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A series of triangular, shape-persistent arylene–ethynylene macrocycles (AEMs) of related structures

were synthesized and studied, with a focus on their mesomorphic behavior in correlation with their

chemical structure. Generally, these discotic molecules decorated with flexible side chains demonstrated

a propensity to form thermotropic liquid-crystalline (LC) phases. Characterized by differential

scanning calorimetry (DSC), polarized optical microscopy (POM), and X-ray diffraction (XRD), four

of the eight investigated macrocycles manifested thermodynamically stable mesophases, featuring

discotic nematic or columnar structures. Longer alkyl side chains were found more conducive to

mesophases, and the alkoxycarbonyl functionality was a more effective side-chain linkage at inducing

and stabilizing the LC states than the alkoxy side group. The size and structure of the cyclic aromatic

backbone influenced both the occurrence and type of mesophase exhibited.
Introduction

Conjugated organic molecules emerged as a type of versatile

functional material due to their appealing electronic and optical

properties.1,2 Recently, both theoretical and experimental inves-

tigations have revealed that, in addition to geometry and

chemical structure of the molecules, the molecular packing motif

strongly influences the charge-carrier mobility of the system.3–5

To achieve optimal device performance, the ability to form

supramolecular structures with long-range order, facilitating

energy or carrier transport, is one of the critical issues that need

to be addressed.3 The presence of liquid-crystalline (LC) phases is

considered a desirable property for organic semiconductive

molecules, especially for solution-processed systems. This is

because owning to the fluid and dynamic nature, LC materials

are capable of minimizing and self-healing structural defects

(e.g., grain boundaries) while spontaneously forming ordered

structures of micro- to macroscopic dimensions.4 Columnar

phases are considered particularly favorable for semi-

conductivity applications, as intermolecular electronic coupling

effected through molecular orbital overlapping is most efficient

in columnar architectures and one-dimensional charge-carrier

transport is thereby vastly facilitated.5

Molecules of a planar, shape-persistent (i.e., discotic) central

core decorated with flexible side chains at the periphery are most
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favorable for columnar LC phase formation. The discotic

mesogens, typically p-conjugated aromatic skeletons, possess

a distinct tendency to stack face-to-face into columns, which are

phase-segregated from the side chains driven by intermolecular

forces such as aromatic stacking, van der Waals, hydrophobic

interactions, and so on. Hierarchically ordered supramolecular

architectures of various organization patterns have been

observed with such columns through self-assembly. So far, the

most intensively studied discotic core structures include

substituted benzene,6 triphenylene,7 perylene8 and coronene5d,9

derivatives, porphyrin and phthalocyanine derivatives,10 mac-

rocycles,11 etc. Systems featuring metal–ligand coordination,12

dipole–dipole,13 hydrogen bonding,14 or donor–acceptor15

interactions have also been reported.

For discotic molecules, it is known that the interplay and

balance of the rigidity of the core and flexibility of the side chains

play a pivotal role in governing the LC properties. Specifically,

studies with a wide range of molecules manifesting various dis-

cotic LC phases showed that a number of structural attributes

are critical for determining the LC state characteristics,4

including the chemical structure, size, geometry, and symmetry

of the aromatic core, the length, number, and structure of side

chains, as well as the functional linkage connecting the core with

the side chains. With regard to the complexity of the influential

factors, systematic investigations are warranted for a better

understanding of the correlation between the molecular structure

and LC phases characteristics, and relevant knowledge is indis-

pensable for designing new molecules that exhibit both LC states

and optimal semiconductive properties.

Among various discotic LC mesogens, shape-persistent mac-

rocycles represent a unique group.16–19 Syntheses and character-

izations of shape-persistent macrocycles have been conducted for
Soft Matter, 2012, 8, 2405–2415 | 2405
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decades.20,21 Having a unique interior void, these macrocycles

feature a nano-sized tubular cavity when assembling into

columnar arrangements. Intra-annularly functionalized nano-

tubes have been designed and exploited for a variety of purposes,

including host–guest interactions, covalent organic frameworks,

light-harvesting systems, sensors, and so on.22 Nonetheless, up

till now only limited examples of shape-persistent macrocycles

manifesting discotic LC phases have been reported. Moore and

coworkers first studied a set of phenylene–ethynylene macro-

cycles with different peripheral substitutions exhibiting columnar

phases.16 H€oger’s research group demonstrated that AEMs with

the interior occupied with alkyl side chains gave rise to discotic

nematic or columnar phases.17 Tew introduced two types of side

chains of different polarity to ortho-phenylene ethynylene mac-

rocycles, both displayed LC phases.18 Kato et al. reported a dis-

cotic LC AEM having glutamic acid and alkyl side chains on the

exterior and oligoethylene glycol side chains in the interior.19

However, precedents of AEMs that exhibit both electronic

functions and discotic LC phases have been rarely reported.

Recently, we studied a triangle-shaped AEM that displayed an

extraordinary photoconducting capacity.23a To further investi-

gate pertinent functions and explore the applications of such

macrocycles, we subsequently designed and synthesized a series of

AEMs of related structures (Chart 1, 1–8). Here we report a study

on the correlation between the molecular structure and LC

properties by systematically varying the chemical features of the

macrocycles. Specifically, the influences of side chains, size and

structure of the aromatic skeleton, as well as the linkage joining

the side chains with the shape-persistent core were examined.
Chart 1 Chemical structu

2406 | Soft Matter, 2012, 8, 2405–2415
Results

Chemical structures and syntheses of the AEMs

Chemical structures of all investigated AEMs in this study are

depicted in Chart 1. The previously reported AEMs 123a and 223b

had the same cyclic framework of oligo(o-phenyleneethynylene-

alt-p-phenyleneethynylene). AEMs 3 and 4 had an identical

backbone, which comprised three 4,40-biphenylene units con-

nected by three o-phenylene bis(ethynylene) groups. Whereas in

AEMs 5 and 6, the triangular scaffold was constituted by 3,6-

phenanthrylene bis(ethynylene) units in combination with

p-phenylene groups. All AEMs 1–6 had six alkoxy side chains

attached to the cyclic backbone, two on each vertex of the

triangle. Each pair of macrocycles with the same backbone

differed by the length of the side chains. Hexyloxy side chains

were attached to AEMs 1, 3, and 5, while longer dodecyloxy side

chains were tethered to AEMs 2, 4 and 6.

To unravel the effect of side chain linkage on the LC proper-

ties, we also designed two other triangular AEMs with carboxylic

ester-linked side chains, i.e., macrocycles 7 and 8. Both of these

macrocycles had a cyclic oligo(o-phenyleneethynylene-alt-p-

phenyleneethynylene) backbone. In AEM 7, each of the three

o-phenylene units was tethered with a hexyloxy side chain via

a carbonyl linker.24 AEM 8 adopted the same ester side-chain

linkages, but this molecule was decorated with six hexyloxy

carbonyl groups, one on each of the o- and p-phenylene units.

An overview of the synthetic routes to AEMs 1–8 is illustrated

in Scheme 1 (see the ESI for synthetic details†). Two different

cyclization strategies were employed to obtain the eight target
res of studied AEMs.

This journal is ª The Royal Society of Chemistry 2012
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macrocycles.20AEMs 1 to 6were realized via route 1, in which the

final step was designed to couple two different short, open-chain

precursors into a cyclic structure under relatively dilute condi-

tions. One of the two fragments had aryliodide functionality on

both ends, and the other was terminated with two acetylene

groups. The twomoleculeswere coupled into amacrocycle via two

consecutive Sonogashira–Hagihara reactions in one pot, i.e., an

intermolecular cross-coupling followed by an intramolecular

ring-closure reaction. The evident advantage of this cyclization

protocol was the shorter synthetic route (compared to route 2),

which compensated for the relatively low yield of the final step.

But such a double cross-coupling method was only suitable for

symmetrical macrocycles, like AEMs 1–6. Due to the lower

symmetry ofAEMs 7 and 8 (C3h), a different synthetic schemewas

designed. In route 2, the reactant for the final step was a longer

oligomer containing all subunits that needed to be cyclized. The

oligomer chain ends were asymmetrically functionalized with

aryliodide and terminal ethynylene respectively, which were then
Scheme 1 Synthetic sch

This journal is ª The Royal Society of Chemistry 2012
intramolecularly cross-coupled to accomplish the cyclization.

Synthetic route 2 was apparently more sophisticated and tedious

than route 1, for preparing the longer cyclization precursor.

Employment of protective/masking groups was necessary to

ensure the compatible accommodation of two complementarily

reactive functional groups. Nonetheless, the yield of the final

cyclization step was typically superior to that of route 1.

Furthermore, the sequence of repeating units in the backbone

could be precisely controlled via route 2. Upon the completion of

syntheses, the structures of AEMs 1–8 were characterized and

confirmed by 1H and 13C NMR spectra, mass spectroscopy, and

elemental analyses (see the Experimental Section).
Optical characterizations in solution

The absorption and emission spectra of AEMs 1–8were recorded

in dichloromethane solutions (Fig. S1†) and relevant data are

summarized in Table 1. Generally, macrocycles of the same
emes for AEMs 1–8.

Soft Matter, 2012, 8, 2405–2415 | 2407
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backbone structure and side-chain linkers generated very similar

spectra. The difference in side-chain length had negligible effect

on the electronic spectra. However, alteration of the backbone

structure evidently affected both the band shape and transition

energy. Specifically, from the spectra of AEMs 1–6, it was clearly

seen that variation of the side-chain length did not change the

absorption maxima but slightly changed the fluorescence prop-

erties. All macrocycles displayed two major peaks in their emis-

sion spectra. The one of shorter wavelength was hardly affected

by the side-chain length, while the one of longer wavelength

exhibited a bathochromic shift of 2–3 nm upon extension of the

side chains. When the p-phenylene units were replaced with 4,40-
biphenylene groups, the absorption band and the lower-energy

emission peak manifested noticeable hypsochromic shifts, sug-

gesting that the dihedral angle between the two phenyl rings in

the biphenylene units slightly disrupted the conjugation. On the

other hand, switching the triangle vertex from o-phenylene to

3,6-phenanthrylene group brought about a perceptible bath-

ochromic shift in the absorption maxima but a minor blue shift

of the emission band. This result indicated that the 3,6-phenan-

thrylene unit was slightly more effective at narrowing the band

gap than the o-phenylene group, while the smaller Stokes shift

was attributed to the rigidity of the phenanthrylene moiety. The

effect of side-chain linker was inferred by comparing the spectra

of AEMs 1 and 7. It was noted that changing the dialkoxy to

single alkyl carboxylate side chain resulted in a hypsochromic

shift in both absorption and emission spectra, by approximately

10 and 20 nm, respectively. However, when additional carbox-

ylate groups were attached to the p-phenylene groups on each

side of the triangle, bathochromic shifts occurred with both the

absorption and emission spectra, as illustrated by AEM 8. These

results revealed that attaching carboxylate groups to different

positions of the conjugated cyclic backbone had varied conse-

quences in electronic transitions.
Thermotropic properties

The thermal stabilities of all studied AEMs were analyzed by

thermogravimetric analysis (TGA) under a nitrogen atmosphere,

and subsequent characterizations were carried out below their

respective decomposition temperatures. The thermal transitions

exhibited by the macrocycles were characterized by differential

scanning calorimetry (DSC) and polarized optical microscopy

(POM). Phase transition temperatures and corresponding
Table 1 Optical properties of AEMs 1–8a

Absorbance lmax

(nm)
Extinction coefficient
(L mol�1 cm�1)

Emission lmax

(nm)

1 358 1.8 427, 453
2 358 1.4 428, 455
3 353 1.3 427, 449
4 353 1.7 426, 452
5 366 1.9 422, 446
6 366 1.9 423, 449
7 346 1.6 406, 433
8 351 1.5 413, 439

a Spectra were recorded at room temperature in CH2Cl2 at ca. 5 � 10�6

mol L�1.

2408 | Soft Matter, 2012, 8, 2405–2415
enthalpy changes were determined based on the DSC measure-

ments. For certain transitions with a small enthalpy change

undetectable by DSC, the transition temperatures were deter-

mined based on the POM observations. The mesophase struc-

tures were revealed by the variable-temperature X-ray diffraction

(XRD) measurements, in combination with information

provided by POM. Samples for DSC and XRD characterizations

were obtained as precipitates from mixed solvents of dichloro-

methane and ethanol, while thin films drop-cast from dichloro-

methane solutions were used for POM characterizations. All

thermotropic phase transition results are summarized in Table 2,

and the mesophase structure data are listed in Table 3.

The properties of macrocycle 1were first examined. As the self-

assembled structures of this molecule obtained from solution was

previously reported to exhibit optimal photoconductivity, which

was lost upon thermal annealing,23a its behavior prior to thermal

treatment was also investigated. The crystalline sample precipi-

tated from solution displayed multiple transitions during the first

heating cycle, as shown by DSC (Fig. S2†). Interestingly,

a unique monotropic mesophase was observed in this process

(see detailed characterizations in the ESI†). Nonetheless, all

thermal transitions observed in the first heating cycle were irre-

versible. In the cooling scan, only one exothermic peak was

detected at 196 �C by DSC, which was confirmed by XRD to be

a transition from the isotropic liquid to a crystalline phase. This

crystal structure directly melted into the isotropic state at 210 �C
(Fig. S4†).

AEM 2 had an identical cyclic backbone with that of AEM 1,

but longer dodecyloxy side chains were attached to it. During the

first heating scan, the solution-processed sample of SEM 2 also

exhibited a metastable LC phase, in a relatively wide temperature

range between 65 and 170 �C (Fig. S8†). A typical spherulitic

texture was observed under POM, which identified the hexagonal

columnar structure (Fig. S9†). Nonetheless, the LC structure was

not reproduced during the cooling or second heating cycle.

Instead, an amorphous state with a glass transition was observed

(Fig. S10–S13†).

AEM 3 displayed no LC mesophase. In DSC traces, only

a crystal-to-crystal transition was observed at 215 �C during the

first heating scan, and no thermal transition was detected in

subsequent cooling and heating cycles (Fig. S14†) before the

compound decomposed at 372 �C.
Keeping the same oligo(o-phenyleneethynylene-alt-bipheny-

leneethynylene) backbone structure, when the side chains were

changed to longer dodecyloxy groups, AEM 4 exhibited a rect-

angular columnar LC phase (Fig. 1). The crystalline sample

precipitated from solution exhibited a melting point and entered

a LC phase at 164 �C, which went isotropic at 198 �C (Fig. S15†).

During the cooling cycle, the isotropic liquid was slightly super-

cooled and the LC phase appeared at 190 �C. A much lower

crystallizing temperature of 42 �C was observed, giving rise to

a structure different to that obtained from solution but similar to

that in the LC state (Fig. S18†). The DSC traces became

reversible after the second heating cycle. For this molecule, the

crystallization and melting processes took place with very small

enthalpy changes, although the transition was discernible from

the change of birefringent texture under POM (Fig. S19†). On

the other hand, the LC-isotropic transition was accompanied

with a significant enthalpy change, suggesting a relatively
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Phase transition temperatures and enthalpy data

AEM
Transition T/�C (enthalpy/kJ mol�1)a

1st cooling 2nd heating

1 Iso 196 (�18.3) / Cr Cr 210 (20.7) / Iso
2 Iso 156 (�1.8) / O �16 (�2.7) / G G �11 (2.7) / O 164 (2.7) / Iso
4 Iso 190 (�27.3) / Colrd 42 (�0.5) / Cr Cr 58 (0.4) / Colrd 197 (27.9) / Iso
6 Iso 195b / ND 162 (�34.1) / O O 169 (34.2) / ND 198b / Iso
7 Iso 177 (�12.4) / Colrd 156 (�10.3) / Cr Cr 177 (11.2) / Colrd 186 (7.0) /ND 191b / Iso
8 Colho 81 (�13.8) / Cr Cr 141 (19.7) / Colho / 335 (dec.)c

a Data were obtained from DSC analyses at a scan rate of 5 �C min�1; Cr ¼ crystal phase; O ¼ amorphous state; G ¼ glass state; Colh ¼ columnar
hexagonal; Colr ¼ columnar rectangular (d ¼ disordered; o ¼ ordered); Iso ¼ isotropic; ND ¼ discotic nematic; dec. ¼ decomposition temperature.
b The transition was only observed with POM and XRD. c The temperature corresponds to 5% weight loss in TGA measurement at a heating rate
of 10 �C min�1.

Pu
bl

is
he

d 
on

 1
1 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
es

te
rn

 O
nt

ar
io

 o
n 

30
/1

0/
20

14
 1

6:
57

:3
4.

 
View Article Online
ordered mesophase but poorly organized crystalline structure.

These characteristics were consistent with the XRD patterns

collected from respective phases. Sharp peaks were detected in

the LC phase while poorly resolved diffractions emerged from

the crystalline state. The XRD profile of the LC state revealed

a series of diffractions corresponding to (200), (110), and (210) of

a rectangular columnar phase (Fig. 1d). Since no diffraction was

observed from plane (001), this mesophase was considered

disordered along the main axis of the columns. The presence of

a diffraction with the Miller index matching (h + k ¼ 2n + 1)

excluded the c2mm symmetry, so the Colr phase was identified to

be of p2gg symmetry.25 The broken fan-like texture observed

under POM in the LC temperature range also corroborated the

rectangular columnar feature (Fig. 1b and 1c).

For AEM 5 with a cyclic backbone composed of alternative p-

phenyleneethynylene and 3,6-phenanthryleneethnylene units

decorated with short hexyloxy side chains, no mesophase was

observed in repeated heating and cooling cycles between 0 and

250 �C. Different crystal-to-crystal phase transitions were

observed by DSC during the first and second heating scans

(Fig. S20 and S21†), revealing the effect of solution-processing

on the sample.
Table 3 X-Ray diffraction data

AEM Phase (lattice parameters) Mille

4 Colrd (a ¼ 81.6 �A, b ¼ 36.1 �A) (200)
(110)
(210)

6 ND

7 Colrd (a ¼ 54.1 �A, b ¼ 27.9 �A) (200)
(110)
(310)
(020)
(620)
(040)

ND

8 Colho (a ¼ 27.4 �A, c ¼ 3.6 �A) (100)
(110)
(200)
(210)
(001)

a Data were determined based on diffractions in XRD profiles. b r represen
represents the calculated molecular radius of the macrocycle including sid
B3LYP/6-31G calculations, cf. Fig. S40, ESI).

This journal is ª The Royal Society of Chemistry 2012
On the other hand, the analogous AEM 6 having the same

backbone but longer side chains exhibited a discotic nematic

(ND) phase (Fig. 2). Upon heating the compound to 169 �C,
a Schlieren texture characteristic of the nematic phase was

observed under POM (Fig. 2b). The recorded WAXD pattern

confirmed the nematic phase by showing only one diffuse peak in

the wide-angle regime (Fig. 2c). DSC clearly revealed the tran-

sition to the LC phase with a distinct endothermic peak, but the

transition to the isotropic state was not detectable by monitoring

the heat flow (Fig. S23 and S24†). A small enthalpy change is

typical for the transition between nematic and isotropic states,

consistent with the minimal degree of order in the nematic phase.

As the birefringent Schlieren texture disappeared at ca. 198 �C
upon heating, the clearing point was identified based on the

POM observations. For this molecule, nearly identical DSC

traces were obtained from the first and second heating scans.

This observation indicated that AEM 6 formed similar molecular

structures from solution and upon thermal treatment.

AEM 7 was a macrocycle with an oligio(o-phenyl-

eneethynylene-alt-p-phenyleneethynylene) backbone. Instead of

dialkoxy side chains, each of the three o-phenylene units was

attached with a hexyl carboxylate group, making the molecule of
r indices (hkl) dexp
a (dcalcd) (�A) r/R (�A)b

40.8 21/53
33.0
27.1 (27.0)

19/51
27.1 16/32
24.8
15.0 (15.1)
13.9 (14.0)
7.6 (7.6)
7.0 (7.0)
31.0
23.7 16/32
13.7 (13.7)
11.9 (11.9)
8.9 (8.9)
3.6

ts the calculated radius of the shape-persistent cyclic framework and R
e chains in the extended conformation (data were estimated based on

Soft Matter, 2012, 8, 2405–2415 | 2409
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Fig. 1 (a) DSC traces of AEM 4 at a rate of 5 �C min�1; (b) optical

microscopic images of AEM 4 at 188 �C during the 1st heating scan and

(c) at 90 �C in the cooling cycle (under crossed polarizers, �200); (d)

XRD pattern of 4 at 100 �C during the cooling scan (the asterisks indicate

diffractions from the aluminum foil used for supporting the sample); (e)

a schematic representation of the rectangular columnar packing with

lattice constants indicated.

Fig. 2 (a) DSC traces of AEM 6 at a rate of 5 �C min�1; (b) optical

microscopic image of AEM 6 showing a Schlieren texture characteristic

of nematic phase (at 184 �C under crossed polarizers, �400); (c) WAXD

profile of AEM 6 at 180 �C in the cooling cycle.
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C3h symmetry. Based on the combined characterization results of

POM, DSC, and XRD, two different mesophases were identified

with this macrocycle (Fig. 3). Upon heating a sample precipitated

from solution, a crystal-to-crystal transition was first displayed

at ca. 148 �C (Fig. S26†). This transition manifested itself as

a large endothermic peak in the DSC trace. Subsequently, two

more endothermic peaks occurred at higher temperatures of 176
2410 | Soft Matter, 2012, 8, 2405–2415
and 187 �C, respectively. Different LC textures were observed

below and above the latter temperature under POM. Between

176 and 187 �C, a pseudo-focal conic fan-shape texture appeared,
which gradually transformed into the Schlieren texture at 187 �C
(Fig. 3b and 3c). XRD confirmed the first mesophase to be

a rectangular columnar phase (Colrd) by showing multiple

diffractions of (200), (110), (310), (020), etc. (Fig. 3d). Again, no

diffraction was detected along the main axis of the columns,

suggesting disorder in that direction. The other mesophase dis-

playing the Schlieren texture was assigned to the discotic nematic

phase (ND). Only one diffuse peak in the small-angle region was

detected by XRD in the nematic phase, with a d-spacing corre-

lated to the size of the macrocycle. Again, the clearing temper-

ature around 191 �C was only detected by POM but not DSC.

Thus, the ND phase had a very narrow temperature range. In the

cooling process, the ND phase was not observed and only the

Colr phase was detected. Evidently, the narrow nematic phase

was easily masked by even slightly super-cooled isotropic state.

For AEM 7, the DSC trace of the first heating scan was mostly

reproduced in subsequent cooling and heating scans, except for

the large enthalpy change of the crystal-to-crystal transition,

which disappeared in subsequent scans (Fig. S27 and S28†).

These results indicated that, although a minor solution-pro-

cessing effect persisted with this macrocycle, the two mesophases

manifested were thermodynamically stable states.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) DSC traces of AEM 7 at a scan rate of 5 �C min�1; optical

microscopic images of AEM 7 showing textures characteristic of Colr and

N phases at (b) 180 �C and (c) 190 �C, respectively (under crossed

polarizers,�200); (d) XRD pattern of AEM 7 at 170 �C in the 1st cooling

cycle.

Fig. 4 (a) DSC traces of AEM 8 at a rate of 5 �C min�1; (b) optical

microscopic image of AEM 8 (at 170 �C under crossed polarizers, �200);

(c) WAXD of AEM 8 at 180 �C in the 1st cooling cycle; (d) a schematic

representation of the molecular packing in the discotic hexagonal

columnar phase.
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AEM 8 possessed an identical aromatic backbone with that of

AEM 7 and was also of C3h symmetry, but it had an ester-linked

hexyl side chain tethered to each of the six phenylene rings. Such

a structural modification gave rise to rather distinct thermotropic

behavior from that of 7. AEM 8 manifested a very stable

columnar LC phase with a wide temperature range. Based on the

DSC results (Fig. 4a), the onset of the mesophase emerged at 141
�C and no isotropic state was observed before the molecule

decomposed at 335 �C. In the cooling process, the mesophase

was significantly super-cooled and crystallized at 81 �C. Under

the POM, fan-like LC textures were observed to coexist with

large areas of homeotropic domains in the mesophase, suggesting

a preferred uniaxial alignment of the columns (Fig. 4b). The
This journal is ª The Royal Society of Chemistry 2012
XRD profile showed multiple peaks in the small-angle region in

the LC state, in accordance with diffractions of (100), (110),

(200), and (210) in a hexagonal columnar phase (Fig. 4c and

4d).26,27 Additionally, a diffraction corresponding to a d-spacing

of 3.6 �A was identified with this macrocycle in the wide-angle

region, and it was clearly attributable to the p–p stacking

distance of the aromatic cores. Hence, of all the AEMs investi-

gated in this study, AEM 8 was the only one that exhibited an

ordered columnar phase displaying the (001) diffraction peak.

This peak was relatively sharp at lower temperatures and became

somewhat diffused as the temperature was elevated. In the

meanwhile, the diffraction peaks in the small-angle regime were

slightly shifted to longer d-spacing values (Fig. S33†). These

observations were indicative of certain extent of loosening of the

hexagonal lattice, along with reduced order in the p–p stacking

dimension at increased temperatures. A very similar hexagonal

columnar structure was observed with the crystalline state. No

signature of solution processing history was demonstrated by

this molecule, as shown by the completely reproduced DSC

traces recorded in the first and subsequent heating cycles

(Fig. S30†).
Soft Matter, 2012, 8, 2405–2415 | 2411
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Discussion

Generally, the designed triangular AEMs exhibited a distinct

propensity to form LC phases (Fig. 5). The current study

confirmed that the side chains were pivotal for LC state occur-

rence. Longer alkyl chains were much more favorable for the

mesomorphic behavior. Among AEMs 3–6, neither 3 nor 5 with

shorter hexyloxy groups exhibited mesophases, whereas both

analogous AEMs with longer dodecyloxy side chains (i.e., 4 and

6) manifested LC phases. In addition to the side chain length, the

functional group joining the backbone with side chains also

played a critical role in governing the LC properties. Unlike

AEMs with hexyloxy side chains, both macrocycles having ester-

linked short hexyl groups (7 and 8) displayed mesophases.

Evidently, the ester linkage was more effective at inducing the LC

phases. It is known that the more polar and electron-with-

drawing carbonyl group is capable of bringing about stronger

intermolecular p–p stacking interactions.16 Also, compared with

the ether linker, the carbonyl group was in conjugation with the

aromatic skeleton, facilitating a more extended, planar frame-

work, which not only further strengthened the interactions

amongmesogens but possibly allowed for a great extent of lateral

molecular mobility while maintaining significant attractive

intermolecular forces.

By comparing the properties of macrocycles 2, 4, and 6,

information regarding the effect of the aromatic backbone on the

LC state was unravelled. The fact that AEM 2 possessed an

amorphous state whereas AEM 4 formed a Colr arrangement

suggested that enlargement of the triangular mesogen by

replacing the p-phenylene unit with biphenylene group favored

mesophase formation, likely resulting from stronger intermo-

lecular and inter-columnar interactions in AEM 4. Expanding

the core structure in a different fashion led to disparate conse-

quences. AEM 6 on the other hand manifested a narrow ND

phase. The melting point of AEM 6was much higher than that of

AEM 4, but the clearing point was similar, thus showing

a considerably compressed LC-phase temperature range. These

observations indicated that the aromatic surface and structure

had a pronounced effect on mesophase formation. The type of

mesophase was also strongly dependent on the chemical features

of the aromatic backbone.

Additional information was obtained by comparing the

properties of AEMs 7 and 8. AEM 8 possessed a much more
Fig. 5 LC phase temperature ranges of studied AEMs (based on data

from the second heating cycle).

2412 | Soft Matter, 2012, 8, 2405–2415
stable columnar mesophase, featuring hexagonally arranged

columns of stacked macrocycles. This LC state exhibited a lower

melting point and a much higher clearing point than AEM 7. The

extraordinary stability of the LC phase was very likely related to

the presence of a greater number of ester functionalities, the

inclusion of which was rather effective at promoting the meso-

phase. Imaginably, with more ester-linked side chains, intermo-

lecular interactions were further strengthened, which is

consistent with a significantly elevated LC-to-isotropic transition

temperature of AEM 8 compared to that of AEM 7. However,

the fact that macrocycle 7 manifested a Colr phase (even though

within a very narrow temperature range) before entering the ND

state while AEM 8 exhibited a Colh phase led to the proposition

that core–core correlation among different columns was sup-

pressed in AEM 8 relative to that in AEM 7. This notion was

related the presence of side chains appended to the p-phenylene

rings. Imaginably, the additional side chains of AEM 8 may

allow a greater magnitude of rotational motion of the macro-

cycles around the main axis of the columns without significantly

disrupting the interactions among side chains of different mole-

cules. Such motions likely resulted in reduced directionality of

molecular orientation with respect to neighboring columns. It

was also considered that since AEM 8 was the only macrocycle

studied herein that displayed order along the columns, this

phenomenon might also be correlated to the side chains on the

p-phenylene rings. These side chains possibly prohibited the

rotation of the p-phenylene units around the ethynylene groups,

by imparting stronger aromatic stacking interactions, and more

importantly intermolecular interactions among side chains. Such

rotational motions of the p-phenylene groups, which might exist

in all other macrocycles, likely hampered ordered stacking of the

molecules within columns.
Experimental section

Methods and materials

All chemicals were used as received unless otherwise indicated.

Oxygen or moisture sensitive reactions were performed under

a nitrogen atmosphere using the standard Schlenk technique.

Reagent-grade tetrahydrofuran (THF) was distilled over sodium

and benzophenone, toluene was distilled over sodium, diiso-

propylamine and triethylamine were distilled over CaH2 prior to

use. NMR spectra were recorded on a Varian Mercury 200 (200

MHz), Mercury plus 300 (300 MHz), or Bruker ARX 400 (400

MHz) instrument, using CDCl3 as the solvent. Chemical shifts

were reported in parts per million (ppm) relative to TMS (0 ppm)

or CDCl3 (77.0 ppm) for 1H and 13C NMR spectra, respectively.

FTMS were recorded on a Bruker APEX IV mass spectrometer.

MALDI-TOF was recorded on a Bruker Daltonics Inc. BIFLEX

III mass spectrometer. Elemental analyses were performed using

a German Vario EL III elemental analyzer.

UV-Vis absorption spectra were recorded on a Hitachi U-4100

spectrophotometer using 1-cm quartz cuvettes. Photo-

luminescence spectra were recorded on a Horiba Jobin Yvon

FluoroMax-4P spectrofluorometer in the right-angle geometry

and using 1 cm quartz cuvettes. Thermal stability of the AEMs

was studied using a TAQ600 SDT instrument at a heating rate of

10 K min�1 under a N2 atmosphere. The thermal properties were
This journal is ª The Royal Society of Chemistry 2012
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characterized with a TA Q100 DSC calorimeter under a N2

atmosphere. The temperature and heat flow were calibrated at

varied heating and cooling rates using standard materials. Phase

transitions were also examined by Leica DML polarized optical

microscope (POM) with aMettler hot stage (FP-90) with samples

contained in N2 atmosphere. The XRD experiments were per-

formed with a high flux SAXS instrument (SAXSess, Anton

Paar) equipped with Kratky block-collimation system (the q

range covered by the IP was from 0.06 to 29 nm�1, q¼ 4p(sinq)/l,

where the wavelength l was 0.1542 nm and q was the scattering

angle). A temperature control unit (Anton Paar TCS300) in

conjunction with the SAXSess was utilized to study the structure

evolution as a function of temperature. The temperature-

dependent 1D WAXD measurements were performed with

a Rigaku MultiFlex 2 kW tube-anode X-ray (Cu-Ka radiation)

generator coupled to a diffractometer at a scanning rate of 1�

min�1. The peak positions were calibrated using silicon powder in

the high-angle region (>15�) and silver behenate in the low-angle

region (<15�). Background scattering was subtracted.
AEM structure characterizations

AEMs 1 and 2 were synthesized as previously reported.23ab

Structure characterization results of all other AEMs are as

follows.

AEM 3 1H NMR (300 MHz, CDCl3). d 7.67 (24H, s), 7.05 (6H,

s), 4.05 (12H, t, J ¼ 6.6 Hz), 1.86 (12H, m), 1.55–1.35 (36H, m),

0.93 (18H, t, J ¼ 7.2 Hz). 13C NMR (50 MHz, CDCl3): d 149.3,

139.5, 131.9, 126.8, 122.9, 118.7, 115.9, 91.9, 89.7, 69.2, 31.6,

29.1, 25.7, 22.6, 14.0. FTMS: Calcd for. C102H108O6: 1429.8

(m/z). Found: 1452.8 (M + Na+). Found: C, 85.31; H, 7.66. Calc.

for C102H108O6: C, 85.67; H, 7.61.

AEM 4 1H NMR (300 MHz, CDCl3). d 7.68 (24H, s), 7.06 (6H,

s), 4.06 (12H, t, J ¼ 6.6 Hz), 1.86 (12H, m), 1.55–1.26 (108H, m),

0.89 (18H, t, J ¼ 6.6 Hz). 13C NMR (100 MHz, CDCl3): d 149.4,

139.7, 132.0, 126.9, 123.1, 118.8, 116.1, 92.0, 89.8, 69.4, 32.0,

31.5, 30.3, 29.71, 29.66, 29.42, 29.38, 29.2, 26.1, 22.7, 14.1.

FTMS: Calc. for C138H180O6: 1934.4 (m/z). Found: 1957.4

(M + Na+). Found: C, 85.51; H, 9.19. Calc. for C138H180O6: C,

85.66; H, 9.38.

AEM 5 1H NMR (300 MHz, CDCl3). d 8.77 (6H, s), 8.11 (6H,

d, J ¼ 8.4 Hz) 7.65 (6H, d, J ¼ 8.4 Hz) 7.63 (12H, s), 4.21(12H, t,

J ¼ 6.6 Hz), 1.92 (12H, m), 1.59–1.40 (36H, m), 0.96 (18H, t, J ¼
6.9 Hz). 13C NMR (75MHz, CDCl3): d 143.8, 131.6, 129.3, 127.7,

126.5, 123.1, 122.3, 120.4, 92.1, 89.9, 73.7, 31.8, 30.5, 26.0, 22.7,

14.1. FTMS: Calc. for C108H108O6: 1501.8 (m/z). Found: 1501.8

(m/z). Found: 86.45; 7.26. Calc. for C108H108O6: C, 86.36; H,

7.25.

AEM 6 1H NMR (300 MHz, CDCl3). d 8.81 (6H, s), 8.15 (6H,

d, J ¼ 8.4 Hz) 7.69 (6H, d, J ¼ 8.4 Hz) 7.65 (12H, s), 4.21(12H, t,

J¼ 6.6 Hz), 1.92 (12H, m), 1.57–1.29 (108H, m), 0.90 (18H, t, J¼
6.6 Hz). 13C NMR (100 MHz, CDCl3): d 144.0, 131.7, 129.6,

129.5, 127.9, 126.6, 123.2, 122.5, 120.5, 92.1, 90.0, 73.8, 32.0,

30.6, 29.8, 29.7, 29.6, 29.4, 26.3, 22.7, 14.1. MALDI-TOF MS:
This journal is ª The Royal Society of Chemistry 2012
Calc. for C144H180O6: 2006.4 (m/z). Found: 2006.8 (m/z). Found:

C, 85.96; H, 8.99. Calc. for C144H180O6: C, 86.18; H, 9.04.

AEM 7 1H NMR (300 MHz, CDCl3). d 8.04 (3H, d, J ¼ 1.7

Hz), 7.78 (3H, dd, J¼ 8.7, 1.7 Hz), 7.51 (15H, m), 4.30 (6H, t, J¼
6.8 Hz), 1.79 (6H, m), 1.55–1.30 (18H, m), 0.93 (9H, t, J ¼ 6.9

Hz). 13C NMR (50 MHz, CDCl3): d 165.2, 132.8, 131.6, 131.5,

131.3, 129.7, 129.4, 128.6, 125.6, 123.5, 123.0, 95.9, 93.8, 90.0,

89.9, 65.5, 31.5, 28.7, 25.7, 22.6, 14.0. MALDI-TOF: Calc. for

C69H60O6: 984.4 (m/z). Found: 984.8 (m/z). Found: C, 84.11; H,

6.09. Calc. for C69H60O6: C, 84.12; H, 6.14.

AEM 8 1H NMR (300 MHz, CDCl3). d 8.29 (3H, d, J ¼ 1.5

Hz), 8.24 (3H, d, J¼ 1.5 Hz), 8.02 (3H, dd, J¼ 8.1, 1.5 Hz), 7.76–

7.65 (9H, m), 4.36 (6H, t, J ¼ 6.6 Hz), 4.27 (6H, t, J ¼ 6.6 Hz),

1.78 (12H, m), 1.26 (36H, m), 0.93 (9H, t, J¼ 6.9 Hz), 0.82 (9H, t,

J ¼ 6.9 Hz). 13C NMR (50 MHz, CDCl3): d 165.2, 134.2,

134.13,134.07, 133.2, 132.7, 131.9, 130.3, 129.2, 129.1, 125.9,

123.3, 123.0, 94.9, 94.2, 92.9, 90.6, 65.8, 65.6, 31.5, 31.4, 29.6,

28.6, 25.6, 22.5, 22.4,14.0, 13.9. FTMS: Calc. for C90H96O12:

1368.7 (m/z). Found: 1391.7 (M + Na+). Found: C, 78.73; H,

7.06. Calc. for C90H96O12: C, 78.92; H, 7.06.
Conclusions

Eight triangle-shaped AEMs of related but different structures

were synthesized, and their optical and thermotropic properties

were systematically investigated. Four of the studied macrocycles

manifested LC phases, which were thoroughly characterized by

DSC, POM, and XRD techniques. A number of variants in

structure, e.g., the side chain length, side chain linkage, and

backbone scaffold, were examined regarding their influence over

the thermotropic LC behavior. Size and structure of the mesogen

core were important. With three different backbone structures

investigated, disparate mesophases were manifested by varied

aromatic backbones, showing that core–core interactions among

mesogens were decisive for the molecular arrangement and

strength of intermolecular interactions. Extension or expansion

of the aromatic framework appeared to be favorable for LC

phase formation in the investigated systems. The side chain

length was found to be one of the pivotal factors as well. Longer

dodecyloxy side chains were more conducive to mesophases than

shorter hexyloxy chains. Among the macrocycles studied, two

molecules having dodecyloxy side chains manifested thermody-

namically stable LC phases, while macrocycles having the same

mesogen core but tethered with shorter hexyloxy groups did not.

Side chain linkage was also critical in governing the mesophase.

Two types of side chain linkers were compared. Both macro-

cycles having ester side chain linkers exhibited LC phases, even

when the side chains were the shorter hexyl groups. Of all the

macrocycles examined here, a cyclic oligo(phenylene–ethyny-

lene) molecule of C3-symmetry having six side chains attached to

each of the phenylene units via an ester functionality displayed

the most stable LC phase featuring a hexagonal columnar

structure.

With a conjugated aromatic backbone, these macrocycles are

potentially functional materials. As exemplified in a previously

report, they may possess appealing semi-conductive proper-

ties.23a Upon further functionalization, e.g., modifying the
Soft Matter, 2012, 8, 2405–2415 | 2413
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backbone structure and/or decorating the interior of the cyclic

framework, the molecules may offer more diversified and opti-

mized functions. Their propensity to form LC phases, as

demonstrated in the current study, will undoubtedly benefit the

material’s application and device fabrication. Relevant studies

are underway.
Acknowledgements

This work was supported by the National Natural Science

Foundation of China (Projects 51073002 and 21174004) and the

Fok Ying-Tung Educational Foundation (No. 114008).
Notes and references

1 (a) H. Klauk, Organic Electronics: Materials, Manufacturing and
Application, Wiley-VCH, Weinheim, 2006; (b) G. Hadziioannou,
P. F. van Hutten, Semiconducting Polymers: Chemistry, Physics and
Engineering, Wiley-VCH, Weinheim, 2000; (c) G. Wegner,
K. M€ullen, Electronic Materials: the Oligomer Approach, Wiley-
VCH, Weinheim, 1998.

2 (a) S. R. Forrest and M. E. Thompson, Chem. Rev., 2007, 107, 923–
925, and review articles in the special issue; (b) J. Wu, W. Pisula
and K. M€ullen, Chem. Rev., 2007, 107, 718–747; (c) A. W. Hains,
Z. Liang, M. A. Woodhouse and B. A. Gregg, Chem. Rev., 2010,
110, 6689–6735.

3 (a) J. Elemans, A. E. Rowan andM. Nolte, J. Mater. Chem., 2003, 13,
2661–2670; (b) F. J. M. Hoeben, P. Jonkheijm, E. W. Meijer and
A. P. H. J. Schenning, Chem. Rev., 2005, 105, 1491–1546; (c)
W. Pisula, M. Zorn, J. Y. Chang, K. M€ullen and R. Zentel,
Macromol. Rapid Commun., 2009, 30, 1179–1202; (d) W. Pisula,
X. Feng and K. M€ullen, Chem. Mater., 2011, 23, 554–567.

4 For recent reviews on discotic liquid crystals, see: (a) S. Kumar,Chem.
Soc. Rev., 2006, 35, 83–109; (b) S. Laschat, A. Baro, N. Steinke,
F. Giesselmann, G. H€agele, G. Scalia, R. Judele, E. Kapatsina,
S. Sauer, A. Schreivogel and M. Tosoni, Angew. Chem., Int. Ed.,
2007, 46, 4832–4887; (c) S. Sergey, W. Pisula and Y. H. Geerts,
Chem. Soc. Rev., 2007, 36, 1902–1929; (d) Y. Shimizu, K. Oikawa,
K. Nakayamac and D. Guillond, J. Mater. Chem., 2007, 17, 4223–
4229; (e) X. Feng, W. Pisula and K. M€ullen, Pure Appl. Chem.,
2009, 81, 2203–2251; (f) H. K. Bisoyi and S. Kumar, Chem. Soc.
Rev., 2010, 39, 264–285; (g) B. R. Kaafarani, Chem. Mater., 2011,
23, 378–396.

5 (a) J. M. Warman, M. P. de Haas, G. Dicker, F. C. Grozema, J. Piris
and M. G. Debije, Chem. Mater., 2004, 16, 4600–4609; (b)
M. G. Debije, J. Piris, M. P. de Haas, J. M. Warman, �Z. Tomovi�c,
C. D. Simpson, M. D. Watson and K. M€ullen, J. Am. Chem. Soc.,
2004, 126, 4641–4645; (c) Z. An, J. Yu, S. C Jones, S. Barlow,
S. Yoo, B. Domercq, P. Prins, L. D. A. Siebbeles, B. Kippelen and
S. R. Marder, Adv. Mater., 2005, 17, 2580–2583; (d) S. Xiao,
M. Myers, Q. Miao, S. Sanaur, K. Pang, M. L. Steigerwald and
C. Nuckolls, Angew. Chem., Int. Ed., 2005, 44, 7390–7394; (e)
X. L. Feng, V. Marcon, W. Pisula, M. R. Hansen, J. Kirkpatrick,
F. Grozema, D. Andrienko, K. Kremer and K. M€ullen, Nat.
Mater., 2009, 8, 421–426; (f) Z. An, J. Yu, B. Domercq,
S. C. Jones, S. Barlow, B. Kippelen and S. R. Marder, J. Mater.
Chem., 2009, 19, 6688–6698.

6 For recent examples, see: (a) S. H€oger, V. Enkelmann, K. Bonrad and
C. Tschierske, Angew. Chem., Int. Ed., 2000, 39, 2267–2270; (b)
S. Kumar and S. K. Varshney, Angew. Chem., Int. Ed., 2000, 39,
3140–3142; (c) S. Ito, H. Inabe, N. Morita, H. Ohta, T. Kitamura
and K. Imafuku, J. Am. Chem. Soc., 2003, 125, 1669–1680; (d)
M. Lehmann, I. Fischbach, H. W. Spiess and H. Meier, J. Am.
Chem. Soc., 2004, 126, 772–784; (e) J. V. Gestel, A. R. A. Palmans,
B. Titulaer, J. A. J. M. Vekemans and E. W. Meijer, J. Am. Chem.
Soc., 2005, 127, 5490–5494; (f) G. Hennrich, A. Omenat,
I. A. S. Foerier, K. Clays, T. Verbiest and J. L. Serrano, Angew.
Chem., Int. Ed., 2006, 45, 4203–4206.

7 (a) S. Kumar, Liq. Cryst., 2004, 31, 1037–1059; (b) S. Kumar, Liq.
Cryst., 2005, 32, 1089–1131.
2414 | Soft Matter, 2012, 8, 2405–2415
8 (a) G. Zucchi, B. Donnio and Y. H. Geerts, Chem. Mater., 2005, 17,
4273–4277; (b) Z. Chen, U. Baumeister, C. Tschierske and
F. W€urthner, Chem.–Eur. J., 2007, 13, 450–465; (c) B. Jancy and
S. K. Asha, Chem. Mater., 2008, 20, 169–181; (d) M. R. Hansen,
T. Schnitzler, W. Pisula, R. Graf, K. M€ullen and H. W. Spiess,
Angew. Chem., Int. Ed., 2009, 48, 4621–4624; (e) A. Wicklein,
A. Lang, M. Muth and M. Thelakkat, J. Am. Chem. Soc., 2009,
131, 14442–14453.

9 (a) M. Kastler, J. Schmidt, W. Pisula, D. Sebastiani and K. M€ullen, J.
Am. Chem. Soc., 2006, 128, 9526–9534; (b) M. M. Elmahdy, X. Dou,
M. Mondeshki, G. Floudas, H. J. Butt, H. W. Spiess and K. M€ullen,
J. Am. Chem. Soc., 2008, 130, 5311–5319; (c) X. Feng, W. Pisula,
T. Kudernac, D. Wu, L. Zhi, S. De Feyter and K. M€ullen, J. Am.
Chem. Soc., 2009, 131, 4439–4448; (d) C. Grigoriadis, N. Haase,
H. J. Butt, K. M€ullen and G. Floudas, Adv. Mater., 2010, 22, 1403–
1406.

10 (a) H. Engelkamp, C. F. van Nostrum, S. J. Picken and
R. J. M. Nolte, Chem. Commun., 1998, 979–980; (b) B. R. Patel and
K. S. Suslick, J. Am. Chem. Soc., 1998, 120, 11802–11803; (c)
A. Segade, M. Castella, F. Lopez-Calaborra and D. Velasco, Chem.
Mater., 2005, 17, 5366–5374.

11 H. Meier and K. M€uller, Angew. Chem., Int. Ed. Engl., 1995, 34,
1437–1439.

12 (a) B. Donnio, D. Guillon, R. Deschenaux and D. W. Bruce,
Metallomesogens, in Comprehensive Coordination Chemistry II, ed.
J. A. McCleverty and T. J. Meyer, Elsevier, Oxford, 2004, Vol. 7,
pp 357–627; (b) U. Pietrasik, J. Szydlowska, A. Kr�owczynski,
D. Pociecha, E. G�orecka and D. Guillon, J. Am. Chem. Soc., 2002,
124, 8884–8890; (c) C.-W. Chien, K.-T. Liu and C. K. Lai, J.
Mater. Chem., 2003, 13, 1588–1595; (d) J.-Q. Jiang, Z.-R. Shen,
J. Lu, P.-F. Fu, Y. Lin, H.-D. Tang, H.-W. Gu, J. Sun, P. Xie and
R.-B. Zhang, Adv. Mater., 2004, 16, 1534–1539; (e) K. Venkatesan,
P. H. J. Kouwer, S. Yagi, P. M€uller and T. M. Swager, J. Mater.
Chem., 2008, 18, 400–407.

13 I. A. Levitsky, K. Kishikawa, S. H. Eichhorn and T. M. Swager, J.
Am. Chem. Soc., 2000, 122, 2474–2479.

14 (a) C. M. Paleos and D. Tsiourvas, Liq. Cryst., 2001, 28, 1127–1161;
(b) R. I. Gearba,M. Lehmann, J. Levin, D. A. Ivanov,M. H. J. Koch,
J. Barber, M. G. Debije, J. Piris and Y. H. Geerts, Adv. Mater., 2003,
15, 1614–1618; (c) T. Kato, T. Matsuoka, M. Nishii, Y. Kamikawa,
K. Kanie, T. Nishimura, E. Yashima and S. Ujiie, Angew. Chem.,
Int. Ed., 2004, 43, 1969–1972; (d) K. Kishikawa, S. Nakahara,
Y. Nishikawa, S. Kohmoto and M. Yamamoto, J. Am. Chem. Soc.,
2005, 127, 2565–2571; (e) E. J. Foster, C. Lavigueur, Y.-C. Ke and
V. E. Williams, J. Mater. Chem., 2005, 15, 4062–4068; (f) T. Kato,
N. Mizoshita and K. Kishimoto, Angew. Chem., Int. Ed., 2006, 45,
38–68.

15 (a) J. J. Reczek, K. R. Villazor, T. M. Lynch and B. L. Iverson, J. Am.
Chem. Soc., 2006, 128, 7995–8002; (b) J. M. Mativetsky, M. Kastler,
R. C. Savage, D. G. M. Palma, W. Pisula, K. M€ullen and P. Samor,
Adv. Funct. Mater., 2009, 19, 2486–2494.

16 (a) J. S. Zhang and J. S. Moore, J. Am. Chem. Soc., 1994, 116, 2655–
2656; (b) O. Y. Mindyuk, M. R. Stetzer, P. A. Heiney, J. C. Nelson
and J. S. Moore, Adv. Mater., 1998, 10, 1363–1366.

17 (a) S. H€oger, V. Enkelmann, K. Bonrad and C. Tschierske, Angew.
Chem., Int. Ed., 2000, 39, 2267–2270; (b) M. Fischer, G. Lieser,
A. Rapp, I. Schnell, W. Mamdouh, S. D. Feyter, F. C. D. Schryver
and S. H€oger, J. Am. Chem. Soc., 2004, 126, 214–222; (c) S. H€oger,
X. H. Cheng, A. D. Ramminger, V. Enkelmann, A. Rapp,
M. Mondeshki and I. Schnell, Angew. Chem., Int. Ed., 2005, 44,
2801–2805.

18 S. H. Seo, T. V. Jones, H. Seyler, J. O. Peters, T. H. Kim, J. Y. Chang
and G. N. Tew, J. Am. Chem. Soc., 2006, 128, 9264–9265.

19 H. Shimura, M. Yoshio and T. Kato, Org. Biomol. Chem., 2009, 7,
3205–3207.

20 (a) D. Zhao and J. S. Moore, Chem. Commun., 2003, 807–818; (b)
S. H€oger, Chem.–Eur. J., 2004, 10, 1320–1329; (c) W. Zhang and
J. S. Moore, Angew. Chem., Int. Ed., 2006, 45, 4416–4439.

21 For recent examples of AEMs: (a) D. M€ossinger, D. Chaudhuri,
T. Kudernac, S. Lei, S. De Feyter, J. M. Lupton and S. H€oger, J.
Am. Chem. Soc., 2010, 132, 1410–1423; (b) J. M. W. Chan,
J. R. Tischler, S. E. Kooi, V. Bulovi�c and T. M. Swager, J. Am.
Chem. Soc., 2009, 131, 5659–5666; (c) P. Kissel, A. D. Schl€uter and
J. Sakamoto, Chem.–Eur. J., 2009, 15, 8955–8960; (d) K. Tahara,
T. Fujita, M. Sonoda, M. Shiro and Y. Tobe, J. Am. Chem. Soc.,
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sm06144a


Pu
bl

is
he

d 
on

 1
1 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
es

te
rn

 O
nt

ar
io

 o
n 

30
/1

0/
20

14
 1

6:
57

:3
4.

 
View Article Online
2008, 130, 14339–14345; (e) T. Ishikawa, T. Shimasaki, H. Akashi and
S. Toyota, Org. Lett., 2008, 10, 417–420; (f) S. C. Hartley and
J. S. Moore, J. Am. Chem. Soc., 2007, 129, 11682–11683; (g)
S. Toyota, M. Goichi and M. Kotani, Angew. Chem., Int. Ed., 2004,
43, 2248–2251; (h) S.-S. Chen, Q. Yan, T. Li and D. Zhao, Org.
Lett., 2010, 12, 4784–4787.

22 For examples: (a) A. P. Côt�e, A. I. Benin, N. W. Ockwig,
M. O’Keeffe, A. J. Matzger and O. M. Yaghi, Science, 2005, 310,
1166–1170; (b) K. Becker, P. G. Lagoudakis, G. Gaefke, S. H€oger
and J. M. Lupton, Angew. Chem., Int. Ed., 2007, 46, 3450–3455; (c)
T. Naddo, Y. Che, W. Zhang, K. Balakrishnan, X. M. Yang,
M. Yen, J. C. Zhao, J. S. Moore and L. Zang, J. Am. Chem. Soc.,
2007, 129, 6978–6979; (d) S. B. Lei, M. Surin, K. Tahara,
J. Adisoejoso, R. Lazzaroni, Y. Tobe and S. D. Feyter, Nano Lett.,
2008, 8, 2541–2546; (e) J. K. Kim, E. Lee, M. C. Kim, E. Sim and
M. Lee, J. Am. Chem. Soc., 2009, 131, 17768–17770; (f) K. Ono,
K. Tsukamoto, R. Hosokawa, M. Kato, M. Suganuma,
M. Tomura, K. Sako, K. Taga and K. Saito, Nano Lett., 2009, 9,
This journal is ª The Royal Society of Chemistry 2012
122–125; (g) Y. Che, X. Yang, Z. Zhang, J. Zuo, J. S. Moore and
L. Zang, Chem. Commun., 2010, 46, 4127–4129.

23 (a) J.Luo,Q.Yan,Y.Zhou,T.Li,N.Zhu,C.Bai,Y.Cao, J.Wang, J. Pei
andD. Zhao,Chem. Commun., 2010, 46, 5725–5727; (b) N. Zhu,W.Hu,
S. Han, Q. Wang and D. Zhao, Org. Lett., 2008, 10, 4283–4286.

24 Macrocycles bearing two carboxyl groups at the ortho-positions of the
o-phenylene units were not studied because they have non-planar
structures due to steric congestion.

25 S. Laschat, A. Baro, N. Steinke, F. Giesselmann, G. H€agele,
G. Scalia, R. Judele, E. Kapatsina, S. Sauer, A. Schreivogel and
M. Tosoni, Angew. Chem., Int. Ed., 2007, 46, 4832–4887.

26 C.K.Lai,C.H.Tsai andY.S.Pang,J.Mater.Chem., 1998,8, 1355–1360.
27 (a) F. W€urthner, Chem. Commun., 2004, 1564–1579; (b) S. Ito,

M. Ando, A. Nomura, N. Morita, C. Kabuto, H. Mukai, K. Ohta,
J. Kawakami, A. Yoshizawa and A. Tajiri, J. Org. Chem., 2005, 70,
3939–3949; (c) A. Wicklein, A. Lang, M. Muth and M. Thelakkat,
J. Am. Chem. Soc., 2009, 131, 14442–14453; (d) O. Thiebaut,
H. Bock and E. Grelet, J. Am. Chem. Soc., 2010, 132, 6886–6887.
Soft Matter, 2012, 8, 2405–2415 | 2415

http://dx.doi.org/10.1039/c2sm06144a

	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...

	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...

	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...
	Triangular arylene ethynylene macrocycles: syntheses, optical, and thermotropic liquid crystalline propertiesElectronic supplementary information (ESI...


