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ed luminescent ionic liquid
crystals with trigonal symmetry†

Long Chen,ac Yu Cao, *a Haohui Huo,a Shuai Lu,b Yali Hou,a Tianyi Tan,a

Xiaopeng Li, b Feng Liu a and Mingming Zhang *a

Herein, we report the preparation of a series of metallacycle-cored liquid crystals with hexagonal and

trigonal symmetries based on the self-assembly of tri(ethyl glycol) (TEG)-functionalized diplatinum(II)

ligands and alkyl chain-appendant tetraphenylethylene (TPE) derivatives. Interestingly, with the increase

of the density of the TEG units in the metallacycles, the phase separation between TEG and alkyl chains

reduces the symmetry of the columnar phase from hexagonal p6mm to trigonal p3m1, which

significantly enhances the aggregation of TPE units and thus increases the emission of the system,

resulting in fluorescence quantum yield as high as 47.4% in the mesogenic phase. Moreover, the positive

charges of the metallacycles endow these liquid crystals with good ionic conductivity at room

temperature, making them potential candidates for optoelectronics.
Introduction

Macrocycles play a vital role in the development of supramo-
lecular chemistry owing to their molecular recognition and
complexation properties.1–5 Furthermore, the self-assembly of
macrocycles can generate favorable channels via molecular
stacking, leading to the design of functional materials for the
transportation of ions and molecules.6–8 In particular, the
formation of mesogenic phases endows the materials with good
orientation and ordered nanostructures, making them useful
materials for absorption, separation, sensing and
transportation.8–15 Therefore, various covalent macrocycles have
been used as the cores to prepare macrocycle-cored liquid
crystals to deliver different functions.16–19 However, this strategy
generally requires tedious chemical synthesis to decorate ex-
ible chains onto the macrocycles to provide them sufficient
mobility for suitable molecular stacking and liquid crystal-
linity.20 In order to solve this problem, macrocycles formed by
non-covalent interactions are developed,21 with the aim to
simplify the synthesis with their liquid crystalline properties
well-retained.

Metal-coordination interactions have been widely applied for
the construction of supramolecular coordination complexes
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(SCCs)22–28 with certain stability owing to their good direction-
ality and moderate bond strength.29–32 These SCCs, including
metallacycles and metallacages, possess well-dened shapes,
sizes and geometries, making them an ideal platform for
further constructing ordered supramolecular assemblies with
increased complexity via hierarchical self-assembly. Therefore,
various interesting supramolecular structures, including
supramolecular polymers, networks and gels, and liquid crys-
tals have been prepared through SCC-based hierarchical self-
assembly. Recently, we have reported a type of emissive rhom-
boidal metallacycle-cored liquid crystals, which exhibits
a columnar phase and shows potential for the preparation of
optoelectronic materials.33 However, these liquid crystals only
show moderate emission, and their conductivity has not been
explored. For liquid crystal displays (LCDs), the mesogenic
materials should be both highly emissive and sufficiently
conductive to offer the device certain brightness, efficiency as
well as electroluminescence.34–37 Therefore, liquid crystals with
high quantum yields and ion-conductivities are urgently needed
for both devices and fundamental research.

Herein, we report four hexagonal metallacycles with varied
densities of tri(ethylene glycol) (TEG) units (Scheme 1) which
show both emission and ionic conductivity in the mesogenic
phase. All these metallacycles show a hexagonal columnar
mesophase (Colhex) over a wide temperature range. In the lm
state, associated with the reduction of symmetry from p6mm to
p3m1, the quantum yield of the metallacycle reaches 47.4% at
room temperature, much higher than that of previously re-
ported rhomboidal metallacycle-cored liquid crystals and many
other luminescent liquid crystals.33,38 More interestingly, the
ionic nanochannels formed by the stacking of these hexagonal
metallacycles endow the metallacycles with good ionic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Cartoon representations of the formation of hexagonal metallacycles 3a–d via metal-coordination-driven self-assembly.
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conductivity (1.1 × 10−6 S cm−1 at 30 °C) in the liquid crystal-
line lm at room temperature. This work reveals that hollow
hexagonal-shaped metallacycles can form stable mesophases
driven bymetal coordination and explores a type of luminescent
ionic liquid crystals that may be employed as one-dimensional
ion-conductive materials in energy-related devices, optoelec-
tronics and sensing.

Results and discussion

Based on the self-assembly of 120° platinum (II) ligands 1a–
d and a dipyridyl tetraphenylethylene (TPE) derivative 2,
hexagonal metallacycles 3a–d were prepared in good yields
(Scheme 1). Metallacycles 3a–d were characterized by multiple
NMR (31P{1H}, 1H, and 13C) analysis and electrospray ionization
time-of-ight mass spectrometry (ESI-TOF-MS) (ESI Fig. S1–
S60†). All these observations agreed well with previously re-
ported results33 and suggested the successful preparation of
hexagonal metallacycles 3a–d.
Fig. 1 (a) Molecular model of 3d optimized bymolecular dynamics. The la
and second heating. No obvious exothermic/endothermic peaks can be
exhibiting both birefringence and fluidity. (d) WAXS temperature scan of 3
fromDSC and POM support the liquid crystallinity. Vanishing of d2 sugges
of metallacycles for 3a, 3b, 3c and 3d at 70 °C. The (10) peak of 3d is label

© 2025 The Author(s). Published by the Royal Society of Chemistry
The liquid crystalline properties of metallacycles 3a–d were
investigated by differential scanning calorimetry (DSC), polar-
ized optical microscopy (POM), and small/wide angle X-ray
scattering (SAXS/WAXS). Taking 3d as an example (Fig. 1a), no
obvious exothermic/endothermic peaks were observed above
room temperature from the DSC curves (Fig. 1b and S61 ESI†).
Clear birefringent textures were found for all the metallacycles
upon heating (Fig. 1c and S62–S65 ESI†). Due to the same phase
type and close melting points of TEG chains and dodecane, the
DSC curves and POM textures of 3a–d were similar to each
other. WAXS temperature scans showed obvious diffused peaks
at ca. 0.45 nm for all the metallacycles (Fig. 1d and S66a–d,
ESI†). Particularly, an extra sharp peak at 0.37 nm was seen for
3d until 130 °C (Fig. 1d), corresponding to the p–p stacking of
the adjacent metallacycles, suggesting the increased packing
order with the increase of the density of TEG units. All the
results suggested the formation of thermotropic liquid crystals
above room temperature for all the metallacycles.
rgest hole should be ca. 2.3 nm. (b) DSC curves of 3d upon first cooling
observed. (c) POM texture after shearing of 3d at room temperature,
d from room temperature to 150 °C. The diffused peak d1 and features
ts the loss of local order upon heating. (e–h) SAXS/WAXS diffractograms
led according to the lattice parameter determined by high index peaks.

Chem. Sci., 2025, 16, 4992–4997 | 4993
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In order to decipher the liquid crystalline phase, SAXS
measurements were performed for metallacycles 3a–d (Fig. 1e–h,
S66e–l and Tables S1–S4 ESI†). For 3a, the scattering pattern
indicated a typical hexagonal lattice with 2D symmetry as the
columnar phase (ratio of d-spacings: 1 : 1/31/2 : 1/2) (Fig. 1e). The
lattice parameter ahex of 3a was 5.61 nm. The reconstructed
electron density (ED)map (Fig. 2a) suggested that metallacycle 3a
self-organized into columns (Fig. 2b) owing to the steric effect
and nano-segregation caused by the peripheral alkyl chains.
From the hollow center (red circular region) to the metallacycles
(green region) and then to the peripheral alkyl chains (purple
region), the electron density increased gradually, which was
consistent with the stacking of 3a in the columnar phase. Owing
to the free-rotating metallacycles and adjacent holes, the spatial
and temporal average ED of metallacycles was lower than that of
peripheral alkyl chains. Interestingly, for metallacycles 3b–d, an
extra broad peak adjacent to (10) was observed (Fig. 1f–h), indi-
cating the local clusters of TEG units, which indicates the
columnar phase of the p3m1 plane group (for more details, see
Section S7 and Fig. S67†).33 Correspondingly, the lattice param-
eter of metallacycles 3b–d swelled to ca. 6.96 nm. The phase
separation would inevitably induce the symmetry breaking and
reduction of symmetry from hexagonal p6mm for 3a to trigonal
p3m1 for 3b–d. The rarely found p3m1 phase was only observed in
the bent-core bola-polyphile liquid crystal due to steric effect.39

Due to its non-centrosymmetric property, the phase combination
becomes arbitrary which hinders the reconstruction of the ED
map by a simple trial and error. Thus, a theoretical packing
model with actual lattice parameters, molecular size and electron
density was constructed to estimate the phase angle combination
Fig. 2 (a) Reconstructed electron density maps and (b) schematic model
the uniform ED in green. (c) Model constructed for the Colhex/p3m1 p
experimental and simulated SAXS intensities of the indexed peaks. (e
intensities and simulated intensities. The main deviation is from the ED o

4994 | Chem. Sci., 2025, 16, 4992–4997
(Fig. 2c and ESI Section 7†). The Fourier transform of the model,
based on positions and shape factor of circular and rectangular
components in the proposed model, gives analytical scattering
intensities that t well with experimental results with phase angle
combination (Fig. 2d and ESI Table S5†). An alternating ED
distribution was seen at the corners of metallacycles 3b–d based
on both experimental and simulated results (Fig. 2e–f and S68
ESI†), suggesting that the rotation of the metallacycles was
restricted by the aggregation of peripheral TEG and alkyl chains
(Fig. 2g), which would benet the emission of these
metallacycles.

The UV-vis absorption and emission spectra of metallacycles
3a–d in dichloromethane were collected (Fig. 3a and ESI
Fig. S69a–h†). All thesemetallacycles exhibited three absorption
bands centered at ca. 266 nm, 299 nm and 357 nm and a broad
emission band centered at 510 nm, which was attributed to the
TPE units.33 Upon the gradual addition of hexane into the
dichloromethane solution of metallacycles 3a–d, their emission
increased remarkably (Fig. 3b and ESI Fig. S69i–l†), suggesting
that the aggregation-induced emission (AIE)40 feature of TPE
was well retained. Thin lms of metallacycles 3a–d were further
prepared to study their absorption and emission in the liquid
crystalline state at room temperature (Fig. 3c). Three absorption
bands centered at 276 nm, 304 and 339 nm were found owing to
n–s*, n–p* and p–p* transitions, respectively. These metalla-
cycles exhibited a single emission band with the maximum
emission centered at 493 nm. The quantum yields (FF) were
measured to be 22.8% for 3a, 18.0% for 3b, 24.9% for 3c, and
47.4% for 3d (Fig. 3d), which were among the highest values of
luminescent liquid crystals at room temperature (Fig. S70a†).38
of the Colhex/p6mm phase. The metallacycles freely rotate to generate
hase whose colors are from the normalized electron density. (d) The
and f) Reconstructed electron density maps based on experimental
f alkyl chains. (g) Schematic model of the Colhex/p3m1 phase.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV/vis absorption spectra of metallacycles 3d in different solvents. (b) Emission spectra of 3d in dichloromethane/hexane (lex =
365 nm, c= 10 mM), suggesting the AIE property. (c) Absorption (dashed line), fluorescence emission spectra (solid line) of the liquid crystal film of
metallacycles 3a–d. (d) Quantum yield (FF) of the liquid crystal film of metallacycles 3a–d. (e) Schematic illustration of themetallacycles and their
aggregation with the 1D channel. (f) Ionic conductivities as a function of the temperature of metallacycles 3a–d in the aligned columnar phases.
(g–j) Schematic illustration of the packing of metallacycles 3a–d in the columnar phases. Introduction of TEG units reduces the hexagonal p6mm
group (6-fold red shadow) into the trigonal p3m1 group (3-fold red/blue shadow).
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Apart from the luminescence from aggregation, the
columnar phase provided intrinsic 1D channels (Fig. 3e).
Combining with the positive-charged nature of these metalla-
cycles and the ionic conductivity of TEG units,41 the ionic
conductivities of 3a–d along the columnar axis were measured
by electrochemical impedance spectroscopy. As shown in
Fig. 3f, the ionic conductivities of metallacycles 3a–d increased
along with temperature due to the enhanced mobility. At 30 °C,
the ionic conductivity was 5.5 × 10−7 S cm−1 for 3a, 6.9 ×

10−7 S cm−1 for 3b, 9.4 × 10−7 S cm−1 for 3c and 1.1 ×

10−6 S cm−1 for 3d. With the increase of the density of TEG
units, the ionic mobility of the metallacycles in the mesophase
was enhanced, giving better ionic conductivity comparable with
other ionic liquid crystals at room temperature (Fig. S70b†).42

Integrating with their highly emissive nature and ease of
alignment, these metallacycles could be applied in the
construction of optoelectrical devices such as LCDs.

Both liquid crystalline phase and properties of these metal-
lacycles were closely related to the phase separation and
symmetry breaking. As indicated by ED maps (Fig. 2a and e),
metallacycles 3a–d were packed in the columnar phase with
© 2025 The Author(s). Published by the Royal Society of Chemistry
a central hollow of ca. 2.1 nm, close to their geometrically
optimized molecular model (Fig. 1a). Such a similarity sug-
gested a minor local shi in the crystallographic plane, gener-
ating well-organized channels along the columnar axis capable
of transporting ions. In order to evaluate the inuence of the in-
plane steric effect, molecular packing models based on the
actual molecular shape and peripheral chain distribution were
proposed (Fig. 3g–j). Alkyl chains in red uniformly lled the
space between columns of 3a, providing liquid crystallinity and
conventional p6mm group.43 Alkyl chains of 3b–d were rear-
ranged with blue TPE units as intervals due to phase separation,
forming the p3m1 phase. Obviously, the volume of TPE units
was essential for the metallacycle packing. Theoretically, 54.1%
volume ratio between TEG and alkyl chains (ESI Fig. S71†) was
needed to properly ll the space between neighboring columns.
The volume ratio was 11.9% for 3b, leading to an inevitable local
rotation and the lowest FF of 17.8%. Increasing the volume of
TEG units gradually restricted the rotation of the metallacycles
and thus enhanced the emission of metallacycles 3b–d. 3d
provided a more desirable volume ratio as large as 42.6%,
giving a strong phase separation and good space lling to
Chem. Sci., 2025, 16, 4992–4997 | 4995
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regulate the stacking of metallacycles and eventually boost the
FF to 47.4%.

Conclusions

In summary, we have successfully constructed a series of
hexagonal metallacycles that formed a thermotropic hexagonal
columnar mesophase at room temperature. The phase separa-
tion inside these liquid crystals further restricts the molecular
motion of these metallacycles, providing them with good
emission in the lm state. Moreover, the ordered packing of
these metallacycles in the mesophase offers an organized one-
dimensional channel, giving them good ionic conductivity.
This study provides a simple yet effective strategy for the
construction of highly emissive and ionic conductive liquid
crystals via metal-coordination-driven self-assembly, which will
open a new avenue for advanced supramolecular materials
towards optoelectrical applications.44,45

Experimental methods

All reagents and deuterated solvents were purchased as
analytical grade and used without further purication. Column
chromatography was performed using 300–400 mesh silica gel.
Nuclear magnetic resonance spectra were recorded with
a Bruker Avance 400 MHz or 600 MHz spectrometer. 1H and 13C
NMR chemical shis are reported relative to residual solvent
signals, and 31P{1H} NMR chemical shis are referenced to an
external unlocked sample of 85% H3PO4 (d 0.0). Mass spectra
were recorded on a Micromass Quattro II triple-quadrupole
mass spectrometer using electrospray ionization with a Mas-
sLynx operating system. The UV-vis experiments were con-
ducted on a Lambda 950 absorption spectrophotometer. The
uorescence experiments were conducted on a Hitachi F-7000
uorescence spectrophotometer. Phase textures of all
compounds were fully characterized by polarizing optical
microscopy (Olympus BX51-P) in conjunction with a heating
stage (Linkam LTS420E) and controller (T95-HS). Optical
investigations were carried out under equilibrium conditions
between two glass slides that were used without further treat-
ment. Transition enthalpies were determined as obtained from
differential scanning calorimetry (DSC) which were recorded on
a TA DSC250 (heating and cooling rate: 10 K min−1, peak
temperatures). SAXS was conducted in a BL16B1 of SSRF and
processed using Nika and Irena macros from the Igor platform.

Data availability

The data supporting this article have been included as part of
the ESI.†

Author contributions

L. C.: data curation, investigation, validation, writing – original
dra. Y. C.: formal analysis, funding acquisition, investigation,
methodology, visualization, writing – review & editing. H. H.:
investigation, writing – review & editing. S. L.: investigation,
4996 | Chem. Sci., 2025, 16, 4992–4997
writing – review & editing. Y. H.: investigation, writing – review &
editing. T. T.: investigation, writing – review & editing. X. L.:
project administration, writing – review & editing. F. L.: project
administration, supervision, writing – review & editing. M. Z.:
conceptualization, funding acquisition, project administration,
resources, supervision, writing – review & editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (22171219, 22222112 and 12204369),
China Postdoctoral Science Foundation (2022M712551,
2023T160505), Innovation Talent Promotion Plan of Shaanxi
Province for Science and Technology Innovation Team (2023-
CX-TD-51), and Science and Technology Agency of Shaanxi
Province (2023-YBGY-459, 2024JC-YBQN-0116). The authors
thank beamlines BL16B1 at Shanghai Synchrotron Radiation
Facility (SSRF) for providing the beam time. We also thank Dr
Gang Chang and Dan He at the Instrument Analysis Center of
Xi'an Jiaotong University for NMR and uorescence
measurements.

References

1 Z. Liu, S. K. M. Nalluri and J. F. Stoddart, Chem. Soc. Rev.,
2017, 46, 2459–2478.

2 D. Prochowicz, A. Kornowicz and J. Lewiński, Chem. Rev.,
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