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Abstract: Direct construction of supramolecular coordination
complexes with both luminescent and mesogenic properties is a
contemporary challenge. Herein we report two rhomboidal
metallacycles based on metal-coordination-driven self-assembly.
Because metal-coordination interactions restrict the rotation of phenyl
groups on tetraphenylethene units, these metallacycles were
emissive both in solution and in solid state, and their aggregation-
induced emission properties were well retained. Moreover, the
rhomboidal metallacyclic structures offer a platform for intermolecular
packing beneficial for the formation of liquid crystalline phases.
Therefore, although neither of building blocks shows mesogenic
properties, both thermotropic and lyotropic (in DMF) mesophases
were observed in one of the metallacycles. indicating that
mesophases could be induced by metal-coordination interactions.
This study not only reveals the mechanism for the formation of cavity-
cored liquid crystals, but also provides a convenient approach to
preparing supramolecular luminescent liquid crystals, which will serve
as good candidates for chemo sensors and liquid crystal displays.

Introduction

Luminescent Liquid crystals (LCs) have received much
attention during the last two decades due to their broad
applications in optoelectronics.["! A general approach to construct
luminescent LCs is to introduce mesogenic units onto a rigid
fluorescent core to combine luminescent and mesogenic
properties together.? In this regard, the efficiency of the
luminophores is a key problem because the intermolecular

interactions at high concentrations or in the solid states will
normally give a pathway for non-radiative decay to quench the
emission, leading to weakened luminescence for the devices. In
2001, Tang et. al. reported a new type of fluorophores which is
nearly non-emissive in dilute solution while emits strongly at high
concentrations or in the solid state, opening a new area termed
as “aggregation induced emission (AIE)" materials.®! When the
AIE fluorophores are incorporated in luminescent LCs,” the
aggregation of the molecules in the devices will promote the
emission of the fluorophores, benefiting for the construction of
luminescent LCs with high contrast ratio and deep color saturation.

Metal-coordination-driven self-assembly has proved to be an
efficient approach to prepare supramolecular coordination
complexes (SCCs),®¢l including metallacycles and metallacages
with specific geometries due to their high directionality and
moderate bond strength. The integration of luminescence into
SCCs provides a series of emissive metallacycles and
metallacagesl”! with interesting optical properties. Especially,
emissive SCCs derived from AIE fluorophoresl” take the
advantages of the metal-coordination bonds to restrict the
intramolecular motions (rotations or vibrations) of AIE molecules,
thus benefiting the resulted SCCs good emission properties both
in solution and in the solid state, which are of vital importance for
their practical applications. The Stang group pioneered this study
by using tetraphenylethene (TPE, a typical AIE molecule)
derivatives to prepare a series of emissive SCCsl"! and explored
their applications as chemo-sensors,®! light-emitting materials,®
contrast agents for bioimaging!'®, light-harvesting!'! and so on.
Yang, Li and co-workers reported the preparation of emissive



rosette-shaped SCCs using multitopic terpyridine-functionalized
TPE as ligands, in which pure white-light emission could be
generated from one of the SCCs.['2

Although much progress has been made on the emissive
SCCs, ™2 SCCs with both luminescent and mesogenic properties
have been rarely reported yet.'¥l The formation of liquid crystal
phases by SCCs calls for dense molecular packing, which
normally quenches the emission. Moreover, branched chains are
needed to fill the empty spaces induced by the packing of SCCs
due to their empty cavities. The stabilities of the SCCs are also a
key problem especially for thermotropic liquid crystals. Herein, we
prepared a dipyridyl TPE derivative decorated with branched alkyl
chains which doesn’t show any mesophases either in solution or
in the molten conditions. However, when it was used as an
organic donor to assemble with a ftri(ethylene glycol)-
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functionalized 60° diplatinum(ll) compound, the formed
rhomboidal metallacycle exhibits both thermotropic and lyotropic
(in DMF) mesophases as evidenced by polarized optical
microscopy (POM) and synchrotron radiation-based small/wide
angle X-ray scattering (SAXS/WAXS). The inside metallacyclic
structures stack on top of one another to form columns, while the
outer alkyl and tri(ethylene glycol) chains fulfil the empty space to
induce the formation of mesophases. Considering the inherent
luminescent properties of the SCC derived from TPE units,
luminescent metallacycle-cored liquid crystals were successfully
constructed. This study offers an example to demonstrate how the
formation of metallacyclic structures influences the intermolecular
packing and thus organizes them into ordered phases, providing
a new type of SCCs as luminescent LCs which may be used in
chemical sensing and LC displays.
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Scheme 1. (A) Synthetic routes and chemical structures of the compounds used in this study. (B) Cartoon representations for the formation of metallacyclic

rhomboids 1 and 2 via

the metal-coordination-driven self-assembly.

Reaction conditions: a) 3,4,5-tris(dodecyloxy)benzoic acid, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), 4-dimethylaminopyridine (DMAP), CH2Clz, room temperature; b) pyridine-4-boronic acid, K2COs, Pd(PPhs)s, tetra-n-
butylammonium iodide (TBAI), toluene/ethanol/water (4:1:1), reflux; c) triethylene glycol monomethyl ether, K2CO3, CH3CN, reflux; d) (i) trimethylsilyl acetylene,
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Pd(PPhs)a, Cul, toluene, reflux; (ii) KF, MeOH/THF(1:1), room temperature; (iii) Pt(PEts)zl2, Cul, toluene, room temperature; e) AGOTf, CH2Clz, room temperature;
f) (i) Naz2S204, tetra-n-butylammonium bromide (TBAB), THF/H20 (1:1); room temperature; (ii) NaOH, Me2SQO4, room temperature; g) dichloromethane, room

temperature.

The synthetic procedures of metallacyclic rhomboids 1 and 2
were depicted in Scheme 1. The esterification of a previously
reported compound 3!'% with tris(dodecyloxy)benzoic acid gave
intermediate 4, which was further transferred into a 120° dipyridyl
TPE derivative 5 via a classical Suzuki coupling reaction with
pyridine-4-boronic acid. Diplatinum (ll) acceptors 9 and 13 were
prepared in reasonable yields from commercially available
compound 3,6-dibromophenanthrene-9,10-dione (10).
Rhomboids 1 and 2 were then prepared in nearly quantitative
yield by stirring dipyridyl compounds 5 with corresponding
diplatinum(ll) acceptor 9 or 13 in dichloromethane at room
temperature overnight.

Rhomboids 1 and 2 were carefully characterized by 3'P {'H}, '"H
and diffusion-ordered (DOSY) NMR spectroscopy, and
electrospray ionization time-of-flight mass spectrometry (ESI-
TOF-MS). In the 3'P {"H} NMR spectra (Figure 1, A-D), singlet
peaks with obvious upfield chemical shifts (21.85 ppm for 9; 21.81
ppm for 13; 15.88 ppm for rhomboid 1; 15.90 ppm for rhomboid
2) were observed for rhomboids 1 and 2 compared with their
precursors 9 and 13, which is a characteristic property of the

21.85 ppm ('J,,, = 2212.28 Hz)

formation of metal-coordination bonds. In the '"H NMR spectra
(Figure 1, E-I), the a-pyridyl protons H? split into two set of peaks
and the a-pyridyl protons H?, B-pyridyl protons HP, aromatic
protons H® and HY shifted downfield, which is consistent with
previously reported results!' and indicates the formation of
rhomboidal metallacycles 1 and 2. DOSY spectra (Figures S37
and S41) indicate the formation of single assemblies by these two
metallacycles because all of the proton signals exhibit the same
diffusion coefficient (D) with D = 1.12 x 10® cm?-s*" for rhomboid
1 and D =1.29 x 10 cm?s™" for rhomboid 2.

ESI-TOF-MS gave evidence of the stoichiometry for the
formation of rhomboidal metallacycles. Peaks at m/z = 1622.6801,
2213.0188, 2538.6570 and 3393.6602 were found for rhomboid 1
(Figure 1J), corresponding to the charge states [1 — 40Tf]**, [1 —
30T, [1 — 9 — 20Tf*, [1 — 20Tf**, respectively. Similarly,
peaks at m/z = 1489.5753, 2036.5194, 2407.0435 and 3129.4133
were observed for rhomboid 2 (Figure 1K), corresponding to [2 —
40Tf]*, [2 - 30Tf*, [2 - 13 — 20Tf]**, [2 — 20Tf]**, respectively.
All the peaks were isotopically well-resolved and consistent with
their calculated theoretical distributions.
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Figure 1. Partial (A-D) 3'P {'H} and (E-I) "H NMR spectra (CD2Clz, 295 K) of diplatinum(ll) acceptor 9 (A and E), 13 (C and I), rhomboid 1 (B and F), rhomboid 2 (D
and H) and dipyridyl ligand 5 (G). ESI-TOF-MS spectra of rhomboid 1 (J) and rhomboid 2 (K). Inset: Experimental (red) and calculated (blue) ESI-TOF-MS spectra
of [M — 30Tf**.



Photophysical properties.

After the chemical structures and compositions of rhomboids 1
and 2 were proved, the photophysical properties of the building
blocks (5, 9 and 13) and the complexes (1 and 2) in
dichloromethane were then collected by UV/Vis absorption and
fluorescence spectroscopy. It can be seen from the absorption
spectra (Figure 2A) that diplatinum(Il) acceptors 9 and 13 exhibit
four similar absorption bands centered at 265 nm, 307 nm, 353
nm and 370 nm, with molar absorption coefficients (&) of 5.81 x
10* M"-cm™, 2.09 x 10* M-cm™, 1.91 x 10* M"-cm™*, 1.68 x 10*
M'-cm™ for 9, 6.31 x 10* M"-cm™, 2.42 x 10* M"-cm™™, 2.36 x 10*
M--ecm™, 2.02 x 10* M-"-cm™' for 13, respectively. Dipyridyl ligand
5 displays an absorption band centered at 276 nm with ¢ of
7.27x105 M"-cm'. The absorption spectra of rhomboids 1 and 2
are also similar, showing four absorption bands centered at 275
nm, 307 nm, 350 nm and 368 nm with ¢ of 2.56 x 105 M"-cm™",
1.61 x 105 M"-cm™, 1.37 x 10° M"-cm™, 1.31 x 10° M"-cm"" for
rhomboid 1, 2.30 x 10° M-"-cm™", 1.43 x 10° M"-cm™", 1.24 x 10°
M-"-cm™, 1.19 x 10% M-"-cm" for rhomboid 2, respectively.

The fluorescence spectra are shown in Figure 2B.
Diplatinum(ll) acceptors 9 and 13 are nearly non-emissive in
dichloromethane. Dipyridyl ligand 5 shows a broad emission band
centered at 568 nm, almost 100 nm red shift compared with
TPE," indicating that the branched alkyl chains strongly
influence the emission. After metal-coordination, rhomboids 1 and
2 exhibit strong emission bands centered at 544 nm and 553 nm,
respectively.

WILEY-VCH

The emission intensities and quantum yields (®r) of rhomboids
1 and 2 in dichloromethane and dichloromethane/hexane
mixtures were recorded to investigate their AIE characteristics
(Figure 2, C-E). Rhomboids 1 and 2 were completely soluble in
dichloromethane and moderate emission were observed upon
excitation at 365 nm. As the gradual addition of poor solvents
(hexane), the emission intensity gradually increased (Figure S42).
No significant enhancement in emission was seen when the
hexane volume content is lower than 60%. However, dramatical
increment of emission was observed and reached maximum
when the hexane volume fraction (V/V%) is 90%, indicating that
rhomboids 1 and 2 are typical AIE fluorophores. At high hexane
fractions, the free rotation of the phenyl groups of the TPE units
are strictly inhibited due to molecular aggregation (Figure S43),
which will reduce the non-radiative decay and provide enhanced
emission for the system. The measurements of quantum yields
(Figure 2E) in different hexane fractions further support the AIE
characteristics of rhomboid 1 and 2. Their ®¢ values in pure
dichloromethane were measured to be 1.12% and 0.92%,
respectively. When the hexane fraction increased into 50%, these
values increased to 1.73% and 1.26%, respectively. At the
hexane fraction of 90%, their ®r values increased to 8.37% and
6.38%, respectively. In the film state, the ®r values are 12.6%
and 7.6% for rhomboids 1 and 2, respectively (Figure 2F). All
these results supported the AIE characteristics of rhomboids 1
and 2.
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Figure 2. (A) UV-vis absorption and (B) fluorescence spectra of ligand 5, diplatinum(ll) acceptors 9 and 13 and rhomboids 1 and 2 in dichloromethane. (C, D)
Fluorescence spectra of rhomboids 1 and 2 versus hexane fraction in dichloromethane/hexane mixtures. Quantum yields of rhomboids 1 and 2 versus hexane
volume fraction in dichloromethane/hexane mixtures (E) and in the film and liquid crystal state (F). (Aex = 365 nm, ¢ = 10.0 pM).

Self-assembly of rhomboids 1 and 2 in water.

The self-assembly behavior of rhomboids 1 and 2 in aqueous
solution was further studied. Due to their poor solubility in water,
they were first dissolved into tetrahydrofuran (THF) and then

4

diluted with water (5.0 pM, 1% THF in water). The critical
aggregation concentration (CAC) of amphiphilic rhomboid 1 was
determined to be 1.23 x 10% M by plotting the optical
transmittance of aqueous solutions of rhomboid 1 at 420 nm
versus concentration (Figure S44). However, the CAC of



rhomboid 2 cannot be measured using the same method due to
its hydrophobic nature. The size and shape of these nanoparticles
were further studied by transmission electron microscopy (TEM),
scanning electron microscopy (SEM) and dynamic light scattering
(DLS) measurements. Dark grey, round-shaped particles with an
average diameter of 86 nm were observed by TEM (Figure 3A)
for amphiphilic rhomboid 1 at the concentration of 5.0 uM,
consistent with the spherical micellar structures with an average
diameter of 95 nm obtained by SEM (Figure 3B). However,
irregular aggregates for rhomboid 2 with average diameter of 90
nm were observed at the concentration of 5.0 yM (Figure 3E and
3F), suggesting the hydrophobicity of rhomboid 2. The DLS
A % B ’
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measurements gave hydrodynamic diameters (D) of ~114 nm for
rhomboid 1 and ~110 nm for rhomboid 2 (Figure 3C and 3G),
respectively, consistent with the TEM and SEM results. More
importantly, due to the emission of the two rhomboidal
metallacycles 1 and 2 (Figure S45), their assemblies could be
also observed by confocal laser scanning microscopy (CLSM).
Dispersed nanoparticles with bright blue emission were observed
for rhomboid 1 (Figure 3D) while fluorescence from aggregates of
nanoparticles were clearly observed for rhomboid 2 (Figure 3H),
which agree well with the amphiphilic and hydrophobic nature of
rhomboids 1 and 2, respectively.
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Figure 3. (A, E) TEM images, (B, F) SEM images, (C, G) DLS and (D, H) confocal laser fluorescence images of rhomboid 1 (A-D) and rhomboid 2 (E-H) (¢ = 5.0

uM).

Liquid-Crystalline Properties.

Ligand 5, diplatinum (Il) acceptors 9 or 13 do not show any
liquid crystal (LC) phase either in solution or in the molten state.
However, clear birefringence was observed with a polarizing
microscope for rhomboid 1 (Figures 4A and S48) while no such
phenomenon was found for rhomboid 2 in the liquid state,
suggesting that rhomboid 1 can form thermotropic mesophases.
WAXS diffractograms of rhomboid 1 over a wide temperature
range show only one diffuse scattering peak (Figure S49B), which
is typical for LC phases, indicating that the individual molecules
do not have fixed positions. Rhomboid 1 is stable from 30 to 110
°C, as suggested by the temperature-dependent NMR
experiments (Figures S52 and S53). The SAXS diffractograms
obtained from the powder samples are shown in Figures 4B and
S49A. The sharp Bragg peaks in SAXS are indexable on a 2D
rectangular lattice with c2mm symmetry, the unit cell parameters
being a 11.80 nm and b 6.50 nm (Table S1). The
reconstructed electron density (ED) map further confirms the
formation of the Coleo/c2mm structure (Figure 4C). The method
of selecting the correct phase combination is described in Section
XXX of the Supporting Information. In the map, the metallacycles
are surrounded by terminal alkyl and tri(ethylene glycol) groups of
medium average ED (blue), having a low ED central pore (red). A
hight ED rim (purple) surrounds the pore, coming from the Pt
atoms. It is nearly circular in shape due to orientational averaging.

When polar solvent, such as DMF, was added into rhomboid 1,
birefringent texture were observed by polarizing microscopy at a
concentration of 18.0 mM (Figure 4D), indicating that rhomboid 1
can also form a lyotropic LC phase (®r = 9.5%). The powder
scattering pattern shows six sharp reflections with a 1/d ratio of 1:
312:2: 7'2: 3: 192, This indicates a hexagonal lattice (p6mm) with
a lattice parameter anex = 6.82 nm (Figure 4E and Table S2). In
the wide-angle region, two diffuse peaks were observed at 4.7 A
and 3.9 A (inset in Figure 4E), which are contributions from the
peripheral alkyls/tri(ethylene glycol) chains and -1 stacking of
the adjacent aromatic cores, respectively. The additional peak at
3.9A, which was not observed in the thermotropic Colwec/c2mm
phase, proves that the addition of polar solvent can improve the
-1 stacking of conjugated cores. As can be seen from the ED
map (Figure 4F), in the lyotropic Colhex/p6mm phase, Pt ED
maxima are also surrounding the central cavity, but this time they
are more localized in six spots responsible for the star-like
appearance of the column centres in Figure 4F. The positions of
the Pt atoms are indicated in Figures 4F and 4l. The ED maps
thus support the existence of a pore in the centre of the column,
as suggested by the molecular model in Figure 41 and SXXX.
Such pore-forming structures have also been reported for a
number of systems with stable LC structures. ['4

Notably, there is a broad SAXS peak marked with an asterisk
alongside the sharp Bragg peak in both thermotropic and lyotropic
LC phases formed by rhomboid 1 (Figure 4B and 4E).



Considering the presence of ftri(ethylene glycol) chains in
rhomboid 1, potassium trifluoromethanesulfonate (KOTf) was
added to test the origin of the peak, as potassium ions where
expected to complex with ethylene glycol chains and thus
increase the ED contrast. The molar ratio of rhomboid 1 and KOTf
was 1:2. SAXS diffractograms of rhomboid 1 without and with
KOTf are shown in Figure S50. The additi%n of KOTf is seen to
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strengthen the broad peak about 3 times more than the Bragg one,
confirming that the diffuse peak originates in clusters of ethylene
glycol chains. The reason that the peak is diffuse is in the domains
of separated alkyl and tri(ethylene glycol) chains being distributed
with local rather than long range order (Figure 5G). The local
fluctuations give rise to the diffuse SAXS peak, as reported before
for a different system.!"%!
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Figure4. Rhomboid 1: Optical texture of (A) thermotropic and (D) lyotropic LC phase in DMF (18.0 mmol); SAXS diffractogram of (B) thermotropic
and(E) lyotropic LC phase in DMF (18.0 mmol); The accompanying WAXS diffractogram is shown in the inset in E; red and blue dotted lines
are the resolved peak components; full indaxations of the Col.ec/c2mm diffractogram is shown in Figure SXX. Reconstructed electron density
map of (C) the Col..c/c2mm phase (phase combination trnrrr, and (F) Colhex/p6mm phase (nrnnOn), with schematic molecules overlaid (blue
thick lines denote diplatinum(ll) acceptors 9, red thick lines the ligand 5); black parallelograms are the crystallographic unit cells. Three
equivallent orientations of schematic molecules (dotted lines) after in-plane rotation by -130°, 0°, and +120° are superimposed to give the Star
of David patterns giving the global hexagonal symmetry (F); each rhombus has occupancy 1/3; white and black dots indicate the positions of Pt
atoms, see also Figure S51. When one direction (molecules with solid lines) becomes preferred, the symmetry breaks and Col,../c2mm phase
is formed (C); (G) Schematic representation of an instantaneous arrangement of molecules in the Colne/p6mm phase, containing fluctuating
clusters of local rectangular symmetry; but of space-time averaged hexagonal symmetry; the rectangles are local ,c2mm* cells, with the red and
blue patches representing the local domains of alkyl and tri(ethylene glycol) chains, respectively. (H) Superposition of three local rectangular
unit cells obtained by space averaging of the situation in G. (I) Top view of three superimposed rotated molecules; only Pt atoms are shown in

CPK mode. The positions of Pt atoms is also shaown as circles in F.

Our interpretation of the X-ray data is that in both the lyotropic
hexagonal, and in the thermotropic rectangular phase, the local
structure is predominantly rectangular, of the c2mm type. That is,
within the domain the rhombi are locally parallel to each other. In
the hexagonal phase the small domains of local rectangular
symmetry are randomly oriented in-plane along the three
equivalent 0°, +120° and -120°C axes, with equal probability. The
centres of the rhombi have a preferred position on the global

hexagonal lattice, giving rise to the sharp Bragg reflections, but
their significant deviation from the hexagonal lattice points results
in a high Debye-Waller factor greatly suppressing higher
diffraction order intensities. Unlike the centres of the molecules,
the pendant chains do not lock into the global hexagonal lattice
but instead aggregate in clusters with only short-range order —
see pink and blue shaded patches in Figure 4G. From the line



width of the resulting diffuse SAXS peak we obtain the average
size of local domain as ~31 nm, about 3 unit cell lengths.

The rectangular c2mm phase is only a slight distortion of the
hexagonal phase, still with local domains along all three directions
but now with one of them preferred. The domain size does not
increase drastically, since the width of the diffuse peak remains
almost unchanged (Figure S49A). In terms of ordering of local
centered rectangular clusters, the relationship between the two
phases with rectangular and hexagonal long-range order is
similar to that between the orthorhombic and hexagonal rotator
phases in n-alkanes (G Ungar and N Masic, "Order in the rotator
phase of n-alkanes", J. Phys. Chem. 1985 89 1036-42.) and in a
number of other cases.

Figure 5. Schematic illustration of the aligned Colnex/p6mm structure of lyotropic
LC. The blue and red portions stand for local domains of diplatinum(ll) acceptors
and dipyridyl TPE derivatives, respectively.

Interestingly, the Coliec/c2mm — Colnex/p6mm transition occurs
by the addition of the polar solvent. Accordingly, it is expected that
even in the hexagonal phase local domains of rectangular order
exist, with three equally probable orientations in the x-y plane.
Actually, in the rectangular phase, the a/b ratio is about 1.82,
which is not too far from the V3 value for a hexagonal phase. The
idea is illustrated in Figures 4F and S51 where three local
rectangular cells are superimposed to give global hexagonal
symmetry. Thus, according to this model, even in the Colnex/p6mm
phase each column is actually non-circular, the XRD gives the
time-space average. The reason for the non-circular shape is
thought to be the rhombic shape of rhomboid 1.

Conclusion

In summary, we have designed and synthesized two
rhomboidal metallacycles via metal-coordination self-assembly.
These metallacycles show emission properties both in solution
and in the solid state because of the incorporation of TPE
derivatives which are typical AIE fluorophores in their structures.
More importantly, although neither of the building blocks exhibit
mesophases, metallacycles show clear thermotropic and lyotropic

liquid crystalline phases, as confirmed by POM, SAXS and WAXS.

The formation of metallacylic structures offers a rigid core
beneficial for molecular stacking, while the branched alkyl and
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ethylene glycol chains help stabilize the columnar mesophases.
This work provides a simple yet efficient approach to the
construction of luminescent metallacycle-cored liquid crystals and
explores the use of metal-coordination interactions to induce
liquid crystal formation. The materials are of relevance for
applications in flat panel displays.
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Luminescent Metallacycle-Cored Liquid Crystals

Based on metal-coordination-driven self-assembly, two luminescent rhomboidal metallacycles with aggregation induced emission
properties were prepared. One of the metallacycles also exhibited liquid crystals due to the intermolecular packing of the metallacycles,
indicating that the liquid crystal properties could be induced by metal-coordination interactions.
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