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ABSTRACT: We report synthesis of novel macrocyclic
molecules and their metal complexes as well as their
thermotropic columnar liquid-crystalline behavior. The macro-
cyclic ligands were prepared size-selectively based on dynamic
covalent chemistry. X-ray study of a model macrocycle with
short alkyl chains revealed that they were discrete and highly
symmetric, with an inner vacant cavity of 9 Å diameter en-
closed by a 56π planar ring composed of four bis(salicylidene)-
o-phenylenediamine (salphen) moieties alternating with four
carbazoles. Ni2+ and Cu2+ ions were incorporated into the four
salphen ligands and formed square-planar metal complexes
inside the macrocycles. From the structural and thermal ana-
lyses via X-ray diffraction measurements, differential scanning
calorimetry, and polarized optical-microscopic observations, it was revealed that the macrocyclic ligand and its metal complexes
self-assembled into columnar liquid-crystalline phases depending on the temperature and displayed a highly fluid character over a
wide range of temperatures. The peripheral alkyl chains were influential in controlling the temperature range and flowability of
the liquid-crystalline phases, and the range of the liquid-crystalline temperature of the metallo-macrocycles was significantly
higher than those of the metal-free macrocycles. To the best of our knowledge, these are the first examples of thermotropic
columnar liquid crystals of macrocyclic metal complexes with a large hollow area.

■ INTRODUCTION

Designer molecular nanospaces are promising systems for pro-
moting multiple chemical processes such as specific recog-
nition, storage, the construction of arrays, transportation, and
the reactions of confined molecules.1−5 Recently, many well-
defined molecular nanospaces in crystalline materials have been
reported. Some examples of such systems include the so-called
metal−organic frameworks (MOFs),4a porous coordination
polymers (PCPs),4b and covalent organic frameworks (COFs).5

In contrast, only a few examples of nanospaces in fluid materials
can be found in the literature. Nanochannels in columnar liquid
crystals made from macrocyclic compounds could be candi-
dates for soft molecular nanospaces that have flowable proper-
ties and the ability to undergo phase transitions (Figure 1).6−8

Even if the continuous length of the nanochannel is quite short
because of slippage in the stacking of the macrocycles, the
cavities of the macrocycles themselves could behave as nano-
spaces that could incorporate guest molecules in the liquid
crystal. However, it is generally difficult to synthesize a large
macrocyclic molecule with a low phase-transition temperature.
In addition, it is challenging to organize the macrocyclic mole-
cules into homogeneously ordered columnar liquid-crystalline
domains over a wide area. The difficulties depend on two
principal factors. The first is the difficulty in the syntheses of large
macrocyclic compounds with adequate nanospace to incorporate
guest molecules. This restricts any enhancement in the flexibility
of the molecular design. The second is that such large molecules
usually have high phase-transition temperatures to liquid crystal

and to isotropic liquids. In some cases, these temperatures are
higher than the decomposition temperature of the macrocyclic
molecule. For thermotropic liquid crystals, slow cooling from the
isotropic phase is highly effective in obtaining homogeneously
ordered liquid-crystalline phases. Generally, in the case of discotic
columnar liquid crystals, peripheral alkyl chains surrounding
a planar mesogen are key to lowering the phase-transition
temperatures.9
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Figure 1. Columnar liquid-crystalline metallo-macrocycle.
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Although thermotropic macrocyclic columnar liquid crystals
have been prepared through elegant coupling reactions in
pioneering studies,6,7 the extension of synthetic strategies and
the diversification of structures and properties are still required
to achieve the functionalization of the fluid nanospaces. In
general, the synthetic yields of shape-persistent large macro-
cyclic compounds are relatively low. Careful design of the
molecule and its usually multistep synthetic route, as well as
purification of the desired product from similar byproducts, is
required. In contrast, thermodynamically stable, unambiguous,
and discrete products are afforded through self-assembly
processes with reversible bond formation through coordination
chemistry10 or dynamic covalent chemistry.11 In particular, the
efficient synthetic strategies applied in the reversible formation
and exchange processes of imines are known to afford large
planar macrocycles.12,13 N,N′-Bis(salicylidene)ethylenediamine
(salen) and N,N′-bis(salicylidene)-o-phenylenediamine (salphen)
moieties have been widely studied as a key unit of the large
macrocycles, which are prepared through dynamic covalent-bond-
formation processes between precursors, arenes with two carbox-
aldehyde moieties, and ethylenediamines or o-phenylenediamines.
For the formation of discrete macrocyclic molecules, choosing
carboxaldehyde moieties with appropriate relative geometries
would yield a compatible polygon.
Salen and salphen have been used frequently as [N2O2]

planar metal ligands for various transition-metal ions, and the
resulting metal complexes have been widely utilized as a central
component in supramolecular, redox, magnetic, photophysical,
and catalytic systems.14 Therefore, the incorporation of the
metal complexes inside the liquid-crystalline macrocycles would
pave the way for the functionalization of the nanospaces. In
addition, a variety of functions, depending on the kind of metal
ions, could be imparted. Herein, we report the construction of a

macrocyclic columnar liquid crystal for the development of
well-defined molecular nanospaces in flowable media and the
functionalization of the interior of the cavities by the
incorporation of metal complexes (Figure 1).

■ RESULTS AND DISCUSSION

Syntheses and Structural Characterization of Macro-
cyclic Ligands and Metallo-Macrocycles. The first step in
the construction of the macrocyclic columnar liquid crystal is
the synthesis of a discrete and size-regulated macrocyclic com-
pound composed of a planar macrocyclic mesogen and flexible
alkyl chains. We designed imine-based macrocycles, H8·1a−e,
consisting of alternately linked carbazole and salphen moieties,
as the base for the construction of a macrocyclic columnar
liquid crystal. The alkyl chains surrounding the macrocyclic
mesogen would effectively afford sufficient flexibility to allow
liquid crystal formation.
The macrocycle H8·1e was synthesized by a 4:4 condensa-

tion reaction between a carbazole with two carboxaldehydes at
the 2- and 7-positions, 2e, and o-phenylenediamine 3e through
an imine-based cyclization reaction in ethanol (Scheme 1).
Although the reaction could have potentially yielded a mixture
of different macrocycles and acyclic products, the 1H NMR
spectrum of the reaction mixture indicated the formation of
a single main product with trace amounts of byproducts
(Figure S1). After purification by gel permeation chromatog-
raphy, the matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrum of the main product showed
a prominent single signal corresponding to the 4:4 macrocycle
H8·1e at m/z 7391.9 ([M + H]+) (Figure 2a), indicating the
selectivity of the reaction. The 1H NMR spectrum of H8·1e in
CDCl3 showed one set of proton signals for the carbazole and
o-phenylenediamine units, with a new singlet imine signal at

Scheme 1. Synthesis of the Macrocyclic Ligands via Dynamic Covalent-Bond Formation and a Schematic Illustration of the
Macrocycles
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8.78 ppm. This result suggested the presence of 4-fold rotational
symmetry for the macrocycle, reflecting the right-angled geo-
metries of the salphens bridged by the carbazoles (Figure 2b).
H8·1a−d macrocycles were obtained via a similar synthesis
approach with similar cyclization efficiencies (see Supporting
Information). H8·1a is a model macrocycle with short alkyl
chains for X-ray crystallography studies. H8·1b has only 12 alkyl
chains, whereas H8·1c has 20 alkyl chains. The 20 alkyl chains of
H8·1d includes ether units that weaken the packing interactions
between the alkyl chains. The H8·1e macrocycle consists of a
planar core and 28 peripheral alkyl chains including flexible
ether-type alkyl chains on the phenylenediamine units. The inner
and outer diameters of the mesogen were estimated to be 9 and
23−31 Å, respectively, from an X-ray single crystal analysis of the
model macrocycle H8·1a (Figure 3). All of the phenyl rings of
the salphen moieties were arranged on the outer circumference
of the mesogen. In addition, the OH substituents of the salphens
were directed inward and bound with the imino N atoms via
hydrogen bonding with an average O···N distance of 2.62(1) Å.
In the series of macrocycles, the hydrogen bonds seem to be
effective in restricting the rotation of the carbazole moieties, and
as a consequence, all the alkyl chains of the macrocycle would
radiate in all directions without occupying the interior of their
own inner space. Although the π-plane of each carbazole adopted

a twisted conformation with relatively small angles of 23°−26° in
the crystal of H8·1a, which are comparable to the angles found
by the 3:3 macrocycles of Nabeshima12a and MacLachlan,13d the
4-fold-rotational symmetry structure of the mesogen structure in
a solution is obvious from the relatively simple NMR spectra
of the macrocycles (vide supra). The structural feature of the
mesogenic macrocycle is suited for columnar stacking in the
liquid-crystalline phases. Moreover, the planar conjugated 56π−π
system of the mesogenic unit was identified by the characteristic
absorption peak at 438 nm via UV−vis spectroscopy due to the
extended π-system of the macrocycles (Figure 4).

Figure 2. (a) MALDI-TOF mass spectrum of H8·1e (matrix: dithranol)
and (b) 1H NMR (400 MHz) of H8·1e in CDCl3 at 293 K. The signals
labeled with a ξ are assigned to the resonance of a quarter of the
macrocycle.

Figure 3. Crystal structure of H8·1a. (a) ORTEP diagram with the
thermal ellipsoids at a 50% probability level, (b) side view of the
macrocycle, and (c) molecular packing of H8·1a from a view along the
c-axis.

Figure 4. Absorption spectra of macrocycle H8·1e and the carbazole
precursor 2b. The spectra were measured in [H8·1e] = 3.0 × 10−6 M
and [2b] = 12 × 10−6 M, respectively, in CHCl3.
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Tetranuclear Ni(II) and Cu(II) complexes of the H8·1d and
H8·1e macrocycles were synthesized next (Scheme 2). Owing
to the deprotonation of phenolic protons from each salphen
ligand during the metal complexation, the metallo-macrocycles
are completely uncharged. Tetranuclear Ni(II) complexes (Ni4·1d
and Ni4·1e) showed sharp narrow 1H NMR signals, indicating
the formation of diamagnetic square-planar complexes without
axial ligands (Figure S4). The 4-fold symmetry of the 1H NMR
spectra of the metallo-macrocycles also indicated a highly sym-
metric mesogen structure without distortion through metal com-
plexation.
Liquid-Crystalline Properties of the Macrocyclic

Ligands. The thermal phase behaviors of macrocycles H8·1b-e
were analyzed by thermogravimetric analysis (Figures S5 and S6),
differential scanning calorimetry (DSC, Figures 5 and S7), and

polarized optical microscopy (POM, Figures 6 and S9). In the
DSC measurement of H8·1e from −60 to 180 °C, four distinct
endothermic peaks were observed at 72.4, 94.4, 108, and 119 °C

(Figure 5). The transition recorded by DSC at 119 °C corre-
sponded to the clearing point in the POM observation, whereas
H8·1b and H8·1c decomposed before their melting points were
reached. Upon cooling H8·1e from the isotropic temperature
(melting temperature), a columnar liquid-crystalline phase with a
fan-shaped texture was observed from just below the melting
temperature (Figure 6). The texture of the sample wedged
between the slide and the cover glass plates deformed to a sticky
fluid upon soft tapping at the top of the cover glass plate. (See
Movie 1, a Web-enhanced object, which represents the real-time
observation of that at 110 °C.) Around each phase-transition
temperature of the liquid-crystalline phases, there were no
significant changes in the birefringent texture. Even at room
temperature, the liquid-crystalline material showed high fluid and
the fan-shaped texture. Therefore, the H8·1e macrocycle formed
very fluid liquid-crystalline phases in a wide temperature range
including at temperatures below the room temperature.
The molecular orientations of the H8·1e macrocycles in the

liquid-crystalline phases were revealed by X-ray diffraction
(XRD) of the macrocycle encapsulated in a capillary and by a
grazing incidence wide-angle X-ray scattering (GIWAXS) study
of a thin film of the macrocycle on a glass plate. In the XRD
study at 112 °C (Figure 7a), four diffraction peaks were found
at small angles. All the diffraction peaks observed were in com-
plete agreement with a rectangular arrangement of a columnar
stacked macrocycle. The dimensions of the unit cell were
calculated as a = 45.3 Å and b = 35.7 Å, respectively, resulting
in an area that closely agreed with the molecular area of the
planar macrocyclic plane and alkyl chain substituents which

Scheme 2. Synthesis of Metallo-Macrocycles M4·1d, M4·1e, Where M Is Ni or Cu

Figure 5. DSC trace of H8·1e for the first cooling and the second
heating cycles with a scanning rate of 10 °C/min. Phase notation is as
follows: Colr, columnar rectangular phase; Iso, isotropic melt.
Transition enthalpies (kJ/mol) are given in parentheses.

Figure 6. POMs of H8·1e. (a) an isotropic liquid (Iso) at 130 °C and
(b) a rectangular columnar phase (Colr) at 105 °C on cooling from
the isotropic melt.
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radiate outward (Figure 7b), whose molecular model is supported
by solid state NMR measurements. The 2D hetronuclear corre-
lation (HETCOR) spectrum of H8·1e in the liquid-crystalline
phase revealed that the aliphatic alkyl chains were segregated from
the rigid macrocyclic mesogen and there was no proximity of the
side chains to the inside of the macroccyle (Figure S25).7d The
GIWAXS study revealed several discrete Bragg reflections that
demonstrated a distinct parallel orientation of the column to the
surface of a glass substrate.15 The distance and direction of
the anisotropic spots conformed to the indexes obtained from the
powder XRD measurements (Figure 7c). XRD studies of H8·1e
at 105 °C, 85 °C, and 26 °C revealed that the molecular orientations
consisted of a rectangular columnar phase at all the temperatures.
There are no significant textural changes in the POM observations
(Figure S22) and no orientation changes of the columns on the
substrate except for small changes in the intercolumnar distances in
the GIWAXS measurements (Figure S21) among the consecutive

multiple rectangular columnar phases. This type of phase transition
between same packing geometries in discotic columnar liquid
crystals is not unusual, and the phenomena were concluded as the
results of a conformational change of the peripheral side chains or
slight inter- and intracolumnar packing rearrangement.16 In the
rectangular columnar phases of the macrocycle H8·1e, the 2D lattice
areas calculated from the lattice parameters were smaller at the
higher temperature. Although the stacking distances between
the macrocycles along the columnar axes were not observed in
the XRD measurements, the phase transitions would be expected to
cause changes in the stacking angles of the macrocycle.
The liquid-crystalline property of H8·1d with fewer alkyl

chains was also investigated. The H8·1d macrocycle formed
three different liquid-crystalline phases (disordered nematic
columnar (Nc), oblique columnar (Colob), and rectangular
columnar (Colr) phases) according to the temperature and dis-
played a highly fluid character between 75 and 208 °C (Figure 8).
Upon cooling of H8·1d from the isotropic temperature, a
disordered nematic columnar liquid-crystalline phase with a
schlieren texture was observed from just below the melting tem-
perature up to 200 °C (Figure 9b). Although a phase transition
was not detected by DSC, the POM image substantially changed
to a mosaic texture at 200 °C representing a columnar phase, and

Figure 7. (a) XRD pattern of H8·1e at 112 °C on heating. Values in
parentheses are Miller indices, (b) a postulated columnar packing of
H8·1e in an orthorhombic lattice deduced from the GIWAXS data (see
Table S3 for the lattice parameters), and (c) GIWAXS pattern of
H8·1e placed on a glass substrate at 112 °C.

Figure 8. Phase diagrams of the macrocycles H8·1b−e traced during the second heating cycle in DSC with a heating rate of 10 °C/min. Phase
notations: Cr, crystal; Colr, rectangular columnar liquid-crystalline phase; Colob, oblique columnar liquid-crystalline phase; Nc, columnar nematic
liquid-crystalline phase; Iso, isotropic liquid.

Figure 9. POMs of H8·1d at various temperatures, upon cooling from
the isotropic melt (a) an isotropic liquid (Iso) at 220 °C, (b) a
columnar nematic phase (Nc) at 203 °C, (c) an oblique columnar
phase (Colob) at 180 °C, and (d) a rectangular columnar phase (Colr)
at 140 °C.
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the birefringent domains were about a few hundred mm in
size (Figure 9c). This phase obviously displayed an oblique
columnar packing in both the XRD and GIWAXS measurements
(Figures S12 and S13 and Table S2). Between the phase transi-
tions at 178 and 75 °C, a slight change in the birefringent mosaic
texture was observed from the oblique columnar phase at higher
temperatures, and the XRD study at 140 °C demonstrated a
rectangular columnar phase (Figures S12 and S13). This macrocycle
was crystallized below 75 °C.
The ability to transition between phases and fluidities of the

material was significantly influenced by the number and the
chemical structure of the side chains surrounding the mesogen.
The H8·1b macrocycle, bearing fewer alkyl chains, only adopted
the crystalline state, whereas liquid-crystalline H8·1c with simple
hydrocarbon chains decomposed before the melting temperature
to the isotropic liquid was reached. Hence, the flexible alkyl
chains of H8·1d and H8·1e are suitable for forming liquid crystals
of the macrocyclic mesogen and the denser alkyl chains of H8·1e
lowered the liquid crystallization temperature effectively.
Liquid-Crystalline Behaviors of the Metallo-Macro-

cycles. Metallo-macrocycles Ni4·1d and Cu4·1d showed fluidic
character with orientational order above the phase-transition
temperature from crystalline states at 117.6 and 111.4 °C,
respectively, which are close to the phase-transition temper-
ature between crystal and liquid crystal of H8·1d. However,
these metallo-macrocycles do not have melting temperatures
below the decomposition temperatures. Consequently, large
birefringent domains were not observed in the POM images
even after long annealing, although the XRD measurements
revealed transitions of some columnar liquid-crystalline phases
upon heating.
In contrast, the melting temperature of Ni4·1e is at 340 °C,

which is below its decomposition temperature. By slow cooling
through the melting temperature, a birefringent fan-shaped
texture appeared in the POM image (Figure 10). Ni4·1e showed
liquid-crystalline properties from 340 and 110 °C and became
solidified via the phase transition at 110 °C (Figure 11). The XRD
measurement clearly demonstrated the formation of rectangular
columnar phases, which are similar to that of H8·1e (Figure S17).

However, Ni4·1e formed a liquid crystal phase in the higher
temperature region, which is probably caused by the improve-
ment in the flatness and a lowering of the degree of flexibility of
the macrocycle through the formation of square-planar metal
complexes. In the case of the tetranuclear copper complex,
although Cu4·1e decomposed at 220 °C before the liquid
crystal-to-isotropic liquid transition temperature, crystal-to-
liquid crystal transition was observed in the similar temperature
region as the tetranickel complex. To our best knowledge, these
are the first examples of columnar liquid crystals of macrocyclic
metal complexes. The salphen ligand can coordinate to a variety
of transition-metal ions, and the complexes have been widely
utilized as a component of supramolecular, redox, magnetic,
photophysical, and catalytic materials. The inside of the
macrocycle could be functionalized as a unique nanospace in
the liquid-crystalline material by metal complexation.

■ CONCLUSIONS

In conclusion, we selectively and efficiently synthesized the
macrocycles H8·1a-e consisting of a planar 56π ring as the
mesogen and peripheral alkyl chains via the self-assembly
process utilizing aldimine-formation reaction. X-ray crystal
studies of H8·1a revealed that the macrocycle has an inner
circular nanospace with a diameter of 9 Å. In spite of the large
mesogen size, the H8·1d and H8·1e macrocycles have phase-
transition temperatures to isotropic liquids below their decom-
position temperatures, showed enantiotropic liquid-crystalline
properties with multistep phase transitions, and formed large
uniform liquid-crystalline domains. The peripheral alkyl chains
were influential in controlling the temperature range and
flowability of the liquid-crystalline phases. The four salphens in
the macrocyclic ring have the potential to bind various metal
ions. Four liquid-crystalline tetranuclear macrocyclic complexes
were synthesized. Among them, Ni4·1e in particular, formed
large liquid-crystalline domains, which had a fan-shaped texture
upon slow cooling from the isotropic temperature, in which the
macrocyclic metal complexes were stacked in a rectangular
columnar fashion similar to the metal-free H8·1e macrocycle.
The range of the liquid-crystalline temperature of the metallo-
macrocycle was significantly higher than that of the metal-free
macrocycle, probably because of stiffer and higher planarity of
the metallo-macrocycle. The temperature range could be
controlled by varying the number and the chemical structure
of the peripheral alkyl chains.
These interesting macrocyclic arrays offer a variety of

opportunities for development. The functions and the proper-
ties of metal ions introduced into the mesogen and the inner
cavities of the ring provide sufficiently large nanospaces that
interact with guest molecules. We are currently investigating
the expansion of the molecular design of the macrocycles,Figure 10. POMs of (a) Ni4·1e and (b) Cu4·1e at 112 °C.

Figure 11. Phase diagrams of the metallo-macrocycles Ni4·1e and Cu4·1e traced the second heating cycle on DSC with heating rate of 10 °C/min.
Phase notations: Cr, crystal; Colr, rectangular columnar liquid-crystalline phase; Iso, isotropic liquid.
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coordination with a variety of metals, and the inclusion of guest
molecules into the nanospaces.

■ EXPERIMENTAL SECTION
Materials and Methods. Synthetic procedures were carried out

under dry nitrogen atmosphere, unless otherwise specified. All reagents
and solvents were purchased at the highest commercial quality available
and used without further purification, unless otherwise stated. 1H and
13C NMR spectra were recorded on a JEOL JNM-ECS400 (400 MHz
for 1H; 100 MHz for 13C) spectrometer at a constant temperature of
298 K. Tetramethylsilane (TMS) was used as an internal reference for
1H and 13C NMR measurements in CDCl3. MALDI-TOF-MS was per-
formed with an ultraflex III, Bruker Daltonics, and α-CHCA was used as
the matrix. Elemental analyses were performed on a Yanaco MT-6
analyzer. Silica gel column chromatographies and thin-layer (TLC)
chromatography were performed using Merck silica gel 60 and Merck
silica gel 60 (F254) TLC plates, respectively. GPC was performed using
a JAI LC-9204 equipped with JAIGEL columns.
Macrocycle H8·1a. Carbazole 2a (0.17 g, 0.31 mmol) and 3a

(81 mg, 0.31 mmol) were stirred in dry EtOH (23 mL) at reflux for
48 h, then a red precipitate was obtained. The crude product was
filtered and purified by GPC (JAIGEL 2.5H-2.5H, CHCl3) and followed
by recrystallization from ethanol to obtain a red solid as a target
compound H8·1a (95 mg, 31 μmol, 40%)

1H NMR (400 MHz, CDCl3,
TMS): δ 12.8 (s, 8H), 8.78 (s, 8H), 7.72 (s, 8H), 7.67 (s, 8H), 6.96
(s, 8H), 4.31−4.26 (m, 24H), 3.85−3.82 (m, 16H), 3.48 (s, 24H), 3.41
(t, J = 6.4 Hz, 24H), 3.36 (s, 24H), 1.63−1.54 (m, 24H), 1.45−1.41
(m, 24H), 0.92 (t, J = 7.2 Hz, 36H). 13C NMR (100 MHz, CDCl3/
TMS): δ = 161.2, 154.3, 149.0, 138.4, 136.9, 126.4, 119.6, 112.7, 107.6,
104.5, 71.1, 71.0, 69.3, 59.2, 47.4, 43.5, 32.0, 29.7, 19.6, 14.0. MS
(MALDI-TOF, Matrix: dithranol, RP-Mode) m/z 3048.8: calcd for
C172H236N12O36H [M + H]+; found: 3048.0.
Macrocycle H8·1b. H8·1b was synthesized by the similar procedure

described for the synthesis of the macrocycle H8·1a (17 mg, 4.4 μmol,
38%). 1H NMR (400 MHz, CDCl3, TMS): δ 12.7 (s, 8H), 8.84
(s, 8H), 7.73 (s, 16H), 7.26 (s, 3H), 4.30 (s, 2H), 4.06 (m, 3H), 3.42−
3.39 (m, 6H), 3.36 (s, 5H), 1.64 (m, 8H), 1.25−1.21 (m, 54H), 0.88−
0.82 (m, 9H). 13C NMR (100 MHz, CDCl3/TMS): δ = 163.0, 154.5,
143.5, 127.7, 126.7, 119.5, 118.5, 113.0, 107.8, 71.4, 69.1, 47.4, 31.9,
30.0, 29.7, 29.3, 26.4, 22.7, 14.1. MS (MALDI-TOF, Matrix: α-CHCA,
RP-Mode) m/z 3802.8: calcd for C244H380N12O20H [M + H]+; found;
m/z 3801.6. Anal. calcd for C244H380N12O20: C, 77.09; H, 10.07; N
4.42. Found: C, 77.28; H, 10.15; N, 4.32.
Macrocycle H8·1c. H8·1c was synthesized by the similar procedure

described for the synthesis of the macrocycle H8·1a (37 mg, 27 μmol,
49%). 1H NMR (400 MHz, CDCl3, TMS): δ 12.9 (s, 8H), 8.80
(s, 8H), 7.72−7.70 (m, 16H), 6.89 (s, 16H), 4.28 (s, 8H), 4.09−4.08
(m, 16H), 3.44−3.42 (m, 24H), 3.36−3.35 (m, 24H), 1.89−1.86
(m, 16H), 1.67−1.64 (m, 16H), 1.56−1.21 (m, 368H), 0.90−0.84
(m, 60H). 13C NMR (100 MHz, CDCl3, TMS): δ = 160.6 154.3
149.3, 138.4, 126.4, 119.6, 112.5, 107.7, 103.2, 71.2, 69.7, 69.0, 47.4,
32.0, 30.0, 29.8, 29.7, 29.5, 29.4, 26.5, 26.2, 22.7, 14.1. MS (MALDI-
TOF, α-CHCA, RP-Mode): calcd for C340H572N12O28H [M + H]+,
m/z 5277.4, found; m/z 5277.4 Anal. calcd for C340H572N12O28: C,
77.40; H, 10.93; N 3.19. Found: C, 77.01; H, 10.95; N, 2.94.
Macrocycle H8·1d. H8·1d was synthesized by the similar procedure

described for the synthesis of the macrocycle H8·1a (0.18 g, 34 μmol,
48%). 1H NMR (400 MHz, CDCl3, TMS): δ 12.8 (s, 8H), 8.79 (s,
8H), 7.73 (s, 8H), 7.69 (s, 8H), 6.96 (s, 8H), 4.29−4.27 (m, 24H),
3.95−3.93 (m, 16H), 3.78−3.76 (m, 16H), 3.64−3.61 (m, 16H), 3.45
(t, J = 6.8 Hz, 16H), 3.41 (t, J = 6.3 Hz, 24H), 3.30 (s, 24H), 1.65−
1.54 (m, 40H), 1.36−1.23 (m, 288H), 0.88−0.84 (m, 60H). 13C NMR
(100 MHz, CDCl3/TMS): δ = 161.2, 154.4, 149.0, 138.4, 137.0, 126.5,
119.6, 112.6, 107.8, 104.6, 71.7, 71.3, 71.0, 70.2, 69.8, 69.5, 69.1, 47.4,
31.9, 31.7, 29.8, 29.7, 29.6, 29.4, 26.4, 25.8, 22.7, 22.6, 14.1, 14.0. MS
(MALDI-TOF, Matrix: α-CHCA, RP-Mode) m/z 5308.9: calcd for
C324H540N12O44H [M + H]+, found: 5310.0. Anal. calcd for
C324H540N12O44: C, 73.32; H, 10.25; N 3.17. Found: C, 73.50; H,
10.19; N, 3.19.

Macrocycle H8·1e. H8·1e was synthesized by the similar procedure
described for the synthesis of the macrocycle H8·1e (30 mg, 4.1 μmol,
22%). 1H NMR (400 MHz, CDCl3, TMS): δ 12.9 (s, 8H), 8.79
(s, 8H), 7.73 (s, 8H), 7.70 (s, 8H), 6.91 (s, 8H), 7.16 (s, 8H), 4.27
(s, 8H), 4.16 (d, J = 3.6 Hz, 16H), 3.68−3.60 (m, 128H), 3.55−3.53 (m,
32H), 3.43−3.36 (m, 80H), 2.52−2.49 (m, 8H), 1.62−1.53 (m, 56H),
1.40−1.22 (m, 336H), 0.87−0.83 (m, 84H). 13C NMR (100 MHz,
CDCl3/TMS): δ = 160.9, 154.4, 149.1, 138.3, 136.3, 126.4, 119.6,
112.5, 107.8, 103.2, 71.6, 71.2, 70.7, 70.5, 69.3, 69.1, 67.4, 47.4, 40.2,
31.9, 31.7, 29.8, 29.7, 29.6, 25.8, 22.7, 22.6, 14.1. MS (MALDI-TOF,
Matrix: (dithranol, RP-Mode) m/z 7391.9: calcd for C436H764N12O76H
[M + H]+, found: 7391.2. Anal. calcd for C436H764N12O76: C, 70.85; H,
10.42; N 2.27. Found: C, 71.05; H, 10.67; N, 2.25.

Ni Complex Ni4·1d. H8·1d (27 mg, 5.1 mmol) and Ni(OAc)2·4H2O
(5.8 mg, 23 mmol) were dissolved in CHCl3 (3.8 mL) and EtOH
(3.8 mL). The reaction mixture was stirred at 90 °C for 5h. The reac-
tion mixture was filtrated, and a precipitate was washed with CHCl3.
The filtrate was evaporated to obtain a crude product. The crude
product was purified by GPC (JAIGEL 3H-2.5H, CHCl3) to obtain a
reddish violet solid (25 mg, 4.6 mmol, 88%). 1H NMR (400 MHz,
CDCl3, TMS): δ 8.18 (s, 8H), 7.88 (s, 8H), 7.36 (s, 8H), 7.24
(s, including CHCl3 8H), 4.30−4.15 (m, 16H), 4.06 (s, 8H) 3.95−
3.85 (m, 16H), 3.82−3.68 (m, 16H), 3.66−3.54 (m, 16H), 3.53−3.32
(m, 64H), 1.72−1.66 (m, 16H), 1.62−1.52 (m, 24H), 1.51−1.36 (m,
24H), 1.38−1.10 (m, 256H), 0.92−0.78 (m, 60H). MS (MALDI-TOF,
Matrix: dithranol, RP-Mode) m/z 5535.6: calcd for C324H532N12Ni4O44H
[M + H]+, found: 5535.7. Anal. calcd for C324H532N12Ni4O44: C, 70.31;
H, 9.69; N 3.04. Found: C, 70.37; H, 9.93; N, 3.19.

Cu Complex Cu4·1d. H8·1d (14 mg, 2.6 mmol) was dissolved in
chloroform (1.9 mL) and ethanol (1.9 mL). Cu(OAc)2 (2.1 mg,
11 mmol) was added to the solution. The reaction mixture was
refluxed for 17.5 h. The solution was filtered through, and the GPC
(JAIGEL, 20 f, 3H-2.5H) was used for the purification. The resultant
residue was further purified by recrystallization from ethanol twice to
afford the target compound as a purple solid (11 mg, 2.0 mmol 75%).
MS (MALDI-TOF, Matrix: dithranol, RP-Mode) m/z 5555.0: calcd
for C324H532Cu4N12O44H [M + H]+, found: 5554.8. Anal. calcd for
C324H532Cu4N12O44: C, 70.07; H, 9.65; N 3.03. Found: C, 70.27; H,
9.72; N 2.83.

Ni Complex Ni4·1e. Ni4·1e was synthesized by the similar procedure
described for the synthesis of the macrocycle Ni4·1d (25 mg, 3.2 μmol,
79%). 1H NMR (400 MHz, CDCl3, TMS): δ 8.16 (s, 8H), 7.91
(s, 8H), 7.36 (s, 8H), 7.16 (s, 8H), 4.14 (s, 16H), 4.05 (s, 8H), 3.65−
3.61 (m, 128H), 3.56−3.54 (m, 32H), 3.45−3.40 (m, 80H), 2.53−
2.47 (m, 8H), 1.66−1.51 (m, 56H), 1.40−1.22 (m, 312H), 0.87−0.83
(m, 84H). 13C NMR (100 MHz, CDCl3/TMS): δ = 160.0, 153.6,
152.2, 150.8, 149.1, 138.6, 136.5, 131.9, 120.6126.4, 119.6, 112.5,
107.8, 103.2, 71.6, 71.2, 70.7, 70.5, 69.3, 69.1, 67.4, 47.4, 40.2, 31.9,
31.7, 29.8, 29.7, 29.6, 25.8, 22.7, 22.6, 14.1. MS (MALDI-TOF, Matrix:
dithranol, RP-Mode) m/z 7618.6: calcd for C436H756N12Ni4O76H
[M + H]+, found: 7617.6. (ESI-TOF MS, NaI was added, positive)
m/z 2562.1: calcd for C436H756N12Ni4O76 ([M + 3Na]3+), found:
2561.7, m/z 1927.3: calcd for C436H756N12Ni4O76 ([M + 4Na]4+),
found: 1927.3, m/z 1546.5: calcd for C436H756N12Ni4O76 ([M + 5Na]5+),
found: 1546.5. Anal. calcd for C436H756N12Ni4O76: C, 68.90; H, 10.00;
N 2.21. Found: C, 68.90; H, 10.16; N, 2.27.

Cu Complex Cu4·1e. Cu4·1e was synthesized by the similar proce-
dure described for the synthesis of the macrocycle Cu4·1d (18 mg,
2.4 μmol, 47%). MS (MALDI-TOF, Matrix: dithranol, RP-Mode) m/z
7638.0: calcd for C436H756Cu4N12O76H [M + H]+, found: 7637.6.
Anal. calcd for C436H756Cu4N12O76: C, 68.57; H, 9.98; N 2.20. Found:
C, 68.55; H, 10.14; N 2.25.

Structural and Thermal Measurements of the Macrocycles.
DSC measurements were carried out under N2 atmosphere with TA
Instruments Q2000 DSC equipped with a RCS 90 cooling accessory,
and the transition temperatures were determined from the second
heating run at a rate of 10 °C/min using Universal Analysis 2000
software. TGA analysis was performed under N2 atmosphere with TA
Instruments TGAQ50 with the temperature raised from 30 to 600 °C
at a rate of 10 °C/min. POM observations were performed with a
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OLYMPUS BX51 microscope with crossed polarizers, Linkam LTS
350 heating stage under N2 atmosphere, and a OLYMPUS DP20
camera. XRD and GIWAXS analyses were measured using a Rigaku
R-AXIS IV X-ray diffractometer (CuKα) equipped with a temperature
controlled heating stage and an imaging plate for collection of the
diffracted patterns. GIWAXS analysis of the sample placed on the glass
plate was measured with the temperature-controlled heating stage
heated at the various temperatures. The incidence angle was set to
∼0.4°. The diffracted radiation was recorded by imaging plate that has
the sample-to-detector distance of 30 cm, with exposure time of 3 min.
The absorption spectra were recorded with a Hitachi U-4100 spectro-
photometer in CHCl3 solutions at 20 ± 0.1 °C in 1.0 cm quartz cells.
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(5) (a) Côte,́ A. P.; Benin, A. I.; Ockwig, N. W.; O’Keeffe, M.;
Matzger, A. J.; Yaghi, O. M. Science 2005, 310, 1166−1170.
(b) Furukawa, H.; Yaghi, O. M. J. Am. Chem. Soc. 2009, 131, 8875−
8883. (c) Urive-Romo, F. J.; Hunt, J. R.; Furukawa, H.; Klöck, C.;
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