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Abstract
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1 Preamble

This chapter can be considered as an update of the chapter entitled Metallomesogens In
Comprehensive Organometallic Chemistry III,* therefore it deals with metallomesogens described
from 2007 to 2020. This chapter focuses primarily on small molecules or ions of an organometallic
nature, which self-organize as liquid crystals. Therefore, as in the previous reference, the objective
of this chapter is to provide a specific review to the area of organometallic mesogens. It does not
cover liquid crystals in polymeric systems®® or combined with nanoparticles,*>® which have been
recently reviewed.

The chapter begins by introducing a basic terminology, the types of mesophases and their
characterization, as well as their physical properties and main applications. The subject matter in this
review is organized according to groups from the periodic table and then by ligand or compound
type.

There has been a series of previous reviews about metallomesogens or metal-containing liquid
crystals, although not specifically about organometallics, the latest and most extensive are collected

here.” 10

2 General Introduction
2.1 Terminology in Liquid Crystals

We must start by remembering some concepts in this subject. The terminology relating to low molar
mass liquid crystals follows the recommendations made by the IUPAC and the International Liquid
Crystal Society in 2001.!

The liquid crystal state (LC) is a phase of matter which is intermediate between the crystalline solid
and the isotropic liquid states, where a combination of properties is shown: mobility and fluidity as a
liquid, some positional and/or orientational order, self-assembly and anisotropism as a solid crystal.
Mesogen or mesomorphic compound is a compound which behaves as a liquid crystal and displays
mesophases (liquid crystal phases). The liquid crystal state depends on the intermolecular forces,
such as dipole—dipole, van der Waals interactions, m—n stacking; if they are too strong or too weak
the mesophase is lost.

The self-assembly associated with liquid crystals may be generated through the use of temperature
(thermotropic LC), a solvent (lyotropic LC) or both (amphitropic LC). Therefore, the mesophases exist
in a range of temperature or solvent concentration. In these materials, it can be distinguished: a) the
melting point, the temperature at which a thermotropic mesogen goes from the solid to a fluid
mesophase; b) the transition temperatures, to pass between different mesophases; c) the clearing
or isotropization point: the temperature at which the mesophase transforms into an isotropic liquid.



Two types of thermotropic mesophases can be distinguished. On the one hand, enantiotropic
mesophases, which are thermodynamically stable over a definite temperature, and are observed
both upon heating and on cooling. On the other hand, monotropic mesophases, which are
metastable in nature and only appear in the cooling process.

Thermotropic mesogens can be classified into four principal types, by taking into account structural
factors of the units (molecules) forming the mesophase (Figure 1): calamitic (formed by rod-like
molecules), discotic (formed by disk-like molecules), polycatenar mesogens (based on molecules
with a rather extended calamitic central core containing several long substituents), and banana-
shaped liquid crystals (formed by bent-core molecules). These types of structures determine the
molecular self-assembly process and, consequently, the structure of the mesophase.

<Figure 1 near here>

Figure 1. Schematic representation of a) calamitic (rod), b) discotic (disk), c) polycatenar, and d)
banana liquid crystals.

The mesophases of calamitic mesogens are classified in two groups: nematic and smectic . The
nematic mesophase (N) is characterized by an orientational order of the molecules that are aligned
along a preferred direction (defined by a director n) (Figure 2). The molecules can slide and move in
the nematic mesophase (while roughly keeping their molecular orientation) and rotate around their
main axis. This is the less ordered mesophase and usually it is very fluid.

In the smectic mesophases the molecules are oriented, as in a nematic mesophase, with their
principal axis roughly parallel to the director, but they are also defining layers. These layers can be
perpendicular to the director, as in the smetic A mesophase (SmA), or tilted, as in the smectic C
(SmC). The SmA and SmC mesophases are the less ordered and more common smectic mesophases.
Other less common types of smectic mesophases are known, which differ in the degree or kind of
molecular ordering within and between the layers. A more precise description of the smectic phase

structure can be found in the following references.?*3

<Figure 2 near here>

Figure 2. Schematic representation of N, SmA and SmC calamitic mesophases with the corresponding
director vector.

The discotic mesophases are classified in two types: columnar, and nematic discotic. The structure of
the nematic discotic mesophase (Np, Figure 3, left) is similar to that of rod-like molecules, but
constituted by disk-like units. In columnar mesophases, the molecules are staking in a columnar
disposition and depending on the type of columnar arrangement several columnar mesophases are
known. Some common lattices of the columnar phases are columnar nematic (Nco), columnar
hexagonal (Cols), columnar rectangular (Col;), and columnar oblique (Colo,) mesophases.

<Figure 3 near here>

Figure 3. Schematic representation of N, Col, and Col, discotic mesophases.



Polycatenar mesogens display mesomorphism characteristic of rod-like or disk-like mesogens
depending on the number, length and arrangement of the chains. Detailed descriptions of these
materials may be found elsewhere.}***

In the case of banana liquid crystals, the bent-shaped molecules can adopt a compact packing
arrangement that restricts rotational freedom, thus allowing the molecules to organize into novel
types of liquid crystalline phases. These new mesophases are denoted by the letter B, which refers
to the characteristic banana or bent molecular shape. For example, B1, B,, Bs, etc. have been used to
designate different phases, chronologically as they have been discovered.!®

When the mesomorphic compounds are chiral (or when chiral molecules are added as dopants)
chiral mesophases can be produced, characterized by helical ordering of the constituent molecules
in the mesophase. The simplest and most common is the chiral nematic phase (N*), which is also
called cholesteric, taken from its first observation in a cholesteryl derivative. These chiral structures
have reduced symmetry, which can lead to a variety of interesting physical properties such as
thermochromism, ferroelectricity, etc.

Finally, there are lyotropic mesophases, which are typically formed by surfactant molecules in water.
These molecules consist of a polar hydrophilic head and one or several hydrophobic aliphatic chains,
which aggregates to form micelles in water. Depending on temperature, concentration and solvent
different mesophases are found by aggregation of such micelles. Three representative types of
micelles are presented in Figure 4.

<Figure 4 near here>
Figure 4. Schematic representation of micelle shapes: spherical, cylindrical and plate.

A book containing the essentials of liquid crystal science from the perspectives of chemistry and
physics has recently been published, updating earlier versions by one of the authors.’

From a historical point of view, liquid crystals started with Reinitzer's pioneering work in the late
19th century. He found that cholesteryl benzoate displays two different melting points.? It is
generally accepted that the first report on metal-containing liquid crystals was made by Vorlander in
1923, who reported on a series of mesomorphic mercury complexes: actually, organometallic
compounds (Figure 5).2! Heintz in 1855 had reported carboxylate magnesium soaps.?? The term
metallomesogens was proposed by Giroud-Godquin and Maitlis to refer to liquid crystalline
materials containing metals.”® They combine the variety of coordination chemistry with the
exceptional properties of liquid crystals to form metal complexes organized in fluid phases. The
incorporation of metallic fragments into mesophases enhances useful characteristics such as
polarizability and birefringence, modifies other physical properties, such as color, electrical
conductivity, luminescence and magnetism, which broadens the preparation of new materials with
new applications.

<Figure 5 near here>
Figure 5. First organometallic mesogens.

2.2 Liquid Crystals Characterization



Mesophase characterization of liquid crystalline materials can be achieved by a combination of
different techniques. The three basic procedures are briefly described.

Liquid crystals are characterized by Polarized Optical Microscopy (POM), an optical microscope
equipped with a heating stage and two polarizing filters. Mesogens possess birefringence due their
anisotropic refractive index and each mesophase appears to have a characteristic texture resulting
from the different domains, which can often be used to assign the type of mesophase. In contrast,
an isotropic liquid is dark under crossed polarizers. This technique allows the determination of
transition temperatures and temperature ranges.

Liquid crystals are always characterized by Differential Scanning Calorimetry (DSC), which is
complementary to POM. It is a technique that measures changes in heat capacity as a function of
temperature, and it is used to detect phase transitions. Obviously, transition temperatures, energy
involved and thermal stability (reproducibility of the heating—cooling cycles) can be determined
more accurately with DSC. A review with data for 3000 organic liquid crystals was published.?
Finally, small-angle X-ray diffraction can determine the structure of a liquid crystal phase. It is
important to note that X-ray diffraction experiments on the mesophase offer much less information
than single crystal experiments. The number of observed reflections is low because of the
disordered nature of the phases, and sample alignment is strongly recommended. The technique
provides data such as the interplanar distance, the relative orientation of different sets of planes,
the thickness of the layer, or the number of columns. In addition, the wide-angle X-ray region
displays a broad peak corresponding to short range correlations between the molten hydrocarbon
chains.

2.3 Physical Properties and Applications

As stated above, liquid crystals are anisotropic fluids, which implies that their physical properties are
also anisotropic and this is the basis for the widespread application of the materials. For instance,
the anisotropic refractive indices lead to birefringence and it is the primary way to characterize a
mesophase. Other physical properties such as linear polarizability, dielectric permittivity, and
diamagnetism can show anisotropy. Furthermore, these properties in thermotropic liquid crystals
will depend on the temperature.

The physical properties will determine the applications. The first application reported for mesogens
was as temperature sensors, based on the thermochromic behavior of the chiral nematic liquid
crystals. This technology is still in use.

The development of very stable room temperature liquid crystals such as cyanobiphenyls?®® and the
formulation of mixtures with temperature ranges sufficiently broad to be used in display
applications (around -20 to 70 °C) led to the main application of this material: Liquid Crystal Displays
(LCD) for flat panel displays. First, twisted nematic phase mode LCDs were common, then, TFT-LCDs
(thin film transistor) enabled a large number of segments (for example 640 x 1024) and improve
image qualities such as addressability and contrast. LCDs exhibit advantages as low weight, low
space requirement, low power consumption, emits almost no undesirable electromagnetic radiation
and can be made in almost any size or shape (up to 82-inch diagonal). That is why they are used in
notebooks, desktop computers, television monitors, mobile phones, handheld devices, video game
systems, navigation systems, and car dashboards. The display size and performance have been



dramatically improved, by the introduction of fast switching, better viewing angle dependency, good
color quality, high brightness and contrast, to such an extent that LCD screens have ousted the
traditional cathode ray tube (CRT) monitors. It is important to note that LCDs use the light-
modulating properties of liquid crystals combined with polarizers, and need a backlight as source of
illumination, lately light-emitting diodes (LEDs) have been used for this purpose. Despite the
dominance of LCDs, other flat panel display technologies continue to be developed to address their
shortcomings. The main competitor is OLED (organic light-emitting diode) displays: an OLED, organic
LED, or organic electroluminescent diode, consists of a film of organic compound that emits light in
response to an electrical current. This technology is already in the market and is competing strongly
with LCD technology. A book has been written about liquid crystal devices, from fundamentals to the
last advancements within LCD technology. 2°

Liquid crystals have become a major, multidisciplinary field of research, for LCD applications and

beyond. For instance a theme issue beyond display applications,?’

282 jonic liquid crystals,® light responsive liquid crystals,®! functional films for

reviews on applications for
discotic liquid crystals,
display applications, 3 liquid crystals in industry,33>* have been published. A book has appeared that
deals specifically with semiconductor liquid crystals.3®

Many common fluids are in fact liquid crystals, as for instance soap, which forms a variety of
lyotropic liquid crystal phases depending on its concentration in water. There are also biological
liquid crystals, which show typical lyotropic liquid crystalline phases (e.g., peptides, protein
assemblies, cell membranes, and so on).*®

Metallomesogens continue to be compounds of great interest in materials science due to their
optical, mechanical, electrical and magnetic properties, obtained by combining the properties of
metallic fragments with the fluidity and self-organization of liquid crystals. Therefore, in recent years
many efforts have been carried out to add physical properties to mesogens in order to synthesize
polyfunctional materials. These properties can be tuned with temperature by taking advantage of
phase changes related to the liquid crystal behavior.

To date, a considerable number of luminescent, especially phosphorescent, metallomesogens have
been produced mainly based on lanthanides, platinum, iridium, palladium, and gold. The most
effective strategy for designing them has been the modification of known chromophores in order to
introduce the anisotropy necessary to be mesomorphic. Luminescence has been obtained not only
in solution or in the solid state but in the mesophase and can be tuned by temperature and the
aggregation state (e.g., aggregation—induced phosphorescence leads to on-off systems).
Metallomesogen-based emitting materials have been proposed for applications in LEDs (Light
Emitting Diodes), information storage, sensors and optoelectronic devices.

Many studies have been conducted on spin crossover metallomesogens, which contain d-metal
fragments with different magnetic and electronic properties due to their accessible high and low
spin states. Some relationships between transition temperatures and these magnetic and electronic
properties have been reported. Electrical and magnetic properties of metallomesogens containing d-
or f-metal fragments as well as changes with temperature and phase state have also been studied in
detail.

The more relevant results for these physical properties on metallomesogens are collected in various
reviews and many will be explained later in this chapter.> 3’3 There are many lanthanide liquid
crystals and a specific name to refer to them has been proposed: lanthanidomesogens. They have

been recently reviewed but unfortunately no organometallic compounds have been reported.**¢



In summary, liquid crystal research is an ever-expanding field that especially attracts synthetic
chemists and physicists with new materials and new phases for new or improved applications.

3 Organometallic Liquid Crystals of the Main Group Elements

Organometallic liquid crystals of the Main Group Elements remain scarce. The examples known are
practically limited to some boron compounds, a number of silicon derivatives and a series of
alkylgermanes.

Most of the mesomorphic boron compounds are based on clusters such as those shown as 1, which
display mainly smectic A mesophases.*’”*® Discotic borolane* (2) and boroxine derivatives (3)*°
showing columnar hexagonal mesophases have also been reported. It is worth noting that the
mesophases of the borolane derivatives show good charge carrier mobilities (up to 8 x 102 cm? V-1s?,
Time-of-flight method).
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N-methyliminodiacetic acid (MIDA) boronates with different degree of substitution on the phenyl
ring have also been studied (4). Their mesophase type is determined by the number and length of
alkoxy chains.>® Compounds bearing one or two short tails (n = 6, 8) display smectic A phases while
the dialkoxy derivatives with longer substituents, and the trialkoxy series led to hexagonal columnar
mesophases.
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Recently, a few examples of N-heterocyclic carbene boranes (5) displaying smectic mesophases have

also been prepared.>? Some of them show polymesomorphism, but a complete characterization of
the mesophases has not been done.

''CrHan41
n=3,5
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The organometallic liquid crystals of silicon are mainly based on oligomeric silsesquioxane
molecules, in which a number of conventional mesogens are linked to the inorganic silsesquioxane
cube through flexible spacers (6). Their mesomorphic properties can be modulated trough the shape
of the mesogens, the spacer length, as well as the number of substituted corner chains.>*>*
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A variety of mesomorphic systems displaying different mesophases have been reported. For
instance, 4'-w-alkyl-4-cyanobiphenyls derivatives 7 displaying SmA mesophases,®™ derivatives
bearing perfluorinated tails (8) showing lamellar mesophases,®® or triphenylene compounds 9 and 10
that display columnar®” or lamellar®® phases respectively.
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Concerning organometallic germanium liquid crystals, the examples reported are trialkylgermanes of
the type 11, in which the mesomorphic behavior is tuned by the number, nature and distribution of
both the aromatic rings, and the tails.>® Most of these complexes exhibit smectic and nematic
mesophases. Ferroelectric behavior has also been found in complexes with chiral chains (SmC*).
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4 Organometallic Liquid Crystals of the Group 6 Elements

Previously, several liquid crystals of formula M(CO)s(arene) were reported, but none during the
period of time covered in this review.! However, some mesogens have been described by using the
fragments M(CO),-s. For instance, the Mo(0) surfactants 12 (n =2, 6, 10) contain a hydrophobic metal



carbonyl fragment and are easily prepared from surfactant phosphine ligands. The supramolecular
arrangement of these surfactants leads to molybdenum vesicles in water.®°
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H-bonds are not quite strong, but are thermally stable at low to moderate temperatures and have
been widely used to prepare liquid crystals, as can be seen in Section 9.1.5. This approach was
carried out using 2,4,6-triarylamino-1,3,5-triazines equipped by 9 peripheral alkoxy chains, which
behave as discotic liquid crystals at room temperature. These compounds are combined with para-
isocyanobenzoic metal complexes, namely [M(CNCsH4CO,H)(CO)s] (M = Cr, Mo, W) to give H-bonded
aggregates 13, and room temperature hexagonal columnar mesophases.’? The clearing
temperatures are in the range 77-84 °C, higher than for the free triazine (57 °C) and following the
order: Cr>Mo>W. The supramolecular aggregates display high thermal stability, even in the isotropic
state as confirmed by the infrared spectra (CN and CO vibrations). All the metal complexes
(molecular or supramolecular) show a broad emission band at about 375 nm in solution at room
temperature. Only the Mo and W complexes (molecular or supramolecular) display an intense
yellow-green phosphorescence (maximum around 533 nm), assigned to a metal-to-ligand charge-
transfer (MLCT), and with a lifetime of 53.9 ps. The corresponding gold(l) isocyanobenzoic acid
complexes does not produce such adducts, likely due to the weak H-bonds with the triazine and the
high insolubility of the gold acids.

An extension of this work was carried out by synthesizing gold(l) (see Section 9.1.5) and
chromium(0) [Cr(CO)s(z-PPh,CsHsCOOH)] (z = 2 or 4) ortho and para phosphino metallo-acids.®? X
Ray diffraction shows dimeric structures with the expected double carboxylic H-bonds in [Cr(CO)s(2-
PPh,CsH4COOH)]. Reactions with the triazine mesogen lead to hydrogen-bonded chromium(0)
supramolecular adducts, although only the 4-diphenylphosphinobenzoic adduct 14 shows a
columnar hexagonal mesophase at room temperature with a clearing temperature of 38 °C (lower
than 57 °C found for the free triazine). Therefore, the triazine bearing nine lateral alkoxy chains leads
to mesomorphic adducts even for bulky metal-organic fragments, although the lability of the H-
bonds limits the thermal stability.
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5 Organometallic Liquid Crystals of the Group 7 Elements



For this group, only a series of Re(l) compounds 15 (n = 12, 18) have been synthesized with dialkyl
2,2’-bipyridine-4,4’-dicarboxylate ligands.®® The ligands and 15 (n = 12) are not mesomorphic,
whereas 15 (n = 18) shows a short range existence unidentified mesophase (only 5°C; clearing at 117
°C). The corresponding coordination compounds with the fragment CdCl, are not mesomorphic,
while with the PtCl, (n = 16) unit shows a smectic phase from 22 to 129 °C.

oc” Go'co
15
Bipyridine and phenanthroline ligands have also been used, but carbonyl rhenium (I) compounds
were always non-mesomorphic, although the ligand or other coordinating compounds behave like
liquid crystals. This has been related to steric effects due to the large volume of this octahedral

fragment.®*%

6 Organometallic Liquid Crystals of the Group 8 Elements
6.1 Complexes of Iron without Cp

Many efforts have been carried out in order to prepare iron liquid crystals and also to relate the spin
transition with the transition temperatures. In some cases there is an apparent synergy between
spin-crossover and liquid crystalline transition and this coupling allows dielectric and magnetic
properties induced by light, temperature, and pressure. The designed compounds are not properly
organometallics and have been reviewed previously.%10-3846

During the time covered in this review, only a family of Fe(ll) organometallic compounds without
cyclopentadienyl have been described: a series of imines containing bis(tricarbollide)Fe(ll) 16 (R =
CoHans1; n = 4, 6, 8, 10, 12, 18), where each vertex of the icosahedron is a BH.%” Each anionic
carborane cluster (imine-C3BgH1o) is isolobal with the cyclopentadienyl anion and allows to prepare
the analog ferrocene derivatives. These compounds exhibit nematic and smectic phases with

clearing temperatures above 200 °C.

—CH HC
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Furthermore, some Fe(0) carbonyl mesogens have been reported. An alkoxy phenyl isocyanide
containing a partially fluorinated hydrocarbon chain has been used to prepare the corresponding



Fe(0) complex 17, as part of a study containing this ligand and several metallic fragments.®® The
compound melts at 92 °C and is not mesomorphic, although most of the close complexes (metal
groups 10-11) display SmA phases.

As described in Section 4 above for group 6 metals, the H-bond adduct 18 obtained by reaction of
the para-isocyanobenzoic Fe(0) complex [Fe(CNCgH,CO,H)(CO)s] with 2,4,6-triarylamino-1,3,5-
triazine lead to room temperature hexagonal columnar mesophases.®! This phase exists in the range
8-86 °C, with an isotropization temperature higher than for the free triazine and slightly higher than
for the analogous Cr, Mo and W complexes. In solution at room temperature the complex and the

aggregate display an emission band around 375 nm.
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6.2 Ruthenium Organometallic Liquid Crystals.

Dinuclear ruthenium(l) dendritic complexes 19, namely Ruz(C0)4(0,CRY),L, (generation 1 and 2; L =
PPhs, pyridine, 4-picoline; generation 3, L = PPh3) have been prepared for dendrons of generation 1,
2 and 3.%° They consist of a Ru—Ru bonded Ru,(CO)s sawhorse unit bridged by two dendritic
carboxylate ligands containing cyanobiphenyl moieties. All of them behave as quite stable
enantiotropic liquid crystals, giving rise to smectic A (glass transition in the range 38-45 °C to
isotropic from 150 to 204 °C) or smectic A (glass transition in the range 55-62 °C to nematic from
143 to 170 °C) and nematic (only for a short range of 3—12 °C before clearing) mesophases.
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As commented above, the use of carbonyl carboxylato ruthenium is a typical way of producing liquid
crystals. Another typical strategy is by means of arene ruthenium fragments. Reactions of the arene
ruthenium metallacycle [Rus(p-cymene)s(bpe).(donq).][DDS]s (bpe = 1,2-bis(4-pyridyl)-ethylene,
dong = 5,8-dioxydo-1,4-naphtoquinonato, DDS = dodecyl sulfate) with mesomorphic dendrimers
containing pyrenyl-functionalized poly(arylester) and cyanobiphenyl, lead to host—guest
supramolecular liquid crystals 20 (for generation 2 and 3).”° The pyrenyl fragment is located in the
central cavity of the tetranuclear ruthenium complex. The mesophases display a multilayered
structure due to the tendency of each component to separate in different organized zones by
chemical nature (microsegregation). The pyrenyl dendrimer ligands display a multilayered smectic A-
like phase, with a glass transition at 33 and 66 °C, and an isotropization temperature of 165 and 219
°C, respectively, for generations 2 and 3. On the other hand, the adducts exhibit a multicontinuous
thermotropic cubic phase as deduced by SAXS, which decompose above 100 °C due to the weak
host—guest interaction. It is a spectacular example of liquid-crystalline behavior observed for such a
large complex.
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An extension of the previous work reported 21 [Rus(p-cymene)s(L)(donq),][DDS]s (dong = 5,8-
dioxydo-1,4-naphtoquinonato, DDS = dodecyl sulfate), being L the bidentate N-donor ligand 1,4-di(4-



pyridinyl)-benzene with poly(arylester) dendrimers.”! L and Rus-L, exhibit smectic phases
(multilayered) above 50 °C, with an isotropization temperature of 180 °C for L, while Rugs-L;
decomposes at 160 °C.
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6.3 Ferrocene-Containing Liquid Crystals
6.3.1 Introduction

Ferrocene compounds have attracted much attention due to their well-developed synthetic
chemistry, good solubility and high chemical stability.”? Besides, its unique electrochemical
properties have been exploited for the synthesis of sensors, biosensors and redox active
supramolecular switches. Furthermore, its high thermal stability has allowed the synthesis of a great
variety of liquid-crystalline materials.>%737% Therefore, systems with ferrocene are one of the most
common in organometallic liquid crystals. This chapter will show the main results obtained for
ferrocene-containing liquid crystals, including mono- and disubstituted ferrocenes, systems based on
ferrocenophane, heteronuclear complexes with ferrocene-containing ligands and ferrocene
decorated fullerenes. Note that ferrocene-containing liquid-crystalline polymers will not be

presented here, as stated in the general introduction, although some specific references are given.”*"
79

6.3.2 Monosubstituted ferrocenes

Monosubstituted ferrocenes are the most common ferrocenes with liquid crystal behavior.
Moreover, monosubstituted ferrocenophanes are included in this section.

Aryl monosubstituted ferrocenes 22 (R = CigHs7, C(O)-Ci7H3s) and 23 (R = CigHsz, C(O)-CizH3s)
containing a Schiff base and at least three phenyl rings are mesomorphic (with only two rings are
non-mesomorphic).2° Compounds display an unidentified phase in the range 133—144 °C (22, alkoxy),

126-154 °C (22, ester), 114-145 °C (23, alkoxy) and 129-155 °C (23, ester).



Close aryl monosubstituted ferrocenes 24 and 25 (R = CigH37, C(0)-Ci7H3s) containing not only imine
but azo functional groups have been prepared.®! All the compounds exhibit enantiotropic nematic
phases with melting points from 130 to 166 °C and clearing points in the range 154-247 °C, being the
largest mesophase range of 81 °C (on heating) and 93 °C (on cooling) for compound 25 (R = C1gH37).
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Aryl monosubstituted ferrocene mesogens 26 (n = 6-9) have been prepared by using ester
connections and different chain length for the flexible spacer, but now with a terminal biphenyl
group.’? Derivative with n = 6 displays an enantiotropic nematic phase in a short range of
temperatures, from 148 to 155°C. The others show only monotropic nematic phases from 113-142
°C to 40-76 °C. As expected the substitution of phenyl by biphenyl lead to higher phase transitions
points as well as wider mesophase ranges.
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Rotationally fixed [3]ferrocenophane leads to a higher variety of molecular geometries in
comparison with ferrocenes. Monosubstituted ferrocenophanes 27 (X = H, R = OC;2Has; X =0H, R =
OCizHzs; X = H, OH, R = OOC-CgHs-OCi2Hjs), 28 (R = OCizHis, OOC-CgHs-OCizHzs), and the
[3]ferrocenophane monosubstituted with a f-enaminoketone 29, have been prepared. Compounds
27 with three phenyl rings display enantiotropic nematic phases as the corresponding ferrocenes.
However 27 with only two phenyl rings and 28 derivatives are not mesomorphic or show monotropic
nematic phases. Moreover, compound 29 display nematic and SmC phases on cooling. Thus, the
introduction of the propylidene bridge at the -position to the substituent on the cyclopentadienyl
ring enhances mesomorphism. In contrast, the presence of the propylidene group in the a-position
drastically reduces liquid crystal behavior compared to the corresponding monosusbstituted
ferrocenes.
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Ferrocene-carboxylates 30 (n = 2-12) have also been synthesized.®* Only derivatives with longer
spacer (n = 9-12) show monotropic nematic and smectic phases at room temperature, with
temperature ranges of 25-37 °C. The liquid crystal behavior is much more limited that for the
corresponding 1, 1’-disubstituted compounds.®
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With the objective of achieving chiral phases, alkyl monosubstituted ferrocene 31 (n = 6, 11) and 32
(n=6,X=N,Y=C,R'=R’=H;n=11,X=C,Y=N,R'=R*=H;n=6,X=C,Y=N,R'=0H,R>=H;;n
=6,X=C,Y =N, R =NO,, R? = H) containing a cholesteryl have been synthesized.®* Compound 31 (n
= 6) exhibits a chiral nematic phase at 113 °C (clearing at 158 °C), while for n = 11 display a SmA
phase at 110 °C, followed by short range twist grain boundary (TGB) and N* phases (clearing at 155
°C). All the compounds 32 show only a chiral nematic phase over a wide temperature range (from 90
to 240 °C), except for n = 11 where a SmA phase is observed before the N*.
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A series of ferrocene compounds 33 (n = 6, 11; R = H, OH; R! = C1,H,s, C14H29) has been synthesized in
which the oxadiazole unit is in a terminal position connected to the ferrocene moiety through three
phenyl with ester, ether or imine connections.?” All of them exhibit a smectic phase starting at 101—
149 °C, which converts into a nematic phase in the range of 170-195 °C (except the derivative with n
=11, R = OH, R = C14Hy9, that isotropizes directly at 194 °C), and finally the clearing point from 177 to
203°C.

Similarly, 34 compounds (n = 6, 11; R = H, OH; m = 5, 10) were prepared taking advantage of the
same complex skeleton, where a cholesteryl group was placed at the end through an ester linkage.®
All of them exhibit a TGBC* twist grain boundary phase having SmC* slabs, with melting points from
137 to 186 °C, which evolves to a N* phase from 155 to 225 °C. Finally, the clearing points go from
202 to 250 °C. A blue phase | and blue phase Il is observed in a short range of 3 °C. It is remarkable



the presence of a TGBC* phase in a wide thermal range in the heating and cooling cycles for these
chiral unsymmetrical metallomesogens.
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A series of ferrocene compounds 35 (n =6, 11; m = 14, 16, 18) equipped with a 2-phenylbenzoxazole
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and variable length alkyl spacer and terminal alkoxy chains have been synthesised.®® All of them
exhibit enantiotropic smectic C phases with melting temperatures from 111 to 127 °C, and
isotropization temperatures around 200 °C. Remarkably, the phases are stable over a wide
temperature range due to the presence not only of long spacer and terminal chains, but also
intramolecular hydrogen bonds.
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Ferrocene liquid crystals 36 and 37 containing 1,4-substituted-1,2,3-triazole and 5-halogen-1,4-
substituted-1,2,3-triazole have been synthesized in order to stabilize the nematic phase, diminish
the transition temperatures and to get larger mesomorphic ranges.® Compounds with X = H exhibit
the typical nematic phase at high temperatures (around 200 °C) and short ranges. Halogen
substituted derivatives display a wider mesomorphic temperature range (about 100 °C on cooling)
but worse thermal stability; the transition temperatures are still higher than 100 °C except on
cooling. The absorption spectra exhibit a peak at 480 nm for all of them, while the fluorescence
emission spectra in solution display the maxima around 400 nm.
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X =H, Br; R1 R2 = OC10H21' OC12H25
37 R=n-CyyHys X=H,Br, | R'= R2 = OCgHys3,

Monosubstituted ferrocene compounds 38 (n = 8, 14, 16) have been prepared, which contain a
heterocyclic unit as 1,2,3-triazole directly attached to the ferrocene moiety.’? They show
unidentified mesophases with melting points from 74 to 83 °C, and clearing points in the range 143—
145 °C. Energies involved in isotropization transitions are quite high and the textures are unclear.
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Most ferrocene mesogens show high transitions phase temperatures and typical ways of decreasing
these temperatures is by lowering symmetry of the substituents and by adding cyclohexane
fragments. A series of cyclohexane-containing aryl monosubstituted ferrocene 39 (Z = nothing, -
N=CH-; n = 5, 10), 40 (without fluor) and [3]ferrocenophane 41 (Z = nothing, -N=CH-; n = 5, 10) have
been synthesized.”?> Compound 39 biphenyl (Z = nothing) is not liquid crystal but the same 39 with
imine display enantiotropic nematic phases in the ranges 119-135 °C (n = 5) and 110-117 °C (n = 10)
for the first heating. Ferrocene-imine 40 and ferrocenophane 41 show monotropic nematic phases
on cooling from 134 to 127 °C (40), 86—83 °C (41, biphenyl, n = 5), 82-61 °C (41, biphenyl, n = 10),
from 143°C (41, imine, n =5) and 117-61 °C (41, imine, n = 10). In general, lateral fluoro-substituents
and [3]ferrocenophane play a positive effect over the nematic state. Complex thermal behavior is
observed after several heating—cooling cycles.
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Combination of ferrocene and naphthalene moieties has also been carried out in order to get low
temperature mesomorphism (below 100 °C), which can be of interest for many applications in
devices. The resulting compounds 42 (n = 8, 10, 12, 14, 16) exhibit monotropic nematic phases in a
short range (14-17 °C) and isotropization temperatures in the range 69-88 °C.%
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During the last years, various interesting possibilities for ferrocene compounds have been reported,
we can highlight lyotropic phases and chiral dopants. The surfactant with ferrocenyl group 43 has
been synthesized.®® Surfactants are functional molecules containing a hydrophilic head (as
ammonium) and a hydrophobic tail (as alkylferrocene). An ordered lamellar lyotropic liquid crystal is
observed when the concentration of ionic derivative 43 in water solution is over 40 wt %. Moreover,
this lyotropic liquid-crystalline organization can be controlled by redox reaction
(ferrocene/ferrocenium redox couple) and photopolymerization. Ferrocene maybe useful as redox—



responsive chiral dopant, as reported for compound 44, capable of reversibly modulating color (from

blue to green) in a cholesteric liquid crystal such as 4’-pentyloxy-4-cyanobiphenyl.>®
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6.3.3 Disubstituted ferrocenes

Disubstituted ferrocene liquid-crystalline compounds can be classified into two types as a function of
the position of the substituents: heteroannularly disubstituted 1, 1’-, and homoannularly 1, 3-. The
former type gives place to “S” or “U” shapes, while the latter type leads to a “T” shape, all of them
enhance mesomorphism compared to the corresponding monosubstituted compounds. Other
possibilities as for instance 1, 2- substitutions are detrimental for this property due to the hairpin
shape.

Rotationally fixed disubstituted [3]ferrocenophanes 45 (R = OCi;H2s, O0C-CsH4-OC12H3s) and 46 (R =
OCi2H2s, O0C-CsHs-0Ci2Hzs) are prepared, but the geometries are detrimental for mesomorphism:
45 derivatives with the two substituents in the same Cp are not mesomorphic, while 46 derivatives
(1, 1’-substitution) show monotropic unstable N or Sm phases.® The liquid crystal properties are
worse than those found for the corresponding monosubstituted compounds (reported in the same
article but commented in the previous section).

Some relevant results were reported by preparing unsymmetrically 1,1'-bis-substituted ferrocene 47,
which contains an extended ferrocene core due to a standard phenylimine and a difluorobiphenyl
group.”® Besides, a flexible p-decylciclohexane moiety is bonded to the biphenyl. Non-conventional
tetrahedratic smectic C (SmCr*) and tetrahedratic nematic (N+*) mesophases have been observed, in
the short range 203-216 °C and from 216 to 275 °C, respectively. A reasonable explanation for the
macroscopic chiral domains and helical superstructures can be drawn from the tetrahedral liquid
crystal order. An extension of this work led to a series of symmetrically and asymmetrically 1,1’-
disubstituted ferrocene compounds 48-50, with related ligands and able to display again non-
conventional lamellar (SmAr* and SmCr*), nematic (Nt*) and even columnar (Colmix) phases.”” The
main features of these mesophases include spontaneously developed macroscopic homochiral
domains, helical and myelinic supramolecular formations, and some optical biaxiality. Free rotation
of the cyclopentadienyl rings in the ferrocene lead to bent conformations and the conformational
enantiomers stabilize by assembly into tetrahedral molecular units. The columnar mesophase is
formed by a mixture of bent and nonbent conformers. The compounds melt around 200 °C (except
for 48 with n = 10, Colmix at 163 °C), and isotropizations temperatures go from 206 to 287 °C.
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Some efforts have been carried out to solve X-ray single crystal structures of mesogens in order to
establish crystal structure/mesophase relationships. For instance the single crystal structure of 1,1’-
bis[3-[4-(4-methoxyphenoxycarbonyl)phenoxy]propyloxycarbonyllferrocene 51 show that the two
substituents lie in the same direction (U shape), and not one on each side, which is related to the

observed nematic phase.*®
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1,3-disubstituted ferrocene derivatives 52 (n from 2 to 10) were also prepared.”® They display
monotropic nematic mesophases (except for n = 2 and 4) in short ranges of temperature. The results
are rationalized by noting that: when n is odd the molecule is more linear but more banana if n is

even.
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Recently, the disubstituted ferrocene compound, 1-triisopropylsilylethynyl-1’-
trimethylammoniummethylferrocene 53 has been synthesized.!® It is a surfactant that forms
micelles and vesicles by aggregation at a very low concentration as well as lyotropic liquid crystals,
not only with water, but also with a variety of organic solvents. Furthermore, the alkyne group can
be deprotected and used as ligand to coordinate to metallic fragments.

Bes

6.3.4 Heteronuclear complexes with ferrocene as ligand

Ferrocene or ferrocenophane compounds have been extensively used as ligands to prepare
heteronuclear complexes of various metals, which can combine the optical, magnetic or electric
properties of both metallic fragments. Note that these complexes are only described here, but not in
the corresponding second metal section.

In such a way monosubstituted ferrocenophane equipped with a base Schiff, yield ortho-palladated
compounds 54-57.1%! 54 are non-mesomorphic, whereas 55 display SmA mesophases in the range
198-260 °C (mixed with some decomposition at the isotropization) and 56—-57 nematic mesophases
phases over a broad temperature range from 71 to 205 °C.
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An extension of this work has been carried out by functionalization of the ferrocenophane group
with salycilidene and additional chelation to copper(ll), nickel(ll), palladium(ll) and oxovanadium(IV),
to give complexes 58. Similarly, copper(ll) and palladium(ll) compounds 59 have also been prepared
after functionalization with aminovinylketone.!®? The heteropolynuclear complexes 58 exhibit high
temperature enantiotropic nematic phases for copper (199 to 230 °C), palladium (257 to 277 °C) and
oxovanadium (217 to 242 °C), while complexes 59 display monotropic nematic phases for copper (at
131°C) and palladium (at 188 °C), in the last case followed by a SmC phase at 173 °C.
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The analog monosubstituted ferrocene ligands containing an enaminoketone have been synthesized
and then chelated to Cu(ll) and Pd(ll) ions in a 2:1 molar ratio (60).1® Cu(ll) complexes show
disordered soft crystal phases (on cooling at 107 or 120 °C for n = 12 or 16, respectively) while Pd(ll)
complexes display monotropic smectic C phases (on cooling at 136 or 140 °C for n =12 or 16,
respectively).

Monosubstituted ferrocene ligands equipped with a diketonato were prepared, as well as the
corresponding chelated copper(ll) and zinc(Il) complexes 61 (n = 8, 9, 10, 12, 14, 16).1% The copper
compounds display melting points in the range 76—106 °C and clearing points from 106 to 163 °C. On
the other hand, the zinc compounds show lower melting (from 23 to 49 °C) and clearing points (from
97 to 139 °C), as well as a wider mesophase range compared with the copper derivative.
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6.3.5 Ferrocene-containing fullerenes

Liquid-crystalline materials equipped with fullerenes have attracted much interest for the
development of supramolecular switches and in solar cells.1%

Monosubstituted nonamethylferrocene compound 62 and the model compound 63 (without a large
mesogenic fragment) are prepared by attachment to a fulleropyrrolidine.'®® Only the dyad 62

exhibits an enantiotropic smectic A phase in the range 57-155 °C.
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Monosubstituted nonamethylferrocene compound 64 and the corresponding ferrocenium
compound 65 (not drawn: as 64 but monocationic, anion is 4-methylbenzenesulfonate), which
contain Cg in the middle and ferrocene and a mesogenic unit as terminal ends, are enantiotropic
liquid crystals.’?” Both exhibit sequentially SmA and SmB phases with melting points around 80-90
°C, mesophase transition around 125 °C and clearing point about 130 °C. These compounds were
studied by *C NMR in isotropic, liquid crystal and crystalline phases to find out that the fullerene—
ferrocene dyads rotate fast to form highly dynamic liquid-crystalline phases.
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Compound 66 (R = n-C12H2s, n-CigHs7) contains a polar iron—ferrocene fragment, a conical shape, and
long alkyl chains, which allow the formation of liquid crystalline phases in a large range of
temperatures, from 55 to 230 °C for Ci,, and from room temperature to 186 °C for C1s.1% The
molecules exhibit microphase separation to form a crystalline and a thermotropic liquid crystalline
phase. Moreover, the compounds are redox active (Cso-ferrocene) and emissive (central
cyclophenacene emits at 480—700 nm).

6.3.6 Conclusions

Ferrocene is still one of the most used systems to prepare organometallic mesogens. A great variety
of compounds have been described because of the versatile synthetic chemistry that can be carried
out and its high thermal stability. Shape—structure—property relationships have been stablished in
order to understand the properties obtained. New carefully designed materials, can add the
components properties to the final material.

7 Organometallic Liquid Crystals of the Group 9 Elements
7.1 Rhodium carbonyl complexes

A series of cis-[RhCI(CO),(Ln)] complexes derived from polycatenar pyrazole ligands (Ln) have been
described (67).1° However, only the complex containing six decyloxy substituents (Ri, Ry, Rs =
OCioH21; Rq = H) is liquid crystal. It shows an enantiotropic columnar mesophase in the range 31-47
°C. Although these molecules are not discotic when considered individually, stacked in an alternating
antiparallel arrangement, they are able to generate columns with an almost circular cross section.
The diameter of the column is less than twice the molecular radius, indicating that there is slight
interdigitation between neighboring antiparallel molecules.
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7.2 Cyclometalated Iridium complexes

Octahedral cyclometalated Ir(lll) complexes are interesting systems of high importance as
phosphorescent emitters. Their photophysical properties can be fine-modulated by selective
functionalization on both the cyclometalated and the ancillary ligands, extending their potentiality
beyond usual light emitting application. Perhaps, that versatility to tune their properties together
with the fact that cyclometalated Ir (11l) complexes constitute a fairly stable system, can explain their

great development in recent years.!*°

The first reported example of liquid crystal based on cyclometalated Ir(lll) complexes was the
bipyridine complex 68, which displays a monotropic hexagonal columnar phase (Cols).}'! The
compound displays a phosphorescent emission in solution, in the solid state and in the mesophase,
corresponding to a mixed 3LLCT/>MLCT transition (LLCT = ligand-to-ligand charge). The emission
bands of the liquid-crystalline and crystalline phases were both blue shifted, with significantly higher
quantum yield, compared to those observed in dichloromethane. The dodecyloxy derivative has also
been prepared, displaying an enantiotropic columnar mesophase from room temperature until 115
°C. This chromophore, inside micelles formed by the poly(ethylene oxide)io-poly(propyleneoxide)o-

poly(ethylene oxide)i00 copolymer in water, leads to luminescent lyotropic phases.'!?
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Two similar complexes (69), but with a different linker between the bipyridyl moiety and the
mesogenic pendent groups, display smectic A mesophases (69a: 216-235 °C; 69b: 156-177 °C).'*3




This system constituted the first example of directly polarized electroluminescence based on
phosphorescent iridium complexes.
Cyclometalated Ir(lll) complexes bearing anisotropic polycatenar 2,5-diphenylpyridine ligands also
lead to liquid-crystalline complexes (70-73).1**
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The complex 70 was obtained by cleavage of the corresponding di-p-chlorodiiridium-(l1l) dimer with
dimethyl sulfoxide. This compound is not stable over time, but shows a centered rectangular
mesophase (c2mm, a = 60.92 A, b = 43.1 A), which could be indicative of either a columnar
rectangular phase or a ribbon phase. In contrast, the bis-acetonitrile cationic complex 71 displays
good stability and shows a columnar mesophase between 145 °C and 163 °C. Both complexes were
slightly emissive in CH,Cl, solution. Looking for luminescent iridium-based LCs, attention was then
turned to neutral complexes bearing acetylacetonate (acac) as the ancillary ligand. 72 is liquid
crystal, exhibiting an emissive columnar hexagonal phase between 31 °C and 66 °C (1 =582 nm, ® =
9.1%). Similarly, the di-p-chlorodiiridium-(lll) dimer 73 also exhibit a columnar liquid crystal phase
from room temperature to 75 °C, but in this case with a weaker emissive character (1 =570 nm, ® =
0.8%).

Using strongly mesogenic groups attached to an acetylacetonate ancillary ligand, mesomorphic
iridium complexes have also been prepared (74). All of them display a smectic A mesophase, which



in the case of the fluorinated derivatives, is monotropic in nature. These systems show blue- and
green- phosphorescence in solution, as well as high hole mobility in solid films.!*

OCgH;,R!

OC¢H 1R’

Related dinuclear Ir(lll) complexes based on polycatenar diphenylpyridine ligands with 1,1,2,2-
tetraacetylethane as the bridging ligand (75),%¢ exhibit orange luminescence in solution of CH,Cl,,
and luminescent columnar hexagonal mesophases. As the two iridium centers are asymmetric, two
diastereoisomers are possible (meso form with A-, A-stereochemistry and the racemate form with
A, A- and A, A- stereochemistry). All the complexes were isolated as a mixture of these two
stereoisomers, which, in the case of complex B, could be separated by column chromatography.
However, it did not prove possible to identify their respective absolute configurations. Despite both
isomers exhibiting identical emission properties and columnar hexagonal phases, their mesophase
temperature ranges differed from 79-126 °C for one isomer to 63-95 °C for the other.

Ry, Rg R4, Rg Ry = OCy5Hus5; Ry Rs = H (A)
R1, Rg, R3, RG, R7 = OC12H25; R4Y R5 =H (B)
Ra, R3 R4, Rs Rg, Ry = OCy5Hys5; Ry =H (C)

(D)

H
Rs! Rs’ RG, R7 = OC12H25; R1Y RZ, R4 =H (D

More recently, related neutral liquid-crystalline iridium(Ill) complexes with pyridyltetrazolate ligands

have been reported (76). They display hexagonal columnar mesophases with an ambipolar carrier

mobility behavior along the columns.?



8 Organometallic Liquid Crystals of the Group 10 Elements
8.1 Isocyanide complexes

Isocyanides (CNR) are versatile ligands which give stable complexes of many metals, including
the group 10 elements. A variety of types of mesomorphic palladium and platinum isocyanide
complexes are known. All of them are phenyl isocyanide derivatives bearing different substituents in
the para position of the aromatic ring.

A series of mesomorphic palladium and platinum complexes, trans-[MI,(CNCsH4O(CH2)4(CF2)sF)] (77),
containing an isocyanide ligand with a semifluorinated alkoxy chain, have been prepared.®®
Complexes of Ag, Au and Cu complexes with this isocyanide have also been studied, and their
mesomorphic properties will be described in the corresponding section.

The free ligand melts at 62 °C and displays a SmA mesophase in a narrow range of temperature (2
°C), in contrast to its hydrocarbon analogue that is not liquid crystal. The palladium and platinum
complexes display a SmA mesophase too, from 56 to 115 2C for palladium and in the range 60-92 °C
for platinum. It is worth noting that the corresponding hydrocarbon analogues show no
mesomorphic behavior.
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M = Pd, Pt

Palladium and platinum complexes with the unusual isocyanide ligand 4-isocyanobenzoic acid, cis-
[MCI,(CNCsH4sCOOH),] and trans-[MI;(CNCsH4sCOOH),] (M = Pd, Pt) have been isolated.!® The
carboxylic acid group of the coordinated isocyanide acts as a hydrogen donor for hydrogen bonding
and hydrogen-bonded liquid crystalline metal complexes have been prepared with stilbazoles (78).
When 4-decyloxystilbazole is used, only the trans hydrogen-bonded decyloxystilbazole complexes,
which have a rod-like structure, display enantiotropic nematic mesophases.’'® With tris(3,4,5-



decyloxy)stilbazole, all the supramolecular palladium and platinum polycatenar aggregates, which

have a trans- arrangement of the ligands, display a hexagonal columnar mesophase.!?

Py:N \

Py.. — OCioHar  py
o9 vl
o—C C—-0

Q O =

However, these aggregates have low thermal stability, most likely due to the thermal lability of the
hydrogen bond. This led to the development of systems with higher stability based on isocyano—
triphenylene complexes of palladium and platinum as those shown as 79, with a cis 79a or trans 79b
configuration.?
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Neither the free isocyanide ligand, nor the trans-isocyanide complexes 79b are mesomorphic, but
the cis-isocyanide palladium and platinum complexes 79a display an enantiotropic columnar
rectangular mesophase close to room temperature. Concerning the different thermal behavior
observed in these systems, it is worth noting that both structures, cis and trans, can generate
columnar stacking, but only the cis complexes possess a net dipolar moment associated with the
metal fragment, whereas the trans isomers are non-polar. Thus, the deeply stabilizing intermolecular
antiparallel dipole—dipole interactions seem decisive to support the stacked arrangement after chain
melting, resulting in mesophases only for the cis complexes.



The structure of the mesophase, determined by X-ray diffraction methods, is uncommon and is
formed by the simultaneous m-stacking of the triphenylene discs into one-dimensional columns and
the aggregation of the metallic fragments into tortuous threads, running parallel to the triphenylene
columns, both segregated from the molten chains merged into an infinite continuum (Figure 6).

<Figure 6 near here>
Figure 6. Proposed packing for the columnar mesophase of 79a.

Interestingly, these inorganic/organic dual columnar mesophases show high hole mobility (above 1
cm? V1! s?) along the columnar stacking. In addition, the dicyanoplatinum complex displays
mesophase phosphorescence based on Pt:--Pt interactions. Similar results were found for ionic
Ortho-metalated benzoquinolate (bzq) complexes [Pt(bzq(CN-CsH4-O-(CH,)s-TriPh),]JA (A = NOs, BFy,
PFs) with the triphenylene—isocyanide mentioned above (80).1222 All of them display a similar
semiconducting columnar mesophase with high one-dimensional hole mobility. Again, the structure
of the mesophase is hybrid organic/inorganic in nature. It is constituted by a central column formed
by the stacking of the organometallic benzoquinoline—platinum fragments, surrounded by six
columns in hexagonal disposition formed by stacking the triphenylene groups (Figure 7). These
materials show aggregation—induced phosphorescence based on inter-disk Pt::-Pt interactions.

A = NOG_, BF4-, PFS-

<Figure 7 near here>

Figure 7. Proposed schematic representation for the columnar mesophase of 80. Reproduced from
Ref. 122 with permission from The Royal Society of Chemistry.

The structure of the aryl isocyanide ligand has been further modified to introduce more paraffinic
chains, and examples of metallodendrimers containing monodendrons with an isocyanide group in
the focal point, and its organometallic complexes 81 trans-[MI>(CN-G");] ( M = Pd, Pt, n = 1, 2) have
been reported.'?
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M = Pd, Pt

Although the free isocyanide dendrons and firs generation complexes are no mesomorphic, the
palladium and platinum compounds for generation 2 display a micellar cubic mesophase Im3m over
a wide range of temperatures, which is similar to those described for related gold and copper
complexes (see Section 9.1.4). Small-angle X-ray diffraction data on the mesophase support that
each micelle contains twelve conical monodendrons, which in this case, correspond to six molecules
of [MI2(CN-G?);] (M = Pd, Pt) (Figure 8).

<Figure 8 near here>

Figure 8. Schematic representation of structure for compound 81.

8.2 Carbene complexes

Bis(carbene)nickel(ll) complexes 82a have been prepared as potential pre-catalyst systems for olefin
dimerization reactions in ionic liquid crystalline media.'** These complexes are not liquid crystals
themselves, but their solutions in the liquid crystalline 1,3-didodecylimidazolium tetrafluoroborate,

with concentrations of up to 10% weight Ni complex, retain the smectic mesophase of the
imidazolium salt (55-71 °C).
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Analogous carbene platinum complexes 82b containing two or four pentadodecyloxytriphenylene
units, have also been prepared.’?® They display rectangular columnar mesophases in the
temperature range of 50-76 °C (R = Me, R’ = Tph) and from 30 to 57 °C (R = R’ = Tph). In the
mesophases, the triphenylene cores and the metal fragments segregate into different columnar
units, leading to multicolumnar structures. In addition, the compounds display emission spectra
related to the triphenylene core in solution, in the mesophase, in the isotropic liquid, and in the solid
state. Similar results have been reported for related metal carbene of copper, silver and gold
(Section 9.2).
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8.3 o-Acetylide complexes.

The mesomorphic g-alkynyl platinum(ll) terpyridine complex 83 exhibits strong solvatochromism. 83
shows a hexagonal columnar phase (20-200 °C), in which the molecular self-assembly is reinforced
by Pt-Pt and Pt-alkyne interactions.?>® Substitution of the branched chains by linear dodecyl chains,
suppresses the mesomorphic behavior. However, the dodecyl complex 83b is a good dodecane
gelator, and forms gels that exhibit a strong near-infrared emission.
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8.4 Allyl and olefin complexes of Palladium



lonic allyl palladium(ll) complexes [Pd(n3-CsHs)(HLR™)][PFs] (84a) and [Pd(n3-CsHs)(LRP")][PFs] (84b)
containing B-diketone ligands bearing pyridyl and pyridiniumyl substituents have been reported.
Only the palladium complexes with longer alkoxy substituents (n > 16 for 84a and n > 14 for 84b) are
liquid crystals displaying a enantioptropic smectic C mesophase.’?® Luminescent studies for
compound [Pd(13-CsHs)(LRP™)][PFs] with n = 14 show that it is fluorescent in solution, in the solid
state, in the mesophase and even in the isotropic liquid.*?’

84a ) 84b
OCnHZn--1

SN A [PFel [PFe]

n=12, 14,16, 18

The mesomorphic behavior of a series of triolefinic palladium(0) complexes 85 bearing a different
number of alkoxy substituents, has been studied.!?® Curiously, only the palladium complex that
contains two dodecyloxy tails on each aromatic ring is liquid crystal, displaying a Col. mesophase
(54-72 °C).
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8.5 Ortho-Metalated Palladium(ll) and Platinum(ll) complexes

Ortho-metalated complexes constitute an interesting and broadly studied type of
metallomesogens.'?® Particularly square—planar Pt(ll) complexes of this type have received great
attention in the last years because of their interesting photophysical properties.

8.5.1 Ortho-Metalated azo and azoxy complexes

With the objective of preparing chiral metallomesogens featuring the stereogenic center as close to
the metal ion as possible, mononuclear cyclopalladated complexes 86 based on azo or azoxybenzene
ligands containing the chiral chelating ligand (D-(-)-a-Phenylglycinol (HPhenylgly) have been
synthesized.’*® According to their 'H NMR spectra, only one isomer was formed in the case of azoxy
complexes, whereas for the azo complexes isomeric mixtures were obtained as a result of a
coordination N,N-trans or N,N-cis of the anionic phenylglycinol ligand in the mononuclear



complexes. Neither the azo compound with R = CgHi3, [(Azo-6)Pd(Phenylgly)], nor the azoxy

derivative [(Azoxy)Pd(Phenylgly)] are liquid crystals, but the rest of ortho-palladated complexes
display a nematic mesophase.

Pd (Azo); = 'C6H13, -OC- C6H4'008H17
(AZOXy) R= CH3 -CGH13

86

Complexes formed by a cyclopalladated azobenzene fragment bonded to an ancillary Schiff base
ligand (87) bearing 11 or 12 peripheral alkyl chains, give rise to photoconducting hexagonal
columnar mesophases at room temperature.’®! It is worth noting that complex 87b shows a
normalized photoconductivity of ¢/1=1.8 x 101* S cmW? at A=760 nm.
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A new series of acetate and chloro-bridged dinuclear ortho-palladated complexes 88 derived from
azobenzene with different polar groups (Me, Cl, F, NO,, CN) have also been studied. All chloro-
bridged complexes predominantly exhibit SmA mesophases. However the acetato-bridged
derivatives due to their typical open book shape do not show mesomorphism, except the cyano and
fluoro substituted complexes, which exhibit a monotropic Smectic A mesophase.*> The melting

points decrease in the order NO, > CN > CHs > Cl > F for the acetate complexes, and F > NO, > Cl >
CHs > CN for the chloro-bridged derivatives.
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8.5.2 Ortho-Metalated imine complexes

Dinuclear and mononuclear ortho-palladated metallomesogens of crown ether derivatized imines

89, have been reported.'*
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The imine ligands and the acetato bridged complexes are non-mesomorphic while the chloro-
bridged and the diketonato complexes display enantiotropic smectic A mesophases. The treatment
of these complexes with sodium perchlorate gives rise to the corresponding sodium adducts
[(O2ClO2)Na-89a] and [(0.ClO2)Na-89b] (n = 4). However, none of the sodium adducts is liquid
crystal. The acetato bridged complexes consist of a mixture of syn and anti isomers and a dramatic
increase in the syn:anti ratio is produced upon complexation of NaClO,. The crown ether derivatives
extract sodium picrate from aqueous solutions and the presence of the palladium centers clearly
improves the extraction.

The same research group has also reported mesomorphic dinuclear ortho-palladated complexes
with substituted dibenzo-18-crown-6-ethers (90). In this case, only the anti isomer is formed. The
free imine ligands are not liquid crystals, but the palladium complexes, including acetato-bridged
derivatives, show SmC mesophases. In contrast to the previously mentioned 15-crown-5 ether
derivatives, complexation with potassium produces a significant increase in the mesophase range

and stability.®*

R3

O @) R4
. C
O 0]
R2 \ ) 90
N @) O
Pd/
X/ X =AcO, CI
N 2 1 3 4 2
R'=R®=R*=H; R*=CyHg

R1 = H, R2 = R3 = R4 = OC10H21
R1 = R2 = R3 = R4 = OC10H21

Other mesomorphic dinuclear and mononuclear ortho-metalated imine complexes containing
semiperfluorinated alkyl chains have been synthesized, where the number of chains and the degree
of fluorination has been systematically varied. In the chloro-bridged complexes 91, the presence of



six semifluorinated chains and two alkyl chains in the system gives rise to hexagonal columnar
mesophases with dramatically enhanced mesophase stabilities compared to the homologous
hydrocarbon complexes, which show only monotropic discotic nematic mesophases.**® In contrast,
compounds bearing four semifluorinated alkyl chains and two alkyl chains exhibit enantiotropic
smectic A, as well as a monotropic smectic C mesophase.'®*® Similarly, mononuclear palladium
complexes 92 bearing seven chains exhibit hexagonal columnar phases while the mesophases of the
analogous compounds with five peripheral chains are smectic and nematic.?*” This change is
discontinuous, and the mesophase type is determined by the volume required by the non-polar
periphery. Regarding the length of the fluorinated chain, an increase in the number of CF, groups
leads to a stabilization of the mesophases.
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Mesomorphic Pd(ll) and Pt(ll) complexes 93 based on cyclometalated imine ligands and N-
benzoylthiourea derivatives as auxiliary ligands, have also been prepared. These complexes display
exhibit N or SmA mesophases. The platinum(ll) complexes show photoluminescence both in solution
and in solid state at room temperature, with the emission band centered around 600 nm.'* Several
studies have been done varying the number of alkoxy groups attached to the imine ligand, alkyl
chain length or the use of branched alkoxy terminal groups (94). The complexes display SmA and
SmC phases, and the introduction of branched alkoxy terminal groups leads to lower transition
temperatures and stabilization of SmC mesophases in both the Pd(l1) and Pt(ll) complexes.'*
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M=Pd; R=H; R’ =n-octyl, n=6, 8

M = Pd; R = n-decyloxy; R’ = n-octyl, n = 10

M = Pd; R = H; R’ = 2-ethyl-hexyl ,n =6, 8

M = Pd; R = n-decyloxy; R’ = 2-ethyl-hexyl , n =10
M = Pt; R = H; R’ = 2-ethyl-hexyl , n =6, 8

M = Pt; R = n-decyloxy; R’ = 2-ethyl-hexyl , n =10

Related ortho-palladated imine complexes 95 with di- and tri-alkoxysubstituted N-benzoyl thioureas
are also liquid crystals.}*® These complexes are thermally stable on a wide temperature range up to
230 °C, showing SmA and SmC mesophases. In addition, they display a yellow-orange solid—state
emission at room temperature with two emission maxima at Amax around 580 and 650 nm. In these
complexes, when the number of alkoxy groups on the N-benzoyl thiourea ligand increases, the
mesomorphism is lost and only melting in the isotropic liquid state is observed.'*' However,
increasing the number of terminal chains produces a transition from lamellar to columnar
organization in 96, which contains the Schiff base a-(4-cyanobiphenyl-4’-yloxy)-w-(4-n-
decyloxyanilinebenzylidene-4’-oxy)hexane.*? Four alkoxy substituents give rise to a SmA phase,
whereas complexes bearing five or six tails show hexagonal columnar mesophases.
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With the aim of obtaining photosensitive metallomesogens, palladium complexes derived from an
ortho-metalated imine, bearing one or two azocarboxylate bridges (97), have been synthesized.'*?
The mixed thiolate—azocarboxylate bridges complexes display nematic and smectic A mesophases,
whereas the biscarboxylate derivatives give rise to “soft” crystal phases. Electronic spectroscopy and
'H NMR show that all of them undergo a trans—cis isomerization of the azobenzene moiety at A =
365 nm, which is faster and more stable when the trisubstituted azocarboxylate is present and the
motion of the azo group is not hindered by the ortho-metalated imine. The photoresponse has also
been observed in the condensed phases, which change from the ordered phase to the isotropic
liquid upon irradiation.
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The substitution of the azo group by a decyloxy tail in the biscarboxylato bridges, together with the
incorporation of a second alkoxy substituent in the metalated aromatic ring, 98, give rise to the

appearance mainly of monotropic SmMA mesophases.!** The same behavior has been found for
related dinuclear acetate complexes.'*

OCgHz;
% OCyoHz
C10H210'CBH4_N
\Pd
O/ \ 98
wm@p—<::>ﬂé ‘
Oy
n=28,10, 14, 16 2

Mono and dinuclear triphenylene—imine ortho-palladated complexes 99 have also been prepared
showing unusual columnar mesophases near room temperature.4®
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Their structures contain columnar packing of triphenylene moieties, so they are organic columns
that support an independent stack of metal fragments. Additionally, these palladium complexes
exhibit fluorescence at room temperature in dichloromethane solution, associated with the
triphenylene core.

8.5.3 Ortho-Metalated pyrimidine and pyridine complexes

lonic ortho-palladated phenylpyrimidine complexes 100 have been prepared, showing lamellar
mesophases.’*” The key factor to control the mesomorphism in this system (SmA for R = COCy;Has,
and SmC for R = CH,0H) is the type of substituent on the bipyridine fragment, whereas no significant
differences are observed by changing the anion from BF; to ClOy".
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Luminescence and photoconductivity of phenylpyrimidine series of ortho-platinated and -palladated
metallomesogens previously reported (101),'*® have been studied. Only the platinum compounds
show luminescence in the solid state and in solution, as well as photoconductivity caused by Pt-Pt
closed shell interactions. The substitution pattern conditions and the metallophilic interactions have
a significant influence on both properties. After photoexcitation, a competition between radiative
deactivation (luminescence) and photo-conductivity was observed. Hence, strong luminescent
compounds are non-conductive, whereas comparatively less or non-luminescent materials behave
as photoconductors.#
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A series of liquid crystals have also been synthesized based upon mononuclear ortho-platinated 2-
phenylpyridines and 2-thienylpyridines 102, and the effect of the number of peripheral chains was
studied systematically in several papers. Increasing the number of tails attached to the 1,3-
diketonate units produces, as described previously in ortho-metalated imine complexes, a transition



from lamellar (SmA) to hexagonal columnar phases (Colh).*® They all display a luminescence
emission in toluene solutions originating from a mixed ligand-centered-MLCT excited state.
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Another series of cycloplatinated complexes based on 2-(4-alkoxyphenyl)-5-(alkoxymethyl)pyridines,
but bearing the less bulky acetylacetonate ancillary ligand, has been synthesized (103).%%!
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Only the complexes with longer substituents (n = 12 and 16) exhibit enantiotropic lamellar
mesophases with interdigitation of the molten aliphatic chains. In addition, they show intense
polarized luminescence (Amax = 532 nm and a polarization ratio as high as 10.5). More recently,
platinum complexes 104 containing -diketone ligands with biphenyl substituents have been
studied, searching for phosphorescent metallomesogens with efficient dichroic ratios and high

emission efficiency.>?
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Complex 104a displays an enantiotropic nematic phase between 118 and 183 °C, and exhibits
intense sky-blue emission in solution and in the neat film. Aligned films of a 104a:polyimide mixture
show polarization-dependent photoluminescence with polarized ratio of 5.4. This has allowed the
fabrication of polarized organic light-emitting diodes displaying a broad emission spectrum in the
range of 450-900 nm with polarized ratio of 1.33 and an external quantum efficiency of 1.1%. The
introduction of the tetraphenylethene bulk moiety into the system (104b), leads to a monotropic
SmA mesophase, but the emission efficiency is drastically decreased.

Using modified 2-phenylpyridine derivatives, in which cyanobiphenyl unit is linked on 4th position of
pyridine group, new ortho-platinated metallomesogens 105 have been obtained.'*3
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Picolinate derivatives with one cyanobiphenyl unit show a SmC mesophase, whereas
acetylacetonate complexes and picolinate derivatives with two cyanobiphenyl units exhibit a
nematic phase. Moreover, these metallomesogens show strongly polarized photoluminescence in
liquid crystalline phases, with a polarized dichroic ratio of up to 24.6 in nematic phase. Interestingly,
the introduction of a chiral 2-butanol chain into the picolinate group leads to an chiroptic smectic C
phase, in which the molecules form heliconical arrangements and the chirality is transferred from
the molecule to the mesophase.’>* The functionalization of the 2-phenylpyridine unit with chiral 2-
octanol chain (R and S) has also been studied (106).1>> These complexes show chiral smectic (SmA*)
and nematic (N*) phases and an intense phosphorescent emission at 504 nm both in solution and in
the solid state. Moreover, the neat films annealed at 100 °C (the complexes are in the N* phase),
exhibit an intense circularly polarized luminescence (CPL) spectrum with a large gium value up to 0.02.
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Related cycloplatinated complexes with diphenylpyridine groups, [Pt(C*N)Cl(acac)] (107, 108), also
display mesomorphism.™® Although the parent ligands exhibit a rich smectic polymorphism, the -
diketonate complexes 107 show a SmA mesophase at high temperatures. However, the complexes
108 with the fused cyclopentene ring display monotropic nematic and/or SmA mesophases. It is
worth noting that related series of complexes [Pt(CAN)CI(dmso)], were also mesomorphic with a
similar behavior to the acetylacetonate derivatives.

OCnH2n+1 OCnH2n+1

OCnH2n+1 OCnH2n+1

All of the B-diketonate complexes are very brightly phosphorescent in dichloromethane solution
with  emission quantum efficiencies around 0.5. Related derivatives containing
hexafluoroacetylacetonate, trifluoroacetylacetonate and 3,5-heptanedionato ligands, have also been
synthesized.’®” However, neither mesomorphism nor luminescent properties are improved. In fact,
for the hexafluoroacetylacetonate complexes, these properties are even lost.

By combination of the mesogenic cycloplatinated monomer (monotropic SmA mesophase ) based on
a 2,5-di(4-alkenyloxyphenyl)pyridine ligand with 1,1,3,3,5,5- tetramethyltrisiloxane, the
phosphorescent liquid-crystalline polymer 109 has been obtained. This polymer displays a SmA
mesophase from 64 to 150°C, and shows polarized emission.>®



Dinuclear platinum complexes containing a 6,12-dihydro-indeno[1,2-b]fluorene bridging unit have
also been described (110).%°
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These complexes display a smectic mesophase in the temperature range 188-220 °C for R! = CH3,
and 75-193 °C for the dodecyloxyphenyl derivative. In addition, both complexes display fluorescence
(532, 574 nm, n,it*) and phosphorescence (640 nm, i, t*) dual emissions in solution. With the aim
of extending these studies to molecules prone to give columnar mesophases, the same research
group has developed a new series of platinum complexes bearing triphenylene and carbazole units
(111).160
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These carbazol derivatives display monomolecular emission both in solution and in neat film, as well
as hole mobilities (annealed films) in the range of 10°-10"° cm? V! s1. However, only the complex
with the triphenylene group directly bonded to the pyridine ring and R = -CgH4-O-Ci12H3s is liquid
crystal, showing a columnar mesophase from 66 °C to 143 °C.

Cationic ortho-platinated 2-phenylpyridyne complexes containing pyridyl triazole ligands 112 have
been found to exhibit columnar hexagonal mesophases over a wide range of temperatures, including
room temperature. In addition, they display mechanochromism in the crystal phase.!®® These
compounds exhibit environmentally sensitive Pt--- Pt intermolecular interactions, which help the
formation of columnar liquid crystalline phases, as well as the mechanochromic behavior.

Tetrazole ligands have also been used as auxiliary ligand to prepare cycloplatinated 2-phenylpyridine
complexes with different degrees of substitution.'®* Only the complexes 113 bearing three flexible
alkoxy chains are liquid crystals, displaying a complex lamellar mesophase (from 17-32 °C to 205—
230 °C) supported by Pt~Pt and m-m interactions. Aligned films of these complexes show highly
polarized phosphorescence with a maximum peak at 653 nm, and a polarization ratio in the range
4.1-7.1. Moreover, they display ambipolar carrier mobility.
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Phosphorescent cationic ortho-platinated 2-phenylpyridine complexes 114, without long peripheral
chains, constitute non-conventional examples of columnar mesophases.'®® They show hexagonal
columnar mesophase over a wide range of temperatures (96—284 °C for R = H and 101-266 °C for R =
OMe). The phenyl and methoxyphenyl groups appear to act as the characteristic "soft" regions of
traditional discotic liquid crystal structures. It is worth noting that with longer alkoxy substituent
(OChH2ni1, N = 2, 4, 6), the mesomorphic behavior is completely lost. This reflects a subtle
relationship of the molecular interactions that control the formation of liquid crystals.

Another analogous example of mesomorphic systems without long peripheral chains, although not
organometallic in nature, is constituted by cyclopalladated 3,5-disubstituted-2-(2’-pyridyl)pyrroles,
115.%%4 |n this case, the mesophase formation is driven by the self-segregation of the trifluoromethyl
groups from the rigid organometallic cores, in such a way that the mesophase structure consists of a
columnar stacking of the metallic fragments surrounded by the fluoridated region. When these
compounds are heated, the fluoridated zones melt at first to form a soft part, which preserves the
self-assembly of the central cores so that a columnar mesomorphism is induced.
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8.5.4 Other ortho-Metalated complexes, and related systems

Using a simple strategy of combining in the same molecule a luminophore group with moieties able

to induce liquid crystal behavior, a red emitting columnar mesophase (35—-173 °C) containing the

cyclopalladated Nile red chromophore has been synthesized (116).1%°



Related complexes with a polyalkylated Schiff base as an ancillary ligand are also mesomorphic,
showing photoconducting columnar rectangular mesophases from UV-Vis to near IR wavelength.
The columnar organization is induced by the formation of dimeric pairs through hydrogen-bonded

interactions between Nile red fragments (117).1%®
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The same group has also reported the cationic Nile red cyclopalladated metallomesogen 118, which
displays a Col mesophase. However, in contrast to the related neutral derivatives, the emission is

quenched due to the presence of the bipyridine ancillary ligand.®’
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C,N,N’-cycloplatinated complexes of 1,3-bis(2-pyridyl)benzene ligands containing a 3,4,5-
trialkoxyphenyl group constitute an interesting family of luminescent metallomesogens (119).168
Complexes 119a show rectangular columnar mesophases for n > 6 (from 92—-149 °C to 151-187 °C),
whereas compounds 119b display hexagonal columnar phases (n =10, 12) over a wider range of
temperatures (33—220 °C). These Pt(ll) complexes show an interesting thermochromic behavior,
which depend on the thermal history of the sample. Indeed, when the isotropic liquid is slowly
cooled into the mesophase, an orange emission from a monomer is observed. In contrast, a fast

cooling leads to a glassy state displaying a red excimer-like emission.

119a

119b

The introduction of fluorine atoms into the central phenyl group changes both the mesophase and
photophysical properties of the system.'®*° Compounds 120 display a mesophase with a
monoclinic space group, as well as a P6/mm lattice at higher temperatures. For compound 121 a
rhombohedral R3m phase has been indexed. These fluorinated compounds display intense
fluorescence in solution and in the solid state, but none exhibit temperature-dependent emission.
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Recently, a series of tetradentate platinum(ll) complexes 122 displaying red phosphorescence in
dichloromethane solution (Amax = 640 nm, ¢ = 4.3%-6.7% ) have been synthesized.’”* However,
only the complex with n =12 is liquid crystal, showing a columnar mesophase from 22.0 °C to 78 °C.
The mesophase exhibits ambipolar carrier transport (measured by the space charge limited current
SCLC method) with hole and electron mobility values of 4.72 x 10™* cm?V-!s? and 3.08 x 10™
cm?V1s? respectively. It is remarkable that the carrier mobility in the mesophase is two orders of
magnitudes greater than that in the amorphous state.
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Organometallic liquid crystals based on platinum(lV) systems are rare, and for a long time, the only
reported examples had been a few cyclometalated azobenzene complexes, showing mainly nematic
phases.}’#173 Recently, new mesomorphic ortho-metalated 2-phenylpyridine platinum(IV) complexes
123, have been obtained.?”* They display a lamellar mesophase (78-265 °C), in which a short-range
Pt---Pt correlation is observed. In addition, these complexes are luminescent in deoxygenated
dichloromethane solution (Amax =532 nm, =230 ms, ¢ =10 %).

OC12H25




9 Organometallic Liquid Crystals of the Group 11 Elements

The majority of the organometallic liquid crystals of the group 11 elements contain an isonitrile
(isocyanide) ligand and gold as metal. Gold(l) tends to give linear 2-coordinated compounds, which
favors calamitic liquid crystals; even non-mesomorphic ligands often become mesomorphic after
coordinating with a gold center. Some other ligands have been used as carbenes. Some silver and
copper mesogens are also known, scarcer than for gold. There have been a number of previous
specific reviews on gold!’>"'’8 and silver mesogens.1”®

9.1 Isocyanide Complexes

Isocyanide or isonitrile ligands are strongly attached to metal centers, particularly to gold(l) which
leads to high thermal stability and liquid crystal behavior. Some isocyanide ligands have been
designed in order to add specific functional groups.

9.1.1 Mixed isocyanide acetylide complexes

Alkyl isocyanide combined with alkoxyphenyl acetylide vyielded very simple rod-like gold(l)
compounds 124a, with gold—gold distances around 3.6 A in the crystalline state and liquid crystal
behavior (R = Cy,Hans1, n = 5-8).2° They exhibit nematic or smectic A monotropic mesophases at less
than 100 °C, although with short mesophase ranges (up to 25 °C). Most interesting are the
photophysical properties: a blue phosphorescent emission with quantum yields in the range 8%-—
50% in the solid state at room temperature, and a lifetime about 50 ps. The same emission was
observed with a low the quantum yield for the mesophase and the isotropic liquid, but no emission
was found in dilute solutions. Changing phenyl acetylene by biphenyl or naphthyl acetylene led to
compounds 124b (R = C,H3n:1, n = 5-8) with a wider mesophase range (on heating, from 4 up to 19
°C for the analog hexyloxy derivatives) and to green emission. Now, there are not gold—gold
interactions and the two-ring cores slightly expanded the LC temperature range and moved the

emission color.8%:182

124

9.1.2 Mixed isocyanide halides complexes

Chloro combined with alkoxyphenyl isocyanide led to very simple rod-like gold(l) compounds 125a (n
=1, R = CyHani, n = 5-7), which arrange into dimers or chains (always in an anti configuration) in the
solid state through short gold—gold distances (around 3.3 A).18 They exhibit smectic enantiotropic
mesophases in the range 121 to 172°C with moderate mesophase ranges between 24 and 48 °C.
Replacement of alkoxyphenyl by an alkoxybiphenyl isocyanide 125b (n = 2, R = ChHzns1, N = 3-8) kept
the solid state arrangement with short gold—gold distances (in acetylide analogues was lost), rises
the transition temperatures (melting points from 130 to 218 °C) and mesomorphic ranges, although
they decompose without clearing around 300 °C.!** Most interesting are the photophysical



properties: as observed in the analog acetylide isocyanide compounds, they exhibit an intense blue
(phenyl) or green (biphenyl) phosphorescent emission in the solid or liquid crystal states. Quantum
yields are in the range 6%—66% depending on the core (better biphenyl) and the length chain. In
dilute solutions they are non-emissive or weakly emissive. Compounds 125a display a reversible
“on—off” switching of the luminescence induced by the phase transition between mesophase and
isotropic liquid. Moreover, hexyloxy complex 125a showed thermochromic photoluminescence by
the phase transition between crystalline and SmC phases.
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The effect of bonding siloxane groups at the end of an alkoxy chain in a isocyanide was studied.!®
Compounds 125c (n = 4, 5) showed small changes in the solid state structure, the liquid-crystalline or
the emission properties compared to the parent compounds. Again, a reversible “on—off” switching
of the luminescence induced by the phase transition was observed. Therefore, these gold mesogens
show potential application as materials for light-emitting devices. The emission intensities of the
compounds are enhanced in the solid and liquid crystal phases, meaning that they exhibit
aggregation—induced emission and can be useful as phosphorescent AlEgens.

As part of a report commented before for iron in Section 6.1, palladium and platinum in Section 8.1,
a hydrofluorocarbon alkoxy isocyanide mesomorphic ligand was used to prepare Ag(l) 126a (X = BFa,
NOs), Au(l) and Cu(l) 126b (M = Au, Cu) and dimer Cu(l) 126¢c complexes.®® 126a and 126b
compounds showed SmA calamitic mesophases stable over a remarkable wide temperature range
(148, 83 and 81 °C, respectively for Ag, Au and Cu) and high transition temperatures (up to 274 °C for
Au) compared to the similar hydrocarbon compounds. On the contrary, Cu(l) 126c complexes were
non mesomorphic.
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9.1.3 Mixed isocyanide haloaryl complexes
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The combination of two equal mesogenic alkoxytetrafluoroaryl ligands and several substituted
biphenyl diisocyanides led to nematic dinuclear gold(l) complexes 127 (R = C,Hzn:1, N =4, 6, 8, 10, R’
= H, Cl, Me).28 Transition temperatures decrease in the order 4,4'-biphenylene > 2,2'-dichloro-4,4'-
biphenylene > 2,2'dimethyl-4,4'-biphenylene, which was related to the twist angle (Me > Cl >> H) of
the biphenyl and therefore, the planarity of the molecule: more planar means stronger interactions
and therefore higher transition temperatures. Complexes show emission maxima in the range 480—
532 nm at room temperature in the solid state and also in solution, from 452 to 524 nm.
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Mononuclear gold(l) compounds 128 (Y = H, Z = OC4Hs, OCgH17, OCioH21, OCioHazs; Y = Z = OC4H,,
OCgH17, OC12H3s) containing a perfluoroaryl mesogenic unit and a crown ether isocyanide have been
prepared.’®” Complexes with one alkoxy chain display a smectic C mesophase at temperatures close
to room temperature. The trialkoxy-chain complexes show smectic C or unidentified mesophases,
more clearly observed on cooling. The increase of the alkoxy chain length diminishes the melting
temperature in these complexes. The bulky and flexible crown ether fragment leads to less
intermolecular attractions, lower melting points, less ordered mesophases, and shorter mesophase
ranges. These mesogens are emissive not only in the solid, and in solution, but also in the
mesophase, and even in the isotropic liquid at mild temperatures. The complexes in the solid state
display emission maxima from 457 to 511 nm at room temperature and in the range 450-492 nm at
77 K. They also emit in solution at room temperature in the range 426—445 nm, and at 77 K from 425
to 497 nm.
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The 15-crown ether moiety is able to coordinate sodium cation from NaClO,4, solubilizing it in
chlorinated solvents, leading to the corresponding bimetallic complexes 129 (Y = H, Z= OCsH17; Y=2
= OCgHy7), although the liquid crystal behavior is lost.
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9.1.4 Isocyanide Dendrimers

The synthesis and design of liquid crystal metallodendrimers has attracted much interest during the
last years.’®® We will describe here the results obtained for organometallic complexes of group 11
metals, and in particular for isocyanide.

Two generations of isocyanide dendrimers have been reported, and, also, the corresponding
organometallic complexes 130a [MCI(CN-G")] (M: Au, Cu) and 130b [{CuCI(CN-G"),},].*?* The free
ligands and the first-generation complexes are not mesomorphic, but the second-generation
complexes exhibit a thermotropic micellar cubic mesophase, over a large temperature range. In
particular the coordination to Au—Cl fragment leads to a mesophase in a wide temperature range of



94-260 °C, 110 to 290 °C for Cu—Cl and from room temperature to 268 °C for the Cu dimer. The
palladium and platinum complexes were described in Section 8.1, along with a schematic

representation of their structure.
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More recently, non-mesomorphic oily dendrimers containing isocyanide as terminal functional
groups were designed and prepared.'® Dendritic polyisocyanides are polytopic ligands able to
generate a great diversity of metallodendrimers because of their ability to bind to various transition
metals. Moreover, they can be used to build liquid-crystalline organometallic dendrimers.
Generation zero, one, and two, with 3, 6, or 12 nitro terminal groups were synthesized, and then
transformed into the corresponding polyisocyanides. Three types of gold(l) fragments were
connected at the periphery of the dendrimers to give metallodendrimers 131.
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Their liquid crystal properties are largely influenced by the nature of the peripheral gold fragments,
while increasing the dendritic generation contributes to a strong stabilization of the mesophases.
Smectic C mesophases are observed for 131a and 131b, with mesophase temperature ranges 68—
173 (GO) and 105-172 °C (G1) for Au—Cl, but only 112-128 (G0) and 110-121 °C (G1) for Au-—
acetylide. A room temperature columnar hexagonal mesophase is displayed by the three
generations of dendritic gold complexes bearing hemipolycatenars 131c. The clearing temperatures
decrease with the generation from 116 (GO) to 73 (G1) and 36 °C (G2). Based on X-ray diffraction
studies the columnar phase results from supramolecular aggregation of molecular dendrimers into
one-dimensional cylindrical assemblies, which are further organized to give a hexagonal network. On
the other hand, the smectic phases form by the lateral two-dimensional registry of the dendrimers in
antiparallel head-to-head prolate conformation.

9.1.5 Hydrogen-bonded isocyanide derivatives

4-isocyanobenzoic acid gold(l) complexes [AuX(CNCsH4COOH)] (X = Cl, fluoroaryl; metallo-organic
acids) have been prepared. These complexes act as proton donors face to decyloxystilbazole, to yield
supramolecular metal complexes 132 (R = Cl, CgFs, C¢F4OCsH13, CsF4CsFaBr) showing liquid crystalline
behavior.!811° 132 with the Au—Cl fragment shows a calamitic SmA mesophase in the short range
170-187 °C, while the Au—fluoroaryl fragments show rod-like SmC mesophases with melting points
in the range 127-190 °C, and clearing points from 170 to 190 °C. The fluoroaryl gold(l)—stilbazole
aggregates exhibit luminescence in the solid state at room temperature with emission maxima in the
range 468-485 nm. This emission has been assigned as an overlapping of the emissions coming from
the free stilbazole and the gold(l) moiety. The corresponding H-bond palladium and platinum
supramolecular complexes were described in Section 8.1.



H
H21C1OO-©‘C\\C—</:/\\N---H\
H \— 0
@—NEC—Au—R
132

In order to reduce the transition temperatures, supramolecular metal complexes 133 (R = CgFs,
CsF40C10H21) formed through H-bonds between tris(3,4,5-decyloxy)stilbazole and several gold(l)
acids [AUR(CNCsH4COOH)] were prepared.?® Unexpectedly, the compounds are not mesomorphic,
although the corresponding palladium and platinum trans complexes show hexagonal columnar
mesophases  (Section 8.1). Remarkably, the H-bond in the gold aggregate
[Au(CsF40C10H21)(CNCsH4COOH)] survives on the water surface giving rise to Langmuir films where
the molecules are parallel to the water surface. Both gold adducts emit intensely at room
temperature in the solid state, with emission maxima at 497 and 528 nm, respectively. The emission
was related to the luminescent stilbazole modified by the gold fragment.

H21C100
H21C100

s

\
Hz1C100 H — @N:C—AU—R
133 -

0]

This strategy can lead not only to calamitic mesogens but also to discotic liquid crystals. As
commented in Sections 4 and 6.1, supramolecular aggregates were reported by reaction of
carboxylic acid, namely para-isocyanobenzoic metal complex (carbonyl compounds of Fe, Cr, Mo
and), with 2,4,6-triarylamino-1,3,5-triazine.® They behave as discotic liquid crystals at room
temperature. By using this strategy, mono- and dinuclear thiolatobenzoic gold(l) [Au(PRs)(x-
SCsH4COOH)] and [p-(BINAP){Au(x-SC¢HsCOOH)},] (x = 2 or 4; BINAP: 2,2'-Bis(diphenylphosphino)-
1,1'-binaphthalene) metalloacids were combined with the same triazine to yield the corresponding
adducts 134a (ortho, para substitution; R = Ci0H,1) and 134b (P—P = R-BINAP, S-BINAP; ortho, para
substitution; R = CioH»1) by means of H-bonds.®® They show Colhex mesophases at room
temperature, with clearing temperatures in the short range 43-57 °C, close or lower than for the
free triazine (57 °C), while for the previous metallo-acids (Fe, Cr, Mo, and W) is higher. The
diffractograms in the mesophase display a new broad peak, which may be related to gold—gold
distances from closest neighbors. Remarkably, hexagonal columnar mesophases found in the free
triazine were preserved in the metal-containing supramolecular aggregates. The nine alkoxy chain
triazine structure is able to swallow metal-organic fragments, even containing bulky ligands as
phosphines.
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As commented in Section 4 for chromium(0) [Cr(CO)s(z-PPh,C¢H4sCOOH)] (z = 2 or 4), an extension of
this work was carried out by synthesizing neutral gold(l) and gold(lll) [AuXa(z-PPh,CsH4sCOOH)] (n =1
X=Cl,z=2o0r4;n=3, X =CeFs, z= 2 or 4) and cationic gold(l) [Au(z-PPh,CsH4COOH),](CF3S03) (z = 2
or 4), ortho and para phosphino metallo-acids.®? X-Ray diffraction show dimeric structures with the
expected double carboxylic H-bonds in [AuCl(4-PPh,CsH,sCOOH)] and [Au(CeFs)3(4-PPh,CsH4COOH)],
whereas [Au(CeFs)s3(2-PPh,CcH,COOH)] display monomeric species with the carboxylic acid H bonded
to cocrystallized solvent molecules. Gold compounds are emissive at 77 K with emission maxima
from 404 to 520 nm, and some of them also at room temperature with emission maxima in the
range 441-485 nm. Reactions with the 2,4,6-triarylamino-1,3,5-triazine mesogen leads to hydrogen-
bonded gold(l) supramolecular adducts, while the related gold(lll) complexes do not form adducts
likely by steric reasons. Only the 4-diphenylphosphinobenzoic adducts 135a and 135b show a
columnar hexagonal mesophase at room temperature, with clearing temperatures in the range
36-60 °C for gold(l). The aggregates are luminescent at 77 K, with emission maxima in the range
419-455 nm. Again is confirmed the triazine bearing nine lateral alkoxy chains is able to
accommodate large metal-organic fragments to produce adducts without losing the mesomorphic
behavior, although the weakness of the connection of the two components limits the thermal
stability. However, the ortho-phosphine metalloacids are clearly detrimental for the formation of
these adducts and the liquid crystal behavior.
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By this approach 4-isocyanoanilides have been used to prepare Ag(l) neutral complexes 136a
[Ag(X)(CN-CeHs—NHCOR)] (R = Me, X = NOs~, CF3S057; R = CgH19, X = NO37) and cationic complexes
136b [Ag(CN-CsHs—NHCOR)2]X (R = Me, X = NOs~, CF3S057, BF47; R = CoHig, X = NO3~, H35C1,0S0537,
CF3S0s~, BF47).1°! Single crystal X-ray diffraction studies of methyl derivatives show layered
supramolecular structures supported by Ag-O interactions and hydrogen bonds, induced by the
amide group and the anionic ligand. Substitution of the methyl group by a nonyl chain in the amide
leads to mesomorphic complexes, which display SmA mesophases as expected by the methyl
structures, and supported by the presence of H-bonds in the FTIR spectra. Melting temperatures go
from 91 to 144 °C, while clearing temperatures are in the range 138-200 °C, with a maximum liquid
crystal range of 109 °C for compound 136b (R = CsH19, X = NO37).
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9.1.6 Isocyanide for discotic mesogens

We have described that organometallic discotic mesogens have been synthesized by means of H-
bonds around a 2,4,6-triarylamino-1,3,5—triazine core. These bonds are labile and the
corresponding liquid crystals are stable over a short temperature range. A better strategy for
preparing organometallic discotic mesogens is the use of suitable covalent bonds around an
appropriate core.

Hexaalkoxy triphenylene derivatives have been thoroughly used to prepare purely organic columnar
discotic liquid crystals. The right functionalization allows coordinating metal fragments, which in
many cases are mesogens. By this approach, the new ligand 1-isocyano-2,3,6,7,10,11-
hexadodecyloxytriphenylene (CN—TriPh) have been synthesized in order to prepare organometallic
mononuclear gold(l) 137a (X = Cl, C¢Fs, CeFs0—CioH21, CsF2O—(R)—2—octyl), dinuclear gold(l) 137b,
copper(l) 137c¢ and silver(l) 137d.%°? The free isocyanide ligand and the gold(l) 137a—b compounds
exhibit typical hexagonal columnar mesophases over a wide range of temperatures, from 5 to 220
°C. Melting points are 37 °C for the ligand and from 5 to 7 °C for 137a; clearing points are 130 °C for
the ligand and in the range 204-220 °C for 137a. Gold compound 137b displays a rectangular
columnar mesophase between 102 and 122 °C, and a nematic mesophase till 172 °C. On the contrary
copper and silver complexes 137c—d are not mesomorphic. This may be explained for complex 137d
due to the presence of two trans coordinated isocyanide ligands, which cannot be coplanar due to
the too short linker, while the longer linker in 137b compound allows planarity. All the compounds
show a fluorescent emission in solution centered on the triphenylene core in the range 421-467 nm;
the emission is lost in concentrated solutions or in aggregate states. The nature of the metallic
fragment is dramatically affecting the liquid crystal behavior, which can be mainly related to the fact
than the isocyanide is directly bonded to the triphenylene core.
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As commented above in the Section 8.1 (palladium and platinum), and following the same approach,
a new isocyano ligand namely 2-(6-(4-isocyanophenoxy)hexyloxy)-3,6,7,10,11-
pentakisdodecyloxytriphenylene have been prepared and used to synthesize organometallic gold(l)
and copper(l) 138a (M = Au, X = Cl, C¢Fs, C¢F2a0-C10H21, CN; M = Cu, X = Cl), dinuclear gold(l) 138b, and
dinuclear copper(l) 138c complexes.'>* Compounds 138a (only [Au(CN)(CNR)] and [CuCI(CNR)]) and
138c display a rectangular columnar mesophase in a short range: 61-98 °C, 46—79 °C and 72-79 °C,
respectively. 138b shows a lamellar rectangular columnar mesophase in a wider range: 22-98 °C.
Both types of mesophase show at the same time, m—stacking of the triphenylene cores and
aggregation of the metallic fragments into segregated columnar zones. Therefore, heterocolumnar
arrangements are obtained as a consequence of the nanosegregation induced by the different
nature of the molecular components. All these complexes show again fluorescence in solution
related to the isocyanide triphenylene ligand. Pd and Pt complexes exhibit semiconducting
mesophases as commented above. The previous isocyanide triphenylene was equipped with six
equal alkoxy chains and the isocyanide was directly bound to the triphenylene core, therefore the
metallic moiety was dramatically affecting the thermal properties. However, in this case the
triphenylene was equipped with five equal alkoxy chains and the isocyanide is at the end of the sixth
alkoxy chain: the effect is much less intense, but the metals can form their own column inducing a
heterocolumnar rearrangement.
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In addition to triphenylene, cyclotriphosphazene has been used as core to support columnar discotic
liquid crystals. Aminocyclotriphosphazenes have been reacted with the isocyanide silver(l) complex
[Ag(OTf)(CNR)] (OTf =0S0,CF3) in molar ratio 1:3, to give room temperature columnar
metallomesogens 139 (R = R’ = Me; R = H, R’ = Cy ).!%* The same complexes in molar ratios 1:1 or 1:2
are not mesomorphic. Each silver fragment “AgCNR” is bonded to one nitrogen in the phosphazene



core. The starting silver complex [Ag(OTf)L] and the trinuclear complexes equipped with nine alkoxy
chains display a columnar hexagonal mesophase with isotropization temperatures of 145, 61 and 72
°C, respectively, for [Ag(OTf)(CNR)] and the two trinuclear silver phosphazenes. A model consisting
of two complementary molecules leads to an overall disk shape, which promotes the supramolecular
columnar rearrangement driven by efficient space—filling and nanosegregation of chemically
different zones.
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9.1.7 Isocyanide as a colorant

The introduction of dyes into mesomorphic systems is a useful strategy for the preparation of new
functional materials. 4,4'-Disubstituted azobenzene compounds with adequate substituents have
been used to prepare ortho-metalated mesogens, mainly with group 9-10 metals. Azo derivatives
are well known dyes and the color is usually transferred to the new compounds. The coordinated
azo fragment is blocked in its trans conformation, and therefore the photosensitivity is lost. New azo
isocyanide mesogens were designed, with an azo, an isocyanide, and an alkoxy chain as functional
groups. These ligands exhibit nematic and SmA mesophases for n > 4, and they are able to
coordinate metals through the isocyanide. The new complexes are intensely orange and the most
interesting feature is that possess a free photosensitive azo functional group. Their gold(l)
compounds 140 (X = Cl, CeFs; n = 4, 8, 12), also display nematic and SmA mesophases, but with
higher transition temperatures and wider mesophase ranges.?®* The complexes are photoresponsive
in solution due to fast trans to cis isomerization of the azo group under UV light (365 nm lamp),
which goes back photochemically or thermally to the trans isomer. Most relevant, the process can
be carried out in the mesophase by irradiation with a very intense He—Cd laser, which produces
rapid isomerization, and consequent destabilization to an isotropic liquid. The initial mesophase is
recovered as soon as illumination stops (Figure 9). As expected, linear gold complexes exhibit high
birefringence values (An from 0.51 to 0.59) than the free azo ligand (An are 0.32), because of gold
increases the molecular anisotropy. In summary, these colored azo gold—containing mesogens are
photosensitive, not only in solution but also in the mesophase, remarkably the photoisomerization
has been demonstrated in a mesophase showed by a pure metallomesogen.

<Figure 9 near here>
Figure 9. Changes in azo isocyanide gold mesogens 140 after irradiation with a laser.
Following the same approach, azulene, a classical azure—blue chromophore was functionalized with

an isocyanide group and coordinated to gold(l) synthons to prepare mononuclear 141a (X = Cl, C¢Fs),
141b (x = 1, R = CgHi7, CioHz1; X = 2, R = CioH21), ), 141c (R = Me, CioHz), and dinuclear 141d



complexes.’®® Gold compounds 141b (x = 1, 2; R = CyoH1) and 141c (R = CioH21) display SmA
mesophases being the widest range for the alkynyl ligand from 106 to 150 °C. The free
isocyanoazulene derivative shows a weak fluorescent emission centered on the azulene group at 380
nm, which diminishes upon coordination to the gold moieties. All the compounds are intensely blue
colored. Theoretical studies confirmed that the UV-vis absorption (color) and emission are centered
on the azulene core.
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9.2 Carbene Complexes

N-heterocyclic carbenes may be easily modified to modulate their electronic and steric properties, a
strategy commonly used to improve catalyst but can be also useful for the design of liquid crystals. A
series of N-heterocyclic carbene (NHC) imidazole gold(l) complexes 142 (n = 12, 18,
m=1,6,12, 18, n = 16, m = 10, 12, 14, 16, 18) have been prepared.*® They exhibit a SmA
mesophase, typical for ionic liquid crystals. The melting and clearing temperatures can be tuned
mainly by the imidazole alkyl chain length: longer chain, higher clearing and melting points. The
widest intervals are obtained for the Ci3 carbene: the melting points are from 57.3 to 101.5 °C, and
the clearing points from 96.9 to 124.1 °C. These complexes were used to obtain gold nanoparticles in
organic phase by chemical reduction. The related complexes [AuCI(NHC)] and [Au(NHC);][NOs] are
not mesomorphic although they possess two or four alkyl chains.

Self—assembly of N—heterocyclic carbenes containing two different chains (one amide able to form
H-bonds and one aliphatic) yields gold(l) and silver(l) complexes 143 (R = ChHan:1; N = 12, 14, 16, 18.
R' = CH,C(O)NH,. M = Au and X = Br, NOs;, BFs. M = Ag and X = NOs, BF4), which behave as
enantiotropic liquid crystals.? They display SmA mesophases with melting points around 150 °C for
gold, 170 °C for silver—BF, and 110 °C for silver—NOs, and clearing points up to 226 °C for gold (being
the best with n = 16 and bromide as anion) and 200 °C for silver with decomposition. Gold(l)
compounds form xerogels in DMSO and show oriental lantern—shaped bundles of belts and helical
fibers when observed by transmission electron and scanning electron microscopies. These gels
display smaller chain motion than in the mesophase, closer to found in the solid state, as studied by
infrared spectroscopy.
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Imidazolium salts are well known as ionic liquids and also as ionic liquid crystals. Moreover, they can
be used as N-heterocyclic carbene (NHC) precursors. A series of bis(imidazolium) salts with
appropriate mesogenic groups (cyanobiphenyl or cholesteryl) linked through a flexible alkyl spacer
have been designed and prepared in order to get their silver carbene complexes 144.1% The silver
complexes and the bis(imidazolium) salts display SmA mesophases with close melting point but
wider temperature ranges for silver. The silver complex with cholesteryl group shows higher
transition temperatures (51 to 180 °C) than the complexes containing cyanobiphenyl mesogenic
groups (36 to 54 °C, 39 to 76 °C). The silver complexes show a blue emission centered around 450 nm
in solid state, as 10% PMMA (Polymethylmethacrylate) films, in isotropic and LC phase, and in
dichloromethane solution (centered in this case at 360 nm), which it is related to the
bis(imidazolium) salts.

By the same approach, propylene bridged bis(imidazolium) salts bearing benzyl group functionalized
with one or two long alkyl chains have been synthesized. The corresponding N—heterocyclic carbene
dinuclear gold(l) complexes 145 (R = CH,—3,4—CgHs—(OC12H3s)2; X = Br, PFs, BF4) have been also
prepared but only complexes with eight aliphatic chains show lamellar mesophases in a short
range.!®®

Imidazol core can be substituted by benzimidazol, and equipped with an eighteen alkyl chain on one
N atom and an alkyl or substituted benzyl moiety on the other N. The corresponding mononuclear
silver(l) N—heterocyclic dicarbene complexes 146 (R = ChHan:1; N = 10, 12, 14, 16. R = 4—CH,—CcHs—R’;
R’= H, CHs, CN) have been prepared.?®® Only two silver complexes containing two long alkyl chains
display monotropic SmA in a short range (the best 21 °C) at temperatures under 100 °C. The related
silver carbene compounds with R = Me, and alkyl chains ChHane1 (n = 12, 14, 16, 18) instead of

1

eighteen in 146 are not mesomorphic.’® As seen in other reports, the use of bulky

hexafluorophosphate is detrimental for liquid crystal behavior and it is the only anion in this work.
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N—heterocyclic carbene silver(l) complex [{Ag(NHC).}:][Ag.Cls] 147a (R = CH,—CH(OH)—CisH29; R’ =
Ci6H33) behaves as liquid crystal while the related gold(l) complexes 147b and 147c (X = BF,, PFs) are
soft materials.?®2 This carbene combines an alkyl chain with an hydroxy alkyl chain in order to
facilitate not only hydrophobic interactions but also hydrogen bonding. A typical SmA mesophase is
observed in a narrow 5 °C temperature range of 92.6 to 97.6 °C, expanding to 50 °C upon cooling.
Complexes 147a and 147b exhibit yellow (569 nm) and orange (607 nm) emissions.
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Gold(l) complexes 148 combining alkoxy acetylide and a carbene derived from benzimidazolium
equipped with two alkoxy chains in the phenyl ring have been reported. Only the trialkoxy
compound behaves as monotropic liquid crystal and displays a SmA mesophase in a short range
(190-203 °C). This complex exhibit an intense blue phosphorescence at room temperature in the
solid state (quantum yield 0.33; lifetime 36 ps).2%
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A series of N—heterocyclic carbene complexes 149a [MX(NHC)] (R= R’= Tph; M = Cu, X = Br; M = Au, X
= Cl, CCPh), and silver 149b (R = Me, R’ = Tph; R = R’= Tph), with the carbene bearing one or two
triphenylene fragments have been reported.’*® Copper(l) 149a and silver(l) 149b complexes align
into columnar liquid crystals (rectangular or hexagonal symmetries), driven by peripheral hexaalkoxy
triphenylene moieties. Melting points go from 30 to 55 °C and clearing points are in the range 57-98
°C. Models point to multicolumnar systems obtained by nanosegregation of triphenylene columns
and metal carbene moieties, separated by alkoxy chains. The complexes show a blue emission



related to the triphenylene core in solution, in the mesophase, in the isotropic liquid, and in the solid
state.
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Finally, a series of phosphorescent gold(l) N—-heterocyclic allenylidene complexes 150 (X = Cl, CF3SOs,
PFs) have been reported.?®* These organometallic complexes exhibit a strong blue emission
(centered 414-450 nm) in acetonitrile solutions with life time in the range 1.4-5.6 micros and
quantum yield from 7 to 14%. Complex with imidazole substituents and chloride formed lyotropic
chromonic mesophases (N phase) in aqueous solutions.
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10 Concluding Comments

The literature on organometallic mesogens is more limited than that on mesomorphic coordination
compounds and is dominated by ortho—metalated complexes (mainly Pd(ll) and Pt(ll)), and ferrocene
derivatives. In general, the M—C bond is not very thermally stable and tends to be labile and easily
reacts with moisture and oxygen. That is why M—-CO and especially M—CNR with the metal in low
oxidation state, which are quite stable, are also typical fragments in many metallomesogens.
However, ligand design has made it possible to decorate chelates (to metalate), cyclopentadienyls
(in ferrocene) and isocyanides with a huge number of chemical motifs to add or enhance the optical,
electrical, and magnetic properties of liquid crystal materials.
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