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1. Introduction

Thermotropic discotic liquid crystals, which self-assemble into
columnar mesophases upon a change in temperature have re-

ceived increasing interest since their discovery by Chandrase-
khar in 1977.[1, 2] Their high charge-carrier mobility, ability to

self-heal defects, efficient synthetic access and good solubility,

as well as easy processing through spin-coating or drop-cast-
ing procedures, make them highly attractive as functional ma-

terials for various device applications, such as sensors,[3] organ-
ic solar cells,[4] organic light-emitting diodes (OLEDs),[5] and or-

ganic field-effect transistors (OFETs).[6] However, in contrast to
dendritic, amphiphilic, H-bonded, or star-shaped mesogens,[7]

most discotic liquid crystals, carrying a central rigid aromatic or

heteroaromatic core functionalized with flexible peripheral
alkyl side chains, enter their mesophases at elevated tempera-
tures.[8] Thus, melting points that are often far above room
temperature and clearing points close to the decomposition

temperature, limit further application in devices, for example,
ferroelectric switches.[9] Several strategies have therefore been

developed to circumvent this problem and to make room-tem-
perature mesophases possible, for example, the replacement
of n-alkoxy groups by thioethers lowered the melting transi-

tion temperature.[10] Another strategy based on seminal work
by Collard and Lillya[11] used the introduction of branched pe-

ripheral side chains rather than linear alkyl (or alkoxy) tails.[12]

In particular, core units bearing dove-tailed,[13] swallow-

tailed,[14] dihydrocitronellyl, phytyl,[15] or other bitailed sys-
tems[16, 17] in the periphery were studied.

To address transition-temperature lowering in crown-ether-

based mesogens, previously we systematically varied the
crown size, symmetry, and salt complexation of o-terphenyl-

and triphenylene-substituted derivatives, such as 1 and 3, re-
spectively, with linear alkoxy side chains in the periphery

(Scheme 1).[18] The investigation of mesomorphic properties
showed that the complexation of salts with soft anions not
only increasing the flatness of the core from o-terphenyl to tri-

phenylene, but also improved the mesophase stability, howev-
er, melting transitions remained far above room tempera-
ture.[18c, 19] The reduction of size, molecular symmetry and flexi-
bility of the central crown resulted in broader mesophase

widths and lower melting points, however, ambient tempera-
ture mesophases could not be accessed.[18b,c] Thus, an alterna-

tive method for melting-point depression was necessary with-
out compromising the mesophase stability. Taking the reports
on branched side chains[11, 12] into account, we anticipated that

the attachment of d-methyl-branched tails to the most promis-
ing candidates among the previous series, 1 and 3, might lead

to room-temperature columnar mesophases. Moreover, we
might be able to check whether the improved p–p interaction

in the flat triphenylene[20] would improve the mesophase sta-

bility, as compared to o-terphenyl, while maintaining low melt-
ing transition temperatures, due to hydrophobic interactions

of the d-methyl-branched side chains.
Thus, our design concept featured o-terphenyls 2 b–f and tri-

phenylenes 4 b–f carrying d-methyl-branched side chains as
key target compounds (Scheme 1). These were compared with
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o-terphenyls 1 and triphenylenes 3 bearing linear alkyl chains.

To check whether other types of branching would serve a simi-
lar purpose, dihydrocitronellyl-substituted o-terphenyl 2 a and

triphenylene 4 a and the corresponding swallow-tailed deriva-
tives 2 g and 4 g were studied as well. Both dihydrocitronellyl

(a) and swallow-tailed 2-octyldodecyl (g) were selected as
benchmark side chains with a known propensity to support

room-temperature mesomorphism.[14] The comparison of pairs

of compounds (o-terphenyl and triphenylene) for each branch-
ing type or chain length should allow the separation of the
contribution of the flatness of the p systems on the mesomor-
phic properties from the effect of branching. The results to-

wards these goals are reported below.

2. Results and Discussion

The synthesis of the target [15]crown-5 derivatives 2 and 4
started from commercially available (S)-citronellyl bromide (5 a)
and (S)-citronellol (5 b), respectively (Scheme 2).

First, o-terphenyl and triphenylene crown ethers 2 a and 4 a
with dihydrocitronellyl chains were prepared. Williamson ether-

ification of bromide 6 a[21] with 4-bromobenzene-1,2-diol (7)

afforded 4-bromo-1,2-bis{[(3S)-3,7-dimethyloctyl]oxy}benzene
(8 a), which was converted into borolane 9 a following the re-

cently reported method by Ong et al.[22] A fourfold Suzuki cou-
pling with 10[18b, 23a] and subsequent Scholl reaction of the re-

sulting bis(o-terphenyl)[15]crown-5 derivative 2 a with FeCl3
[19]

provided the corresponding triphenylene 4 a. Bromides 6 b–

f[24a,d] with d-methyl-branched side chains were obtained from
citronellol (5 b) by chain elongation of the OH terminus with

oxidative cleavage of the double bond and nucleophilic substi-
tution with various alkyl cuprates as key steps (Scheme S1 in
the Supporting Information).[24, 25] Bromides 6 b–f were convert-

ed into the respective terphenyls 2 b–f and triphenylenes 4 b–f
as described for 2 a and 4 a (Scheme 2).

Crown-ether derivative 4 g with peripheral swallow-tailed
alkyl side chains was prepared from commercially available 2-

octyl-1-dodecanol (5 c) following a similar route as described

for 2 a and 4 a (Scheme 3; see the Supporting Information for
details).[26]

The mesomorphic properties of crown ethers 2 and 4 were
studied by differential scanning calorimetry (DSC), polarizing

optical microscopy (POM), and X-ray diffraction (WAXS, SAXS).
The details of the DSC measurements are summarized in

Scheme 1. Known liquid-crystalline crown ethers 1 and 3[18b] as well as the
novel derivatives 2 and 4.

Scheme 2. Synthesis of [15]crown-5 derivatives 2 and 4. For details see the
Supporting Information.
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Table 1. According to the DSC studies, dihydrocitronellyl-substi-
tuted o-terphenyl 2 a was nonmesomorphic, whereas the cor-

responding triphenylene 4 a displayed monotropic mesomor-
phism (Figure S2 in the Supporting Information). Melting and

clearing transitions at 56 and 131 8C, respectively, were ob-
served upon first cooling (Table 1).

In contrast, o-terphenyl crown ethers 2 b–f and the corre-

sponding triphenylene derivatives 4 b–f with d-methyl-
branched alkyl chains showed enantiotropic mesophases at

ambient temperatures, irrespective of the chain lengths
(Table 1). Typical DSC curves are shown in Figure 1 for deriva-

tives 2 f and 4 f. The DSC curve of 2 f (Figure 1 a) revealed an

isotropic-to-mesophase transition at 25 8C and a crystallization
at ¢5 8C upon the first and second cooling. Upon second heat-

ing, however, a crystal-to-mesophase transition at ¢22 8C and
a mesophase-to-isotropic transition at 33 8C were detected.

Strong supercooling caused a decrease of the mesophase
ranges to 30 K, as compared with those in the heating cycles

(55 K). In contrast, the DSC curve of 4 f (Figure 1 b) exemplifies
the much broader mesophase for triphenylene crown ethers.

The clearing point was detected at 95 8C and the melting point
was visible at 11 8C, upon first and second cooling. The crystal-

to-mesophase transition was detected at 24 8C and the isotrop-
ic melting at 94 8C, upon second heating. As can be seen from

Table 1, melting points increased from 2 b to 2 f with increas-

ing chain length, whereas clearing points decreased in the
same order, resulting in mesophase widths ranging from 87

(for 2 b) to 30 K (for 2 f).
The presence of flat triphenylene units in crown ethers 4 b–f

significantly improved the mesophase stability, that is, clearing
points were shifted up to 135 8C for 4 b with 4-methyldecyloxy

chains and 95 8C for 4 f bearing the longest d-methyl-branched

alkyl chain, whereas melting points (Tm) remained at subam-
bient temperatures. Thus, mesophase widths between 147 (for

4 b) and 84 K for (4 f) were observed.
To check whether swallow-tailed alkyl side chains were capa-

ble of melting point depression and phase stabilization,
crown-ether derivatives 2 g and 4 g were studied as benchmark

substrates.[14a] However, both compounds were sticky oils and

neither o-terphenyl 2 g nor triphenylene 4 g showed any
liquid-crystalline properties (Figures S1 and S2 in the Support-

ing Information). Thus, depression of the melting points could
be indeed achieved when employing swallow-tailed chains,

but this result was accompanied with complete loss of meso-
morphism even for the flatter triphenylene 4 g. It should be

Table 1. Phase transitions of mesogenic [15]crown-5 ether derivatives 2
and 4 determined by DSC upon first cooling (heating/cooling rate
10 K min¢1).[a,b]

Compd Cr Tm [8C]
(DH [kJ mol¢1])

Colh Tc [8C]
(DH [kJ mol¢1])

I

2 a + 26 (2.6)[c] – – +

2 b + ¢51.7 (0.9) + 35.7 (4.7) +

2 c + ¢48.2 (4.9) + 29.8 (3.8) +

2 d + ¢30.0 (16.5) + 27.7 (4.2) +

2 e + ¢27.9 (15.9) + 27.2 (5.9) +

2 f + ¢5.0 (48.9) + 25.0 (6.2) +

4 a + 56 (0.6) + 131 (2.9) +

4 b + ¢11.8 (1.6) + 135.4 (3.1) +

4 c + ¢11.3 (0.9) + 126.2 (4.5) +

4 d + ¢27.5 (6.8) + 97.7 (2.2) +

4 e + ¢11.8 (21.6) + 109.3 (3.5) +

4 f + 10.7 (48.3) + 94.9 (4.4) +

[a] Observed phases: Cr = crystalline, Colh = columnar hexagonal, I = iso-
tropic liquid. [b] For 2 g, 4 g no transitions were observed in the DSC. [c]
DSC upon second heating.

Scheme 3. Crown ethers with swallow-tailed alkyl side chains.

Figure 1.
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noted that Barber�, Torres, and co-workers[17] previously report-
ed the complete suppression of columnar mesomorphism of

triazolehemiporphyrazine- and phthalocyanine-derived metal-
lomesogens by increasing the number of peripheral side

chains or the use of branched chains. The authors rationalized
steric hindrance between the chains leading to increased mo-

lecular thickness which makes columnar stacking difficult.
For the o-terphenyl crown-ethers 2, polarizing optical mi-

croscopy (POM) studies revealed unspecific textures, as exem-

plarily shown for 2 b,c (Figure 2 a, Figure 2 b). In contrast, POM
studies revealed broken fan-shaped textures characteristic of

hexagonal columnar mesophases for triphenylenes 4 b,c (Figur-
es 2 c and 2 d). The remaining textures are shown in Figure S3

(see the Supporting Information).

More insight into the mesophase geometries of both series
(2 and 4) was obtained by X-ray diffraction (WAXS, SAXS)

measurements. With the exception of 2 b (being measured
quite close to its clearing point), all measurements were con-

ducted in the middle of the respective mesophases, that is, at
room temperature for 2 c–f and between 57 and 80 8C for 4 a–

f. The experimentally observed d values, lattice spacings, and

proposed indexing are summarized in Table 2.
The diffractograms of all compounds revealed characteristic

reflections of columnar hexagonal mesophase geometries
upon cooling from the isotropic melt. For the series of o-ter-

phenyl crown ethers (2), two indicative diffractogram patterns
were obtained. In the small-angle (SAXS) region of 2 b three as-

signable reflections were observed with the inner ring in the

diffractogram being much stronger than the other ones (Fig-
ure 3 a). Despite their weak intensity, the relative d values of

the outer reflections are 1:1/
ffiffiffi
3
p

:1/2 and could, thus, be in-
dexed accordingly as (10), (11), and (20). Hence, the phase was

assigned as Colh (plane group p6 mm). In the wide-angle X-ray
scattering (WAXS) profile of o-terphenyl crown ether 2 b a dif-

fuse wide-angle halo was detected at 4.6 æ, which corresponds

to the liquid-like disorder of the molten alkyl chains (Fig-
ure 3 b).[1]

In contrast, for 2 c–f only a single intense reflection was visi-
ble in the SAXS profile, which was indexed as (10). Despite

missing further d values, a Colh phase could be confirmed, due

to the oriented regular hexagon pattern within the (10) ring.
The hexagon is clearly visible by integrating the data over 2

theta, whereupon all inter-reflection angles were determined
to be 608 (Figure 4 a). In this case, the X-ray beam points are

parallel to the optical axis of the molecules, and therefore, hits
the hexagonal lattice directly on its face. All o-terphenyl crown

Figure 2. Unspecific textures of 2 b at 35 8C (a) and 2 c at 30 8C (b). Broken
fan-shaped textures of 4 b at 120 8C (c) and 4 c at 110 8C (d) as seen between
crossed polarizers upon cooling from the isotropic liquid (magnification
Õ 200; cooling rate 2 K min¢1).

Table 2. XRD results for [15]crown-5 based mesogens 2 and 4.

Compd Mesophase Lattice
spacing [æ]

d spacing
observed [æ]

Miller
Indices

2 b Colh at 35 8C
p6 mm

a = 34.7 30.1
17.4
15.3
4.6

(10)
(11)
(20)
(halo)

2 c Colh at 24 8C
p6 mm

a = 38.3 33.1
4.6

(10)
(halo)

2 d Colh at 24 8C
p6 mm

a = 39.1 33.9
4.5

(10)
(halo)

2 e Colh at 24 8C
p6 mm

a = 39.8 34.5
4.6

(10)
(halo)

2 f Colh at 24 8C
p6 mm

a = 41.8 36.2
4.6

(10)
(halo)

4 a Colh at 57 8C
p6 mm

a = 31.8 27.5
4.9

(10)
(halo)

4 b Colh at 80 8C
p6 mm

a = 33.2 28.8
4.7

(10)
(halo)

4 c Colh at 57 8C
p6 mm

a = 35.5 30.8
4.7

(10)
(halo)

4 d Colh at 57 8C
p6 mm

a = 36.5 31.6
4.7

(10)
(halo)

4 e Colh at 57 8C
p6 mm

a = 37.4 32.4
4.7

(10)
(halo)

4 f Colh at 57 8C
p6 mm

a = 39.1 33.9
4.7

(10)
(halo)

Figure 3. a) Small-angle and b) wide-angle X-ray scattering profile of the LC
phase of o-terphenyl crown ether 2 b at 35 8C. Inset : the corresponding dif-
fraction images.
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ethers 2 b–f showed a diffuse wide-angle halo, which was de-
tected between 4.5 and 4.6 æ, as shown for 2 c as a typical ex-

ample (Figure 4 b).
The lattice parameter a was calculated using the equation

a ¼d10=cos30� and the respective SAXS data for the (10) peak.

The values of a increased linearly with increasing chain length,
from 34.7 (2 b) to 41.8 æ (2 f) as shown in Figure 5.

The triphenylene series 4 provided only the intense (10) re-
flection in SAXS experiments. A representative diffraction pat-

tern is shown in Figure 6 a for the derivative 4 b. Besides this
intense peak, which is also visible in the WAXS, a broad halo in

the wide angle region was observed between 4.7 and 4.9 æ.

Even though the higher ordered reflections were missing,
which may be caused by the molecular form factor, the Colh

mesophase was assigned due to the characteristic textures
seen under the polarized microscope.[23]

The lattice parameters a of the triphenylenes 4 were calcu-
lated as described above, giving values between 33.2 (4 b) and
39.1 æ (4 f). Figure 5 clearly reveals a linear increase of a with

increasing chain length, but for a certain side-chain length the
value of the triphenylene 4 is always smaller than that of the
corresponding o-terphenyl 2.

According to the XRD data of triphenylenes 4, the following

packing model for the Colh phase is proposed. As shown in
Figure 7, the hexagonal lattice is defined by “columns” of

crown ethers with a lattice parameter a.

Each crown unit is surrounded by six triphenylene units to
form a smaller mixed hexagonal lattice with a lattice parameter
of approximately a/2. The alkyl side chains fill the free space in
between. This packing leads to a partial mixing of crown-ether

units and side chains in agreement with the relative broadness
of the fundamental reflection, whereas triphenylenes remain
segregated in columns as well as the chains in the intersti-
ces.[27] Such a packing pattern is in good agreement with previ-
ous studies by Tschierske, Ungar, and co-workers on tetraphilic

liquid crystals.[28]

The observation that for each chain length the lattice pa-

rameter a of the triphenylenes 4 is smaller than that of the cor-

responding o-terphenyls 2 (Figure 5) might be rationalized as
follows. Presumably, intracolumnar p–p interactions are more

pronounced in the case of triphenylenes 4, resulting in smaller
thermal out of column fluctuations, and thus, a smaller lattice

parameter. In contrast, the twisting of the o-terphenyl units re-
quires at least a twisting of two neighboring molecules 2

Figure 4. Azimuthal intensity profile of the hexagon in a) the SAXS pattern
and b) the WAXS profile of the LC phase of o-terphenyl crown ether 2 c at
24 8C. Inset : the corresponding diffraction images.

Figure 5. Lattice spacing a of derivatives 2 b–f and 4 b–f.

Figure 6. a) SAXS and b) WAXS profile of the LC phase of triphenylene
crown ether 4 b at 80 8C. Inset : the corresponding diffraction images.

Figure 7. Proposed stacking model in the columnar hexagonal mesophase
(Colh) for triphenylene crown ethers 4.
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within the crown column so that the smaller mixed hexagonal
lattice and the larger hexagonal lattice expand leading to in-

creased lattice parameters.

3. Conclusions

We synthesized a series of [15]crown-5 ether-based columnar
liquid crystals (2 and 4) and studied the influence of d-methyl-

branched side chains and the flatness of the mesogenic core
on the formation of room-temperature mesophases and the

phase stability. The mesophase widths of selected derivatives 2
and 4 with branched side chains were compared with those of

the corresponding o-terphenyls 1 and triphenylenes 3 bearing

linear alkoxy side chains[18b] (Figure 8). The presence of the d-

methyl-branched side chains caused a larger depression of the
melting points than of the clearing points, leading to room-

temperature mesophases. The mesophase ranges already in-
creased for the twisted o-terphenyls 2 b,c in comparison with
those of 1 b,c. In contrast, for dihydrocitronellyl-bearing 4 a,
a temperature depression was not observed. As previously re-

ported, the increased flatness of triphenylenes 3 b,c led to
broader mesophase ranges than for o-terphenyls 1 b,c.[18b] This
effect was also observed for triphenylenes 4 b,c with d-methyl-

branched chains, as well as derivative 4 a with dihydrocitronell-
yl side chains.

We conclude that it is the d-methyl branching that shifted
the mesophase to room temperature. Moreover, it is not just

a simple shift when going from compounds 2 to 4. The tem-

perature range became even broader. We therefore assume
that the presence of a stable mesophase is not only due to an

additive effect of p–p interactions and d-branching, but that
both parameters cooperatively influence the mesophase prop-

erties. In the case of 4 a, the additional terminal branching in
the dihydrocitronellyl side chain obviously counteracts the g-

branching, resulting in a phase behavior similar to that of the
linear derivatives 3.

This design concept should not only be amenable for crown
ethers as model systems for ion transporters, due to their

supramolecular channel architecture[29] and luminescent hybrid
materials,[30] but also for other columnar systems. Although

chirality was not within the scope of this study, the simultane-
ous introduction of side-chain branching, chirality, and flatness
might be useful for the design of polar columnar liquid crystals

in general.[31]
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peaks upon subsequent heating/cooling cycles in the DSC.
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