. L. Gin, X. Y. Lu, P. R. Nemade, C. S. Peci-
novsky, Y. J. Xu, M. J. Zhou, Adv. Funct. Mater. 2006, 16, 865 – 878; d) S.
Laschat, A. Baro, N. Steinke, F. Giesselmann, C. H-gele, G. Scalia, R.
Judele, E. Kapatsina, S. Sauer, A. Schreivogel, M. Tosoni, Angew. Chem.
Int. Ed. 2007, 46, 4832 – 4887; Angew. Chem. 2007, 119, 4916 – 4973;

e) B. M. Rosen, C. J. Wilson, D. A. Wilson, M. Peterca, M. R. Imam, V.
Percec, Chem. Rev. 2009, 109, 6275 – 6540; f) W. Pisula, X. A. Feng, K.
Mellen, Adv. Mater. 2010, 22, 3634 – 3649; g) C. Tschierske, Angew. Chem.
Int. Ed. 2013, 52, 8828 – 8878; Angew. Chem. 2013, 125, 8992 – 9047;
h) B. K. Cho, Rsc Adv. 2014, 4, 395 – 405.

[19] a) D. W. Bruce, Struct. Bonding (Berlin) 2008, 126, 161 – 180; b) L. J.
McAllister, C. Prasang, J. P. W. Wong, R. J. Thatcher, A. C. Whitwood, B.
Donnio, P. O’Brien, P. B. Karadakov, D. W. Bruce, Chem. Commun. 2013,
49, 3946 – 3948; c) P. Metrangolo, C. Prasang, G. Resnati, R. Liantonio,
A. C. Whitwood, D. W. Bruce, Chem. Commun. 2006, 3290 – 3292; d) C.
Pr-sang, A. C. Whitwood, D. W. Bruce, Chem. Commun. 2008, 2137 –
2139; e) H. L. Nguyen, P. N. Horton, M. B. Hursthouse, A. C. Legon, D. W.
Bruce, J. Am. Chem. Soc. 2004, 126, 16 – 17.

[20] a) J. W. Xu, X. M. Liu, J. K. P. Ng, T. T. Lin, C. B. He, J. Mater. Chem. 2006,
16, 3540 – 3545; b) Y. J. Chen, H. F. Yu, L. Y. Zhang, H. A. Yang, Y. F. Lu,
Chem. Commun. 2014, 50, 9647 – 9649.

[21] a) Y. J. Huang, Y. H. Cong, J. J. Li, D. L. Wang, J. T. Zhang, L. Xu, W. L. Li,
L. B. Li, G. Q. Pan, C. L. Yang, Chem. Commun. 2009, 7560 – 7562; b) C. F.
Chow, V. A. L. Roy, Z. Ye, M. H. W. Lam, C. S. Lee, K. C. Lau, J. Mater.
Chem. 2010, 20, 6245 – 6249; c) Y. B. Chen, M. Thorn, S. Christensen, C.
Versek, A. Poe, R. C. Hayward, M. T. Tuominen, S. Thayumanavan, Nat.
Chem. 2010, 2, 503 – 508; d) S. Ueda, J. Kagimoto, T. Ichikawa, T. Kato, H.
Ohno, Adv. Mater. 2011, 23, 3071 – 3074; e) D. Basak, S. Christensen, S. K.
Surampudi, C. Versek, D. T. Toscano, M. T. Tuominen, R. C. Hayward, D.
Venkataraman, Chem. Commun. 2011, 47, 5566 – 5568.

Received: May 27, 2016
Published online on August 2, 2016

ChemistryOpen 2016, 5, 439 – 444 www.chemistryopen.org T 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim444

http://dx.doi.org/10.1021/ar700053z
http://dx.doi.org/10.1039/b815979c
http://dx.doi.org/10.1039/b815979c
http://dx.doi.org/10.1039/b815979c
http://dx.doi.org/10.1039/b815979c
http://dx.doi.org/10.1246/cl.2009.402
http://dx.doi.org/10.1246/cl.2009.402
http://dx.doi.org/10.1246/cl.2009.402
http://dx.doi.org/10.1039/c3ra43899f
http://dx.doi.org/10.1039/c3ra43899f
http://dx.doi.org/10.1039/c3ra43899f
http://dx.doi.org/10.1016/j.solidstatesciences.2010.02.019
http://dx.doi.org/10.1016/j.solidstatesciences.2010.02.019
http://dx.doi.org/10.1016/j.solidstatesciences.2010.02.019
http://dx.doi.org/10.1039/C4CC06145D
http://dx.doi.org/10.1039/C4CC06145D
http://dx.doi.org/10.1039/C4CC06145D
http://dx.doi.org/10.1021/jo0490649
http://dx.doi.org/10.1021/jo0490649
http://dx.doi.org/10.1021/jo0490649
http://dx.doi.org/10.1002/anie.201001729
http://dx.doi.org/10.1002/anie.201001729
http://dx.doi.org/10.1002/anie.201001729
http://dx.doi.org/10.1002/anie.201001729
http://dx.doi.org/10.1002/ange.201001729
http://dx.doi.org/10.1002/ange.201001729
http://dx.doi.org/10.1002/ange.201001729
http://dx.doi.org/10.1039/c002129f
http://dx.doi.org/10.1039/c002129f
http://dx.doi.org/10.1039/c002129f
http://dx.doi.org/10.1016/S1359-0294(02)00083-3
http://dx.doi.org/10.1016/S1359-0294(02)00083-3
http://dx.doi.org/10.1016/S1359-0294(02)00083-3
http://dx.doi.org/10.1039/b108223j
http://dx.doi.org/10.1039/b108223j
http://dx.doi.org/10.1039/b108223j
http://dx.doi.org/10.1021/cm034963j
http://dx.doi.org/10.1021/cm034963j
http://dx.doi.org/10.1021/cm034963j
http://dx.doi.org/10.1021/cm034963j
http://dx.doi.org/10.1021/ar400103r
http://dx.doi.org/10.1021/ar400103r
http://dx.doi.org/10.1021/ar400103r
http://dx.doi.org/10.1021/ar400103r
http://dx.doi.org/10.1016/j.ccr.2009.09.035
http://dx.doi.org/10.1016/j.ccr.2009.09.035
http://dx.doi.org/10.1016/j.ccr.2009.09.035
http://dx.doi.org/10.1021/cr0400919
http://dx.doi.org/10.1021/cr0400919
http://dx.doi.org/10.1021/cr0400919
http://dx.doi.org/10.1002/anie.200501384
http://dx.doi.org/10.1002/anie.200501384
http://dx.doi.org/10.1002/anie.200501384
http://dx.doi.org/10.1002/ange.200501384
http://dx.doi.org/10.1002/ange.200501384
http://dx.doi.org/10.1002/ange.200501384
http://dx.doi.org/10.1002/ange.200501384
http://dx.doi.org/10.1002/adfm.200500280
http://dx.doi.org/10.1002/adfm.200500280
http://dx.doi.org/10.1002/adfm.200500280
http://dx.doi.org/10.1002/anie.200604203
http://dx.doi.org/10.1002/anie.200604203
http://dx.doi.org/10.1002/anie.200604203
http://dx.doi.org/10.1002/anie.200604203
http://dx.doi.org/10.1002/ange.200604203
http://dx.doi.org/10.1002/ange.200604203
http://dx.doi.org/10.1002/ange.200604203
http://dx.doi.org/10.1021/cr900157q
http://dx.doi.org/10.1021/cr900157q
http://dx.doi.org/10.1021/cr900157q
http://dx.doi.org/10.1002/adma.201000585
http://dx.doi.org/10.1002/adma.201000585
http://dx.doi.org/10.1002/adma.201000585
http://dx.doi.org/10.1002/anie.201300872
http://dx.doi.org/10.1002/anie.201300872
http://dx.doi.org/10.1002/anie.201300872
http://dx.doi.org/10.1002/anie.201300872
http://dx.doi.org/10.1002/ange.201300872
http://dx.doi.org/10.1002/ange.201300872
http://dx.doi.org/10.1002/ange.201300872
http://dx.doi.org/10.1039/C3RA45044A
http://dx.doi.org/10.1039/C3RA45044A
http://dx.doi.org/10.1039/C3RA45044A
http://dx.doi.org/10.1039/c3cc41227j
http://dx.doi.org/10.1039/c3cc41227j
http://dx.doi.org/10.1039/c3cc41227j
http://dx.doi.org/10.1039/c3cc41227j
http://dx.doi.org/10.1039/B605101D
http://dx.doi.org/10.1039/B605101D
http://dx.doi.org/10.1039/B605101D
http://dx.doi.org/10.1039/b719555a
http://dx.doi.org/10.1039/b719555a
http://dx.doi.org/10.1039/b719555a
http://dx.doi.org/10.1021/ja036994l
http://dx.doi.org/10.1021/ja036994l
http://dx.doi.org/10.1021/ja036994l
http://dx.doi.org/10.1039/b606617h
http://dx.doi.org/10.1039/b606617h
http://dx.doi.org/10.1039/b606617h
http://dx.doi.org/10.1039/b606617h
http://dx.doi.org/10.1039/C4CC02344G
http://dx.doi.org/10.1039/C4CC02344G
http://dx.doi.org/10.1039/C4CC02344G
http://dx.doi.org/10.1039/b912472a
http://dx.doi.org/10.1039/b912472a
http://dx.doi.org/10.1039/b912472a
http://dx.doi.org/10.1039/c0jm00523a
http://dx.doi.org/10.1039/c0jm00523a
http://dx.doi.org/10.1039/c0jm00523a
http://dx.doi.org/10.1039/c0jm00523a
http://dx.doi.org/10.1038/nchem.629
http://dx.doi.org/10.1038/nchem.629
http://dx.doi.org/10.1038/nchem.629
http://dx.doi.org/10.1038/nchem.629
http://dx.doi.org/10.1002/adma.201100942
http://dx.doi.org/10.1002/adma.201100942
http://dx.doi.org/10.1002/adma.201100942
http://dx.doi.org/10.1039/c1cc10509d
http://dx.doi.org/10.1039/c1cc10509d
http://dx.doi.org/10.1039/c1cc10509d
http://www.chemistryopen.org

