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Due to their high and variable coordination numbers leading to poorly predictable three-
dimensional coordination spheres, the trivalent lanthanide metal ions are challenging molecular
objects for introduction into thermotropic liquid crystals. Conversely, their predictive electronic,
optical and magnetic metal-centred properties make them particularly attractive for being
incorporated into switchable macroscopic materials responding to external electric and magnetic
stimuli. We briefly describe here some of the important concepts and strategies leading to the
recent successful preparation of luminescent thermotropic lanthanide-containing mesophases, for

which the generic term lanthanidomesogens is proposed.

1. Introduction

As judiciously asserted by Bruce in his seminal Dalton
Perspective published in 1993, ‘metal-containing liquid crystals
are not simply obtained by adding long alkyl chains onto your
favorite molecules—at least usually!” Some specific structural
and electronic criteria, among which anisometry and polariz-
ability, are of crucial importance for successfully designing
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metallomesogens (i.e. metal-containing liquid crystals).'
However, there is a recurrent and cumbersome trend in
metallomesogens for systematically providing counter-exam-
ples to any structural rules or guidelines, as soon as the latter
tend to reach a general agreement within the community. Let
us illustrate this statement with two examples. Firstly, the
simple lanthanide alkanoates made up of ionic salts involving
trivalent Ln' cations (Ln = La, Ce. Pr and Nd) and lipophilic
carboxylates (often referred to as lanthanide ‘soaps’), readily
produce lamellar (smectic) thermotropic liquid crystals,® while
more sophisticated strategies and designs based on engineered
amphipathic lanthanide complexes display poor, if any,
thermotropic properties.*> Secondly, the generally accepted
rules for organic liquid crystals, which claim that nematic or
lamellar (often smectic) organizations in mesophases require
rod-like molecules, while columnar organization is produced
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by disk-like molecules are not always obeyed in metallomeso-
gens.” This is especially true for the tentative incorporation of
bulky three-dimensional metallic cores into thermotropic
liquid crystalline phases.® Trivalent lanthanides, which adopt
high coordination numbers (usually CN = 8-9), but display no
ligand-field and no pronounced stereochemical preference,’
are typical examples, in which serendipity has been one of the
most successful strategy for designing novel metallomesogens.*
However, recent attempts, which aim at combining thermo-
dynamic, material and coordination concepts, have brought
some rationalization in the preparation of lanthanide-contain-
ing metallomesogens, tentatively termed lanthanidomesogens in
this contribution.® '3 In this feature article, we focus on novel
developments in lanthanidomesogens, which are indebted to
two novel strategies, (i) the use of pro-mesogenic polycatenar
ligands and (ii) the decoupling of rigid cores from the
lanthanide coordination sphere, in addition to the original
embedding of bulky Ln'™ into protected internal cavities.
Particular attention is dedicated to the exploitation of the
metal-centred optical properties brought by the lanthanides in
liquid crystalline phases. Since our specific contribution to the
bottom-up design of lanthanidomesogens has been recently
reviewed,'* we focus here on a more general discussion, in
which coordination, thermodynamic and structural aspects are
successively addressed.

2. Some basic coordination background for designing
thermally stable lanthanide complexes

As a result of the different degrees of stabilization experienced
by the 4f, 5d and 6s orbitals occurring upon ionization of the
neutral metal, the fifteen lanthanide elements (Ln = La-Lu,
Z = 57-71) exist almost exclusively in their trivalent state
([XeJ4f", n = 0-14) in coordination complexes.” Moreover, the
valence 4f" shell is screened from external perturbation by outer
filled 5s> and 5p° shells, which (i) mainly restricts metal-ligand

bonds to electrostatic interactions, (ii) retains atomic optical
and magnetic properties in coordination complexes and (iii)
produces only negligible ligand-field stabilization energies.
Points (i) and (iii), combined with the large electrostatic factors
encountered for Ln®* 8.7 < IRy = 9 < 10.5) provide
variable and large coordination numbers (6 < CN < 12), and
no pronounced stereochemical preference for Ln'! in the final
complexes. Their description as the ‘chameleons’ of coordina-
tion chemistry is thus not usurped, although standard solvates
and complexes usually possess CN = 8 associated with square
antiprismatic or dodecahedron geometries, or CN = 9
associated with tricapped trigonal prismatic or monocapped
square antiprismatic geometries.” According to a thermody-
namic point of view, the net complexation reaction of a La'
ion with a ligand L™ can be partitioned into two successive
reactions shown in equilibria (1) and (2) (Solv = solvent):

[Ln(Solv),]** + [L(Solv),]'” = [Ln(Solv),,]** + O
[L(Solv) "™ + (n — m + p — q) Solv

[Ln(Solv),,J** + [L(Solv),]*~ s [LnL(Solv),, + J° =~ V" (2)

Equilibrium (1) corresponds to the requested de-solvation of
the partners. It is obviously characterized by AH; > 0 and
AS| > 0, which produces a compensation effect in the global
free energy AG; = AH, — TAS). It is worth noting that, when
Solv = H,O0, these enthalpic and entropic contributions are
often comparable and AG; ~ 0.'> Equilibrium (2) refers to a
simple association process, for which AH, < 0 and AS, < 0.
The latter entropic term strongly depends on charge compen-
sation effects and it becomes less negative when the negative
charge of the ligand increases.'® Altogether, both the global
enthalpic AH, = AH, + AH, and entropic AS, = AS| + AS,
changes during the complexation process contain opposite
components, while the free energy AG. = AG, + AG, can be
reduced to AG, ~ AG, in water, the most used solvent for
investigating complexation processes with such highly charged
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cations. Some valuable conclusions can be drawn from these
thermodynamic considerations, which may be useful for
molecular programming:

1) In water, we expect a slight increase of the stability
constant along the lanthanide series, because AH, becomes
more negative with decreasing ionic radii. This effect is known
as the regular electrostatic trend."

2) For negatively charged ligands, the complexation reaction
is dominated by a favorable entropic contribution since AS; >
0, while AS, is only slightly negative due to the charge
compensation effect.'® On the other hand, |AH,| is comparable
with |AH,| because they correspond to the formation,
respectively the breaking of the same number of similar Ln—
ligand bonds.'’

3) For neutral ligands, the entropic balance is less
favourable than for negatively charged ligands and both AH,
and AS, contribute significantly to AG..

4) In less polar solvents with no oxygen donor atoms, such
as organic media, the de-solvation process (eqn. (1)) is
enthalpically much easier and the association step (eqn. (2))
becomes dominant, which opens attractive perspectives for
using the standard concepts of pre-organization and pre-
disposition, which specifically affect AH, and AS,.”"'® In
thermotropic liquid crystals made up of neutral lanthanido-
mesogens [LnLX,] (r = 0-3 depending on the charge borne by
the ligand L, X being a monovalent counterion), it is
preferable to avoid solvent molecules, which limits the
thermodynamic analysis to two successive dissociation pro-
cesses shown in equilibria (3) and (4):

[LnLX,] s

[LnX,]@ = 7"+ LE =07 3)

[LoX,]® 7"+ L8 """ s Lo® + X +L° 777 (49

Equilibrium (3) simply corresponds to the inverse of
equilibrium (2), with AH; > 0 and AS; > 0. Equilibrium (4)

R R

S

R= CVIH2H+1 : L1
R=CH,0C H,,,, :
R=0CH,,,, : L3

R=SC,H L4

optl -

R = (OCH,CH,),CH, : L5

L2

Fig. 1

25 -

is unlikely to occur for r = 2, 3, because of its considerable
enthalpic cost (AH, > 0) and of its limited entropic gain
(AS; = 0) resulting from the production of ions displaying
opposite charges.

Therefore, lanthanidomesogens are mainly prone to an
entropically-driven dissociation (eq. (3)) occurring at high
temperature and the programming of thermotropic meso-
phases at the lowest possible temperature is a major challenge.
A logical solution to overcome this limitation relies on the use
of negatively charged ligands (r = 0, 1), for which the enthalpic
contribution AHj; is very large, while the entropic gain AS; is
small. It is thus not so surprising that the first thermotropic
lanthanide-containing mesophases have been evidenced for the
neutral sandwich complexes [Ln(Li-2H),] (i = 1-5, hexagonal
columnar, Col, in the 20-250 °C range, Fig. 1), in which
negatively charged phthalocyanines are coordinated to
Lot 418

Concomitantly, much attention has been focused on the
alternative lamellar organization produced by rod-like
[Ln(L6);X5] complexes (X = NO;, 0O3;SOC;H,s, CI
Fig. 2).%1%1% Several different degrees of protonation for the
ligands have been proposed, together with variable coordina-
tion spheres and donor atoms, until the X-ray crystal
structures of low-molecular weight analogues showed that a
specific zwitterionic hydroxy-imine form was responsible for
the efficient monodentate complexation of L6 to Ln'!.10¢2°

Since then, a large number of variations based on these two
basic structures (i.e. neutral disk-like sandwich or rod-like
complexes) have been reported,® among which it is worth
noting (i) the addition of one lateral alkyl chain in L7, which
transforms the layered organization (S,) observed for
[Ln(L6);X5] into a hexagonal columnar arrangement (Coly)
in [Ln(L7)»(L7-H)(CF3S0;),],'! (ii) the use of p-diketonate as
counterions in [Ln(L6a)(B-diketonate)s]*' and (iii) the repla-
cement of alkoxy-substituted phthalocyanines with related

g =<l I Sea =
N=_-N, N

[Ln(Li-2H),]

Syntheses of some disk-like sandwich lanthanidomesogens [Ln(Li-2H),] with phthalocyanine ligands (i = 1-5).
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Fig. 2 Synthesis of the rod-like lanthanidomesogens [Ln(Li);X3] (i =
6, 7, X = NO3, 03SOC12H25, Cl, CF3SO3)

porphyrins (Por?™) to give triple-decker [Ce,(Por)s] complexes,
in which the mesoscopic organization can be switched
between columnar and lamellar forms depending on the
chain lengths.?® It is only recently, that the coordination of
standard neutral chelating bidentate and tridentate ligands to
Ln™ has been shown to be compatible with thermotropic

mesomorphism in the complexes [Ln(L8)(B-diketonate)s],>
{Ln[M(Li-2H),(NO3);} (G = 9, 10; M = Ni", cu™),"
[Lo(Li)(NOs)s] (i = 11, 12)® and [Ln,y(L13),]"? (Fig. 3).

The beneficial entropic polycatenar effect resulting from the
divergent connection of several alkyl chains to the rigid
aromatic cores in the latter complexes (see Section 3), induces
melting temperatures low enough to avoid dissociation in the
mesophases according to eqn. (3). However, any depletion of
the strength of the Ln—Li bond is deleterious for stability in the
mesophase, as demonstrated by the use of trifluoroacetate
counter-ions in [Ln(Li)(CF5CO,)3] (i = 11, 12). Under these
conditions, the small entropic cost AH3 is overcome by TAS3
at low temperature, and dissociation is systematically observed
in the mesophases.>* It is thus surprising that despite its
expected favourable contribution to AH; there is a single
report on the use of a pre-organized neutral macrocyclic ligand
decorated with long alkyl chains in [Ln(L14)(NO3)3;] for
designing stable lanthanidomesogens (Fig. 4).°

3. Melting, isotropisation, and organization in
thermotropic mesophases

Let us remind here the thermodynamic definition of the
standard melting temperature of a solid, as the temperature 7},
at which the chemical potentials of the pure solid and of the
pure liquid are equal under a fixed external pressure.”> In
common chemical terms, the free energy change of the melting
process (AGy,) is thus given by AG,, = Gy — Gy = AHy, —
TwAS, = 0 (AH, and AS,, are the melting enthalpy and
entropy, respectively), and the coexistence of the two phases
only results from the additional mixing entropy. We can
therefore easily deduce that T, = AH,/AS,, which is a
valuable relationship for programming the formation of
thermotropic mesophases, ie. phases occurring from the
melting of the solid, but separated from the isotropic liquid
by a second melting process. In most thermotropic liquid
crystals, such double melting processes arise from the presence
of two incompatible parts in the molecule (i.e. an amphipathic
molecule, not restricted to solely amphiphilic system),?® which
results from the connection of one or more long, flexible and
poorly polarizable saturated hydrocarbon chains to rigid, and
highly polarizable polyaromatic cores.?’ In simple cases, the
minimum energy in the crystalline phase corresponds to a
micro-segregated organization, which maximizes the dominant
intermolecular multipolar electrostatic interactions between
the polarizable aromatic cores, while the full extended
hydrocarbon chains fill the voids, as illustrated in Fig. Sa for
the rod-like ligand L15.> Two concomitant enthalpic con-
tributions are responsible for the cohesion of these amphi-
pathic molecules in the solid state. The major stabilisation
results from the intermolecular transient and static multipolar
electrostatic attractions involving the polarizable aromatic
cores, while a smaller contribution arises from the packing of
the less polarizable alkyl chains. Conversely, the entropic gain
upon melting is larger for the flexible alkyl chains than for the
aromatic rigid cores.'* Consequently, a simplistic and chemi-
cally intuitive thermodynamic model for the melting processes
occurring in amphipathic molecules relies on the partial
decoupling of the thermal behaviour of the packed alkyl
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Fig. 3 Schematic structures of the lanthanidomesogens [Ln(L8)(B-diketonate)s],>* {Ln[M(Li-2H)|,(NOs);} (i = 9, 10; M = Ni'l, Cu'),!?

[Ln(Li)(NO3)s] (i = 11, 12),® and [Lny(L13),].13

chains on one side (AHEMIns | AShains) and of the stacked rigid
cores (AH™, AS:'™) in the micro-segregated solid. Upon
increasing the temperature ~AGEhains AHChains

Tehains Agehains = () s reached at lower temperature than
AGﬁf‘)reS = AHﬁ?reS —_ ]‘%)I'ESAS%(I)TES = 0 (i.@., ]‘ﬁl{lains < ]’(r)]f.)res)’
because we expect AHHINS < AFEOTes and ASchains > Ageores
from the above discussion. A thermotropic liquid crystalline
phase is thus formed between these two limits known as the

melting Ty, = T and clearing 7, = 7™ temperatures. For
chemists, a thermotropic mesophase can be thus roughly
thought as a state of matter made up of clusters of packed
semi-organized rigid cores dispersed in a continuum of the
molten paraffinic chains. Such successive phase transitions are
illustrated for ligand L15 in Fig. 5b. We immediately notice
that the proposed entropic trend AS,, > AS,, reminiscent of
ASchains > Ageores g obeyed, but the enthalpic counterpart is

This journal is © The Royal Society of Chemistry 2006
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Fig. 4 Schematic structure of the macrocyclic lanthanidomesogens
[Ln(L14)(NOs)3).°

inverted with AH,,, > AH, instead of the expected increases
AHEhains < AFJCOs - An obvious explanation may invoke the
relative size of the appended semi-flexible dodecyloxybenzoic
acid side chains (2 CH; + 24 CH, + 2 phenyl rings (§CH + 4 C)
+ 4 oxygen atoms) with respect to that of the rigid tridentate
core (2 CH; + 2 CH, + 9 CH + 10 C + 5 N atoms, Fig. 5¢).

Interestingly, the latter enthalpic behaviour AH,,, > AH, is
very common in thermotropic liquid crystals, which reflects
the debatable strict decoupling of the phase transitions mainly
associated with the specific melting of the different parts of the
molecule. Our simplistic model must thus consider the melting
process (lowest transition, Ty,) as essentially reflecting the
melting of the alkyl chains combined with a considerable de-
correlation of the rigid cores, which is responsible for the
fluidity of the mesophases. The clearing temperature (highest
transition temperature, 7,) thus refers to the melting of the
remaining residual clusters containing the polarizable rigid
aromatic groups. An obvious consequence of this incomplete
decoupling implies that both melting and clearing tempera-
tures are influenced by the chemical nature of the rigid core.
This rationalization also holds for the related organic ligands
L11, L16 and L17 (Fig. 6), which further illustrate some
additional and more subtle structural and thermodynamic
parameters.

Fig. 6a shows that the extension of the central aromatic core
indeed increases the enthalpic cost of the melting process,
without significantly affecting the entropic release, thus
leading to higher transition temperatures.>” Fig. 6b points to
the crucial effect of the global molecular anisometry on both
mesoscopic organization (a columnar phase is obtained for the
V-shape ligand L17 instead of the layered smectic behaviour
observed for the isomer L16), and on the thermodynamic of
intermolecular interactions.> Finally, Fig. 6¢ illustrates the
beneficial effect of polycatenar systems (i.e. molecules deco-
rated with a large number of diverging flexible alkyl chains).
The considerable entropic cost associated with the crystal-
lization (or at least the solidification) of six flexible alkyl chains
is so high that no first-order melting transition can be detected
with differential scanning calorimetry (DSC). We only observe
a glassy transition by polarized light microscopy (PLM)
followed by a standard clearing process.® Since glass transi-
tions are kinetically controlled, they cannot match our simple
thermodynamic model, and crystallization occurring over a
longer period of time (> one year) cannot be excluded.
However, whatever the kinetics or thermodynamic control, the
entropic barrier remains the dominant contribution either to
the activation free energy, or to the state free energies,

a) Solid

AH_ =27.5kJ/mol

T, =144°C | AS_=66J/mol-K

b) Mesophase

51A

T. =193°C| AH, =18.2kJ/mol
¢) Liquid AS, =39J/mol -K
0
Ol O
N/ l N\ \N
P
L15

Fig. 5 The double melting process evidenced for ligand L15.3¢ a)
X-ray crystal structure in the solid state. b) Organization in the smectic
A (SmA) mesophase deduced from small-angle X-ray scattering
(SAXS) patterns. c) Chemical structure of LI15; the selected
conformation aims at illustrating the large number of degrees of
freedom of the ligand in the isotropic liquid. Reproduced with
permission from ref. 14. Copyright Wiley-VCH 2006.
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Fig. 6 Mesomorphic behaviour of the mesogenic ligands L11, L15-L17.>® Illustration of the influence of a) the length of the spacer, b) the
anisometry of the molecule and ¢) the number of flexible alkyl chains. (Cr: crystal, SmA: smectic A, SmX: undetermined smectic phase, N: nematic,

Col,: rectangular columnar, Col,: hexagonal columnar, I: isotropic liquid.)

respectively. Consequently, the polycatenar ligand L11 pro-
vides liquid crystalline behaviour around room temperature. If
we now focus on some structural predictions of the mesoscopic
organization in the mesophase, it is sufficient to consider
the curvature of the molecular interface separating the
polarizable rigid core from the molten alkyl chains. The ratio
qv = Vaiyt/ Veore 18 considered as the crucial parameter for
quantitatively measuring the curvature of the molecular
interface (V1 represents the volume of the alkyl chains,

and Vo that of the rigid core).?® Obviously, a specific
relationship with the geometry of the interface relies on the
ratios gg between the surfaces of the aromatic core and that of
the connected flexible chains, a value which can deviate from
¢y used in this review. However, for amphipathic molecules
with comparable core and chain lengths, ¢, and ¢gs follow the
same trend, but ¢, is often easier to obtain and it is more useful
when a quantitative treatment of the multipolar electrostatic
interactions is envisioned.
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When the amphipathic molecules exhibit rod-like anisome-
try with the flexible alkyl chains connected to one or two
circular faces of the molecular cylinders (i.e., parallel to the
molecular axis), ¢ &~ 1 (typically 0.6 < ¢, < 1.4) and a flat
interface develops between the two incompatible parts of the
molecules (Fig. 7a). After entering the thermotropic meso-
phase at Ty, the disordered molten alkyl chains prevent
intermolecular packing involving the surfaces to which they
are connected (i.e. the circular faces of the cylinders in this
case). Consequently, only intermolecular interactions perpen-
dicular to the main molecular axis develop, and nematic and
smectic mesomorphism occur, depending on the strength of
the lateral intermolecular cohesion forces (Fig. 7a). When
these peripheral interactions remain weak, one degree of
orientational order (i) is induced, which corresponds to the
nematic organization (N), the lowest level of macroscopic
organization. Conversely, when the peripheral interactions
between the cylindrical rigid cores become significant, the
orientational order is completed with a partial positional ordering,
and layered smectic organization results (SmX, X = A for 0
perpendicular to the layers and X = C for 1 tilted with respect to
the layers).”” The thermotropic behaviour of ligands L15 and L16
(Fig. 6a) illustrates these predictions, since the connection of two
dodecyloxy chains to the termini of the rod-like cores produces
smectic behaviour at ‘low’ temperature (SmX), followed by
nematic (N) organization at higher temperature resulting from

a) Flat interface (g=1)

Main

] |

2 privileged directions for
intermolecular interactions.
Perpendicular to the
molecular axis.

Intermolecular cohesion

b) 2D-curved interface (g>1)

the increased Brownian motion, which further limits lateral
intermolecular cohesion.® When a larger number of flexible
chains are attached to the rigid core, divergent orientation results
and ¢, > 1.5, which produces a bent two-dimensional interface
between the polarizable part and the chains (Fig. 7b).
Intermolecular interactions then operate along a single, preferred
direction, which coincides with the axis of the (supra)molecular
discs (Fig. 7b).>° Consequently, the molecules pack on top of each
others and one degree of orientational order (i) is observed in
nematic discotic phases (Np), when the intermolecular cohesion is
weak. However, stronger intermolecular interactions introduce
additional positional ordering, and columns are formed with
different relative arrangements (hexagonal (Col,), rectangular
(Coly) or oblique (Coly) columnar).?’ These simplistic predictions
justify the hexagonal columnar organization (Coly,) found in the
mesophase of ligand L11 (Fig. 6¢), which is induced by the
divergent connection of the three dodecyloxy chains to each
terminal gallic acid residue, a well-known behaviour in polycatenar
systems.***! Interestingly, special geometries of the rigid core may
also dramatically affect these predictions and the V-shaped ligand
L12, a geometrical isomer of the mesogenic I-shaped ligand L11
(Fig. 3) displays no mesomorphism, while the related extended
V-shaped ligand L17 (Fig. 6b), which possesses only two divergent
chains, evidences a Col, mesophase at high temperature. Finally,
a further increase of the curvature of the molecular interface
(¢y > 1.5) eventually produces a three-dimensional arrangement of

¢) 3D-curved interface (g>>1)
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Fig. 7 Correlations between the geometry of the molecular interfaces separating the incompatible parts of the amphipathic molecules, and the

resulting macroscopic organizations.
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the flexible chains around the rigid core, which prevents any
preferred direction for intermolecular interactions, and the micro-
segregation process provides micellar cubic mesophases, or results
in the complete suppression of mesomorphism (Fig. 7c).”

4. Bulky lanthanide cores in thermotropic liquid
crystals: the lanthanidomesogens

The balance between the necessary entropically-driven melting
of the alkyl chains (ASS"™ > 0) and the enthalpically-driven
residual organization in the mesophase associated with
sizeable intermolecular interactions between the rigid cores
has led to the emergence of two optimum molecular
anisometries, categorized as rod-like or disk-like geometries
(see Section 3). The ligands L1-L17 systematically match one
of these criteria and some predictive programming has become
available. However, the introduction of bulky trivalent
lanthanides Ln™ with high coordination numbers within the
rigid core is expected to drastically alter molecular anisometry,
thus leading to a considerable reduction in the core enthalpy
AH™. Concomitantly, 7, = AH™/AS™ decreases and the
domain of existence of the mesophases (7, < mesophase <
T.) shrinks to such an extent that no liquid crystalline
behaviour could be detected for the complexes
[Ln(Li)(NO3)5] (i = 15-17).° In order to limit the deleterious
effects of the expansion of the rigid core produced by its
complexation to Ln', three attractive solutions have been
proposed:

1) A spherical La™ jon, or its neutral salts LnX3, can be
encapsulated within large cavities produced by pro-mesogenic
ligands, whose external surfaces remain compatible with
standard rod-like or disk-like anisometry. The disk-like
sandwich phthalocyanines [Ln(Li-2H),] (i = 1-5, Fig. 1)*!*
and the rod-like cylindrical [Ln(L6);X5] complexes (Fig. 2)*1°
obey this concept and produce the expected thermotropic
columnar (Coly,) and smectic (SmA) mesophases, respectively.
If we now invoke the curvature of the molecular interface, its
increase, in going from L6 to L7, induces columnar
mesomorphism for [Ln(L7),(L7-H)(CF3S05),],"! while its
decrease in going from Li (i = 1-5) to the less substituted
porphyrins in [Cey(Por);] transforms columnar into lamellar
organizations.?

2) Inspired by the remarkable incorporation of bulky
fullerenes®® or octasilsesquioxane® into thermotropic meso-
phases, Donnio, Binnemans and co-workers recently separated
the bulky [Ln(pB-diketonate);] unit from the rigid mesogenic
cyanobiphenyl rigid cores in [Ln(L8)(B-diketonate);] (Fig. 3).
The amphipathic character of the undecyloxy-cyanobiphenyl
building blocks is only marginally affected, thus leading to the
first report of well-characterized fluid nematic lanthanidome-
sogens (81-138 °C range).”*

3) The last strategy relies on the connection of a sufficiently
large amount of flexible alkyl chains to the bulky Ln""-centred
cores in order to maximise ASS:“““S and, consequently, to
reduce T, = AHSINS/AShans (o such an extent that a
thermotropic liquid crystalline phase develops at low tempera-
ture. Since ¢ > 1.5, the columnar mesophases observed for the
tabular disk-like complexes {Ln[M(Li-2H)[,(NO3)3} (i =9, 10;
M = Ni'l, Cu'),'? [Lny(L13),]"* (Fig. 3) and [Ln(L14)(NO;)s]

(Fig. 4)° are the logical result of the divergent connection of
four to six flexible hydrocarbon chains to each aromatic
ligand. Interestingly, only minor modifications of the transi-
tion temperatures due to the contraction of ionic radius are
usually observed along the La-Lu series, except for

[Ln(L62a)3(NO3);], for which the domain of existence of the

83°C SmA 165°C I

lanthanide ion) to

smectic phase (SmA) shrinks from Cr
for Ln = La (ie the largest

r—2% S smA L1 for Ln = Lu (ie. the smallest
lanthanide ion)*!® However the same lamellar mesoscopic
organization is maintained for all complexes. The situation is
completely different for the mesogenic hexacatenar complexes
[Ln(L#)(NOs)3], which display either hemi-disk-like (i = 11) or
phasmidic (i = 12) geometries.® Both types of complexes exhibit an
extreme dependence of the mesoscopic organization on the ionic
size of Ln™ along the series. Let us focus on the hemi-disk-like
complexes [Ln(L11)(NOs);] illustrated in Fig. 8, which display
lamellar organization for the larger lanthanides (Ln = La-Nd),
cubic mesophases for mid-range Ln = Sm-Ho, and hexagonal
columnar organization for small Ln = Er-Lu.® For the latter
complexes with Ln = Er—Lu, the limited expansion perpendicular
to the aromatic 2,6-bis(benzimidazole)pyridine binding units
produced by the Ln(NOs;); core, allows efficient head-to-tail
packing of the hemi-disk-like complexes, and hexagonal columnar
organization (Fig. 8 right). When the size of the metal increases for
mid-range lanthanides (Ln = Sm-Ho), the intermolecular intra-
columnar packing is severely reduced, while residual inter-
columnar interactions involving orthogonal gallic acid pairs are
not affected. Competition between intra- and inter-columnar
interactions operates, and either ‘oscillation”” or ‘puckering’® of
the columns is likely to result. In the former situation, the
formation of dislocation points eventually leads to the isotropic
growth of the columns in the three Cartesian directors of space,
and thus a bi-continuous structure evolves.> In the latter case, the
cylindrical rods are pinched off, and discrete micelles are formed.
The three-dimensional close packing of these micelles, driven by
the maximum occupancy of the available space, leads to a micellar
cubic phase (see centre of Fig. 8). The differentiation between these
two descriptions of the cubic organization is rarely unambiguous,
and an intermediate interpretation with a maximum of electronic
density located around the special positions of the cubic networks,
together with residual electronic density in between, can be
reasonably proposed (perhaps partially fused micelles). For larger
lanthanides (Ln = La-Nd), the nine donor atoms provided by the
three bidentate nitrate counter-ions (6 O atoms) and the 2,6-
bis(benzimidazole)pyridine binding unit (3 N atoms) do not fill the
coordination sphere. An enthalpy-driven dimerization occurs for
producing ten-coordinate homobimetallic complexes containing
two bridging nitrate anions:

2 [Ln(L11)(NO3)s] s [Lo(L11)(NO3)s]»

The dimerization transforms hemi-disk-like into rod-like
complexes with a reduced ratio ¢, which becomes close to
g ~ 1% Lamellar organization thus develops at low
temperature, which is diagnostic for the existence of rod-like
molecular dimers (Fig. 8, left). At higher temperature, the
entropically-driven dissociation regenerates the hemi-disk-like
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Fig. 8 Mesomorphic behaviour of the hemi-disk-like complexes [Ln(L11)(NO3)s].

monomers and thus the cubic phases (Fig. 8, left). The isomeric
phasmidic complexes [Ln(L11)(NO3);] display a very similar
behaviour, except for an enthalpically more favourable
dimerization process, which produces lamellar organization
at low temperature along a considerable part of the lanthanide
series (Ln = La—Ho).®

5. Exploiting lanthanide-centred optical properties in
lanthanidomesogens

Probing the Ln™ microenvironment

The best known, and used, optical property of lanthanide ions
concerns their ability to emit light since their absorption
spectra have rather weak intensity due to the forbidden nature
of f-f transitions, with molar absorption coefficients usually
smaller than 3 M~ em ™!, except for a few transitions. Most of
the Ln™ ions emit light, either by fluorescence or phosphor-
escence processes, and their emission lines span the UV,
visible, and near-infrared (NIR) spectral ranges. Emission
spectroscopy had been essential in the discovery of the
elements in the 19th century; conversely the lanthanide ions
have always played a prominent role in lighting applications
and, more recently, in optics for telecommunications, as well
as in biomedical analyses and imaging.*’ Insertion of Ln" jons
into molecular edifices results in the electronic levels (char-
acterized by the quantum numbers S, L, and J) being split by
(weak) ligand-field effects (LF). Transitions between (SLJ)
levels are governed by selection rules which are somewhat
relaxed in view of the mixing of either vibrational, ligand, or
charge transfer states in the 4f wavefunctions, and of the spin—
orbit coupling. On the other hand, transitions between LF sub-
levels are strictly governed by symmetry selection rules: a
transition between I'; and I' is only allowed if I'y, € I'; x
I';, that is if the product of the irreducible representations of
the initial (J) and final (J') wavefunctions contains the
irreducible representation of the dipolar operator (electric or
magnetic). Therefore analysis of high-resolution luminescence

spectra using group-theoretical considerations allows the
determination of the ligand-field splitting of the levels and of
the site symmetry of the Ln"™ ion. The Eu" ion is a
particularly powerful luminescent probe since its major
emitting state is the un-split level Dy, which simplifies the
analysis, and this ion has been used to investigate its micro-
environment. For instance, such an analysis has been
conducted for the Eu™ complex depicted in Fig. 4 under its
crystalline form and has shown that it contains two different
chemical environments for Eu', the first one without
coordinated water molecule having C, symmetry and a
population of about ¥, whereas the second environment has
a lower symmetry, a coordinated water molecule and a
population of about ¥, in line with the chemical analysis.*®
Another point was to investigate if changes in the LF splitting
and/or transition probabilities can be detected when the
material undergoes a transition into the mesomorphic phase.
This is a quite difficult problem to address in that the
luminescence intensity diminishes with increasing temperature
(see below) and thermal motions contribute to the broadening
of the emission lines; moreover, most of the molecular
lanthanidomesogens studied in our laboratories have relatively
high transition temperatures so that no definitive information
could be gathered. On the other hand, a similar experiment
was attempted on a mesomorphic solution of europium nitrate
5 mol% in 1-dodecyl-3-methylimidazole chloride, which
undergoes a Cr — SmA, transition around 0 °C, while
isotropisation occurs around 100 °C (the exact temperatures
depend on the hydration of the samples).*® Unambiguous
variations have been observed, although they appear to
develop more or less continuously, without a clear break at
the transition temperatures.>

Determining the transition temperature by Eu"™" (and Tb™)
luminescence

It is a well known fact that both the luminescence intensity
(Iops) and lifetime of the excited state (tops) diminish with
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increasing temperature because non-radiative de-excitation
involves temperature-dependent vibrational and/or electronic
processes. For the intensity, the expected variation is of the

_C ]ob‘
form Iops=1Ipe *7, so that monotonous In——- curves are
295K

expected in absence of phase transition. When the investigated
material undergoes a phase transition, the refractive index is
known to display a sigmoid variation. From a theoretical point of
view, the emission intensity I.,,s of Ln'™™ ions is related to:

253 2 4 9)?
AT = 64’ |n(n*+2)

= D ’D 5
i+ | o PwtmDwl O

in which A(J, J'), in s, represents the Einstein probability of
spontaneous emission, v is the average energy of the transition
(cm™ 1), /1 is Planck’s constant (6.63-10 7 erg s), (2J + 1) is the
degeneracy of the initial state (1 for Eu(*Dy)), while Dgp and Dyp
(in esu®cm?) are the contributions from the electric and magnetic
dipole operators, respectively; and 7 is the refractive index of the
medium.*! The two expressions n(i* + 2)*/9 and n° are known as
the Lorentz correction factor for local electric field. Therefore
S-shaped variation in 7, is expected over the phase transition due
to the 1n° polynomial expression given in eqn. (3). On the other
hand, the lifetime of the excited state t,ps is defined by the
following expression:

1 1 1 1 1

—=—+—= +
Tobs  Trad Tar A (‘19'/,) Wr ('])

(6)

in which Wy(J) is the temperature-dependent sum of the rate
constants of all non-radiative processes.*' For the part of this term
implying non-radiative relaxation between LF energy levels, the
rate is essentially determined by temperature, the energy gap, and
the energy of the phonons implied, according to an “energy gap

law”. Therefore the 7., vs T dependence will be somewhat more
complex than the /s dependence.

In the case of Eu'™, the transition most sensitive to
changes in the environment of the metal ion is the hypersensi-
tive °Dy — ’F, transition, which is purely electric dipole in
nature; as a consequence, the second term of eqn. (5) vanishes
and grouping all the constants yields the simplified relation-

ship, where cst is a proportionality constant:

2 2
I (0.2) = "7 H2)

X DED X cst (7)

Experimental data for [Eu(L14)(NO3);]- YaH,O (cf. Fig. 4)
are reported on Fig. 9. The compound displays a phase
transition to a hexagonal columnar phase Col, at 86 °C
according to DSC (Fig. 9a), PLM, and SAXS measurements.
The change in luminescence intensity upon heating the sample
displays a sigmoid curve, from which the transition tempera-
ture can be determined. Most of the observed difference at this
temperature is genuine to the phase transition since the
contribution from the S-shaped refractive index term in eqn.
(7) amounts to at most 15% of the total variation (Fig. 9b).
Moreover, the same experiments conducted on two non-
mesomorphic reference compounds, europium nitrate and
[Eu(L14a)(NO3);] in which the Cj, alkyl chains in L14 are
replaced by methyl groups in Ll4a, present a monotonous
variation of the luminescence intensity versus temperature. The
cooling curve presents a far less pronounced sigmoid variation,
although, a second (and subsequent) heating(s) yields the same
temperature dependence as initially observed. Similarly, an
associated S-shape variation in the lifetime of the °Dy level
versus temperature (both during heating and cooling) fully
confirms the sensitivity of the luminescence parameters to the
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Fig. 9 Detection of the Cr — Coly, (and vice-versa) phase transition in [Ln(L14)(NOs;)s]. Left, Ln = Eu, (a) DSC trace and refractive index
variation, (b) luminescence parameter variation (A, intensity; [, lifetime) with, at the same scale the contribution of the refractive index to the
intensity change (*). Right, Ln = Tb, filled squares for the heating process, empty squares for the cooling process; (c) intensity change and (d),

lifetime variation. Redrawn from ref. 37.
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changes in the metal microenvironments during the melting
process. The changes observed for I(°Dy — F,) and 7 are
reversible and several heating-cooling cycles generate the same
patterns, from which values for the temperature transition can
be calculated, which fairly well match to one determined with
the other experimental techniques.*® A comparable effect has
been observed for [Tb(L14)(NOs);], for which the intensity
variation of the D, — Fs5 transition follows the same trend as
that for the Eu™ compound (Fig. 9¢). In this case, however,
the °D, lifetime remains constant up to the transition
temperature and then In(t,ps/7295) decreases linearly with 1/T
(Fig. 9d), confirming what is said above with respect to
eqn. (6).

Since luminescence data are easily collected, we have further
tested whether or not this technique for the determination of
the transition temperature is general and, if not, which are its
limitations. The chosen system was [Eu(L11)(NOs)3] (Fig. 3)
since it displays a rich and varied mesomorphism.®” Sigmoid
variations are seen for both logarithmic plots (intensity and
lifetime) when the complex enters the cubic mesophase during
the first heating process. A mathematical analysis of these
curves gives T = 413(2) K for the transition temperature, which
exactly matches that found by the other experimental
techniques. However, the following cooling process and
subsequent heating-cooling cycles show that the Cub meso-
phase is supercooled in the final glassy state. As a result, no
significant structural variation occurs during these subsequent
phase transitions and both logarithmic plots become mono-
tonous with temperature. As a conclusion, luminescence
intensity and/or lifetime switching can be used to signal Cr-
LC transitions in Eu™ and Tb™ mesomorphic compounds,
but glass transitions are not accessible with this technique of
detection.

Similar sharp variations at the transition temperature have
been reported by Binnemans and co-workers. For instance, a
two-fold increase in the metal-centred luminescence of the
nematic liquid-crystalline matrix MBBA (N-4-methoxybenzy-
lidene)-4-butylaniline) doped by [Yb(dbm);(phen)] (dbm is
dibenzoylmethanate and phen is o-phenanthroline) occurs in
going from the isotropic phase (47 °C) to the nematic phase
(12 °C); in this case, however, the result can be explained by
the better scattering of the excitation light in the liquid-
crystalline phase, as opposed to the isotropic liquid.** On the
other hand, glass dispersed liquid crystal films of 5CB (4-
pentyl-4’-cyanobiphenyl) doped with [Eu(dbm);(dme)] (dme is
1,2-dimethoxyethane) show a strong intensity change at the
nematic-to-isotropic transition, both on heating and cooling.*?

Doped thermotropic liquid crystals

An alternative to designing lanthanidomesogens is to dope
lanthanide salts and/or highly luminescent complexes (gener-
ally B-diketonates) into known mesomorphic phases. As a
matter of fact it is the way that the first lanthanide-containing
mesophase was obtained, by introducing an Eu™ p-diketonate
dihydrate into cholesteric and nematic phases.** Replacing the
water molecules by phenanthroline subsequently led to
improved photophysical properties,*** as well as the use of
glass-dispersed phases.* Such a strategy allows one to tune the

emission color of the liquid-crystalline phases by a judicious
choice of the lanthanide ion, the receptor, and the excitation
wavelength. Among the goals pursued by the researchers in
this area is the design of strongly NIR-emitting liquid-
crystalline phases. In view of their peculiar chemical and
solvent properties, room temperature ionic liquids (RTILs)
which are simultaneously liquid crystalline offer a large variety
of possibilities. RTILs are usually comprised of a bulky
organic cation and an inorganic anion and are presently
receiving a wealth of attention because of their low volatility
and potential as solvents for various “green” chemical
processes. Their use as liquid crystals, as well as host for
lanthanide-containing compounds has recently been
reviewed.*® In our laboratories, we have taken advantage of
the mesogenic properties of 1-dodecyl-3-methylimidazolium
chloride ([Ci,-mim]Cl). This salt forms lamellar, sheet-like
arrays in the crystalline phase and an enantiotropic smectic
liquid crystalline phase at room temperature. Introduction of
lanthanide salts into this ionic liquid does not alter much the
liquid crystalline properties up to 10 mol%. The intrinsic
quantum yield (i.e. the quantum yield obtained upon metal
excitation) of the Eu'™-centred luminescence is large, in the
range 52-61% depending on the anion. As a consequence, the
emission color of the Eu-containing materials can be tuned
from blue to red by varying the counterion and the excitation
wavelength (Fig. 10), that is by tuning the mix between the
blue RTIL emission and the red metal-centred luminescence.
This opens interesting perspectives for the design of environ-
mental-friendly luminescent devices.*” The same RTIL has
also been doped by 1 mol% of [Ln(tta)(phen)] (Ln = Nd, Eu,
Er, Yb) complexes (tta is thenoyltrifluoroacetonate). Both
DSC and SAXS measurements, as well as high-resolution
luminescence spectroscopy on Eu™ confirm that the introduc-
tion of these complexes does not change the mesomorphic
properties of the RTIL. Intense NIR emission is obtained with
the Nd™. Er'"- and me-doped phases. Emission is
enhanced with respect to the initial complexes and the
quantum yield of the Yb™-doped phase reached 2.1 + 0.3%.%°

6. Conclusions and outlook

The proposed simplistic thermodynamic approach responsible
for phase transitions occurring in thermotropic organic liquid
crystals, also applies for lanthanidomesogens, provided that
the perturbation of the anisometry of the amphipathic
molecule is carefully considered. For bulky lanthanide metals,
the deleterious decrease of AH)™ can be overcome by using
different strategies based on (i) the embedding of Ln"" within
an internal coordination cavity, (ii) the decoupling of the
lanthanide core from the polarizable aromatic core responsible
for the emergence of AH;", and (iii) the connection of a large
number of peripheral flexible alkyl chains to the rigid core in
polycatenar complexes. All these approaches have been shown
to successfully provide thermotropic mesophases with lantha-
nidomesogens, with a pronounced preference for columnar
organization resulting from sizeable curvatures of the mole-
cular interfaces (¢, » 1). Moreover, the large number of
electrons brought by the lanthanide core contributes to
an improved intermolecular cohesion based on transient
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multipolar electrostatic interactions, and consequently AH,
globally increases, which produces unfavourable high melting
and clearing temperatures. These two characteristics, i.e.
highly organized mesophases produced at high temperature,
are major limiting factors for designing luminescent liquid
crystals with potential applications, since fluid room-tempera-
ture mesophases are eventually required. The recent prepara-
tion of fluid nematic mesophases at 80-90 °C with the
complexes [Ln(L8)(B-diketonate);] is thus a crucial contribu-
tion to this field,>* particularly when we consider the entropic
limitation of the thermal stability of lanthanidomesogens. We
can therefore anticipate that the design of novel nematic
lanthanidomesogens with lower melting temperatures accord-
ing to the decoupling approach will attract much attention in
the near future. If we now consider the optical functions
brought by trivalent lanthanides in mesophases, it is obvious
that tuneable metal-centred emission (green for Tb™, red for
Eu™, blue for Tm™ and Eu") will be a central point for
further developments. Because no switchable room-tempera-
ture lanthanidomesogen is currently available, the preparation
of organic liquid crystals doped with small amounts of
luminescent lanthanides is attractive, but this situation could
be reconsidered in the future. In this context, the design of
chiral environments in lanthanidomesogens may have a great
potential for (i) designing luminescent fast-switching ferro-
electric mesophases and (ii) producing circularly polarized
emission addressable by appropriate filtering techniques, thus
leading to the temperature variation of the dissymmetry
factors as a probe for phase transitions.*
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