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ABSTRACT: Functionalization of 1,4-di(4-pyridinyl)-
benzene with poly(arylester) dendrimers bearing cyanobi-
phenyl end-groups gives a bidentate dendromesogenic ligand
(L) that exhibits thermotropic liquid-crystalline properties.
Combination of the diruthenium complex [Ru,(p-
cymene),(donq)][DDS], (M) with L, by coordination-driven
self-assembly, affords the discrete and well-defined metalla-
cycle M,L,. Like L, this supramolecular dendritic system
displays mesomorphic properties above 50 °C. Both
compounds L and M,L, show smectic phases, characterized
by a multilayered organization of the multiple components.

B INTRODUCTION

Coordination-driven self-assembly is a successful strategy for
the preparation of supramolecular systems from relatively
simple starting materials." This strategy is now well-
established, and a large variety of discrete two and three-
dimensional structures has been produced over the years.
Archetypical metallasupramolecular architectures obtained in
the last three decades include metallacycles,” interlocked
molecules,’ grids,4 helicates,” knots,® polyhedra,7 spheres,8
metallacages,9 polymers,10 and metal—organic frameworks."!
Self-assembled coordination complexes (SCCs) are not only
interesting because of their aesthetical features, they also have
potential applications in biology'” and material sciences."’
Among SCCs, those incorporating arene ruthenium building
blocks have showed great potentials in sensing, drug delivery,
and host—guest chemistry.'*

Hierarchical assembly (HAS) is an attractive method to
explore new avenues in soft-matter nanoarchitectures."> HAS
systems possess a multileveled organization where the first
well-defined assembly orders a second organization level via
noncovalent interactions, then eventually toward multifunc-
tional structures. Metal—ligand coordination complexes can
generate nanoscale HAS, in which the metal complex
constitutes the core. Complementary orthogonal interactions
such as metal—metal, hydrogen bonding, or 7—x stacking, can
be exploited to obtain a second or even a third level of
hierarchy in these supramolecular systems.

Liquid-crystalline materials (LCs) have a high importance in
nature/life sciences,'® in modern technologies, displays, optical
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switching,'” and recently in biorelated applications, such as
chemical and biological sensors'® or in tissue engineering.'’
The design of functionalized LCs reveals an increasing
complexity and they can be composed of covalent connected
building-blocks or supramolecular assembled mesogens. Be-
sides, the incorporation of SCCs to LC materials (generally
called metallomesogens’) offers the possibility of additional
intermolecular interactions, such as metal-metal, metal—
ligand, and host—guest interactions into stimuli-responsive
systems.

LCs are divided in two main families, namely thermotropes
and lyotropes. For thermotropic liquid-crystals (TLCs), the
mesophases are induced by the temperature, while for
lyotropic liquid-crystals (LLCs), the mesophases are controlled
by the concentration. Consequently, LCs found in nature are
usually lyotropes, because they need to be dispersed in
biological media.

Pioneering studies combining SCCs and LCs have been
presented by Praefcke and co-workers in the early 1990s.”!
Various series of disk-shaped cyclometalated compounds
(Figure 1a) built from palladium and platinum metal centers
were synthesized. These large assemblies displayed both
thermotropic and lyotropic columnar liquid-crystalline behav-
iors. Later on, platinum-pyridyl type metallacycle has been
prepared by MacLachlan et al. via a head-to-tail association
(Figure 1b).”” They observed a supramolecular aggregation of
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Figure 1. Schematic representation of (a) Praefcke’s representative
metallacycle, (b) MacLachlan’s metallacycle, and (c) Gin’s metal-
lacyclic salt.

individual Pt-metallacycle into columnar arrays, thus providing
LLC properties to the system. Similarly, the LC behavior of
interlocked metallacages has been studied.”® Septuplet
columnar stack of large aromatic molecules with solubilizing
side-chain were synthesized via a one-step multicomponent
self-assembly process. In aqueous media, the macromolecular
septuplet induces LLC phases. More recently, the combination
of coordination self-assemblies and dynamic noncovalent
interactions has allowed the formation of a giant spherical
liquid-crystalline metal-based system.”* This HAS, containing
24 mesogenic forklike dendrons, exhibits LLC behavior in
dimethylformamide.

Only a few examples of TLCs based on a SCC-HAS strategy
have been reported so far. Gin and co-workers™ prepared a
dinuclear-Pt mesogenic metallacycle (Figure 1c). This salt
possesses a thermotropic columnar hexagonal (Coly) LC
phase that can be swollen by polar solvents to generate a LLC
phase. Other elegant examples of SCC TLCs include
metallaclusters,26 metalllacycles,27 catenanes,”® rotaxanes,”’
grids,”® and spheres.”* In most of these above-reported cases,
mesomorphism is induced by a “dendritic-type” synthetic
strategy via SCC-HAS combinations, which clearly proved
efficient but still has not been sufficiently explored.

Over the last two decades, our group has studied liquid-
crystalline dendrimers based on cyanobiphenyl frameworks.”'
These systems are well-suited for increasing the number of
mesogens and, consequently, the area of the mesogenic part.
Moreover, the TLC properties can be tuned by modulating the
dendritic generation. Despite some synthetic challenges, this
strategy has proven to be very efficient for producing a rich
variety of LC materials, and particularly liquid-crystalline
fullerenes,>' #>dill gold nanoparticles,3lf‘h’i metallic clus-
ters,”*>*'* and luminescent materials.*'® Previously, a dynamic
ordered state was introduced to a ruthenium metallacycle via
host—guest interaction from pyrenyl-dendromesogen as a
guest.”” This supramolecular dendritic system showed the
formation of highly segregated mesophases with a complex
mutlilayered structures in which the cationic metallacycle, the
counteranion (dodecyl sulfate) and the guest are equally
important. In a similar context, Yu, Tong, and Li have studied
the host—guest complexation between a porphyrin-based prism
and a pyrenyl dendromesogen.” In this particular case, a
suppression of the liquid-crystalline behavior was observed
after the formation of the host—guest system. Mesomorphism
suppression could be due to size differences between the prism
and the mesogenic part. Therefore, it is important to highlight
the necessity of a good match between the liquid-crystalline
promoter and the SCC to retain anisotropic properties to
supramolecular HAS systems.

Herein, we have designed a LC dendromesogenic metal-
lacyclic complex via coordination-driven self-assembly. The
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final assembly contains 16 mesogenic cyanobiphenyl units,
covalently linked to the bipyridyl ligands. The use of a
bidentate bipyridyl connector with two second-generation
dendrons ensures the anisotropic property of the arene
ruthenium metallacycle. The liquid-crystalline properties and
supramolecular organization of the metallacycle and of the
dendritic ligand were investigated by polarized optical
microscopy (POM), differential scanning calorimetry (DSC)
and small-angle X-ray scattering (SAXS). The metallacycle and
the ligand showed a multilayered smectic phase organization.
This is a rare example in which the combination of
coordination-driven self-assembly and dynamic noncovalent
bonding has allowed the formation of a liquid-crystalline
metallacycle exhibiting thermotropic properties.

B RESULTS AND DISCUSSION

Solution Studies. The tetranuclear arene ruthenium
complex (M,L,) was prepared in CH,Cl, by combining the
dinuclear complex [Ru,(p-cymene),(donq)][DDS], (M, DDS
= dodecyl sulfate) and the bipyridyl ligand (L) at room
temperature for 24 h (Figure 2) (see the Supporting
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Figure 2. Synthesis of metallacycle M,L, assembled from M and
dendromesogenic ligand L.

Information). The self-assembly of the metallacycle was first
confirmed by NMR spectroscopy. The 'H NMR spectrum
shows an upfield shift of the signals of the hydrogen nuclei H,,
H,, Hy, H, and H; upon formation of the metallacycle (Figure
3). The doublet associated with H,, initially found at § = 8.62
ppm in the free ligand L, is shifted by 0.24 ppm. This shielding
is a consequence of the coordination of the pyridyl units to
ruthenium ions. On the other hand, the H, doublet (§ = 7.37
ppm) is almost unaffected by the coordination to the arene
ruthenium units. The signals of the protons H,, Hy, H,, and H¢
are not only shifted to higher frequencies (Ad = 0.32, 0.30,
0.26, and 0.38 ppm, respectively), they are also affected by a
reduction of symmetry due to the loss of rotational freedom of
the central phenyl group of the bipyridyl connector L. The
rotation impediment and the loss of symmetry in M,L, give
broad signals for H, and Hy, and a splitting of the H, and H¢
signals. No shift was observed for the rest of the signals of the
ligand as it can be expected.

Diffusion-ordered NMR spectroscopy (DOSY) shows the
generation of a large species with a diffusion rate of 0.91 X
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Figure 3. "H NMR spectra (400 MHz, CD,Cl,, 298 K) of ligand L
(top) and the metallacycle M,L, (bottom).

107" m? s! (Figure 4). This value is smaller than those of the
building blocks M and L, which possess diffusion coefficients
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Figure 4. (a) 'H-DOSY spectra (400 MHz, CD,Cl,, 298 K) of the
compounds M (blue), L (green), and M,L, (red). (b) Experimental
(bottom) and calculated (top) ESI-TOF-MS spectra of M,L, with the
loss of four DDS anions: [M,L, — 4DDS]*(m/z = 3178.68).

of 7.3. X 107" m* s7! and 2.3 X 107" m* 57/, respectively.
From the diffusion coeflicient and by using the Stokes—
Einstein equation, the diameter of M,L, was estimated to be
106.8 A. The calculated size matches well with the
corresponding lamellar spacing obtained by SAXS measure-
ments (Table S1).

The formation of the metallacycle was further confirmed by
electrospray ionization time-of-flight mass spectroscopy (ESI-
TOF-MS). As shown in Figure 4, the isotopically resolved peak
corresponding to M,L, with the loss of 4 molecules of DDS
anions was found at m/z = 3178.68. This peak is in agreement
with its calculated theoretical distribution.

Liquid-Crystalline Properties. Both dendritic com-
pounds L and M,L, are solids at room temperature in their
pristine state. On heating, L gave rise to smectic A and nematic
phases (Figure 5). The isotropization occurred at 180 °C
(Figure S1 and Table S1). The corresponding arene ruthenium
metallacycle M,L, is not as thermally stable as L, and started to
decompose around 160 °C without reaching the isotropic
liquid. A birefringent and fluid texture was nevertheless
observed by POM just above 50—60 °C, indicating the
formation of a thermotropic liquid-crystalline phase (Figure ).
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Figure S. Top: Thermal-polarized optical micrographs of the
mesophases displayed by L: focal-conic fan texture and homeotropic
areas in the SmA-like phase at 166 °C (left), and Schlieren texture of
the nematic phase at 178 °C (right). Bottom: Thermal-polarized
optical micrograph of the mesophase displayed by M,L, at 100 °C.

The structure of the mesophases was investigated by small-
angle X-ray scattering (SAXS) between 20 and 100 °C in
combination with partial volume calculation. The SAXS
patterns confirm that compounds L and M,L, self-organize
into multilayered smectic-like structures with only short-range
correlated lateral arrangements inside the individual layers, as
shown by the presence of only wide-angle diffuse scattering
signals, aside from the small-angle sharp reflections character-
izing the lamellar periodicity (Figures 6 and Figure S2). In
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Figure 6. Top: SAXS patterns at 60 and 100 °C with detector (full
range) and image plate scans of the small range (inset) for the
multilayered smectic A phase formed by L. Bottom: SAXS patterns at
60 and 100 °C with detector (full range) and image plate scans of the
small range (inset) for multilayered smectic-like lamellar phase
formed by M,L,.

addition to the usual maximum around 4.5 A, overlapping the
contributions of the terminal cyanobiphenyl mesogens ()
and the molten chains (hy), from the spacers linking the
various molecular-blocks and dodecylsulfate segments, all
patterns exhibit a scattering signal D in the 20—2S A range.
For L, the scattering signal at 21 A (£ ~ 40 A) arises from the
mean distances between dendritic moieties and phenylene
bipyridyl nodes, whereas for M,L,, the signal around 25 A (¢ ~
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150 A) is attributed to local range periodicities between
metallacycles and dendrimers. The tetranuclear complex M,L,
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Figure 7. Variation, as a function of the temperature T, of the lamellar
periodicity d and of the area per mesogen a,,, in the multilayered
smectic-like phases formed by L (red circles) and M,L, (black
squares), dpe = 2An0/fcy (Amg is the molecular area, and ngg,
number of cyanobiphenyl groups per molecule: ¢y = 8 for L, and ncp
=16 for M,L,); the blue line represents the cross-sectional area of the

mesogens, O,

gives rise to a further scattering maximum at 6.5-6.8 A (¢ ~
15 A), attributed to the average spacing of superposed
metallacycles (hcyde) The alternation of several high electronic
density layers (mesogens, dendritic parts, and nodes/metalla-
cycles) and low-electronic density layers (aliphatic spacers,
dodecyl sulfates) explains the strong intensity lowering of the
lamellar first-order reflection in all patterns (001 in Figure 6).
For the dendrimer, this feature combines with the presence of

only one weak higher-order reflection (labeled as 002, Figure
6, top), indicating that the interfaces between successive layers
are rather irregular. In contrast, three intense lamellar higher-
order reflections (002, 003, 004, Figure 6, bottom) and an
attenuated first-order reflection (001, due to the alternation of
layers of different electronic densities, as above for L) are
observed for the metallacycle. In this case, the ionic layers
formed by the metallacycles and counterions strongly improve
the confinement in the layers and ultimately the sharpness of
the interfaces.

It is now assumed that all molecular systems containing
polar mesogens as end-groups, such as cyanobiphenyls, self-
assemble into smectic phases with the polar mesogens being
segregated into either a monolayer or a bilayer structure, i.e.,
with head-to-tail or head-to-head arrangement of the polar
moieties, respectively.’® Actually, these types of smectic
organizations adopt intermediate situations between these
two limit cases since both modes of self-associations are in
competion. The exact nature of the arrangements and the
degree of bilayering, 7, can be easily determined by the
molecular areas per end-on mesogen, 4,,., whose values range
between once (bilayer) or twice (monolayer) the natural cross-
section of the mesogen, 6, (Table $2).*"" The molecular
area, A, is indeed experimentally accessed by the ratio
between the molecular volume, V,, and the layer periodicity,
d, and immediately converted into a,,... The relevant parameter
for these systems, the degree of bilayering 7, is then simply
quantified by the areas ratio function, defined according to the
equation 7 = 2 — (@./0mes),” " and leads to a wide- -range of
T-values Within the smectic phases, varying between zero for
monolayers (7 = 0, d,,,, = 26,,.,) and one for bilayers (7 = 1,
a Omes) (Table S2). Here, the layer spacing increases

mes

L: T~0.25 (SmA)|

Amol

cycle

Figure 8. Schematic views of the supramolecular organizations in the multilayered smectic A phase of L (left) and in the smectic-like lamellar
of MyL, (right). d is the lamellar spacing, A, is the molecular area and 7 = 2-(d,,e,/0pes) is the bilayering ratio of the mesogen layers.
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drastically by 75% from L to M,L, (Figure 7), fully consistent
with the substantial decrease of the molecular area per
mesogen (d,,) from 38 to 42 A (L) down to 26-27 A”
(M,L,) (Table S2). Such a large variation reflects the ability of
the cyanobiphenyl-terminated mesogens to easily adapt to the
molecular areas imposed by the other molecular segments,
through the modification of their layer configuration.*"”"

The further embedded sublayers of the lamellar sequence of
the dendrimer are constituted by loosely self-associated
segments which may easily vary their degree of lateral
spreading through tilting/folding mechanisms, so that the
experimental bilayering ratio (7 & 0.25) corresponds to the
molecular area compromising the optimal average config-
urations of the individual layers (Figure 8, Table S2).

The low molecular area (A, ~ 210 A*) and the high
bilayering ratio (r 0.82) found for the metallacycle
presumably emerge from the arrangement of the cycles and
counterions into cohesive ionic layers (Table S2, Figure 8). A
detailed analysis presupposes knowing the internal structure of
these layers, which is not experimentally accessible. To obtain a
better understanding of the main features of the lamellar
sequence, a rough evaluation of the space requirement of the
ions is however sufficient and can be accessed from single
crystal structures of model metallacycles devoid of substituents.
The molecular organization of such a metallacycle, with the
same cyclic architecture as the dendritic complex and close
dimensions, is described in the CSD-EGARAG structure.”
Specifically, the flat-lying cycles and counterions arrange in
molecular layers, according to a single-molecule rectangular
sublattice (Figure S3). The sublattice area therefore coincides
with the cross-sectional area of a molecule in the plane of the
cycle, g, = 285 A? and the average spacing of metallacycles
in parallel to long sides is found to be A, g. ~ 20 A. After
taking into account the metallacycle size differences, the
dimensions of the ionic layer portion containing a single cycle
and counters-ions are estimated to X ~ 325 A% and Ayae
22 A for our compound. The cross sectional area in the cycle
side plane (6. & Agde X heyae & 140—150 A?) is significantly
below A, which could be compensated by a slight 10—15°
tilting of the ionic slabs, as schematically represented in Figure
8. It should, however, be emphasized that this tilting is
introduced for the consistency of the analysis and is not
accessible otherwise. Ultimately, this approach definitively
confirms that the lateral shrinking of lamellae and the
switchover from mostly a monolayer to mostly a bilayer
configuration of the mesogens is a consequence of the compact
and enhanced arrangement within the ionic layers.

~

~
~

Bl CONCLUSIONS

In summary, we have achieved the self-assembly of a novel
tetranuclear arene ruthenium metallacycle with a dendritic
exofunctionalization. The two poly(arylester) dendritic
branches carrying cyanobiphenyl mesogens connected to 1,4-
di(4-pyridinyl)benzene are used as liquid-crystalline pro-
moters. Both, ligand and dodecyl sulfate metallacycle, show
mesomorphism and they both self-assemble into multilayered
smectic phases, whose emergence is promoted by the terminal
mesogenic substituents. The tendency of the different
molecular components to segregate into different strata of
the lamellar periodicity is crucial for the generation of a rare
example of SCC-HAS system with thermotropic liquid-
crystalline properties. These results pave the way to new
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applications in the field of coordination-driven self-assembly
and hierarchical assembled systems.
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