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Abstract: Luminescent liquid crystalline metal complexes are attractive multifunctional materials due to their great
potential of applicability in a wide range of domains from technological to medical fields. This review is focused on the
luminescent homo— and hetero—polymetallic metallomesogens containing d-block metal ions and different mono and
polydentate ligands published in the last ten years highlighting their ability to self-assembly in ordered lamellar or
columnar phases according to their molecular structure. The luminescent properties in solution, solid and liquid

crystalline states are also discussed.
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INTRODUCTION

Liquid crystals are considered promising
materials for different applicative fields due to
their adaptive and controllable stimulus
responsiveness characteristics with numerous
applications beyond liquid crystal displays
(LCDs) (Bisoyi et al. 2022). Despite the great
potential in various technological, scientific and
medical fields, there is a constant need to
improve  their  properties to  increase
performance in the field of interest.
Luminescent liquid crystals are considered
novel materials in the production of energy-
efficient display devices through their ability to
enhance colour, brightness and view angle of
display dispositive, eliminating dependency of
LCDs by other expensive brightness sources
(Kumar et al. 2023). The introduction of a
metallic centre into liquid crystals, called
“metallomesogens”, gives them unique and
desirable properties compared to organic liquid
crystals: electrical, redox, magnetic, optical,
etc., properties induced by the metal ion
(Giménez et al. 2002), being considered
extremely promising materials for application in
optoelectronics (Krikorian et al. 2014, Geng et
al. 2017, Wang et al. 2016), energy (Ionescu et
al. 2012, Su et al. 2016), medicine and even in
agriculture (Hakemi et al. 2022). The presence
of a second metal ion in the molecular
architecture can tune the target properties of the
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final homo or hetero-bimetallic complex.
Moreover, hetero-bimetallic species (metal
complexes containing two different metal
centre) bring additionally physicochemical
properties, metallic complementarity and/or
synergism, increasing the capacity for novel
application (Wenzel et al. 2014). In the
literature, are known some examples of homo-
(Cuerva et al. 2021) and hetero-polymetallic
metallomesogens (Kadkin et al. 2008) obtained
by direct metal-ligand synthesis without an
accurate analysis of their functionality-related
characteristics. To date, most of luminescent
metallomesogens reported are monometallic,
and their optical behaviour was studied in solid
state or solution (Wang et al. 2012, Wu et al.
2018, Santoro et al. 2009). Due to their reduced
stability and high transition temperatures, the
optical measurements in the liquid crystalline
states become problematic. However, through a
proper and smart design of such materials, these
drawbacks can be solved obtaining liquid
crystals at relatively low to room temperature.
Thus, only a limited example of liquid
crystalline metal complexes based on zinc(II),
copper(l), gold(I), silver(I) and lanthanide(III)
ions have shown luminescent properties in
liquid crystalline state (Szerb et al. 2022,
Binnemans et al. 2009).

Herein, we present the recent progress over the
last decade in development of luminescent
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metallomesogens containing more than one d-
block metal centre.

CLASIFICATION OF LUMINESCENT
POLYMETALLIC METALLOMESOGENS

Homo—polymetallic metallomesogens

This kind of compounds are liquid crystalline
metal complexes that contain two or more
identical ~metal ions  coordinated to
mono/polydentate  ligands forming metal
oxide/halogen/fluorophenyl bridged complexes,
metallacycles, metallacages, etc.

Chico et al. 2016 reported a homo—bimetallic
linear Au(I) complex (1) based on a mesogenic
isocyanide triphenylene ligand and a
biphenytetrafluoro-linker (Figure 1a). The
complex displayed polymorphism  when
compared to its free ligand that showed only a
columnar hexagonal mesophase (Colh) (Figure
1b) from 37 to 130 °C. Thus, complex 1
organized at high temperatures into nematic
phase (N) between 122 and 172 °C and at lower
temperatures exhibited columnar rectangular
(Colr) from 102 to 122 °C.
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Figure 1. Chemical structure of 1 (a); The proposed
molecular packing of 1 (b).

The Au(I) complex 1 showed a blue-violet
emission (Aex = 282 nm, Aem = 420 nm,) in
solution (CH>Clz, 10-°M) at room temperature,
similar with the free ligand. However, the
emission quantum yield of the complex [® (x10
3) = 0.0028] was significantly reduced when
compared to the ligand [® (x10-*) = 0.2800] due
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to the increasing of the non-radiative
deactivation process generated by the heavy
metal effect (Ibrayev et al. 2024). The
luminescence of 1 is quenched at higher
concentration and also in the solid state and
mesophase. Other linear type of bimetallic
complexes reported (Al-Karawi et al. 2017) (2-
4) (Figure 2a) contain hydrazine-based
mesogenic ligands that exhibited nematic
phases. Their Ag(I) complexes organized into
smectic phases at relatively low temperatures
(Table 1).

Table 1. DSC and emission data for Ag(I) complexes 2—
4

Comp. Phase transitions Emission data on
Tmax®C (AH/KJ.mol™) solid and
first heating/cooling | mesomorphic state,
Aem/nm
(Aex = 248 nm)
2 Cri—Cr2 84.2 (20.21) 494
Sm 125.1 (18.67) 1/
1123.3 (-19.40) Sm
73.4 (22.61) Cr>—Cri
3 Cri—Cr2 79.5 (23.31) 494
Sm 113.4 (19.44) 1/
1108.2 (-20.94) Sm
65.9 (—24.82) Cr>—Cri
4 Cri—Cr2 83.1 (21.24) 493
Sm 1153 (18.81) 1/
[112.7 (-19.60) Sm
68.3 (=23.20) Cr>—Cr1

Cr - crystalline solid, Sm - smectic mesophase, I -
isotropic liquid

For these bimetallic silver(I) complexes, some
interesting characteristics governed the liquid
crystalline properties. In particular, similar
bimetallic silver(I) complexes with shorter (n <
6) or longer chain lengths (n > 8) or with an
asymmetric position of the azine group (not
shown herein) were not mesomorphic. The
liquid crystalline Ag(l) complexes (2-4)
revealed intense blue emission at room
temperature, both in solid and mesomorphic
state (Table 1) attributed to a ligand-centred
transition. However, in the isotropic phase, the
luminescence was totally quenched but upon
cooling it returns (Figure 2b).
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Figure 2. Chemical structure of Ag(I) metallomesogens
(a); fluorescence evolution of complex 3 in solid,
mesomorphic and liquid phase (b).

Micutz et al. 2014 obtained two homo-
bimetallic Pd(Il) complexes (5 and 6 — Figure
3a) based on a Schiff base and an ancillary
benzoyl-thiourea ligands showing mesomorphic
properties at low temperatures. Their strategy to
obtain room temperature metallomesogens was
to vary the number of alkyl chains grafted on the
ancillary ligands. Both complexes self-
assembled into disordered columnar hexagonal
phases that formed glassy mesophases at room
temperature. The organization inside the
columns slightly differ in the case of the two
metal complexes, in the number of molecules
filling the disks, from approximatively two
molecules for 5 to one molecule for 6 (Figure
3b).

The complexes were emissive in solid state,
solution and in the mesophase at room
temperature showing a red emission attributed to
an intra-ligand transition (Table 2).
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Figure 3. Chemical structure of metallomesogens 5 and 6
(a); the number of molecules that form columnar
hexagonal unit (b).

Table 2. Emission data of binuclear Pd(II) complexes 5
and 6

Comp. Emission, Aem/nm
(D/%)
Solid state Solution (CH2Clb), Condensed
(hex=480nm) | Cu=5x107" state at room
(Aex =283 nm) temperature

5 546, 676, 736, 365(0.55) Similar to solid
819(sh) state

6 556, 683, 744, 360(0.39) Similar to solid
823(sh) state

Pastor et al. 2018 published a series of metal
complexes based on derivatives of pyridyl-f-
diketone ligands differently substituted with
alkyl chains where the position of N-pyridine
atom dictated the type of complexes obtained
and the liquid crystalline properties in the
resulting compounds. Hence, the bimetallic
complexes (dimers) 7-10 were obtained with the
ligands containing the pyridyl nitrogen atom
placed in ortho position, where the zinc(Il)
atoms were linked by two bridging chlorine
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atoms (Figure 4a), while the ligands with para
position of the nitrogen atom have led to
mononuclear  Zn(I)  complexes.  These
complexes showed SmA phases at high
temperatures (over 180 °C) in a very short range
of temperature (3 to 6 °C) followed by a re-
entrant crystal phase on heating cycle until the
clearing temperature (Figure 4b). On cooling
cycle, the complexes froze in SmA phase.
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Figure 4. Chemical structure of metallomesogens 7—10
(a); thermal behaviour of the complexes (b) on heating
cycle.

Nevertheless, these dimeric complexes had
solubility problems that did not allowed the
study of the luminescent properties in solution.
However, the photophysical behaviour in solid
state of only compound 7 was reported as
representative of this class showing a blue
emission (Aem = 495 nm).

Pyridine-pyrazolate derivative ligands seem to
have an interesting influence on the organization
pattern of their Ag(I) complexes depending on
the solvent polarity (Soria et al. 2016). Thus, in
polar media, 1D oligomers are formed and in
apolar solvents cyclic trimers are isolated, the
last  arrangement  being  predominantly
encountered (Titov et al. 2019, Fujisawa et al.
2021). Therefore, three luminescent homo-
polymetallic Ag(I) metallomesogens (11-13)
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based on pyridine-pyrazolate type ligands, with
cyclic structure and different alkyl chain length
were reported by Soria et al. 2016 (Figure 5a).
The complexes presented a trimeric structure in
solid state that become an open chain 1D
oligomeric structure in mesomorphic state and
in solution, the Ag-N bond proving to be too
weak to maintain the cyclic structure. These 1D
oligomeric forms allowed them to self-assembly
in smectic A phases at relatively high
temperature, over 100 °C, and for compounds 12
and 13 the isotropization point (over 170 °C)
was accompanied by decomposition.
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Figure 5. Chemical structure of metallomesogens 11-13
(a) and 14 and 15 (b).

All the Ag(I) complexes (11-13) emit in
solution (Aem =386 nm, ® =0.07 for 11) in their
oligomeric form and become non-emissive in
the cyclic form. Other cyclic homo—trimetallic
Cu(I) metallomesogens (14 and 15) (Figure 5b)
derived from phenyl-pyrazolinic ligands with
phosphorescent properties were lately reported
by Gimenez et al. 2020. Unlike the Ag(I)
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metallomesogens 11-13, the Cu(I) complexes
displayed stable 2D columnar hexagonal (Colh)
phases over a large temperatures range (108 °C
and 57 °C, respectively) and lower clearing
temperatures. On cooling cycle, both complexes
froze in the mesophase at room temperature. The
emissive properties were recorded on neat thin
films at room temperature in Colh phase for 14
and in the crystalline phase and mesomorphic
state, respectively (50 °C) for 15. In all cases, an
orange-red light emission (661-664 nm) was
observed due to the metal-centred triplet state
(®MM) excimer transition with an impressive
quantum yield value of 42% for 14. By
increasing temperature from room temperature
to 50 °C for 15 a reducing of emission intensity
and a minor decrease of lifetime (from 26 to 22
microseconds) were reported. In diluted THF
solution, the complexes had a different
behaviour showing a violet light emission
similar with mesogenic phenyl-pyrazoles type
ligands (Blanco et al. 2016). Huitorel et al. 2016
obtained an interesting dual emissive Cu(I)
metallomesogen (16) based on a [Cusl4] cubane
cluster and phosphine-based ligands containing
cyanobiphenyl (CBP) as mesogenic moieties
(Figure 6a). The Cu(l) cluster (16) exhibited a
smectic A mesophase over a wide range of
temperature from 25 °C to 100 °C where the
organic moieties (ligand) alternate with the
inorganic ones ([Cu4l4] core) (Figure 6b).
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Figure 6. Chemical structure of metallomesogen 16 (a);
schematic representation of proposed self-assembly of 16
into smectic A phase (b).

Under the UV light, the complex 16 showed a
blue emission at room temperature that become
greener by decreasing temperature to -196 °C.
This temperature-luminescence dependency is
known as thermochromism. Moreover, the
luminescence was also influenced by
mechanical stimuli as grinding/crushing that
generated changes at molecular level by
shortening the metallophilic copper-copper
bonds and altering the ligands organization.
Thus, considerable changes in the colour
emission from blue to green-yellow were
observed. Chen et al. 2020 reported a
luminescent rhomboidal metallacycle (17) with
both thermotropic and lyotropic properties,
formed through a donor-acceptor interaction
between an organic donor such as
tetraphenylethene moiety and a bimetallic Pt(II)
complex bearing hydrophilic chains as acceptor
unit (Figure 7).
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Figure 7. Chemical structure of metallomesogen 17

The metallacycle 17 self-assembled into a 2D
Colr phase at room temperature, stable up to 110
°C, while in DMF solution organizes into Colh
mesophase. Through irradiation with UV light
(Aex = 365 nm) in solution of dichloromethane,
the complex 17 emitted green light (544 nm). In
dichloromethane/hexane mixture, a
progressively increased emission intensity was
observed when hexane was gradually added.
The increase of the luminescence was attributed
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to aggregate formation. The intensity of
emission become significant when the hexane
volume fraction exceeds 60% recording an
increase of the quantum yield value from 1.12%
to 8.37%. In the liquid crystalline state, the value
of the quantum yield was higher (12.6%)
compared to the solution at room temperature
with increasing temperature. Furthermore, the
influence of temperature on the emission of 17
in the liquid crystalline phase revealed the
expected decreasing of the intensity emission
due to increase of vibrational modes. So, all
these evidences revealed the AIE characteristics
of this homo—polymetallic metallacycle.

Hetero—polymetallic metallomesogens

The need of designing hetero—polymetallic
metallomesogens with synergistic properties is
imperative in the development of more
sophisticated and smart devices. In the last few
years, there has been a stagnation in the
publication of luminescent metallomesogens
that contain different metal ions since obtaining
these compounds is a real challenge from a
synthetic point of view. In this regard, our team
reported two luminescent hetero—polymetallic
(18) and (19) metallomesogens obtained from
terpyridine derivative ligand and substituted
gallate co-ligands bearing ferrocene units (Fc)
(Andelescu et al. 2024) (Figure 8).
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Figure 8. Chemical structure of metallomesogens 18 and
19.
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Both metal complexes exhibited 2D columnar
hexagonal mesophases at room temperature for
18 and close to room temperature for 19 (70 °C)
stable up to 188 °C and 156 °C, respectively. The
presence of the aliphatic chain that linked the
two Zn units (19) decreased the izotropization
temperature to 156 °C for this complex.
Moreover, the presence of the ferrocene
fragment inserted into the aliphatic region of
these metallomesogens leaded to a lower degree
of the mesophase order, from 3D Mhex in the
monometallic Zn(IT) analogues (Popa et al.
2023) to 2D Colh in the polymetallic species
(Popa et al. 2023). The photophysical properties
of these metallomesogens were studied in
solution and in the condensate states. Thus, in
dichloromethane solution a violet emission (414
nm for 18 and 428 nm for 19) was observed the
red-shift of the emission maxima of complex 19
was attributed to vibrational motions caused by
the bridging alkyl chain that link the two zinc
containing units in case of 19. The influence of
the ferrocene unit in these hetero—polymetallic
metallomesogens was also reflected through a
red shift of the emission maxima in solution of
both discussed compounds compared to their
parent monometallic Zn(II) metallomesogen
without ferrocene units (405 nm). Furthermore,
by using different polarity solvents from polar
(DMSO) to apolar ones (hexane) or increasing
the polarity by gradually adding methanol to a
dichloromethane solution containing the
complex, significant changes in the
photophysical properties were observed. Thus,
by increasing the polarity of the media, an
enhancement of the intensity and a red-shift of
emission maxima was observed. Unfortunately,
in the liquid crystalline state the emission was
totally quenched when it was recorded at an
excitation wavelength of 490 and 580 nm which
correspond to the absorption of the molecule
forming the Colh arrangement. However, a
weak emission band centred at 430 nm was
observed when excited at Aex = 350 nm
emission attributed to the single non-aggregated
molecules.

Other strategy to obtain hetero—bimetallic
metallomesogens was by simply chemical
blending of Cu(Il) and Zn(II) metallomesogens
that are structurally-related (Cretu et al. 2023).
Both metal complexes are hexacoordinated with
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an identical coordination sphere formed by the
chelation of one 1,10-phenanthroline ligand and
two functionalized gallate co-ligands (Figure
9a).

Even though the monometallic complexes
(Zn. MM and Cu MM) were structurally
similar, the Zn(II) complex formed Colr
mesophase while the Cu(ll) complex self-
organized into Colh mesophase, their
isotropization temperature being around 100 °C.
By mixing these two monometallic complexes
in three different mass ratio (1:3, 1:1 and 3:1),
three chemical blends (20: ZnCu = 1:3, 21:
ZnCu = 1:1 and 22: ZnCu = 3:1) were obtained.

Thermal behavior — 2" heating cycle

Zn MM Cu MM 20 21 2

8 Colr mColh = Colh+lso
b)
Figure 9. Schematic representation of the proposed self-
assembly of the metallomesogenic precursors and the
blends (a); thermal behavior of the blends 20-22 and their
precursor (b)

From the mesomorphic point of view, all the
blends self-assembled into Colh phases. The
presence of the Cu(Il) complex in these blends
seem to stabilize the mesophase with higher
symmetry (Colh). Small differences in the
clearing temperature were observed, especially
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in case of blend 20 that contained a mixture of
Colh and isotropic liquid before isotropization
(Figure 9b). The photophysical properties of the
blends were recorded in the condensed phases,
and only the blend 20 was emissive in
mesophase with an emission maximum centered
at 520 nm (Aex = 350 nm) and a lifetime value
of 4.9 ns. The emission of 20 was similar to that
of monometallic Zn MM precursor in the
mesophase, while in case of 21 and 22, the non-
emissive behaviour was attributed to the
quenching effect of Cu_ MM. Moreover, a small
shoulder having the maximum at 445 nm was
observed in the emission spectra of blend 20,
assigned to Cu MM precursor emission.
Despite the quenching of the emission properties
in this case, this strategy of obtaining bimetallic
liquid crystalline systems by chemical blending
may shows potential due to the straightforward
synthesis compared to the classical ones.

CONCLUSIONS

In this short review, we outlined the homo— and
hetero—polymetallic luminescent liquid crystals
progress recorded in the last decade involving
different mono and polydentate ligands and
different metal centres such Ag(l), Au(l), Cu(l),
Pd(I), Pt(Il), Zn(l) and Cu(l). Thus,
mesogenic or non-mesogenic ligands based on
isocyanide, hydrazine, imine, thiourea, halo,
phosphine, pyridyl, pyrazoles and carboxylate
derivatives were used to synthesize polymetallic
liquid crystalline metal complexes. Their
mesomorphic properties are influenced by a
series of factors as the length, number and
position of alkyl chains, the position of the
donor atoms involved in the metal ion
coordination that controls the type of the
resulting metal complex, the molecules’
symmetry and shape, etc. To design luminescent
metallomesogens, some additional aspects has
to be considered starting from choosing
appropriate metal ions that can induce emission
in the resulting metal complex or using highly
conjugated organic ligands with optical
properties. The emission properties of these
systems are highly influenced by the polarity of
the solution or molecular environment and the
aggregation phenomena. Additionally,
metallophilic interactions can be formed with
specific transition metal ions like Cu(I), Ag(I),
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Au(l) or Pt(Il), playing an important role in
tuning or altering the emission properties.
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