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Crown ethers and their derivatives are versatile building blocks for the design of supramolecular materials.
They can be functionalized at will and are well known for their abilities to complex with alkali cations.
Here, we show that emissive lanthanide free hybrid materials can be generated by using such building
blocks. The organic tribenzo[18]crown-6 central core was functionalized via six-fold Suzuki cross-
coupling as a key reaction with three o-terphenyl units which could be converted into their corres-
ponding triphenylenes by the Scholl reaction, leading to novel liquid-crystalline columnar materials.
Selected tribenzo[18]crown-6 o-terphenyls could interact with emissive ternary metal cluster compound
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salts to generate hybrid materials combining the properties of both moieties. Due to synergistic effects
and despite the anisometry of the cluster compounds, individual properties such as liquid-crystalline
phase stability of the organic part and emission abilities of its inorganic counter-part are enhanced in the
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Introduction

The ability of crown ethers and azacrowns to selectively form
coordination complexes with certain metal salts' established
supramolecular chemistry as a new research topic with diverse
applications such as molecular recognition, sensors, mem-
branes, catalysis and more recently molecular motors pio-
neered by Sauvage, Stoddart and Feringa.> Many research
studies address the development of liquid-crystalline crown
ethers and azacrowns.® Grafting mesogenic groups together
with flexible alkyl or perfluorinated side chains to the crown
core resulted in nanosegregation of immiscible parts and thus
liquid-crystalline self-assembly, which is further stabilized by
van der Waals and n-r interactions, hydrogen bonding, and
dipolar and/or fluorophobic interactions.* Despite the plethora
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of known crown ether complexes using both main-group and
transition metals as well as lanthanide ions,>® the generation
of luminescent liquid-crystalline hybrid materials based on
crown ether metal complexes still remains challenging. To
find suitable alternatives to lanthanide-containing materials,
we focused on hybrid materials derived from inorganic nano-
clusters of the general formula [MgQs'Xs*]" (Q = chalcogen/
halogen, X = anionic or neutral ligand, M = Mo, Re, W, i =
inner, a = apical). They contain an octahedron of metal atoms,
can be readily synthesized using high-temperature methods
and display strong red-NIR phosphorescence.””” Their
functionalization can be realized by (a) covalent bonding of
organic ligands to the apical position of the octahedral
complex, (b) ionic self-assembly employing organic counter-
ions and (c) supramolecular grafting of organic ligands such
as crown ethers or poly(ethylene oxide)' chains to form
hybrid materials."' The attachment of an organic ligand
sphere to the nanocluster not only improves its solubility and
processability but also enables liquid-crystalline self-assembly
to clustomesogens.'>™'* We recently reported the control of the
mesophase type of the clustomesogen by proper choice of the
crown ether ligand.""® Azacrowns with peripheral 4-cyanobi-
phenyl units tethered with flexible alkyl spacers to the crown
yielded nematic mesophases,'®> while complexes with dibenzo
[18]crown-6 o-terphenyl ligands formed columnar phases.'®
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Moreover, the mesogenic ligand affected the luminescence
intensity by encapsulating the cluster anions in an organic
matrix, which was utilized for the production of an efficient
oxygen sensor.'® As we anticipated better “isolation” in such
clustomesogens by sterically more demanding ligands, we syn-
thesized a series of tribenzo[18]crown-6 o-terphenyls Ter(n)
and their corresponding triphenylenes Tri(n), which were com-
plexed with two inorganic nanoclusters Cs,[MogBry,] and
Cs,[Moglg(C,F5CO0)], respectively (Fig. 1). Analogous to the
dibenzo[18]crown-6 o-terphenyl ligands,'® we propose hybrid
materials where the Cs' cations are complexed by the crown
ether derivatives resulting in the formation of mesophases as
shown in Fig. 1.

Experimental

NMR spectra were recorded on Bruker Avance 300, Avance 400,
Avance 500 and Avance 700 spectrometers at room temperature
with TMS as an internal standard. The multiplicities are abbre-
viated as follows: s (singlet), d (doublet), t (triplet), q (quartet),
p (quintet), and m (multiplet). 2D NMR spectra (COSY, HSQC,
and HMBC) were measured to assign the signals. FT-IR spectra
were recorded on a Bruker ALPHA device with a Platinum ATR
system at room temperature. The intensities are abbreviated as
follows: w (weak), m (medium), s (strong), and vs (very strong).
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MALDI-TOF mass spectra were recorded on a Bruker Reflex IV
spectrometer. ESI mass spectra were recorded on a Bruker
Daltonics mikrO-TOF-Q spectrometer. For polarizing optical
microscopy (POM), an Olympus BX50 microscope with a
Linkam TP93 control unit was used. Differential scanning
calorimetry (DSC) was performed on a Mettler Toledo DSC 822e
device. DSC samples were prepared in aluminum pans (40 pL)
from Mettler Toledo. X-ray diffraction measurements (SAXS and
WAXS) were conducted on a Bruker Nanostar C device with a
HI-STAR detector using Cug, radiation (1 = 1.54056 A). For thin
layer chromatography (TLC), aluminum plates (precoated with
silica gel 60 F,s4) from Merck were used. Column chromato-
graphy was performed with silica gel (grain size 40-63 pm)
from Fluka. If not mentioned otherwise, all commercial chemi-
cals were used as received. Dry solvents were distilled under a
nitrogen atmosphere using common drying agents prior to
use. Moisture and/or oxygen sensitive reactions were con-
ducted using common Schlenk techniques. **Cs solid-state
NMR experiments were performed on a Bruker 600 Avance III
spectrometer. The magic angle spinning frequency was set to
15 kHz with a 3.2 mm MAS probe head. A solid echo pulse
sequence was used with a pulse length set to 1.31 ps and an
echo delay set to 1.33 ps corresponding to 20 rotor periods.
The recycle delay was set to 2 s. ">*Cs NMR spectra were refer-
enced to a 0.2 M CsBr solution (65, = 0 ppm). Lifetime
measurements and TRPL mapping were realized using a pico-
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Fig. 1 Structures of the o-terphenyl and triphenylene crown ethers Ter(n) and Tri(n), respectively, and the metal cluster compounds Cs,X used in

this study for the possible formation of liquid-crystalline hybrids.
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second laser diode (Jobin Yvon deltadiode, 375 nm) and a
Hamamatsu C10910-25 streak camera mounted with a slow
single sweep unit. Signals were integrated on a 30 nm band-
width. Fits were obtained using the Origin software and the
goodness of fit was judged from the reduced y* value and the
residual plot shape. The absolute quantum yields (AQYs) were
measured with a C9920-03 Hamamatsu system equipped with a
150 W xenon lamp, a monochromator, an integrating sphere
and a red-NIR sensitive PMA-12 detector.

Synthesis

Borolanes 3(n) were prepared according to ref. 17.
Clusters Cs,X1 and Cs,X2 were synthesized according to
reported procedures.'®'?

Hexabromotribenzo[18]crown-6 (2)

Bromine (94 pL, 293 mg, 3.68 mmol, in 1.5 mL CH,Cl,) was
added to a solution of tribenzo[18]crown-6 1 (200 mg,
491 pumol) in CH,Cl, (3.0 mL) and the resulting mixture was
stirred for 45 min at room temperature and subsequently
refluxed for 5 h. After cooling to room temperature, NaOH
(1 M, 10 mL) and sat. Na,SOj3 solution (10 mL) were added and
the phases were separated. The aqueous phase was extracted
with CH,Cl, (3 x 20 mL), the combined organic layers were
washed with water (2 x 15 mL) and dried (MgSO,) and the
solvent was removed under reduced pressure. The resulting
crude solid was purified by recrystallization from acetone to
yield the product 2 as a colorless solid (277 mg, 311 umol,
63%). 'H NMR (300 MHz, CDCl,): § = 4.32 (s, 12H, a-H), 7.11
(s, 6H, 3-H, 6-H) ppm. *C NMR (75 MHz, CDCl,): § = 67.5
(C-a), 115.7 (C-4, C-5), 119.1 (C-3, C-6), 148.3 (C-1, C-2) ppm.
FT-IR (ATR): 7 = 3109 (W), 2928 (w), 2877 (w), 1720 (w), 1585
(w), 1492 (vs), 1451 (s), 1403 (w), 1378 (w), 1353 (s), 1326 (m),
1241 (s), 1198 (vs), 1119 (m), 1056 (m), 946 (m), 872 (m), 851
(m), 801 (m), 709 (w), 650 (m) cm™'. HRMS (ESI): m/z caled for
[C,4H1sBrsOgNa]'": 904.6037, found: 904.6036.

General procedure for the synthesis of o-terphenyl crown
ethers Ter(n) by Suzuki coupling (GP 1)

Following a procedure from Wohrle,** hexabromotribenzo[18]
crown-6 2 (100 mg, 113 pmol, 1 eq.), Na,CO; (1.44 g,
13.6 mmol, 120 eq.), Pd(PPh;), (26.1 mg, 22.6 umol, 0.2 eq.)
and degassed water (15 mL) were mixed under an atmosphere
of N,. The respective borolane 3(n) (1.02 mmol, 9 eq.) was dis-
solved in degassed dimethoxyethane (DME, 15 mL) and sub-
sequently added at room temperature. The resulting mixture
was refluxed for 16 h. The inert atmosphere was removed and
the mixture was stirred for further 5 h at 130 °C. After cooling,
the mixture was extracted with CH,Cl, (3 x 20 mL), the com-
bined organic layers were washed with water (3 x 15 mL) and
dried (MgSO,), and the solvent was removed under reduced
pressure. The resulting black oil was dissolved in petroleum
ether (20 mL), then ethylenediamine (4 mL) was added and
the mixture was stirred for 16 h at room temperature. The
colorless solution was filtered through a silica pad, eluted with
CH,Cl, (200 mL) and the resulting organic phase was washed
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with water (100 mL) and dried (MgSO,) and the solvent was
removed under reduced pressure. The crude product was
recrystallized from acetone/2-propanol and subsequently chro-
matographed on silica to yield the desired product Ter(n) as a
colorless solid.
4,4',4",5,5',5"-Hexakis[3"",4""-bis(octyloxy)phenyl]tribenzo
[18]crown-6 [Ter(8)]. Synthesis was carried out according to GP
1 with borolane 3(8) (470 mg, 1.02 mmol). Purification was
done by recrystallization (acetone/2-propanol, 7/13, v/v) and
subsequent column chromatography (SiO,, hexanes: ethyl
acetate = 15:1 — 5:1, Ry = 0.2). Yield: 71% (189 mg,
78.6 pumol), colorless solid. "H NMR (500 MHz, CDCly): § =
0.84-0.92 (m, 36H, CH;), 1.22-1.39 (m, 120H, CH,), 1.59-1.67
(m, 12H, OCH,CH,), 1.75-1.84 (m, 12H, OCH,CH,), 3.66 (t, ] =
6.7 Hz, 12H, OCH,), 3.93 (t, J = 6.7 Hz, 12H, OCH,), 4.50 (s,
12H, a-H), 6.56 (d, J = 2.0 Hz, 6H, 2"-H), 6.68 (dd, J = 8.3 Hz,
2.0 Hz, 6H, 6"-H), 6.73 (d, J = 8.3 Hz, 6H, 5'-H), 6.99 (s, 6H,
3-H) ppm. "*C NMR (126 MHz, CDCl3): § = 14.1 (CH3;), 22.7,
22.7, 26.0, 26.1, 29.1, 29.3, 29.4, 29.4, 29.5, 31.9, 31.9 (CH,),
68.1 (C-a), 69.1, 69.3 (OCH,), 113.3 (C-5'), 116.1 (C-2), 117.2
(C-3), 121.8 (C-6"), 133.8, 134.2 (C-4, C-1'), 147.7, 147.8, 148.4
(C-1, C-2, C-3', C-4') ppm. FT-IR (ATR): & = 2954 (m), 2922 (s),
2854 (m), 1603 (w), 1577 (w), 1557 (w), 1494 (s), 1468 (m), 1433
(w), 1415 (w), 1378 (W), 1247 (vs), 1195 (m), 1166 (w), 1137 (m),
1064 (m), 1025 (m), 970 (w), 859 (w), 807 (w), 723 (w), 616 (W),
470 (w) em™'. MS (MALDI-TOF): m/z caled for [Cy56H40015"
(M")]: 2402.8; found: 2397.2. CHN analysis caled (%) for
C156H240015 (2403.62): C 77.95, H 10.06; found: C 77.72,
H 9.85.
4,4',4",5,5',5"-Hexakis[3'",4'"-bis(decyloxy)phenyl]tribenzo
[18]crown-6 [Ter(10)]. Synthesis was carried out according to
GP 1 with borolane 3(10) (527 mg, 1.02 mmol). Purification
was done by recrystallization (acetone/2-propanol, 5/15, v/v)
and subsequent column chromatography (SiO,, hexanes : ethyl
acetate = 20:1 — 10:1, Ry = 0.3). Yield: 69% (209 mg,
78.6 pumol), colorless solid. "H NMR (500 MHz, CDCly): § =
0.84-0.92 (m, 36H, CH;), 1.20-1.50 (m, 168H, CH,), 1.59-1.67
(m, 12H, OCH,CH,), 1.75-1.83 (m, 12H, OCH,CH,), 3.66 (t, ] =
6.7 Hz, 12H, OCH,), 3.93 (t, J = 6.7 Hz, 12H, OCH,), 4.50 (s,
12H, a-H), 6.55 (d, J = 1.9 Hz, 6H, 2"-H), 6.68 (dd, J = 8.3 Hz,
1.9 Hz, 6H, 6-H), 6.73 (d, J = 8.3 Hz, 6H, 5'-H), 6.99 (s, 6H, 3-H)
ppm. *C NMR (126 MHz, CDCl3): § = 14.1 (CH3), 22.7, 26.1,
26.1, 29.2, 29.4, 29.4, 29.4, 29.5, 29.5, 29.6, 29.6, 29.7, 29.7,
29.7, 31.9, 32.0 (CH,), 68.1 (C-a), 69.1, 69.3 (OCH,), 113.3
(C-5'), 116.1 (C-2'), 117.2 (C-3), 121.8 (C-6"), 133.8, 134.2 (C-4,
C-1), 147.7, 148.4 (C-1, C-2, C-3', C-4') ppm. FT-IR (ATR): 0 =
2920 (s), 2852 (s), 1603 (w), 1577 (w), 1557 (w), 1494 (s), 1468
(m), 1378 (w), 1247 (vs), 1194 (m), 1167 (m), 1137 (m), 1064
(m), 941 (w), 859 (W), 806 (W), 722 (W), 616 (W), 467 (w) cm ™.
MS (MALDI-TOF): m/z caled for [Cy50H,55015" (M7)]: 2739.2;
found: 2735.2. CHN analysis caled (%) for CigoHpggOss
(2740.27): C 78.90, H 10.59; found: C 78.81, H 10.35.
4,4',4",5,5',5"-Hexakis[3"",4"""-bis(undecyloxy)phenyltribenzo
[18]crown-6 [Ter(11)]. Synthesis was carried out according to
GP 1 with borolane 3(11) (556 mg, 1.02 mmol). Purification
was done by recrystallization (acetone/2-propanol, 10/5, v/v).

This journal is © The Royal Society of Chemistry 2018
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Yield: 34% (113 mg, 38.9 umol), colorless solid. '"H NMR
(500 MHz CDCL;): 6 = 0.79-0.82 (m, 36H, CH,), 1.15-1.40 (m,
168H, CH,), 1.53-1.59 (m, 12H, OCH,CH,), 1.69-1.75 (m, 12H,
OCH,CH,), 3.57-3.60 (m, 12H, OCH,), 3.84-3.87 (m, 12H,
OCH,), 4.43 (s, 12H, a-H), 6.48 (d, J = 1.3 Hz, 6H, 2-H), 6.61
(dd, J = 8.2 Hz, 1.3 Hz, 6H, 2'-H), 6.66 (d, J = 8.2 Hz, 6H, 5'-H),
6.92 (s, 12H, 3-H) ppm. °C NMR (125 MHz, CDCl;): § = 14.2
(CH3), 22.7, 26.1, 26.1, 29.2, 29.4, 29.4, 29.5, 29.6, 29.7, 29.7,
29.8, 32.0, 32.0 (CH,), 68.1 (C-a), 69.1, 69.3 (OCH,), 116.0
(C-5), 117.2 (C-2'), 121.8 (C-6'), 133.8, 134.2 (C-4, C-1'), 147.7,
148.3 (C-1, C-2, C-3', C-4') ppm. FT-IR (ATR): & = 2920 (vs), 2852
(s), 1603 (w), 1557 (w), 1494 (s), 1468 (m), 1378 (w), 1247 (vs),
1194 (s), 1136 (m), 1064 (m), 951 (w), 859 (w), 806 (w), 721 (W)
em™'. MS (MALDI-TOF): m/z caled for [Ci9,H31,015" (MY)]:
2908.3; found: 2905.0. CHN analysis caled (%) for C19,H31,015
(2908.59): C 79.29, H 10.81; found: C 79.33, H 10.63.
4,4',4",5,5',5"-Hexakis[3"",4""-bis(dodecyloxy)phenylJtribenzo
[18]crown-6 [Ter(12)]. Synthesis was carried out according to
GP 1 with borolane 3(12) (585 mg, 1.02 mmol). Purification
was done by recrystallization (acetone/2-propanol, 10/5, v/v).
Yield: 68% (237 mg, 77.0 pmol), colorless solid. 'H NMR
(500 MHz CDCl;): § = 0.87-0.89 (m, 36H, CH3), 1.22-1.41 (m,
192H, CH,), 1.60-1.66 (m, 12H, OCH,CH,), 1.75-1.81 (m, 12H,
OCH,CH,), 3.64-3.67 (m, 12H, OCH,), 3.91-3.94 (m, 12H,
OCH,), 4.50 (s, 12H, a-H), 6.54 (d, J = 1.9 Hz, 6H, 2-H), 6.68
(dd, J = 8.3 Hz, 1.9 Hz, 6H, 2"-H), 6.73 (d, J = 8.3 Hz, 6H, 5-H),
6.99 (s, 12H, 3-H) ppm. >C NMR (125 MHz, CDCl;): § = 14.1
(CH3), 22.7, 26.1, 26.1, 29.2, 29.4, 29.4, 29.5, 29.6, 29.7, 29.7,
29.8, 29.8, 29.8, 32.0 (CH,), 68.1 (C-a), 69.1, 69.3 (OCH,), 116.1
(C-57, 117.3 (C-2"), 121.8 (C-6'), 133.8, 134.2 (C-4, C-1'), 147.7,
148.4 (C-1, C-2, C-3', C-4") ppm. FT-IR (ATR): & = 2920 (vs), 2852
(s), 1603 (w), 1577 (w), 1557 (w), 1494 (s), 1468 (m), 1378 (W),
1311 (w), 1247 (vs), 1195 (s), 1137 (m), 1065 (m), 1030 (w), 965
(w), 894 (w), 859 (w), 806 (w), 721 (W) 630 (s), 537 (m) cm ™. MS
(MALDI-TOF): m/z caled for [Cp04H336015" (M")]: 3076.5; found:
3073.4. CHN analysis caled (%) for C,osH3z36015 (3076.91):
C 79.63, H 11.01; found: C 79.57, H 10.70.
4,4',4",5,5',5"-Hexakis[3""",4""-bis(tetradecyloxy)phenyl Jtri-
benzo[18]crown-6 [Ter(14)]. Synthesis was carried out accord-
ing to GP 1 with borolane 3(14) (640 mg, 1.02 mmol).
Purification was done by recrystallization (acetone/2-propanol,
5/15, v/v) and subsequent column chromatography (SiO,,
hexanes: ethyl acetate = 25:1 — 10:1, R = 0.6). Yield: 72%
(278 mg, 81.4 pmol), colorless solid. 'H NMR (500 MHz,
CDCl;): § = 0.88 (t, J = 6.7 Hz, 36H, CH3), 1.20-1.49 (m, 264H,
CH,), 1.59-1.67 (m, 12H, OCH,CH,), 1.75-1.83 (m, 12H,
OCH,CH,), 3.65 (t, J = 6.7 Hz, 12H, OCH,), 3.93 (t, J = 6.7 Hz,
12H, OCHy,), 4.50 (s, 12H, a-H), 6.55 (d, J = 1.9 Hz, 6H, 2"-H),
6.68 (dd, J = 8.3 Hz, 1.9 Hz, 6H, 6-H), 6.73 (d, J = 8.3 Hz, 6H,
5'-H), 6.99 (s, 6H, 3-H) ppm. ">*C NMR (126 MHz, CDCl,): § =
14.1 (CH;), 22.7, 26.1, 26.1, 29.2, 29.4, 29.4, 29.5, 29.5, 29.7,
29.7, 29.8, 29.8, 29.8, 32.0 (CH,), 68.1 (C-a), 69.1, 69.3 (OCH,),
113.3 (C-5'), 116.1 (C-2'), 117.3 (C-3), 121.8 (C-6'), 133.8, 134.2
(C-4, C-1"), 147.8, 148.4 (C-1, C-2, C-3', C-4") ppm. FT-IR (ATR):
U= 2919 (vs), 2851 (s), 1727 (w), 1603 (w), 1577 (w), 1558 (W),
1495 (s), 1467 (s), 1378 (W), 1248 (vs), 1195 (m), 1166 (w), 1137
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(m), 1064 (m), 1023 (m), 943 (w), 859 (w), 805 (W), 721 (w), 616
(w), 468 (w) cm™'. MS (MALDI-TOF): m/z caled for
[Ca28H354015" (M')]: 3412.9; found: 3408.3. CHN analysis caled
(%) for C,sHjs4015 (3413.56): C 80.22, H 11.34; found:
C 80.51, H 11.07.

4,4',4",5,5',5"-Hexakis[3"",4""-bis(hexadecyloxy)phenyl]tri-
benzo[18]crown-6 [Ter(16)]. Synthesis was carried out accord-
ing to GP 1 with borolane 3(16) (527 mg, 1.02 mmol).
Purification was done by recrystallization (acetone/2-propanol,
5/15, v/v) and subsequent column chromatography (SiO,,
hexanes: ethyl acetate = 20:1 — 10:1, Ry = 0.8). Yield: 72%
(346 mg, 78.6 pmol), colorless solid. '"H NMR (700 MHz,
CDCl;): 6 = 0.84-0.90 (m, 36H, CHj;), 1.19-1.48 (m, 312H,
CH,), 1.63 (p, J = 6.8 Hz, 12H, OCH,CH,), 1.78 (p, J = 6.8 Hz,
12H, OCH,CH,), 3.65 (t, J = 6.7 Hz, 12H, OCH,), 3.93 (t, J =
6.7 Hz, 12H, OCH,), 4.50 (s, 12H, a-H), 6.55 (d, J = 2.0 Hz, 6H,
2'-H), 6.68 (dd, J = 8.3 Hz, 2.0 Hz, 6H, 6'-H), 6.73 (d, J = 8.3 Hz,
6H, 5-H), 6.99 (s, 6H, 3-H) ppm. >C NMR (176 MHz, CDCl,):
§=14.1 (CH3), 22.7, 26.1, 26.1, 29.2, 29.4, 29.4, 29.4, 29.5, 29.5,
29.6, 29.7, 29.7, 29.7, 29.8, 29.8, 29.8, 29.8, 32.0 (CH,), 68.2
(C-a), 69.1, 69.3 (OCH,), 113.4 (C-5'), 116.1 (C-2'), 117.3 (C-3),
121.8 (C-6'), 133.8, 134.2 (C-4, C-1'), 147.8, 148.4 (C-1, C-2, C-3,
C-4') ppm. FT-IR (ATR): & = 2916 (vs), 2849 (s), 1603 (w), 1557
(W), 1494 (m), 1467 (m), 1379 (W), 1247 (s), 1194 (m), 1166 (W),
1136 (m), 1066 (m), 1017 (w), 955 (W), 908 (W), 860 (W), 807 (w),
722 (m), 648 (W), 616 (W), 465 (W) cm™". MS (MALDI-TOF): m/z
caled for [CpsoHu3,015° (M')]: 3749.3; found: 3744.0. HRMS
(ESD): mfz caled for [C,5,H43,015Na]™: 3772.2849, found:
3772.2849. CHN analysis calcd (%) for Cps,H,y3,045 (3750.21):
C 80.71, H 11.61; found: C 80.62, H 11.66.

The respective experimental data of the triphenylene deriva-
tives Tri(n) are listed in the ESIT (pp. S2-S5).

General procedure for the synthesis of o-terphenyl-tribenzo[18]
crown-6 hybrids Ter(n)-Cs 5Xo.»5 (GP 2)

Following a procedure from Pedersen,” the respective o-ter-
phenyl crown ether Ter(14) or Ter(16) (17.6 umol, 1 eq.) was
dissolved in CH,Cl, (5 mL). The respective molybdato cluster
Cs,X (4.57 umol, 0.26 eq.) was dissolved in acetonitrile (5 mL)
and added to the solution. The resulting mixture was stirred
for 16 h at room temperature. The solvents were removed
under reduced pressure, the residue was taken up in CH,Cl,
(10 mL), filtered and the solvent was removed under reduced
pressure to yield the complexes Ter(14)-CsysXo2s and Ter
(16)-Cso.5Xo.25 as yellow to orange solids (17.58 pmol) in quan-
titative yields.

Results and discussion

Synthesis of the tribenzo[18]crown-6 derivatives and
clustomesogens

The synthesis of the o-terphenyls Ter(n) and triphenylenes
Tri(n) (n = 8, 10, 11, 12, 14, 16) as well as the synthesis of the
crown ether complexes Ter(14)-Csg 5Xo.25 and Ter(16)-Csy 5Xo.25
are depicted in Scheme 1. Six-fold bromination of the known
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X2 = Moglg(C,F5CO0);

Scheme 1 Synthesis of the o-terphenyl Ter(n), triphenylene Tri(n) and
o-terphenyl cluster Ter(14)-Csg 5Xo.25 and Ter(16)-Csq 5Xo.25 derivatives.

tribenzo[18]crown-6 1>' provided hexabromotribenzo[18]
crown-6 2 in 63% yield, which was converted to the o-terphenyl
crown ether Ter(n) by six-fold Suzuki cross-coupling with the
respective pinacol borolane 3(nm). The crude product Ter(rn)
required treatment with ethylenediamine in order to remove
the residual Pd catalyst that had been complexed with the
crown. After purification by column chromatography, the
product Ter(n) was isolated in 34-72% yield. A subsequent
Scholl reaction with FeCl; in MeNO,/CH,Cl, at 0 °C yielded tri-
phenylene Tri(n) in 10-67%. Presumably, the low yield of
Tri(16) was caused by the poor solubility of the precursor
Ter(16) in cold CH,Cl,. Longer reaction times and changing the
oxidation system to DDQ/MeSO3;H/CH,Cl, or MoCls/CH,Cl,
resulted in either the decomposition of the triphenylene pro-
ducts or lower yields.

According to former studies by Pedersen and Nakamura,
the cavity of [18]crown-6 derivatives is too small to accommo-
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date the cesium cation and thus a 2 : 1 stoichiometry of ligand/
Cs* was found.*® This proposed model is also in good agree-
ment with recent results by Chu, who utilized crown ether-
modified copolymers to obtain experimental evidence for the
strong tendency of Cs' to form sandwich-type crown ether/
metal complexes.”® Therefore, the complexed derivatives
Ter(14)-Csy 5Xo.25 and Ter(16)-Cs, 5Xo.5 were synthesized from
the cluster salts Cs,X1 and Cs,X2 (X1 = [MogBry,|*; X2 =
[Moglg(C,F5CO0)s*7) in a ratio of 2: 1 (ligand/Cs") following a
procedure by Pedersen,”® using a mixture of CH,Cl, and aceto-
nitrile to achieve good solubility of both the cluster salt and
the respective crown ether. The desired clustomesogens were
obtained in quantitative yields.

We surmised that clustomesogens with short chain lengths
(n = 8, 10, 12) might lead to high clearing transitions close to
the decomposition temperature and thus complex formation
was limited to the crown ethers with C,, and C;¢ chains.

Interactions between the Cs' cations of the ternary salts
and Ter(14) are very well illustrated by magic angle spinning
(MAS) solid-state '**Cs NMR experiments. However, the
spectra of crystalline Cs,X1 and Cs,X2 contain two sharp
signals at 36.7 ppm and 216 ppm, and at —4.97 ppm and
—107 ppm, respectively, only one broad signal at —18 ppm
appears for hybrids Ter(14)-CsysXo.5 (see ESI Fig. S40%1 for
spectra). The fact that only one signal is observed for the
hybrid compounds demonstrates the equivalence of the two
Cs' cations. As the signals of the two hybrids have the same
chemical shift, this shows that the cations interact poorly with
the cluster inner and apical ligands. This last point is in good
accordance with the bulkiness of the central core of Ter(n)
ligands.

Surprisingly, upon attempted complexation of the corres-
ponding triphenylenes Tri(14) and Tri(16) with cluster salts
under analogous conditions, the decomposition of the crown
ethers was observed. Presumably, the tribenzo[18]crown-6 tri-
phenylenes Tri(n) are too rigid to accommodate the bulky
cluster anion or the cluster anion promotes ether cleavage.
The experimental observation is in good agreement with pre-
vious work by Reiner,>* who studied the oxidative lignine clea-
vage catalyzed by polyoxometallate anions. Furthermore,
Marks,> Quaranta,® Keith®” and Anwander*® have also
reported ether cleavage induced by lanthanide triflates and
other high-valent metal salts.

Mesomorphic properties of the o-terphenyl tribenzo[18]crown-
6 derivatives

All o-terphenyl compounds Ter(n) showed mesomorphic pro-
perties under a polarizing microscope (POM) and exhibited
fan-shaped textures typical of columnar mesophases.
Ilustrative examples are shown for Ter(8) (Fig. 2a) and Ter(12)
(Fig. 2b). In the case of Ter(16), upon cooling from the isotro-
pic phase, uncharacteristic textures appeared at 85 °C, whose
color changed upon cooling below 56 °C, suggesting the pres-
ence of a second mesophase (see ESI Fig. S2}). Differential
scanning calorimetry (DSC) measurements revealed enantio-
tropic behavior for all o-terphenyls Ter(n) (Table 1). For Ter(8),
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Fig. 2 (a) Fan-shaped POM textures of Ter(8) (103 °C, 5 K min~?) and (b)
Ter(12) (95 °C, 10 K min™) upon cooling from the isotropic phase (mag-
nification: x200). (c) Temperature ranges in K of the mesophases of
o-terphenyls Ter(n) for different chain lengths n. The phase transitions
and phase widths were determined by DSC upon 2" cooling. The DSC
curves are shown in Fig. S3—S8 in the ESL.}

Ter(10) and Ter(11) with shorter chain lengths, neither
melting transition nor crystallization could be observed in the
DSC thermograms (see ESI Fig. S3-S57). Thus, the mesophase
was stable from sub-ambient temperatures to 105 °C. For the
higher homologues, melting points were observed at 26 °C for
Ter(14) and then increased to 43 °C for Ter(16), while clearing
transitions steadily decreased from 98 °C for Ter(14) to 89 °C
for Ter(16), resulting in relatively broad phase widths (Fig. 2c).
In the case of Ter(16), a second columnar mesophase was
detected between 69 °C and 43 °C in the DSC curves.

In order to assign the phase geometries, X-ray diffraction
(XRD) measurements were performed (Table 2). All o-terphe-
nyls Ter(n) displayed a diffuse halo in the wide-angle region
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(WAXS) between 4.2 A and 4.5 A, which is caused by the
molten alkoxy chains in the mesophase. The small-angle
(SAXS) profiles of compounds Ter(8) and Ter(10) showed three
distinct reflexes in a ratio of 1:1/\/3:1/2, which could be
indexed to (10), (11), and (20), which are characteristic of Coly,
phases with the p6mm symmetry (Fig. 3). The other o-terphenyl
compounds Ter(n) (n = 12, 14, 16) only showed the (10) and
(11) reflexes. Despite the absence of higher order reflections, a
Col;, phase was assumed due to their structural similarity to
Ter(8) and Ter(10). The lattice parameters a increased with
increasing chain lengths from 35.10 A for Ter(8) to 45.61 A for
Ter(16) (Table 2). The lower-temperature mesophase (Col,) of
compound Ter(16) displayed similar small-angle reflections
compared to the corresponding Col;, phase at higher tempera-
tures. However, a wide-angle halo appeared at 4.2 A and an
increased lattice parameter a = 46.82 A was found, suggesting
that the alkoxy side chains were more tightly packed in an
expanded hexagonal lattice of the low temperature phase,
whereas lattice shrinkage in the high temperature phase
resulted in a larger volume requirement of the alkoxy chains.
The mesomorphic properties of the respective triphenylene
derivatives Tri(n) are discussed in the ESI{ (pp. S5-S7).

Mesomorphic properties of the o-terphenyl tribenzo[18]crown-
6 clusters

All the clustomesogens Ter(rn)-Csy5Xo.5 show typical textures
for Col, mesophases under the POM upon cooling from the
isotropic phase, as illustrated in Fig. 4 for Ter(14)-Csg 5X2¢ .25
and Ter(16)-Cs, 5X1¢.,5. Under UV irradiation (see Fig. 4b and
d), these compounds emitted red light, verifying the hybrid
character of these species and the homogeneity of the
samples.

DSC traces of the hybrids show enantiotropic mesomorph-
ism for Ter(n)-CsgsX1o25. The clearing temperatures of these
compounds (147 °C and 125 °C, see Fig. 5) increased drasti-
cally compared to those of the neat crown ethers Ter(14) and
Ter(16), whereas crystallization points remain unchanged,
leading to significantly broadened mesophases of 123 K and
104 K, respectively. The clustomesogens Ter(n)-Csp5X2¢.25
exhibited slightly higher clearing temperatures (159 ©°C

Table 1 DSC results of the different crown ether derivatives (2" cooling). Phase transition temperatures T are given in °C and the transition enthal-

pies in kI mol 2.2 X1 = [MogBr4]2~, X2 = [Moglg(C2FsCO0)6]?~

Compound Cr T (AH) Col, T (AH) Coly, T, (AH) I

Ter(8) — — — — ([ ] 105 (—10.0) ([ ]
Ter(10) — — — — ([ ] 105 (—9.9) ([ ]
Ter(11) — — — — ([ ] 105 (—10.8) [ ]
Ter(12) G 61 (—) — — ([ ] 102 (—9.9) ([ ]
Ter(14) ([ ] 26 (—65.0) — — ([ ] 98 (—16.1) ([ ]
Ter(16) ([ ] 43 (-127) [ ] 69 (—12.9) ([ ] 89 (=7.1) ([ ]
Ter(14)-Csg 5X1¢.5 ) 24 (-51.8) — — ) 147 (-3.87) )
Ter(16)-Cso 5X10.25 ° 42 (-117) — — ° 125 (=0.45) °
Ter(14)-Cs¢.5X20.25 — — — — [ ] 159 (—8.57) [ ]
Ter(16)-Csg.5X20.25 © — — — — ° 150 (—4.65) °

“ Heating/cooling rate: 5 K min~". ”

The following phases were observed: crystalline Cr, glass G, columnar hexagonal Coly, columnar Col,, isotro-

pic I © An additional crystal-to-crystal transition was detected at 36 °C upon 2"¢ heating.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Results of the XRD experiments for the o-terphenyls Ter(n)
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Ter(n) Mesophase Lattice spacing/A d spacing/A exp. (calcd.) Miller indices
Ter(8) Coly, a=35.10 30.40 (10)
p6mm (61 °C) 17.52 (17.55) (11)
15.29 (15.20) (20)
4.4 Halo
Ter(10) Coly, a=39.36 34.09 (10)
p6mm (70 °C) 19.62 (19.68) (11)
17.03 (17.04) (20)
4.5 Halo
Ter(12) Coly, a=40.07 34.70 (10)
p6mm (90 °C) 4.5 Halo
Ter(14) Col, a=45.06 39.02 (10)
p6mm (45 °C) 4.4 Halo
Ter(16) Coly, a=146.82 40.51 (10)
p6mm (54 °C) 23.47 (23.39) (11)
4.2 Halo
Coly, a=45.61 39.50 (10)
p6mm (70 °C) 22.99 (22.80) (11)
4.5 Halo
A (10)
=
©
~
a
)
o
(O]
=
. ! . ——
0 5 10 15 20
201°

Fig. 3 WAXS diffractogram of an oriented Ter(8) fiber at 61 °C upon
heating with the corresponding diffraction patterns (left: SAXS and right:
WAXS ).

and 150 ©°C) than their corresponding counterpart
Ter(n)-CspsX1p5. In contrast to Ter(n)-CsgsX1yas, hybrids
Ter(n)-Csy5X2¢,5 did not show crystallization upon cooling
from the isotropic state; however a melting transition could be
observed at 39 °C upon heating for Ter(16)-Csg 5X2¢.25-

It is well known from crown ethers** and other liquid-crys-
talline macrocycles® that external guests have a pronounced
effect on the mesomorphic properties. Mixed results were
obtained regarding the effect of Cs" on the mesomorphism of
crown ethers. For example, Shinkai reported a change of the
helical pitch of cholesteric crown ethers upon complexation
with Cs*.?° Previous work by our group revealed that complexa-
tion with Cs" salts often suppresses mesophase formation.>'
More recently, we discovered for structurally related crown
ether clustomesogens that both the type of cluster anion and
the replacement of K by Cs' affected the temperature range
and the geometry of the Coly, phase."** Although both, cation
and cluster anion, do have an influence on the mesophase

14346 | Dalton Trans., 2018, 47, 14340-14351

Fig. 4 Linear defects of (a) Ter(16)-CsosX1g.2s5 (140 °C, 5 K min~, mag-
nification: x200), (b) Ter(16)-Csq5X1g .25 under UV irradiation at 100 °C,
(c) spherulite-like textures of Ter(14)-Cso sX2¢.25 (110 °C, 5 K min~%, mag-
nification: x100) and (d) Ter(14)-Csqs5X20,5 under UV irradiation at
130 °C. X1 = [MogBri41?~ and X2 = [Moglg(C2FsCOO)6l?~. All pictures
were taken upon cooling from the isotropic phase.

stability, the difference in the clearing temperature and the
transition enthalpy of the hybrids cannot be explained by
a modulation of interactions between the Cs' cations and
the cluster cores as '**Cs chemical shifts observed for
Ter(14)-Csy X195 and Ter(14)-Cs, 5X2¢ »5 are identical. Therefore,
the cluster nature itself seems to have a direct influence on the
liquid crystal phase stability.

XRD experiments confirmed the assumed Col, mesophases
by exhibiting three distinct (10), (11) and (20) reflexes in the
small-angle section in a ratio of 1:1/\/3:1/2, as well as a
diffuse halo in the wide-angle region (Table 3). The lattice
parameters a for Ter(n)-CsysX1y,s5 are lower (38.9 A and
42.2 A) than the a values for compounds Ter(n)-Csy5X2¢.5

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Temperature ranges in K of the mesophases of hybrids
Ter(n)-Csg.sXo.25 for different chain lengths n. X1 = [MogBry41?~ and X2 =
[Moglg(CoFsCOO)6l?~. The phase transitions and phase widths were
determined by DSC upon 2"9/3™ cooling. The DSC curves are shown in
Fig. S15—-S18 in the ESI.T

(42.2 A and 43.7 A), which is possibly due to (i) a higher steric
demand of the X2 cluster anion in the intercolumnar area and
(ii) differences in the electrostatic interaction strengths
between cesium cations and X1 or X2 cluster anions. The
diffuse halo appears for Ter(1n)-CsysX1,5 at 4.7 A. For the
hybrids Ter(n)-Cso 5X2¢.5, the halo could be observed at 4.3 A,
leading to a decreased n-n distance and more densely stacked
columns. In comparison with the neat crown ethers Ter(14)
and Ter(16) (45.0 A, 45.6 A, Table 2), the clustomesogens
Ter(n)-Csg 5Xo.25 surprisingly exhibit smaller lattice parameters
ranging from 38.9 A to 43.7 A (Table 3). This might be
explained by attractive ionic interactions between the double
negatively charged cluster ions and the sandwiched cesium
cations. From the obtained XRD data, we propose the packing
model shown in Fig. 6. According to the model, each Cs" is
sandwiched between two crown ether units and these sand-
wich complexes form the columns within the hexagonal
lattice, while the cluster anions are embedded between the
columns, so that the overall stoichiometry of the crown/Cs’/
cluster anion of 4:2:1 is maintained.
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Fig. 6 Schematic overview of hybrid formation for crown ether ligands
Ter(14) and Ter(16) with cluster salts CsyX in step (a) and self-assembly
to the columnar hexagonal (Col,,) mesophase upon heating in step (b).
The lower part of the figure shows the proposed packing model of the
Col,, phase based on the XRD data of the hybrids. The crown ether
cesium sandwich complexes stacked along the columns are depicted as
circles in the packing model for better clarity.

Luminescence properties of the o-terphenyl tribenzo[18]crown-
6 clusters

As shown in Fig. 4b and d, the cluster compounds maintain
their luminescence properties when complexed. As presented
in Fig. 7, the emission spectra of Ter(n)-Csy 5X1,.5 at ambient
temperature exhibited a broad emission band ranging from
550 nm to 950 nm (/yax at 708 nm) similar to that of Cs,X1,
whereas the emission spectra of the corresponding analogues
Ter(n)-Csy5X2¢,5 revealed a relatively sharp band between

Table 3 Results of the XRD experiments for the clustomesogens Ter(n)-Cso 5Xo.25

Ter(n) Mesophase Lattice spacing/A d spacing/A exp. (caled.) Miller indices
Ter(14)-Cso 5X10 5 Col,, a=38.86 33.65 (10)
p6mm (93 °C) 19.51 (19.43) (11)
17.09 (16.83) (20)
4.7 Halo
Ter(14)-Cs 5X20 25 Col,, a=42.24 36.58 (10)
p6mm (140 °C) 21.00 (21.12) (11)
18.25 (18.29) (20)
4.3 Halo
Ter(16)-Cso 5X10 5 Coly, a=42.38 36.70 (10)
p6mm (112 °C) 21.21 (21.19) (11)
18.51 (18.35) (20)
4.8 Halo
Ter(16)-Cso 5X20 25 Col,, a=43.72 37.86 (10)
p6mm (131 °C) 21.59 (21.86) (11)
18.88 (18.93) (20)
4.3 Halo

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Solid-state emission spectra measured at 30 °C for Cs,X1 (black
line) and its complexes with Ter(14) (red dashes) and Ter(16) (blue dash-
dot). Inset: Emission intensity evolution with the temperature for the
same compounds: CspX1 (black squares), Ter(14) (red circles), Ter(16)
(blue triangles).
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Fig. 8 Solid-state emission spectra measured at 30 °C for Cs;X2 (black
line) and its complexes with Ter(14) (red dashes) and Ter(16) (blue
dash-dot). Inset: Emission intensity evolution with the temperature for
the same compounds: Cs;X2 (black squares), Ter(14) (red circles), and
Ter(16) (blue triangles).

600 nm and 850 nm with the I,,,x at 678-684 nm (Fig. 8),
similar to Cs,X2.

For temperature-dependent emission measurements (inset,
Fig. 7 and 8), the corresponding sample was heated to the iso-
tropic state (170 °C). The spectra were taken upon cooling
from the isotropic phase in steps of 10 K with a cooling rate of
1 K min~". As expected, an increase of the intensity could be
observed for all clustomesogens Ter(n)-CsgsXo.»5 throughout
the cooling process. As usual, when decreasing the tempera-
ture, the excited state is less affected by non-radiative de-
activation, which in turn increases the luminescence intensity.
However, native cluster salts and their respective complexes do
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not behave in the same way as depicted in Fig. 7 and 8 (insets).
Remarkably, the complexes Ter(n)-Csy5X1,,5 maintain up to
83% of the intensity at 170 °C compared to the I, at 30 °C,
whereas the neat cluster salt Cs,[MogBryy] only shows 25%
of its intensity at ambient temperature. For compounds
Ter(n)-Csg5X2¢ 25, @ greater loss of intensity was observed, leading
to a maintained intensity of up to 37% at 170 °C. However, the
corresponding neat cluster salt Cs,[Moglg(C,FsCO0)q] also
shows at 170 °C only 25% of its intensity recorded at ambient
temperature. It is well known that the environment of
cluster anions (as counter-ions, crystal packing) influences
greatly their relaxation processes and thus their abilities to
emit.*> As observed from '*?Cs MAS NMR experiments on
Ter(14)-CsosX155 and Ter(14)-Cso.5X20.25 (see ESI Fig. S401),
interactions between cluster anions and Cs' seem negligible
compared to crown ether Cs' interactions. Thus, cluster
anions behave like isolated species in the liquid-crystalline
phase, which in turn leads to enhanced emission thermal
stability.

In addition, emission lifetime experiments and absolute
quantum yield (AQY) measurements were performed on the
Cs,X salts (powder form) and thin-films for hybrids
Ter(n)-Csy5Xo.25 (Table 4). Emission decay profiles, recorded at
23 °C, were fitted to a second order exponential decay and the
goodness-of-fit was judged from the j* values and their
residual distribution. The calculated lifetimes for hybrids are
lower than the respective Cs,X lifetimes, ranging from 6.91 ps
to 91.24 pus both for Ter(14)-Csg 5X2¢.»5. These values are in line
with previous lifetime component values determined for clus-
tomesogens in the liquid-crystalline phase.’*”?* The bi-expo-
nential nature of the emission decay profile in the solid or LC
state appears to be usual for such materials. It was already
observed for powdered clusters or when -clusters were
embedded in other types of clustomesogens or polymers. The
appearance of a second component in the emission decay
might either arise from the cluster dual core emission abil-
ities®® or from excitation-energy transfer from the cluster to
energy trap sites, such as surface defects.**

AQY measurements show that the ability of Cs,X1 to emit
did not change upon complexation with crown ether ligands."?
In contrast, hybrids based on the Cs,X2 salt and Ter(14) show
higher AQY values than their neat Cs,X2 salt. We previously
showed that the nature of cluster compound cations can have

Table 4 Solid state emission lifetime measurements of the hybrids at
Jexc = 375 nm and absolute quantum yield (AQY) measurements under a
nitrogen atmosphere at Aexc = 365 Nnm

Compound 7,/contribution 7,/contribution AQY (N,)
Ter(14)-CsesX1gos 15 s/0.89 37 ps/0.11 15%
Ter(16)-CsosX1pos 19 ps/0.81 51 ps/0.19 15%
Ter(14)-Csy5X295 7 1s/0.99 91 ps/0.01 529%
Ter(16)-Cso.5X2¢.25 9 us/0.99 40 ps/0.01 37%
Cs,X1 33 ps/0.50 89 1s/0.50 15%°
Cs,X2 35 1s/0.48 116 ps/0.52 35%%"

“Value calculated under an air atmosphere. ” From ref. 19.
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an important influence on their AQY. Therefore, it is not sur-
prising, as observed for temperature-dependent emission
studies, that a modification of the cluster anion environment
influences its abilities to emit and thus its AQY.***°

Conclusion

To obtain luminescent lanthanide-free hybrid materials, novel
liquid-crystalline tribenzo[18]crown-6 o-terphenyl compounds
Ter(n) and the corresponding triphenylene compounds Tri(r)
were prepared and used as ligands for complexation with
inorganic cluster  compounds Cs,[MogBr4] and
Cs,[Moglg(C,F5CO0)q]. However, o-terphenyl derivatives Ter(1n)
provided the desired hybrid materials Ter(n)-Csy5Xo.5 (7 = 14,
16) (X1 = [MogBri4]>~; X2 = [Moglg(C,F5sCO0)s]*7), as shown by
133Cs MAS NMR spectroscopy, and the respective triphenylenes
Tri(n) led to decomposition.

On comparing the mesomorphic properties of metal-free
tribenzo[18]crown-6 o-terphenyls Ter(n) with the corres-
ponding tribenzo[18]crown-6 triphenylenes, the Tri(n) com-
pounds (see ESI pp. S5-S7f) showed higher melting and
clearing temperatures, while the phase widths remained
mostly unaffected. In contrast, in the hybrid materials
Ter(14)-Csy 5Xo.25 and Ter(16)-Csg 5Xo.25 containing the cluster
anions [MogBry4]>~ and [Moglg(C,F5sCO0)s]>~, the mesophase
stability was significantly increased, with higher clearing and
decreased melting temperatures. This led to room-temperature
clustomesogens with the Col,, phase that persisted up to
147 °C for Ter(14)-Cso5[M0eBri4]o»s and up to 159 °C for
Ter(14)-Csg 5[M0glIg(C2F5CO0)glo.25, respectively, compared to
98 °C for the parent crown Ter(14). The stabilizing effect was
even more pronounced for the mixed iodo anion
[Moglg(C,FsCO0)6]>~ as compared to the bromo anion
[MogBr4]*". This outcome can be rationalized by a hexagonal
columnar packing, in which the cluster anions are embedded
by the o-terphenyl crowns, whereas the Cs" counter-cations are
sandwiched between the centers of two crowns. The complexa-
tion of the crown ethers with the cluster salts had an
additional effect on the lattice parameters. XRD studies
revealed an a value of 45.06 A for the metal-free o-terphenyl
crown Ter(14). Upon complexation with the cluster salts, the a
values decreased to 38.86 A and 42.24 A for the clustomesogens
Ter(14)-Csg 5[M0gBr14]o.25 and Ter(14)-Csg s[M0oglg(C2F5C00)6o.25,
respectively, with the former value being even smaller than the
lattice parameter of the metal-free triphenylene Tri(14).
Presumably, electrostatic interactions between the Cs' crown
sandwich and the cluster anion lead to a 2D contraction of the
hexagonal columnar lattice.

The emission properties of the metal clusters were also
affected by the complexation of Cs' cations within the Ter(n)
crown ether and were preserved within the mesophase. The
interactions with Ter(n) ligands led to a lower deactivation
process during heating, which resulted in brighter lumine-
scence even at high temperatures. The calculated lifetime
values are in line with the already reported values for clusto-
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mesogens and reflect the phosphorescence abilities of the
anionic cluster units.

These hybrid materials represent rare examples of aniso-
metric emissive species that are introduced in a columnar
liquid-crystalline phase. Their versatility and ease of synthesis
should allow the realization of a library of hybrid compounds
in the near future, allowing a better understanding of their
synergistic effects both on the liquid-crystalline phase stabiliz-
ation and emission properties.
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