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In this short overview dedicated to the thermodynamics of
liquid crystalline chelating nitrogen-containing ligands and
their lanthanide complexes (i.e., lanthanidomesogens), we
first go through the initial successes obtained with the intro-
duction of the concept of enthalpy/entropy compensation for
rationalizing and programming melting and clearing tem-
peratures in thermotropic mesophases. In the second part,

the failures encountered during our attempts for switching
from a qualitative toward a quantitative interpretation of the
melting processes in polycatenar lanthanidomesogens are
discussed, together with the delicate correlations established
between the thermodynamic parameters of intermolecular
cohesion measured in noncoordinating solvents and those
operating in pure mesophases.

Introduction

When entering the field of metallomesogens (i.e., metal-
containing liquid crystals),[’-?! the novice is surprised by the
systematic and empirical approaches used for optimizing
the temperature domain of existence of a thermotropic me-
sophase. In the vast majority of cases, the metals are em-
bedded within some polyaromatic multidentate ligands to
give neutral polarizable rigid cores, which are grafted with
several flexible alkyl chains. Then, three strategies, which
are often combined, can be recognized for designing ther-
motropic metallomesogens. (1) The length of the peripheral
alkyl chains, together with the extension of the central rigid
core are systematically varied to establish standard phase
diagrams.’! (2) Depending on the synthetic possibilities,
various building units (O, S, CH,, CF,) are introduced
within the peripheral flexible chains.>¥ (3) The curvature
of the molecular interface between the rigid core and the
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flexible part is stepwise modified by the connection of an
increasing number of diverging alkyl chains.>®l Whereas
thorough attention has been focused on the rationalization
of the residual organizations detected in mesophases (ne-
matic, lamellar, columnar, cubic) as a function of the vari-
able molecular shapes and interface curvatures produced by
these strategies,!”) the understanding and prediction of tran-
sition temperatures have been the subject of much less inter-
est, despite their crucial role in the potential applications
of thermotropic mesophases.®! According to a very simple
concept introduced by Skoulios and Guillon more than
three decades ago,!”! the successive melting (crystal— meso-
phase) and clearing (mesophase— liquid) processes result
from the microsegregation of a large amount of amphiphilic
molecules, for which the minimum free energy is reached
when like parts interact in a pairwise manner. Following
this criteria, the polarizable metal-containing rigid cores are
primarily associated by means of intermolecular interac-
tions, whereas the less polarizable flexible alkyl chains fill
the residual voids in the condensed phase (Figure 1).1' As-
suming, as a very rough approximation, a complete decor-
relation between the intermolecular cohesion of the rigid
cores and that of the flexible chains, this model predicts
that the weak interchain enthalpic cohesion (-AH,,) re-
quires only a low temperature 7,,(AG,, = 0) = AH_/AS,, to
be overcome by the considerable opposite entropic contri-
bution (7,AS.), a phenomenon usually referred to as the
melting process, and which can be thought of in this context
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as the dispersion of correlated clusters of rigid cores in the
continuum of the molten alkyl chains. A further increase of
the temperature leads to a second compensation effect that
occurs at TJ(AG. = 0) = AH/AS,., when the stronger en-
thalpic cohesion between the rigid core (-AH.) is overcome
by the weak opposite entropic contribution (7.AS.). The
latter transition is called the clearing temperature, because
the semiorganized mesophase transforms into an isotropic
liquid.

a) Z
HasC N> N (NOO OCpa

b)

Figure 1. (a) An amphiphilic tridentate ligand and (b) its microseg-
regated organization in the crystalline state.['”]

Clearly, these two phenomena are not independent in
real systems and some loss of cohesion between the rigid
cores already occurs at the melting temperature 7,, which
explains, for instance, the fluidity of mesophases. However,
this two-step model allows for some pertinent comparisons
between the melting of thermotropic liquid crystals that
contain amphiphilic molecules, and that of simple hydro-
carbons, for which detailed thermodynamic studies and ra-
tionalizations are available.''! Williams and co-workers
have demonstrated that the reduction of the intermolecular
interactions between the alkyl chains occurring at the melt-
ing temperature for hydrocarbons indeed produces a change
in dynamic between the two states (measured by AS,, >
0), which is correlated with the reduction in bonding that
accompanies the melting process (AH,, > 0).'1 For pure
hydrocarbon chains, incremental enthalpic (AHRS =
—4 kJmol M) and entropic (1.6 = —TASS" < 3.6 kJmol !
at 298 K)I''® contributions per methylene unit have been
proposed. Consequently, once the branching of the alkyl
chains is defined, the melting temperatures are found to be
rather insensitive to the chain lengths [Equation (1)], a de-
duction often referred to as enthalpy/entropy compensa-
tion.[11:12]

incr
- AHY

AH —nAH™  AH™
Tm = e < incr = ia:sr = f:]ssr (1)
ASI“ _2 ASBS;: _nASBS;: ASZ‘!SSC
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Building on this reasoning, Ford has proposed a simple
model for weak intermolecular association (AG,s = AH, ¢ —
TAS,,) between two molecules, which implies that AH,
depends on the minimum of the binding potential [uy;, in
Equation (2), ky, is Boltzmann’s constant], whereas AS,, 1s
related to the force constant of the interaction; x in Equa-
tion (3), once the reference concentration (1/V,) is fixed.['3!

AIfass = Ui + % ka (2)

AS =kl —(2"6)3/2 y k. In| < 3)
= n — n
ass b me 2 b ka

When a perturbation is imposed upon the pair of associ-
ated molecules, for instance, the stepwise increase in length
of the flexible chains previously discussed, the enthalpy/en-
tropy compensation requires that u,,;, and x move in the
opposite direction, so that |AH,| and |AS,| both decrease
or both increase. However, there is no fundamental prin-
ciple of weak interaction that dictates the relative depen-
dence of well depth u,,;, and force constant x. Within the
frame of a simple Lennard-Jones (12,6) potential V =
4e[(rolr)'? = (ro/r)°] for roughly modeling an intermolecular
interaction,!'¥l the harmonic approximation applied to the
minimum of the attractive well yields u,;, = —¢& (Ui < 0)
and x = 2¢e/(ry)* (x > 0), whereby r, is the intermolecular
separation at which V' = 0 (Figure 2).I'3!4 Combining these
results with Equations (2) and (3) predicts that compensa-
tion only occurs under conditions in which ¢ varies and r,
is fixed, a situation that is apparently found for the intermo-
lecular cohesion between hydrocarbons of increasing
length,['!-1?] but that has no obvious reason to be retained
for other structural variations.['*!

Potential energy

1/6
2%y, r

o

=€

Figure 2. Representation of a Lennard-Jones (12,6) potential V' =
4e[(ro/r)'? — (ro/r)®] with the interpretation of & and ry parameters.

Based on this approach, we suspect that the systematic
variation in length of the flexible chains usually investigated
for establishing phase diagrams in thermotropic mesogens
has little impact on the melting temperatures compared
with more substantial perturbations, such as the grafting of
several diverging flexible chains in polycatenars, polypeds,
and dendrimers.5>-71 Moreover, detailed investigations of
2747
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AH,, and AS,, measured by differential scanning calorime-
try (DSC) for first-order transitions in homologous series
could give some insights into the structural and/or chemical
programming of the molecular parameters ¢ and x. Obvi-
ously, the same approach applies to clearing processes as-
suming that (i) the well depth — corresponds to interaro-
matic stacking interactions!'>! and (ii) the relaxation of the
degrees of freedom (AS,) is limited by the rigid character
of the polyaromatic core.

Results and Discussion

Successful Manipulations of Melting and Clearing
Processes in Nitrogen-Containing Chelating Ligands and
Their Lanthanide Complexes

Since 2,2'-bipyridine is the archetype of nitrogen-con-
taining chelating ligands in coordination chemistry, let’s
start with the thermal behaviors of homologous dicatenar
(L1¢7), tetracatenar (L2¢"), and hexacatenar (L3“") bipyr-
idine ligands that possess alkyl chains with variable lengths
(Figure 3).['61 The minor changes detected for the melting
temperatures of the dicatenar bipyridines L1¢" (209 = T,
= 269 °C for 1 = n = 14, Figure 3, a) unambiguously dem-
onstrate that enthalpy/entropy compensation (i.e., AH,,/
AS,, = constant) operates when the chain length is simply
increased,!') as reported for simple hydrocarbons.[''1 A sim-
ilar behavior is observed for the closely related dicatenar
lipophilic ligands L4", in which the central bidentate bi-
pyridine is replaced with a tridentate 2,6-bis(benzimidazol-
2-yl)pyridine scaffold coded for trivalent lanthanides, Ln™
(Figure 4a, T,, = 187 °C for L4“® and T,, = 206 °C for
L4€'2) 7] The tetracatenar bipyridines L2" also display
a minor dependence of T, (melting) and T, (clearing) on
increasing chain lengths (Figure3, b, Tu~='4Ti=% =
T=4Tr=1% = 1.2 for T in Kelvin), but the initial steeper
decrease evidenced on going from n = 4 to n = § can be
assigned to some partial unbalanced changes in entropies,
in other words, to an increase of the force constant x [Equa-
tion (3)], which is not overcome by a concomitant deepen-
ing of the potential. This trend is confirmed in the hexacate-
nar series L3%" (Figure 3, ¢), for which the effect of an in-
crease in chain length significantly deviates from the ex-
pected entropy/enthalpy compensation effect (77~ /7%= 12
= 1.5).1131 However, the latter trend remains minor com-
pared with the striking decrease of 7}, and T that results
from the connection of an increasing number of divergent
alkyl chains to the central rigid core. For n = § in Figure 3,
we indeed observe T, (L1<%) = 231 °C > T,,(L2¢%) = 173 °C
>> T, (L3“%) = 85°C, which can be associated with a
“polycatenar” effect whereby ¢ and r( are not correlated, a
behavior fully compatible with Equations (2) and (3).['*]

Closely related decreases in melting temperature, which
can be referred to as “polycatenar” effects, are observed
on going from the dicatenar tridentate ligand L5C'? (T}, =
154°C, AH,,, = 63 kImol!, AS,, = 147 Jmol ' K') to the
2748
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tetracatenar analogue L6¢'? (T,, = 74°C, AH, =
96 kImol !, AS,, = 276Jmol 'K!, Figure4, b),'® or
along the series depicted in Figure 4 (c) (L7'?: dicatenar,
T., = 131 °C;191 L8€12: hexacatenar, T,, = 25°C;!'! and
L9€!2: dodecacatenar, T, = —34 °C).1?% These observations
suggest that a decrease in the melting temperature can be
empirically correlated with an increase in the number of
connected divergent alkyl chains, given that their length is
sufficient (let’s say n = 6) to produce microsegregation in
the solid state. The same trend is observed for the lanthani-
domesogens [Ln(LAC'?)(NO;);] (k = 4-9; Ln = La—Lu, ex-
cept Pm) obtained with these ligands, except that the expan-
sion of the rigid core brought by the Ln(NOs); unit pro-
duces adequate microsegregation and thermotropic me-
sophases only for the hexacatenar L8"'> and dodecatanar
L9€!2 ligands.'%17-201 Although the size of the trivalent lan-
thanide significantly influences the melting temperature, the
trend observed in the free ligand is retained in the com-
plexes with 7, {[Ln(L8%'2)(NOs);]} = 70 to 160 °C (hexaca-
tenar)l'’ >> T, {[Ln(L9®'?)(NO;);]} = —43 to —25 °C (do-
decacatenar).”® Following the same strategy, we ap-
proached the programming of clearing temperatures, 7., by
means of the tuning of interaromatic interactions based on
variable polarizations of the aromatic rings.'>! Rowe and
Bruce attempted to explore the effect of different alter-
nation of polarization on the global permanent electric di-
pole of the molecule and its consequence on the thermal
behavior of ligands L1¢® and L10®, but decomposition un-
fortunately occurred prior to isotropization (Figure 5, a).['®l
Switching from bipyridine-based (L1¢® and L10%®) to
bis(benzimidazole)pyridine-based binding units in L8¢!?
and L11<? provides experimentally accessible clearing tem-
peratures (Figure 5, b).?!l The larger number of polariza-
tion inversions found along the strand in L11€!? (seven in-
stead of five in L8“'?) indeed induces the expected,!!>?%
stronger cohesion between the rigid aromatic groups
[AH(L11¢2) = 4,0 kJmol ' compared with AH (L8%'?) =
3.3 kJmol '].21

This polarization effect is further amplified upon coordi-
nation of the central tridentate binding unit to Lu®** in
[Lu(L8€!?)(NOs3)5] and [Lu(L11¢'2)(NO5);], as exemplified
by the molecular electrostatic potentials computed on the
Connolly surface, which show that the complexed ligand
strand in [Lu(L11¢'?)(NOs);] now displays a smaller
number of polarization inversions than [Lu(L8"'?)(NOs);]
(Figure 6).21 Consequently, the clearing temperature
Tm{[Lu(L11€2)(NO5)s]} = 120°C is significantly lower
than  that found for the parent complex
T {[Lu(L8C12)(NO;)5]} > 223 °C.123

Failures in the Quantification of the Enthalpic and Entropic
Contributions to Melting and Clearing Processes in
Lanthanidomesogens

Severely criticized by reviewers and colleagues on several
occasions, we decided to explore the possibility of finding

some unambiguous quantitative demonstrations for the

Eur. J. Inorg. Chem. 2010, 2746-2759
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Figure 3. Thermal behaviors of (a) dicatenar, (b) tetracatenar, and (c) hexacatenar liquid crystals based on 2,2'-bipyridine (Cr = crystal,
M = unknown mesophase, S, = smectic A, Sc = smectic C, N = nematic, Cub = cubic, Col = columnar, I = isotropic liquid, Dec. =
decomposition).!¢!

prediction of AH,,, and AS,, in a series of well-defined lan-  lecular approach (Scheme 1).1°! The syntheses of L12¢!2-
thanidomesogens. To maximize our chance of success, we L14¢'2 follow a strategy in which the 2,6-bis[(2-ethyl-6-hy-
focused on the 6,6’-disubstituted V-shaped ligands L12¢!2,  droxybenzimidazol)-2-yl]pyridine synthon is coupled with
L1312 and L14¢'? because the final formation of rodlike adequately substituted benzoic acid derivatives (Scheme S1
I-shape complexes [Ln(LkC'?)(NOs);] favors close intermo-  in the Supporting Information). The elemental analyses
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Figure 4. Thermal behaviors of three series of polycatenar liquid crystals based on 2,6-bis(benzimidazol-2-yl)pyridine (Cr = crystal, Sy
= smectic A, Sc¢ = smectic C, S, = unknown smectic mesophase, N = nematic, Col,, = hexagonal columnar, I = isotropic liquid).

(Table S1 in the Supporting Information) confirm the pu-
rity of the ligands. The symmetry of the "H NMR spectrum
(two equivalent benzimidazole rings, enantiotopic methyl-
ene protons, Figure 7, a), combined with the absence of any
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nuclear Overhauser enhancement effect (NOE) between the
pyridine proton H? and the ethyl protons in the central tri-
dentate binding unit, implies an average C,,-symmetrical
arrangement of the ligand strand, in which the nitrogen do-

Eur. J. Inorg. Chem. 2010, 2746-2759
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Figure 5. Thermal behaviors of two series of liquid crystalline ligands containing aromatic groups with alternated polarizations (Cr =
crystal, Sc = smectic C, N = nematic, Col;, = hexagonal columnar, I = isotropic liquid, Dec. = decomposition).

nor atoms display a trans,trans conformation (Scheme 1,
top).l1%17-2% The free ligands L12¢12-L.14¢!2 simply melt to
give isotropic liquids (first-order phase transitions, Table 1).
We note an abrupt change in the melting temperature on
going from the dicatenar ligand L12¢'? (T}, = 172 °C) to
the tetracatenar analogue L13¢'? (T,, = 57 °C), which can
be assigned to the 50% increase of AS,,. The connection of
two additional dodecyloxy chains in the hexacatenar ligand
L14¢!2 does not further significantly affect T, (i.e., Ty =
AH_/AS,, = constant), because both enthalpic and entropic
contributions are reduced by the same 0.65 ratio (Table 1).
Upon reaction of L12€'2 or L13¢!? with Ln(NO3);xH,0
(Ln = La, Eu, Lu, Y) in CH,CI,/CH;CN (1:1), pure
[Ln(LAC'?)(NO3);] complexes can be isolated in the solid
state in fair to good yields (kK = 12, 13; Tables S1-S3), as
previously established for [Ln(L14!2)(NO3);] (Ln = Pr-Lu,
except Pm).l"]

In contrast with the rich mesomorphism observed for the
latter hexacatenar complexes (lamello-columnar, hexagonal
columnar, and cubic organizations, Table 1), the lanthanide

Eur. J. Inorg. Chem. 2010, 2746-2759
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complexes with L12€!2 and L13%!2 only display compli-
cated series of first-order crystal— crystal phase transitions
[established by polarized light microscopy (PLM) and
small-angle X-ray diffraction (SA-XRD) measurements]
prior to undergoing decomposition at high temperature
(>200 °C). This disappointing result prevents us from
quantitatively addressing possible variations of AH,, and
AS,, with (i) an increasing number of diverging dodecyloxy
chains and (ii) the variable size of the central metal in lan-
thanidomesogens. However, it is clear that the temperature
of the melting process in the complexes is higher than de-
composition (>200 °C) for the complexes with dicatenar
(L12€'?) and tetracatenar (L13€!?) ligands, whereas signifi-
cantly lower values are found for the hexacatenar analogues
(T {[Ln(L14€'?)(NO3);]} = 100-160 °C, Table 1). We thus
conclude that the major unbalanced enthalpy/entropy
change, which is responsible for the beneficial polycatenar
effect, indeed occurs between dicatenar and tetracatenar
series in the free ligands (quantitatively supported in
Table 1), whereas it is unfortunately shifted between tetra-
2751
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Figure 6. Schematic structures and polarizations, and associated
color-coded representation of DFT molecular electrostatic poten-
tials (MEP) computed on the Connolly surfaces around
(a) [Lu(L8")(NO3)s] and (b) [Lu(L11¢1)(NO;)5] in their optimized
gas-phase geometries (blue = electron-deficient domain, red = elec-
tron-rich domain; g = glassy state, Col;, = hexagonal columnar, I
= isotropic liquid, Dec. = decomposition). Adapted from ref.[>!]

and hexacatenar units in the associated lanthanidomeso-
gens, thus preventing its stepwise quantitative exploration
along the series [Ln(L&C'?)(NOs);] (k = 12-14).

However, can we find an alternative method for assigning
the abrupt changes in the thermal behaviors along the series
2752
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Scheme 1. Chemical structures of the polycatenar V-shape ligands
L12€12-L,14€"2 and formation of the associated I-shape complexes
[Ln(LA)(NO3)s].

of complexes [Ln(LAC'?)(NO;);] (k = 12-14) to some spe-
cific variations in intermolecular interactions induced by
the polycatenar effect? A previous detailed analysis of an
exhaustive set of variable-temperature X-ray diffraction
data  collected for the hexacatenar complexes
[Ln(L14¢'2)(NO3);] (Ln = Pr-Gd) established that these so-
lid complexes melted to give lamello-columnar mesophases
around 100-120 °C, which were then transformed into cu-
bic mesophases (/m3m space group) around 180 °C
(Table 1).I'%1 We then attributed this rare sequence of phase
transition to the existence of rodlike nitrato-bridged dimeric
units [Ln,(L14%2),(NOs)e] at room temperature, the shape
of which was compatible with the formation of lamello-co-
lumnar mesophases. The entropically driven transformation
of the latter rodlike dimers into disklike monomers
[Ln(L14€'%)(NOs)5] at higher temperatures were then re-
sponsible for the formation of the cubic organization in the
subsequent mesophase.'”l This interpretation was sup-
ported by the crystal structures of the dimers [Ln,(L14<°),-
(NO3)4] (Ln = Eu, Lu) observed in the solid state and by
the solution behavior of [Eu(L14%'?)(NO5);], which exists
as a mixture of monomer and dimer in noncoordinating
CD,Cl,, see Equilibrium (4).[1"]

Moreover, the analysis of variable-temperature (VT)
'H NMR spectroscopic data by using van 't Hoff plots
gave AH dl‘r‘n”“ = -252)kJmol! and ASFLL4 =
—47(5) Jmol' K™, in agreement with the trend expected for
a simple dimerization process, which (i) is not strongly af-
fected by solvation effects in this poorly coordinating sol-
vent and (ii) produces the proposed entropically driven de-
struction of the dimer at high temperature [ASFLE4 < 0

Eur. J. Inorg. Chem. 2010, 2746-2759
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Figure 7. (a) "H NMR spectra of L13¢'? and of its complex [Lu(L13!?)(NOs);] with numbering scheme (CDCls, 298 K). (b) Highlight

of the aromatic region.

and Tspy, = AHESLMJASESL 4 RInC,) = 293K

whereby T'sq., is the critical temperature at which the mono-
mer represents 50% of the ligand distribution in CD,Cl,
(Cior = 0.01 M)].1"T Altogether, the results and interpretation
collected in ref.['1 suggested that the study of the dimeriza-
tion process in noncoordinating organic solvents could be
considered to be a model for the potential intercomplex in-
teractions operating in the mesophases and controlling both
phase transitions and organizations.'”! To check the valid-

Eur. J. Inorg. Chem. 2010, 2746-2759 © 2010 Wiley-VCH Verlag Gm

ity of this approach, we repeated the same experiment
shown in Equilibrium (4), but in CDCl;, and we obtained
completely different thermodynamic parameters for Equi-
librium (4) (Table 2), together with a partial decomplex-
ation of the ligand at millimolar concentrations, which al-
lowed the estimation of the formation constants pFy-L14
[Equilibrium (5)] and g5%'4 [Equilibrium (6)], and their
thermodynamic characteristics by VT 'H NMR spec-
troscopy (Table 2).[>4
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Table 1. Phase-transition temperatures and enthalpy and entropy

changes for ligands LI12¢'>-L14"2 and their complexes
[Ln(LEC2)(NO3);] (k = 12-14).
Compound Transition® T AH AS
FC]  [kKJmol'] [Jmol'K™]
L12¢12 Cr—1 172 477 108
[La(L12€1?)(NO3);] Cr—Cr, -18 39 15
Cr;—Cr, 84 1.9 5
Cr,—Cr; 195 43 9
Cr;—Dec. 281 - -
[Eu(L12C2)(NOs)y] Cr—Cr, 20 11 43
Cr—Cr, 162 09 22
Cr,— Dec 260 - -
[Lu(L12€"2)(NO3)5] Cr—Cr; -15 20.8 81
Cr;— Dec 247 - -
[Y(L12€2)(NO;);] Cr—Cr, -19 0.6 24
Crj—Dec. 255
L13¢12 Cr—1 57 48.8 148
[La(L13¢"?)(NO3);] Cr—Cr, 162 74.8 172
Crj—Dec. 205 - -
[Eu(L13%'2)(NO3);] Cr—Cr, 7 1.3 4.6
Cr;—Cr, 51 1.4 43
Cr,—Dec. 207 — —
[Lu(L13€12)(NO3)5] Cr—Cr; -13 25 9.5
Cr;— Dec 218 - -
[Y(L13€12)(NO;);] Cr—Cr, 5 4.0 14.5
Cr;—Cr, 55 12.5 38
Cr,—Cr; 130 3.6 9
Cry;—Dec. 213 - -
L14¢12 Cr—1I 58 315 95
[Pr(L14°%)(NOs)y] g—>M 1000 — -
M— Cub 14001 — -
Cub—Dec. 190 - -
[Nd(L14“">)(NO5)3] g—>M 12000 — -
M — Cub 160t — -
Cub—Dec. 180 - -
[Sm(L14€12)(NO3),] g—M 16001 — -
M— Cub 18001 — -
Cub—Dec. 190 - -
[Eu(L142)(NO5);] g—M 12000 — -
M- Cub 18001 — -
Cub—Dec. 190 - -
[GA(L14°12)(NO3),] g—>M 1000 — -
M— Cub 1600 — -
Cub—Dec. 190 - -
[TH(L142)(NO3)5] g— Cub 16001 — -
Cub—Dec. 171 - -
[Dy(L14“%)(NO)s] g—>M gort - — -
M — Dec. 180 - -
[Ho(L14€12)(NO3),] g— Cub 16001 — -
Cub—Dec. 175 - -
[Ex(L14°12)(NO3);] g— Colj, 15000 — -
Col,—Cub 1800  — -
Cub—Dec. 185 - -
[Tm(L14°%)(NO,),] g—>M 160™ - — -
M — Dec. 180 - -
[YBL14%)(NOy),] g— Col, 1750 - -
Col,—Dec. 195 - -
[Lu(L14€2)(NO5)5] g— Col, 15501 -
Col,—1 190 - -
I— Dec. 195 - -

[a] Cr = crystal, Col, = hexagonal columnar phase, Cub = cubic
phase, g = glass, M = lamello-columnar phase, I = isotropic fluid,
Dec. = decomposition. Transition temperatures were obtained by
differential scanning calorimetry (DSC), polarized light microscopy
(PLM), and small-angle X-ray diffraction (SA-XRD) measure-
ments, and are given for the second heating processes; the liquid
crystalline phases were identified from their optical textures and
from SA-XRD studies. [b] Glassy or second-order phase transitions
were determined by PLM and SA-XRD in ref.[!]
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2 [Ew(L14°)(NO3);] —— [Eup(L14“)(NOs)s] Ky (4)

Table 2. Enthalpies (AH®*14 in kJmol!), entropies (ASE“L14 in
Jmol 'K"), and free-energy (AGE“'* in kJmol!) changes, and
stability constants for Equilibria (4)-(6) at 298 K.

Solvent CD,CL[! CDCl,P?4
AHGY L -25(2) -5(2)
ASEuL14 47(5) ~1(10)
AGEEL14 _11(3) ~4.7(3.6)
log(KE14) 1.9(5) 0.8(6)
AHEYLI4 fal 13(4)
ASEyL14 fal 109(15)
AGEyL14 fa] ~19.4(6.0)
log(BFy114) fa] 3.4(1.0)
AHES14 fa] 21(6)
ASESL14 fa] 218(26)
AGESL14 fa] —44.009.8)
log(fEy114) fa] 7.7(1.7)

[a] Not accessible because no decomplexation is observed in the
'TH NMR spectra at millimolar concentration.

For the dimerization process in solution [Equilib-
rium (4)], both [AHE%E) and |ASESE4 concomitantly de-
crease on going from CD,Cl, to CDCl;, a phenomenon
reminiscent of enthalpy/entropy compensation. Since the
same final dimeric complexes are involved in the two sol-
vents, the variation of the enthalpy and entropy changes
strictly originates from the different solvation free energies
of the partners shown in Equilibrium (4). A rapid inspec-
tion of Table 2 suggests that the more polar chloroform sol-
vent®¥ better solvates the polar lanthanide complexes fol-
lowing the natural decreasing order of polarity [Eu(NO3);]
> [Eu(L14'?)(NO3)5] > [Eu,(L14'?),(NO3)e], which ob-
viously reduces KFy-t14, gEv-L14 and gEYL14 on going from
CD,Cl, to CDCls. This observation has considerable (and
negative) consequences for the development of potential
correlations between solution-based thermodynamics and
our original interpretation of intermolecular interactions
occurring in the mesophases, whereby no solvent molecule
is present. Based on the latter experiments, dichlorometh-
ane should be preferred over chloroform for recording pa-
rameters that are amenable to being used in potentially ra-
tionalizing cohesion in thermotropic lanthanidomesog-
ens, [ but there is no fundamental justification for con-
sidering dichloromethane itself as an innocent solvent. The
crucial effect of solvation in the formation of lanthanide
complexes and related aggregates in chloroform is further
confirmed by the enthalpic and entropic contributions mea-
sured for Equilibria (5) and (6) (Table 2), which imply en-
tropically driven processes only compatible with the two-
step desolvation model first introduced by Choppin.[?%

To confront this reasoning and the effect of solvation on
the dimerization of the less lipophilic tetracatenar
[Ln(L13¢12)(NO;);] and dicatenar [Lu(L12¢'2)(NOj3);]
complexes with lanthanide cations of variable size (Ln =
La, Eu, Lu), we systematically recorded 'H NMR spectra
for these complexes, together with their translational self-
diffusion coefficients by using Diffusion-Ordered Spec-
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Table 3. Experimental translational self-diffusion coefficients (D,) and ratios of molecular weights (MMc/MM )ey, [Equation (11)] for
L12€12, 1132, L14€"2, and their complexes [Ln(Lk)(NOs)s] and [Ln,(Lk)>(NO;)¢] in CDCl; at 298 K (Ln = Eu, Lu).

Compounds Dx [mZ Sil] (MMC/MML)exp. MMcalcd. [g mOlil] (MMC/MML)calcd.
L12¢12 6.9(2) X 1071° - 976.3 -
[Luo(L12€12),(NO5) ] 4.8(9)% 101 3.003) 2674.6 27
L1312 5.20(4) x 1010 - 1344.9 -
[Luo(L1312),(NO5) ] 4.1(1)x 10710 2.04(4) 3411.8 2.5
[Eun(L1312),(NO5)] 3.7(1)X 1010 2.78(5) 3365.8 2.5
[Ew(L13<12)(NO;);] 4.8(2)x 10710 1.27(8) 1682.9 1.3
L1412 4.45(1)x 10710 - 1713.6 -
[Luo(L14S12),(NO5) ] 3.50(3) X 1010 2.06(2) 4149.2 2.4
[Eun(L14S12),(NO5)] 3.2(2)X 1010 2.7(1) 4103.2 2.4
[Ew(L14<12)(NO;);] 4.36(3) X 1010 1.06(1) 2051.6 1.2

troscopY (DOSY-NMR) in CDCl; at 298 K (Figure 7,
Table 3). According to the Stokes-Einstein equation!*”!
modified for microfrictional theory [Equation (7)],1?81 the
translational self-diffusion coefficient D, is simply related
to the hydrodynamic radius i (k is Boltzmann’s constant,
T is the temperature, 7 is the viscosity of the solvent, and r
»i/riy 1s a correcting factor when the size of the particles
approaches that of the solvent molecules).

kT i
D. z[@m . J(1+0.695(rsm/rH )m) %

Ty

For large particles such as L12€'°-L14¢'2 and their
complexes in chloroform, the correction factor 1 +
0.695(r%,1,/r7)%23* = 1.0, and the introduction of the hydro-
dynamic volume V7 [Equation (8)] into (7) gives (9), which
is eventually transformed into Equation (10) when the den-
sity pij of the particle is considered (MM, is the molecular
mass of the particle and pif; = MM, /NAV7, in which N, is
the Avogadro constant).

x_ 4 xy
VHzgn:(rH) ®)

1/3
4
D= ALY 4% ©)
6rmn |\ 3y
ki \ 4mpiN,
6rn )\ 3MM,

By taking the C,,-symmetrical monomeric free ligand as
a reference for which MM is well-defined in solution (Fig-
ure 7), the ratio of the diffusion coefficients D; and D¢ (L
= ligand, C = complex), each modeled with Equation (10),
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leads to (11), which is adapted for the rough estimation of
the molecular weights of globular chemical species in solu-
tion.1?!

3
ity —[ﬂ] p_g (11)

v, (D ) pl

Only the lutetium complexes [Lu(LA“'?)(NO3);] are solu-
ble enough in CDCl; for recording reliable '"H NMR spec-
tra with the three ligands L12¢'2, L1312, and L14¢!2. For
all complexes, a single species is detected in solution
(Table S3 in the Supporting Information), in which (i) the
C,, symmetry of the ligand strand is retained (7 signals for
aromatic protons, enantiotopic methylene protons, Fig-
ure 7), (ii) the deshielding of the pyridine protons is larger
for H' than for H? (Figure 7), and (iii) NOE effects can be
detected between H? and H8. These features are diagnostic
for the meridional cis,cis coordination of the tridentate
binding unit to Lu' as depicted in Scheme 1.3 Reason-
ably assuming that the coordination of Lu(NO;); to the
large lipophilic ligands L12¢'2, L13'2, or L14€'2 has only
a minor effect on their hydrodynamic densities (i.e., p&/ph
= 1), the introduction of the diffusion coefficients measured
for the free and complexed ligands into Equation (11) gives
MMc/ MM ratios that demonstrate the exclusive forma-
tion of dimers [Lu,(Lk©'?),(NO3)e] in chloroform (Table 3).
For Ln = Eu, the complex with L12¢'2 is poorly soluble
and escapes reliable investigation by 'H NMR spectroscopy,
but the observation of resolved signals for the free ligand
together with two different complexes in the '"H NMR spec-
trum of [Eu(L13¢'?)(NO;);] mirrors the partial decomplex-
ation processes previously established for [Eu(L14¢'2)-
(NO3);] and modeled with Equilibria (4), (5), and (6).1'"! In
both systems (L13“'2and L14¢'?), the self-diffusion coeffi-
cients confirm the coexistence of monomers [Eu(Lk¢!'?)-
(NO3);] and dimers [Eu,(L&C!?)5,(NO3)g], in line with Equi-
librium (4) and with previous discussions (Table 3). Finally,
2755
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for Ln = La, chemical exchanges operating at an intermedi-
ate rate on the NMR spectroscopic timescale at 298 K pro-
duce '"H NMR spectra that are too broad to be addressed.
We conclude that the dimerization process, which implies
intermolecular cohesion between the complexes, exists
along the second part of the lanthanide series for Ln/Lk =
1 ratio (Ln = Eu-Lu) with dicatenar (L12€!?), tetracatenar
(L13€'?), and hexacatenar (L14¢!?) ligands in CDCl;. Sur-
prisingly, this process is favored on going from Ln = Eu to
Ln = Lu in CDClIs, thus leading to pure dimer with Ln =
Lu, whereas the opposite trend and the formation of pure
monomer has been previously reported in CD,Cl, for
[Lu(L14€12)(NO;);].l"1 This result again highlights the

e103/M! - cm™!
N I I 'Y
o & & o 3

drastic influence of solvation on the dimerization of com-
plexes in solution, which prevents valuable correlations be-
tween the solution-based thermodynamic parameters of co-
hesion with those operating in pure mesophases. Moreover,
such considerable solvation effects are not restricted to the
dimerization process [Equilibrium (4)], but they also affect
the formation constants of the complexes and their specia-
tion in solution. For instance, the spectrophotometric ti-
trations of L12€12, L13'2, or L14!? with Ln(NO3);:xH,0O
(Ln = La, Eu, Lu) performed in CH,CL,/CH;CN (3:1) in-
deed show the formation of two absorbing complexes (es-
tablished by factor analysesi*!l and confirmed by the lack of
isosbestic points, Figure 8). Nonlinear least-squares fits??
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Figure 8. Variation of absorption spectra and corresponding variation of observed molar extinctions at five different wavelengths observed
during the spectrophotometric titrations of (a) L12¢'2, (b) L13%!2, and (c) L14'? with Eu(NO3);:3H,0 [2X 104 M in CH,Cl,/CH;CN

(3:1) at 298 K].
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converge to Equilibria (12) and (13) and give thermo-
dynamic formation constants, which do not depend, within
experimental errors, on the number of alkoxy chains at-
tached to the central tridentate binding unit (Table 4).

Table 4. Experimental thermodynamic formation constants log(ff
L5Lky and log(p53#) for the complexes [Lny(Lk€!2),(NO3)] and
[Lny(LEC1?)3(NO;)g] in CH,CI,/CH5CN (3:1) at 298 K (Ln = La,
Eu, Lu; k = 12-14).

Ln' La Eu Lu

log( gg’lezjj) 19.0(5) 17.9(4) 19.3(6)
log(pEt12" 23.8(6) 22.4(6) 24.1(8)
log(ﬁzLE,Llscu) 17.83(3) 17.6(4) 19.1(6)
log(f3113°%) 22.1(4) 22.2(5) 23.9(7)
log(BLa114°") 19.2(5) 17.4(5) 18.4(7)
log(BLaL14°7) 23.7(6) 22.6(6) 24.5(9)

It is worth stressing here that log(f5%'14) = 17.4(5)
measured in CH,CIl,/CH;CN (3:1, Table 4) is ten orders of
magnitude larger than its value estimated by NMR spec-
troscopy in CDCl; [log(A54%114) = 7.7(1.7), Table 2], which
eventually confirms the crucial solvation effects that control
the formation of these lanthanide complexes. The detection
of 2:3 nitrato complexes [Ln,(L&C'?);(NO3)¢] in an excess
amount of ligand is reminiscent of similar behaviors re-
ported for [La,(2,2":6",2" -terpyridine);(NO5)¢]>3! and [Lu,-
{2,6-bis(N-ethylbenzimidazol-2-yl)pyridine } 3(SCN)4],*4
which exist as ionic pairs {[LnL,(NOs),] [LnL(NO3),] }.

Conclusion

After more than a decade of considerable efforts toward
rationalizing the enthalpic and entropic origins of melting
processes in thermotropic lanthanidomesogens, we are able
to consider this field with a balanced opinion. On the posi-
tive side, there is no doubt that the two successive melting
processes responsible for the formation and the subsequent
destruction of thermotropic mesophases can be approached
with some chemical intuition relying on the potential well
depths (enthalpy) and force constants (entropy) of intermo-
lecular interactions, which are modified during phase tran-
sitions. Assuming that simple microsegregation processes
are the crucial driving force for the organization of amphi-
philic molecules in the solid state, the stepwise increase of
the flexible chain lengths corresponds to a special situation
for which enthalpy/entropy compensation prevails, thus
leading to an approximate invariance of the melting tem-
peratures. However, the connection of several diverging
flexible chains onto the rigid polarizable core induces sig-
nificant deviations from enthalpy/entropy compensation,
which empirically produce lower melting temperatures due
to an increase in entropy incompletely balanced by some
parallel increase in enthalpy. According to the basic Equa-
tions (2) and (3) that model weak intermolecular interac-
tions,"3 we deduce that the increased intermolecular cohe-
sion on going from di- to tetra-, hexa-, and finally to do-
decacatenar ligands and their lanthanide complexes are
characterized by an increase in force constant (tighter corre-
lation between methylene units), which is less than compen-
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sated by a deeper well depth (more interacting methylene
units). Following these deductions, we nevertheless suc-
ceeded in tuning melting temperatures, thereby leading to
(1) the formation of the first cubic lanthanide-containing
mesophase in 2005!'%! and (ii) the design of the lanthanido-
mesogen that displays the lowest reported melting tempera-
ture in 2007.2°1 However, this tentative rational approach
proved to be limited in its demonstration, and therefore in
its acceptance by the scientific liquid-crystal community,
because of the difficulty in obtaining reliable thermo-
dynamic parameters for highly lipophilic polycatenars such
as L12€1>-L14"2, or dendrimeric systems,[°!% which usu-
ally exhibit glassy or second-order phase transitions. More-
over, our attempt to collect alternative, but complementary
thermodynamic information for the dimerization of lipo-
philic complexes in solution [Equilibrium (4)] as a model
for intercomplex interactions operating in mesophases also
failed because of the crucial role played by solvation, even
in poorly coordinating organic solvents.

Experimental Section

General: Chemicals were purchased from Fluka AG and Aldrich,
and used without further purification unless otherwise stated. The
syntheses of the ligands L1224 L13¢120191 and L14€"2191 are
described in the Supporting Information (Scheme S1). The com-
plexes [Ln(L14<'?)(NO3);] (Ln = Pr-Lu, except Pm) were prepared
according to a literature procedure.'’! The nitrate salts Ln(NO;)5
xH,O were prepared from the corresponding oxide (Aldrich,
99.99%).34 The Ln content of the solid salt was determined by
complexometric titrations with Titriplex 111 (Merck) in the presence
of urotropine and xylene orange.*>! Acetonitrile and dichlorometh-
ane were distilled from calcium hydride. Silica gel plates Merck 60
F,s4 were used for thin-layer chromatography (TLC) and Fluka
silica gel 60 (0.04-0.063 mm) or Acros neutral activated alumina
(0.050-0.200 mm) was used for preparative column chromatog-
raphy.

Preparation of the Complexes [Ln(LA€'?)(NO3)3] (k = 12-13; Ln =
La, Eu, Lu and Y): Ln(NO3);:xH,O (Ln = La, Eu, Lu, Y, x = 1-
3; 62 umol, 1 equiv.) in acetonitrile (5 mL) was added to a solution
(5mL) of LkC'? (k = 12 or 13; 62 pmol, 1 equiv.) in dichlorometh-
ane. The resulting clear solutions were stirred for 1 h, concentrated,
and cooled to —30 °C for 12 h. The insoluble white powders were
collected by filtration and dried in vacuo to give [Lny(LkC'?)-
(NO3);] in 53-76% yields (Table S1 in the Supporting Infor-
mation).

Spectroscopic Measurements: Spectrophotometric titrations were
performed with a J&M diode array spectrometer (Tidas series) con-
nected to an external computer. In a typical experiment, the ligand
(50 mL) in CH,Cl,/CH;CN (3:1, 10~* m) was titrated at 298 K with
a solution of Ln(NO5);*xH,0 (103 M) in CH,CL/CH;CN (3:1) un-
der an inert atmosphere. After each addition of 0.20 mL, the ab-
sorbance was recorded with Hellma optrodes (optical path length
0.1 cm) immersed in the thermostatted titration vessel and con-
nected to the spectrometer. Mathematical treatment of the spectro-
photometric titrations was performed with factor analysisi*!! and
with the SPECFIT program.3? "H and '3C NMR spectra were
recorded at 298 K with a Bruker Avance 400 MHz spectrometer.
Chemical shifts are given in ppm with respect to TMS. Diffusion
experiments (DOSY-NMR) were carried out at 400 MHz Larmor
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frequency (293 K, |complex|o; = 5X 1073 M). The complexes were
prepared in situ and left to equilibrate for 48 h (CDs;CN, 293 K,
|complex]io; = 5% 103 m). The pulse sequence used was the Bruker
pulse program ledbpgp2s*®! which employs stimulated echo, bi-
polar gradients, and a longitudinal eddy current delay as the z filter.
The four 2 ms gradient pulses have sine-bell shapes and amplitudes
ranging linearly from 2.5 to 50 Gem™ in 32 steps. The diffusion
delay was in the range 60-140 ms depending on the analyte dif-
fusion coefficient, and the number of scans was 32. The processing
was done using a line broadening of 5 Hz and the diffusion coeffi-
cients were calculated with the Bruker processing package. DSC
traces were obtained with Seiko DSC 220C and Mettler Toledo
DSCI Star Systems differential scanning calorimeters from 3-5 mg
samples (5 °Cmin !, under N,). The characterization of the me-
sophases were performed with a Leitz Orthoplan-Pol polarizing
microscope with a Leitz LL 20X/0.40 polarizing objective, and
equipped with a Linkam THMS 600 variable-temperature stage.
The SAXS patterns were obtained with four different experimental
setups, and in all cases, the crude powder was filled in Lindemann
capillaries of 1 mm diameter. Diffraction patterns (laboratory
source) were measured with a STOE transmission powder dif-
fractometer system STADI P using a focused monochromatic Cu-
K,; beam obtained from a curved Germanium monochromator
(Johann-type) and collected on a curved image plate position-sensi-
tive detector (IP-PSD). A calibration with silicon and copper laur-
ate standards, for high and low angle domains, respectively, was
preliminarily performed. Sample capillaries were placed in the
high-temperature attachment for measurements in the range of de-
sired temperatures (from —40 up to 170 °C) within *=0.05 °C. Peri-
odicities up to 50 A could be measured. The exposure times were
varied from 1 to 4 h. Diffraction patterns (SLS) were alternatively
measured using the synchrotron radiation Swiss Light Source
(SLS) at the Paul Scherrer Institut (PSI), Villigen, Switzerland.
Measurements were performed at the material science (MS) beam-
line using the wavelengths / = 0.4328 or 0.87943 A (depending on
the sample). The microstrip detector, which covers an angular
range of 60°, allows extremely fast in situ measurements depending
on the temperature (around 50-80 s per temperature step), which
prevents the decomposition of some fragile complexes under heat-
ing and gives reliable structural data to complete the DSC and
polarized light microscopy (PLM) measurements. Moreover, the
high signal/noise ratio allows the detection of weak Bragg peaks
and leads to a more accurate indexation for some poorly organized
phases. Elemental analyses were performed by Dr. H. Eder from
the Microchemical Laboratory of the University of Geneva.

Supporting Information (see also the footnote on the first page of
this article): Syntheses of ligands L12¢'2, L13'2, and L14¢'2
(Scheme S1) and their lanthanide complexes (Tables S1-S3).
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