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Abstract: A series of eight new materials based on the ionic association between
I-methyl-3-alkylimidazolium cations and the nanometric anionic Keplerate
[Mo01320372(CH3COO)30(H20)72]**" has been prepared and characterized in the solid state.
The liquid crystal properties of these materials were investigated by the combination of
Polarized Optical Microscopy, Differential Scanning Calorimetry and Small-angle X-Ray
Diffraction showing a self-organization in lamellar (L) mesophases for the major part of
them. From the interlamellar spacing /# and the intercluster distance anex, we demonstrated
that the cations are not randomly organized around the anionic cluster and that the alkyl
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chains of the cations are certainly folded, which limits the van der Waals interactions
between the cations within the liquid crystal phase and therefore harms the quality of
the mesophases.

Keywords: polyoxometalates; Keplerate; cluster; liquid crystal

1. Introduction

Liquid crystals constitute a fascinating example of functional self-assembled materials.
Incorporation of some inorganic components into liquid crystalline phases appears particularly relevant
to the elaboration of synergistic multifunctional materials according to a “bottom-up” approach [1].
Polyoxometalates (POMs), often described as polyanionic molecular oxides, exhibit various properties
in all domains of chemistry [2—-8]. Dietz and Wu demonstrated that the association of various POMs
with phosphonium or ammonium derivatives lead to ionic liquids or ionic mesomorphic
self-assemblies [9-17]. In this context, the “Keplerates” anions with the general formula
[(Mo6021)12(linker)s3o(Ligand)3o(H20)72]" (Figure 1) constitute an unique class of nanoscopic hollow
spherical clusters which exhibit singular structural features which easily exchange the internal
ligands/functionalities [18,19]. They therefore constitute a fascinating class of molecular materials
which display a large variety of properties such as magnetism [20,21], catalysis [22,23], electric
conductivity [24], non-linear optics [25,26] and are able to serve as nano-reactor for chemical
reactions, such as stoichiometric transformations of substrates with unusual selectivity [27]. Several
research groups have been interested to exploit this cluster in the context of materials science where
many efforts have been done to organize and stabilize such materials. For example, the incorporation
of Keplerates into suitable matrices such as polymers [28] polyelectrolyte [29] silica [30] or
organic cations [31-34] can enhance stability and induce synergistic functionalities
between POMs and matrices. For instance, the counter-cations of the Keplerate anion
[Mo01320372(CH3COO)30(H20)72]**, noted  hereafter Moz, can be replaced with
dioctadecyl-dimethylammonium cations (DODA") resulting in functional nanodevices [35].
Motivated by this challenge, we reported that the wrapping of Keplerate-type capsules with DODA"
cations lead to the formation of the materials (DODA )36(NH4)s[Mo01320372( CH3COO)30(H20)72]-75H20,
(DODA )44(NH4)14[M01320312S60(SO4)23(H20)86] and (DODA)s6(NHa4)16]M01320312S60(SO4)30(H20)72]
which exhibit liquid crystalline properties [36,37]. Interestingly, the DODA™ cations are not randomly
distributed on the surface of the Keplerate capsule, but organized within the sheets of Keplerates.
In the following of these two previous works, we studied the association of another highly charged
POM, namely [K2Na:LiH:{M04OsSs(OH)2(H20)3}2(PsWagO184)]®* >~  with a series of
1-methyl-3-alkylimidazolium cations [38], which present the particularities to be easily modified and
to be easily prepared on a gram scale. This work evidenced that the chains of the cations are organized
perpendicularly to the sheets of the POMs and that the structural parameters of the liquid crystal
phases can be finely tuned as a function of the alkyl chain length of the imidazolium cations [38].
More recently, we evidenced that the Keplerate Moi32 interacts with 1-methyl-3-ethylimidazolium
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cations in aqueous phase with an association constant of 5800, a value significantly higher than that
measured with tetramethylammonium cation (1550) taken as a model for the DODA" cation [39].

We report here on the synthesis and the characterizations of materials built from the ionic
association of Keplerate Mo132 with 1-methyl-3-alkylimidazolium cations, noted mimCx" (n = 12, 14,
16, 18, 20, see Figure 1). After having characterized the materials, the liquid crystal properties are
studied by polarized optical microscopy (TD-POM), differential scanning calorimetry (DSC) and small
angle variable temperature X-ray diffraction (SA-XRD) in order to determine if it is possible (i) to build
liquid crystals materials resulting from the ionic associations Moi32 / 1-methyl-3-alkylimidazolium and
(ii) to change the nature of the liquid crystal phases upon replacement of DODA" cations with
I-methyl-3-alkylimidazolium cations, for which the interaction with Moi32 is stronger in solution.
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Figure 1. Representation of the Keplerate nano capsule Moi32 and the imidazolium cations
used in this study. The grey polyhedra correspond to the fragments {MosOz21}, whereas
the polyhedra in orange correspond to the linkers {Mo204}. Acetates ligands are found
inside the cavity of the capsule and are not shown in the figure.

2. Results and Discussion
2.1. Synthesis and Characterization of the Mois2-Based Materials
2.1.1. Synthesis and Characterizations

The Keplerate-based materials were prepared by mixing an aqueous solution of the precursor
compound abbreviated NHs+—Moi32 with a large excess (ca. 170 equivalents per Mois2 capsule) of
1-methyl-3-alkylimidazolium cations, noted mimC," (n = 12, 14, 16, 18, 20), in chloroform in order to
replace the maximum of NHa" countercations. After stirring the mixture for about 1 h, the Keplerate
capsule Moi32 was totally transferred into the chloroform phase, indicating a rapid and quantitative
transfer. The target materials were precipitated with a good yield by addition of ethanol into
the chloroform phase and finally filtered, washed with ethanol and dried in air (see experimental
section for more details). We were also interested to investigate the preparation of mixed salts of
mimCi2" and mimCzo" by using different ratios during the synthesis. The materials were obtained as



Inorganics 2015, 3 249

brown-black soft solids, no longer soluble in water, but soluble in organic solvents such as chloroform,
acetonitrile, toluene and ether. These compounds were characterized by FT-IR, TGA, EDX and
elemental analyses.

FT-IR spectra were performed using Diamond ATR technique and an ATR correction was applied.
As shown in Figure 2 for the compound (mimCis)37—Moi32, the comparison of its IR spectrum with
those of the precursors confirm the conservation of the Moi3s2 cluster and its association with
the organic cation since the IR-spectrum exhibits the characteristic bands of both components. In
addition the band at 1403 cm™!, attributed to NH4" counter-cations, is still present in the final material
indicating that not all NHs" have been replaced by the organic cations in agreement with
previous studies [36,37].

Based on the data of the elemental analyses (C, H, N, Mo), EDX and TGA, the structural formula of
the obtained materials is established. The results are summarized in Table 1 and more details are
available in the experimental section. Firstly, EDX measurements evidence only the presence of
the Mo and reveal the absence of Bromide ions, the fingerprint of the presence of the starting
imidazolium salt. The number of acetate ligands was 30 for all synthesized compound. It should be
noted that, despite the large excess of the organic cations, the replacement of the ammonium cations
was not complete, in agreement with FT-IR spectra. The number of interacting organic cations with
the Keplerate ion was found between 36 and 41, which is consistent with the previously published
result with DODA salts [36,37]. This result suggests that some NH4" are probably trapped within
the Mo132 nanocapsule. It is worth noting that by mixing imidazolium salts bearing Ci2 and Czo alkyl
chains, a purely statistical distribution is observed in the final compound where the number of each
organic cations is controlled with the initial ratio. This demonstrates the possibility to tune the final
composition of the mixed surfactant encapsulated clusters, a key parameter for the design of functional
materials. Finally, the thermogravimetric analyses estimate the total amount of water molecules.

Table 1. Molecular formula of the Mois2-based materials established from elemental
analysis and TGA.

Samples Estimated Molecular Formula
(mimCiz)36-Mo132 (mimCi2H2s)36(NH1)s[M0132037:(CH3CO0)30(H20)72]-38H, O
(mimCi4)33—Mo132 (mimCi4H29)38(NH4)4[M01320372( CH3CO0)30(H20)72]- 30H,0
(mimCi6)s1—-Mo132 (mimCi6H33)41(NH4)1{Mo01320372(CH3CO0)30(H20)72]-38H,0
(mimCis)37-Mo132 (mimCisH37)37(NH4)5[M01320372( CH3CO0)30(H20)72]-48H.0
(mimCs)37-Mo132 (mimCazoH41)37(NH1)s[Mo01320372(CH3CO0)30(H20)72]-43H,0

(mimCiz)20(mimCz)20-Mo12  (MimCi2Has)20(mimCaoHs3)20(NH4)2[M01320372(CH3;CO0)30(H20)72]-38H.0
(mimCi2)33(mimCz)7—Mos3; (mimCi2Hzs)33 (mimCaoH33)7(NH4)2[M01320372(CH3CO0)30(H20)72]-48H2 O
(mimC1,)s(mimCz0)33-Moi3, (mimCi2Hps)s (mimCaoH33)33(NHa)1 [M013,0372( CH3COO)30(H20)72]-38H20
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Figure 2. FT-IR spectra of (mimCis)Br (green), NHs—Moi32 (red) and (mimCig)37—Moi32 (blue).
2.1.2. Thermal Stability of the Moi32-Based Materials

Chemical stability of the Mo132-based materials was assessed by TGA under N2 and Oz and FT-IR
measurements at variable temperature under N2 and under O2. TGA traces recorded under oxygen
display a first stage between 20 °C and 180 °C corresponding to the removal of all the water molecules
(hydration and coordination) followed by a large weight loss in the 250-800 °C temperature range,
which is assigned to the decomposition of the cations and of the acetate ligands of the Mo132 cluster to
give molybdenum oxides. This second step translates into a thermal stability of about 250 °C for our
Moi32-based materials.

Variable temperature FT-IR studies were performed on the compound (mimCis)37—Mo13: arbitrarily
chosen as a reference compound. The FT-IR spectra were recorded in diffuse reflectance mode on
a sample of (mimCig)37Mo132 dispersed into a KBr matrix. The experiments were done either under air
or under a flow of nitrogen between 20 °C and 400 °C with a heating/cooling rate of 2 °C/min.
The results obtained under air atmosphere are shown in Figure 3 for different temperatures. In these
conditions, the disappearance of the bands characteristic of the water molecules around 3400 cm™! and
1640 cm™' below 180 °C agrees with TGA. If we focus on the vibration bands assigned to
the Keplerate capsules in the 1000—400 cm™! range, no significant modification are observed up to
~125 °C. In contrast, dramatic changes are observed between 125 °C and 200 °C, especially for
the strong bands located at 855, 727 and 574 cm™!, which almost totally disappear, while the two bands
assigned to the Mo=0 stretching vibration located at 975 and 939 cm™! give only one strong band at
953 cm™! at 190 °C. Concomitantly, the color of the compound turns to blue and this phenomenon is
not reversible upon returning room temperature, which indicates that the Keplerate capsule in
the compound (mimCis)37Mo0132 is not stable in air above 125 °C.
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Figure 3. Selected FT-IR spectra recorded at various temperatures for compound
(mimCisg)37{Mo132} under air.

Similar experiments were performed under a flow of nitrogen and the results obtained under
nitrogen are shown in Figure 4. In these conditions, the behavior is totally different. The removal of
water molecules is observed between 20 °C and 180 °C, but only small changes in the Keplerate
skeleton are observed on the FT-IR spectra, in contrast with experiment performed in air. From 20 °C
to 250 °C, the main evolution observed concerns the vibration band at 855 cm™!, for which
the intensity decreases with increasing temperature, but this modification is reversible when returning
room temperature after re-hydration of the material. Finally, heating the compound at temperature
higher than 250 °C provokes the degradation of the organic cation and of the acetate ligands in
agreement with TGA. This is associated with a strong modification of the Keplerate.
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Figure 4. Selected FT-IR spectra recorded at various temperatures for compound
(mimCig)37{Mo132} under nitrogen.
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2.2. Liquid Crystal Properties
2.2.1. Polarized Optical Microscopy

The liquid crystal properties of all the compounds were examined by temperature dependent
polarized optical microscopy (TD-POM) between two glass plates. Under heating our materials from
room temperature to their decomposition temperatures, the TD-POM revealed the formation of
relatively fluid birefringent and homogenous textures characteristic of the liquid crystalline nature for
the samples (mimC12)36—M0132, (mimC14)33—M0132, (mimC16)41—M0132, (mimC13)37—M0132, and
(mimCy0)37-Moi132 in the 100-240 °C temperature range as shown in Figure 5. Furthermore,
the samples did not show characteristic textures due to their decomposition before reaching
the isotropic state and consequently it is difficult to identify the type of the mesophase from
the TD-POM pictures. However, the three mixed compounds, (MimCiz)20(mimCszg)20-Mo132,
(mimCi2)33(mimCz0)7-Mo132 and (mimCi2)s(mimCsg)33—Mo132 do not show birefringent textures,
even at high temperature, indicating the lack of liquid crystal properties for these compounds.

Figure 5. Polarized Optical Microphotographs of (mimCiz);s—Mo132 at 113 °C (a),
(mimCi4)3s—Mo132 at 220 °C (b), (mimCie)41—-Mo132 at 160 °C (¢), (mimCig)37—Mo132 at
100 °C (d), and (mimCz0)37—-Mo132 at 200 °C (e).

2.2.2. Differential Scanning Calorimetry

The DSC curves of the Keplerate-based materials were recorded under nitrogen at a scan rate of
5 °C/min between —40 °C and 220-260 °C. At least three thermal cycles were achieved and
the obtained results for the second thermal cycles are shown in Figure 6, while the thermodynamic
parameters are listed in Table 2.
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Figure 6. DSC traces of the second thermal cycle recorded under N2 (5 °C min!) for
(mimCi2)36~Mo132 (a), (mimCi4)3s—Mo132 (b), (MimCie)41—Mo132 (¢), (MimCig)z7—Moi3s: (d),
(mimCs0)37-Mo132 (e).

Table 2. Temperatures, melting enthalpy and entropy changes of the phase transitions
between the glassy state and the liquid crystal phases observed for the materials exhibiting

liquid crystalline properties. Temperatures are given for the peaks observed by DSC

measurements during the second heating process.

7/°C MM AHn ASm AH'n? AS'm?
Compounds . n(CH>) . o - o
(Heating Mode) g/mol /kJ-mol?  /Jmol K™ /Jmol! /J-mol 'K
(mimCi2)3e—Mo132 +55 30982 396 —4.3 -13 -10.95 -0.03
(mimCi4)3s—Mo132 +13 32387 494 —46.3 -162 -94 -0.33
(mimCie)41-Mo132 +31 34889 615 —204.1 -671 —331.8 -1.1
(mimCis)3—Mo132 +43 35059 629 —158.5 =501 —252 -0.8
(mimCz0)37—Mo132 +46 36006 703 -163.8 —514 —233 0.73
DODA3¢Moisz [37] +9 42982 1224 —849.0 —3009 —639 —2.45
DODA41—Mo132S60 [36] +9 47838 1548 —1333.0 —4724 -918 -3.25
DODAs5¢—Mo0132S60 [36] +9 55357 1904 —1649.0 —5848 —866 -3.07
DODACI +18 586.5 34 —83.1 —278.5 —2445 —8.19

* AY'm = AYn/n(CHy) (Y = H, S) where n(CH>) corresponds to the total number of methylene groups of the alkyl chains

borne by the cations.

Globally, the DSC curves exhibit very broad and often composite first-order phase transitions for
the melting of the solid to give the mesophase. This contrasts with the relatively sharp first-order phase
transitions reported for DODA™ salts of Keplerate Moi132 and Mo132Seo0 [36,37]. These results suggest
that the local molecular or supramolecular mobility is insufficient to allow the development of

a network of intermolecular interactions sufficiently regular to obtain a well-developed mesophase . In
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addition, excepted for (mimCiz2)36—Mo132, the melting transitions appear reversible for the other
compounds even if it can be broader for some compounds such as (mimCi4)3s—Mo132 for example.

The average melting transition temperatures, which are determined in the heating mode, are
summarized in Table 2. In short, disregarding the compound (mimCi2)36—Mo132, the melting transition
temperatures increase roughly linearly in the series (mimCi4)3s—Mo0132, (MimCi6)s1—Mo132,
(mimCig)37-Mo132, and (mimCsg)37—Mo132 from +13 °C to +46 °C, when the alkyl chain length of
the imidazolium cation increases, and are significantly different from those obtained with the three
previous DODA" salts (+9 °C) [36,37].

The corresponding melting enthalpy and entropy changes, AHm and ASm, are also gathered in
Table 2. A comparison of these values remains difficult since the number of cations can vary in
the series of Moisz-based materials. The weighted AH'm and AS'm values correspond to
the ratios AHm/n(CH2) and ASw/n(CH2) respectively, where n(CHz2) is the total number of methylene
groups in the compounds, and is more convenient. The plot of —AH'm versus —AS'm including data
previously reported for DODA salts and DODACI alone is given in Figure 7. It displays a linear
relationship typical for H/S compensation [40] and evidences two sets of points : one corresponding to
the imidazolium salts of Mo132 of this study, (mimCi4)3s—Mo132, (MimCie)41—Mo132, (mimCig)37—Mo132,
and (mimCz)37—Mo132 and one corresponding to the DODA" salts (DODA)3s—Moisz,
(DODA)44—Mo132S60, (DODA)se—Mo132S60 bearing liquid crystalline properties [36,37], whereas
DODACI appears clearly different. For DODACI, the alkyl chains are weakly constrained by
the presence of the counter chloride anion and the melting of the chains follows the trend expected for
simple alkanes [40]. Figure 7 suggests that the alkyl chains of the cations associated to Mo132 are
strongly perturbed by the presence of the Keplerate capsule. From a macroscopic point of view, it
results in a drastic lowering of the fluidity of the samples. This phenomenon is more pronounced for
the series of imidazolium salts than for the three DODA™ salts. Furthermore, as seen in the insert of
the Figure 7, the ratio AH'w/AS'm appears globally correlated for the series of imidazolium salts of
Moi32. The magnitude of the AHw/nCH:2 and ASw/nCH: ratios seems to be strongly and linearly
correlated with the average closeness of the —CH2— with the surface of the anions. In other words,
the —CH2— located closer to the surface are more constrained than those which are more distant. It is as
if the -CH>— located in a crown close to the surface were “frozen” and consequently no more available
for melting. This may explain why the fluidity of the samples bearing long aliphatic chains is higher.
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Figure 7. AH'm versus AS'mplot.
2.2.3. Small-Angle X-ray Diffraction Studies

Small-angle X-ray Diffraction (SA-XRD) experiments (from —40 to 200 °C temperature range)
were carried out to elucidate the nature of the liquid crystalline phases. Arbitrarily, we have chosen to
present the SA-XRD patterns obtained at 200 °C, when possible, for two main reasons: (i) to compare
with the previous data published at the same temperature [36,37], (ii) at this temperature the fluidity is
relatively high and results in sharper peaks. The resulting SA-XRD patterns are depicted in Figure 8,
whereas the corresponding data are summarized in Table 3.

Globally, in contrast with the previous DODA" salts, which exhibited up to three sharp equidistant
reflections indexed as the 001, 002 and 003 Miller indices in addition to a broad and diffuse signal at
approximately 4.5 A associated with the liquid-like molten chains of the DODA",
the imidazolium salts display broader reflections with no signal which can be attributed to
the molten chains.

The three compounds (mimCi4)3s—Mo132, (mimCig)37—Mo132 and (mimCazo)37-Mo132 unambiguously
display two lines indexed as 001 and 002 reflections which are characteristic of a 1D lamellar ordering,
whereas the two compounds (mimCi2)3e—Mo132 and (mimCie)41—Mo132 exhibits three broad lines for
which we were not able to give a realistic indexation. Interestingly, the three mixed compounds
(mimCi2)20(mimCz0)20-Mo132, (MimCi2)33(mimCz0)7-Moi132 and (mimCiz)s(mimCso)33—Mo132 also
display the 001 and 002 lines, whereas no liquid crystals behaviors and no first-order phase transition
were detected by TD-POM and DSC, respectively. For the two latter mixed salts, we also noticed that
increasing temperature above 160—180 °C produces unidentified additional reflections, which suggests
either a degradation of the product or the existence of a mixture of different compounds in the solid.
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The results obtained for the mixed salts demonstrate the propensity for this family of salts to
self-organize in a lamellar fashion even in the solid state.

Focusing on the major part of our materials, a 1D lamellar ordering is evidenced and the interlayer
spacing /& can be deduced since it corresponds to the doo1 distance. These values are listed in Table 3
and are found in the range 31.34 to 35.57 A, in agreement with the values found for the DODA" salts
(DODA)36—Mo132, (DODA)4s—Mo132S60 and (DODA)se—Mo0132S60 for which 2 was found between
26.90 A and 34.55 A [36,37]. As mentioned previously, such a lamellar organization could appear
surprising if we consider the spherical shape of the cluster. Nevertheless, previous studies clearly
confirm the capability of Moi32 to assemble into lamellar aggregates [34,36,37].

Regarding the ionic character of these materials, the positive charges the imidazolium cations are
necessarily located close to the spherical surface of the keplerate Mois2. Logically, taking into account
the isotropic shape of the Keplerate, imidazolium or DODA" cations should be randomly distributed
onto the surface. Interestingly, the situation can be very different in the solid or the liquid crystalline
states. In particular, if a deformation is required to minimize the electric multipolar interactions,
the system can be distorted. When the starting object is a sphere, an elongation or a compression may
occur, thus leading to the formation of ellipsoids, which are compatible with lamellar organizations. As
the central Mo132 core is rigid, the deformation can only come from the non-uniform distribution of
the cations around the spherical Keplerate [37].

In all cases, the diameter of the anionic inorganic cores (=30 A) is of the same order of the lamellar
periodicity & (31.34 to 35.57 A range), which implies that the layers of the lamellar phases are
composed of oblate clusters where cations are globally distributed in a plan around the Moi32 sphere
corresponding to the plans of the sheets. Taking into account a realistic density of d = 1.0 g cm™ in
the mesophase [36,37,41] and assuming that clusters are locally ordered in a compact hexagonal lattice
with one cluster per unit cell (Z= 1) [36,37], we can thus calculate the hexagonal lattice parameter anex
by using Equation (1), where MM. is the molar mass of the cluster, # the interlayer spacing,
d the density and Nav, the Avogadro number.

12

2-Z-MM,

a = 1
H T\ hd N, 102 37 @

We calculate 41.79 < anex < 45.29 A, which are smaller than the parameters found for DODA
salts [36,37], but in good agreement with anex = 45 A reported by Volkmer and Miiller [34] for
a hexagonal monolayer of (DODA )36—Mo132.

Considering the fixed size of the inorganic cluster (=30 A) and the size of cations in a linear
configuration ranging from 20 A for mimCi2" to 30 A for mimCzo", the anex distances which
correspond to the distance between two clusters within the layers implies some folding of the alkyl
chains of the cations. Indeed, the hypothesis of linear arrangements of the alkyl chains of the imidazolium
cations accompanied by full interdigitation of the alkyl chains with the neighboring clusters would lead
to anex distances of at least 5055 A as found for the DODA" salts (51.54 < anex < 55.21 A). In contrast to
the DODA" cations, in which the two neighboring octadecyl chains favor the organization of
the cations through van der Waals interactions, the alkyl chains of the imidazolium cations are
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probably folded, prohibiting the interdigitation with the neighboring cations, a situation not favorable

for the developpement of well-ordered mesophases.
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Table 3. Indexation at 200 °C during the cooling mode for the reflections detected in
the liquid-crystalline phase by SA-XRD.

dua Cell
C d I/a.u. Indexati
ompounds Measured/A fa.u naexation — parameters/A
36.90 VS ¢
(mimC12)36—M0132 23.19 MW (broad) ¢
15.45 MW (broad) ¢
: . h=3557
(mimCi4)35—Mo0132 35.57 S 001 hex = 41.79
40.71 VS ¢
(mimC16)41—M0132 24.55 MW (broad) ¢
16.52 MW (broad) ¢
32.78 VS 001 h=32.78
i —M
(mimCis)sr-Mors: 16.34 W 002 thex = 45.29
35.34 VS 001 h=3534
i —M
(mimCz0)37-Mo3: 17.67 W 002 anex = 44.21
3291 VS 001 h=3291
. . M
(mimCi2)20(mimCz0)20—-Mo132 16.26 W 002 Qnex = 44.98
31.34 VS 001 h=3134
. . B b
(m1mC12)33(m1mC20)7 Moi3z 15.22 Y 002 Qnex = 45.23
. . 35.30 VS 001 h=3530
(mimCi2)s(mimCszo)3:—Mo13; 17.60 W 002 Qhex = 43.42
26.9 VS 001
h=269
DODAs6{Moy32} [37] 13.3 M 002 Cais
9.1 w 003 (e =%
34.20 VS 001 h=34.12
DODA —{Mo13:Ss0} [36] 16.98 M 002 o
Anex = 51.
11.40 W 003 !
34.91 VS 001 h=34.55
DODAs¢—{Mo013,S 36
se—{Mo1325¢0} [36] 17.09 M 002 ahex = 55.21

@ measured at 190 °C; ® measured at 140 °C; © not determined. / corresponds to the intensity of the reflections (VS: very
strong, S: strong, M: medium, W: weak, VW: very weak); / is the lattice parameter of the lamellar phase; anex is the local
hexagonal organization within the layers calculated with Equation 1.

3. Experimental Section
3.1. Fourier Transformed Infrared (FT-IR) Spectra

Fourier Transformed Infrared (FT-IR) spectra were recorded on a 6700 FT-IR Nicolet
spectrophotometer (Les Ulis, France ), using diamond ATR technique. The spectra were recorded on
undiluted samples and ATR correction was applied. The variable temperature FT-IR spectra were
recorded on an IRTF Nicolet iS10 spectrometer (Les Ulis, France) in diffuse reflectance mode by
using high temperature diffuse reflectance environmental chamber. The background was recorded
using dry KBr at 150 °C and the samples were diluted into a KBr matrix (about 10% of compound)
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before heating. The FT-IR spectra were recorded in the 20-500 °C temperature range under air or
under nitrogen with a heating rate of 2 °C min™'.

3.2. Elemental Analyses

Elemental analyses were performed by the service central d'analyses du CNRS, Vernaison, France
and by the service d'analyses du CNRS, ICSN, Gif sur Yvette, France.

3.3. Water Content

Water content was determined by thermal gravimetric (TGA) analysis with a Seiko TG/DTA 320

1

thermogravimetric balance (5 °C min ™', under air) (Chiba, Japan).

3.4. Nuclear Magnetic Resonance (NMR)

Solution 1H NMR measurements were performed on a Bruker Avance 300 instrument
(Wissembourg, France) operating at 300 MHz in 5 mm o.d. tubes. Chemical shifts were referenced
to TMS.

3.5. Differential Scanning Calorimetry (DSC)

DSC traces were obtained with a Mettler Toledo DSC1 Star Systems differential scanning
calorimeter (Greifensee, Swizerland) from 3 to 5 mg samples (5 °C min!, under N2). Several thermal
cycles were performed between 40 °C and 220 °C, the first one allowing the removal of water and
the organization of the solid, the following cycles explored the reproducibility and the thermal stability
of the materials in this temperature range.

3.6. Temperature Dependent Polarized Optical Microscopy (TD-POM)

Temperature dependent polarized optical microscopy (TD-POM) characterizations of the optical
textures of the mesophases were performed with a Leitz Orthoplan Pol polarizing microscope (Brugg,
Switzerland) with a Leitz LL 20°/0.40 polarizing objective and equipped with a Linkam THMS 600
variable temperature stage (Brugg, Switzerland).

3.7. Small Angle X-ray Diffraction (SA-XRD)

The crude powder was filled in Lindemann capillaries of 0.8 mm diameter. For almost all our
materials, the diffraction patterns were performed on an Empyrean (PANalytical) diffractometer
(Zurich, Switzerland) in capillary mode, with a focusing X-ray mirror for Cu radiation and a PIXcel3D
area detector. For the compound (mimCi4)3s—Mo132 experiments were performed with a STOE
transmission powder diffractometer system STADI P (Darmstadt, Germany) using a focused
monochromatic Cu-Ka1 beam obtained from a curved Germanium monochromator (Johann-type,
STOE, Darmstadt, Germany) and collected on a curved image plate position-sensitive detector
(IP-PSD). A calibration with silicon and copper laurate standards, for high and low angle domains,
respectively, was preliminarily performed. Sample capillaries were placed in the high-temperature
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furnace for measurements in the range of desired temperatures (from —40 up to 240 °C) within
0.05 °C. Periodicities up to 50 A could be measured. The exposure times were of 15 min.

3.8. Synthesis of Moi32-Based Materials

The precursor compound (NH4)42[Mo01320372(CH3COO)30(H20)72]-300H20.ca.10CH3COONH4
noted NH4—Mo32 was prepared as described by Miiller et al. [42]. 1-methyl-3-alkylimidazolium
bromides salts were prepared as described previously and characterized by routine 'H NMR in CDCI; [38].

3.9. General Preparation of Moi32-Based Materials

The Keplerate-based materials were prepared as follows: NHs—Moi32 (300 mg, 0.01 mmol) was
dissolved in 30 mL of water and then a chloroform solution containing the organic cations (<168
equivalents / NHs—Moi32, 1.72 mmol). The mixture was stirred for 1 h, where the Keplerate was
totally transferred into the organic phase as indicated by the colorless aqueous phase. The organic
phase was then separated and the target materials were precipitated from the organic phase by addition
of an excess of ethanol, isolated by filtration, washed with ethanol, dried in air and characterized by
FT-IR, EDX, Elemental Analyses, TGA and '"H NMR.

3.9.1. (mimCi2H25)36(NH4)4[Mo01320372(CH3COO)30(H20)72]-38H20, (mimCi2)36—Mo132

It was prepared using mimCi2Br (582 mg, 1.76 mmol). Yield 200 mg, 63%. IR/cm™": 2922 (vs),
2852 (s), 1553 (s), 1442 (m), 1163 (m), 975 (vs), 940 (s), 855(s) 801 (vs), 727 (s), 635 (m), 573 (s).
Elemental analysis calcd. (%) for (mimCi2H2s5)36(NHa)s[M01320372(CH3COO)30(H20)72]-38H20
(M = 31529 g'mol™') C 24.23; H, 4.64; N, 3.47; Mo, 40.17. Found C, 24.30; H, 4.45; N, 3.39;
Mo, 39.28. EDX only evidenced Mo and shows no traces of Br which could be due to an excess of
the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 6% from room
temperature to 188 °C corresponding to crystallization and coordinated water molecules (calcd.: 6.3%).

3.9.2. (mimCi4H29)38(NH4)4[M01320372( CH3COO)30(H20)72]-:30H20, (mimCi4)3s—Moi32

It was prepared using mimC14Br (634 mg, 1.76 mmol). Yield 269 mg, 80%. IR/cm™': 2920 (m),
2850 (m), 1547 (m), 1440 (m), 1161 (m), 974 (vs), 939 (s), 789 (vs), 711 (vs), 563 (vs), 410 (vs).
Elemental analysis calcd. (%) for (mimCis4H29)338(NH4)4[Mo01320372(CH3COO)30(H20)72]-30H20
(M = 32461 g'mol™') C 26.12; H, 5.09; N, 3.45; Mo, 39.01. Found C, 26.22; H, 4.90; N, 3.30;
Mo, 39.28. EDX only evidenced Mo and shows no traces of Br which could be due to an excess of
the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 5.4% from room
temperature to 135 °C corresponding to crystallization and coordinated water molecules (calcd.: 5.6%).

3.9.3. (mimCi6H33)41(NH4)1[M01320372(CH3COO)30(H20)72].38H20, (mimCie)41-Mo132

It was prepared using mimCiéBr (683 mg, 1.76 mmol). Yield 350 mg, quantitative yield. IR/cm '
3451 (m), 2923 (s), 2853 (m), 1560 (m), 1466 (m), 1164 (m), 976 (vs), 941 (m), 807 (vs), 729 (vs), 577 (s),
415 (vs). Elemental analysis calcd. (%) for (mimCisH29)40(NH4)3[Mo01320372( CH3COO)30(H20)72]-48H20
(M = 34889.2 g'mol™") C 29.61; H, 5.62; N, 3.25; Mo, 36.33. Found C, 29.60; H, 5.48; N, 3.39;
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Mo, 36.3. EDX only evidenced Mo and shows no traces of Br which could be due to an excess of
the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 6.4% from room
temperature to 150 °C corresponding to crystallization and coordinated water molecules (calcd.: 6.2%).

3.9.4. (mimCisH37)37(NH4)s[Mo01320372(CH3COO)30(H20)72]-48H20, (mimCis)37—Mo132

It was prepared using mimCisBr (732 mg, 1.76 mmol). Yield 355 mg, 96%. IR/cm™': 2919 (s),
2849 (m), 1555 (m), 1424 (m), 1161 (m), 975 (s), 941 (s), 854 (s), 791 (vs), 713 (vs), 565 (vs),
411 (vs). Elemental analysis caled. (%) for (mimCisHz20)40(NH4)3[M01320372(CH3COO)30(H20)72]-48H20
(M = 35058.68 g:mol ') C 29.88; H, 5.57; N, 3.11; Mo, 36.28 Found C, 29.94; H, 5.58; N, 3.15;
Mo, 36.13. EDX only evidenced Mo and shows no traces of Br which could be due to an excess of
the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 6.25% from room
temperature to 188 °C corresponding to crystallization and coordinated water molecules (calcd.: 6.16%).

3.9.5. (mimC20H41)37(NH4)s[M01320372(CH3COO)30(H20)72]-43H20, (mimCz0)37-Mo132

It was prepared using mimC20Br (780 mg, 1.76 mmol). Yield 0.35 mg, 92%. IR/cm™': 2919 (s),
2850 (s), 1541 (m), 1443 (m), 1162 (m), 973 (s), 938 (s), 854 (s), 792 (vs), 632 (vs), 565 (vs), 411 (vs).
Elemental analysis calcd. (%) for (mimCz20H41)37(NH4)s[Mo01320372(CH3COO)30(H20)72]-43H20
(M = 36006.57 g'mol™!) C 31.62; H, 5,81; N, 3.07; Mo, 35.17. Found C, 31.36; H, 5.51; N, 3.07;
Mo, 35.12. EDX only evidenced Mo and shows no traces of Br which could be due to an excess of
the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 5.5% from room
temperature to 160 °C corresponding to crystallization and coordinated water molecules (calcd.: 5.7%).

3.9.6. (mimCi2H2s)20(mimC20H33)20(NH4)2[M01320372(CH3COO)30(H20)72]-38H20,
(mimCi12)20(mimCa20)20-Mo132

It was prepared using mimCz0Br (390 mg, 0.882 mmol) and mimCi2Br (290 mg, 0.882 mmol).
Yield 100 mg, 28%. IR/cm™!: 2920 (vs), 2849 (s), 1557 (m), 1442 (m), 1162 (m), 972 (vs), 940 (s),
854 (s), 798 (vs), 570 (s), 412 (s). Elemental analysis caled. (%) for
(mimC12H25)20(mimC20H33)20(NH4)2[M01320372( CH3COO)30(H20)72]-38H20 (M = 34709.05 g'mol )
C 29.75; H, 5.45; N, 3.30. Found C, 29.70; H, 5.63; N, 3.25. EDX atomic ratios calculated for
(mimCi2)20(mimCz0)20—-{Mo132} shows no Br or traces. Thermogravimetric analysis (TGA) suggests
a mass loss of 5.7% from room temperature to 170 °C corresponding to crystallization and coordinated
water molecules (calcd.: 5.7%) and % org: 42.5% (cald. 40.6%).

3.9.7. (mimCi2H25)33(mimC20H33)7(NH4)2[M01320372(CH3COO0)30(H20)72]-48H20,
(mimCi2)33(mimCa0)7-Mo132

It was prepared using mimCi2Br (462 mg, 1.41 mmol) and mimC20Br (156 mg, 0.34 mmol). Yield
120 mg, 34.3%. IR/cm™'. 2922 (vs), 2851 (s), 1557 (s), 1444 (m), 1163 (m), 973 (vs), 941 (s), 855 (s),
799 (s), 724 (vs), 570 (vs), 412 (vs). Elemental analysis caled. (%) for
(mimC12H2s)33(mimC20H33)7(NH4)2[Mo01320372(CH3COO)30(H20)72]-38H20 (M = 33430.45 g-mol ')
C 27.16; H, 5.09; N, 3.43. Found C, 27.30; H, 5.01; N, 3.14. EDX only evidenced Mo and shows no
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traces of Br which could be due to an excess of the starting salt. Thermogravimetric analysis (TGA)
suggests a mass loss of 6.6% from room temperature to 170 °C corresponding to crystallization and
coordinated water molecules (calcd.: 6.4%) and % org: 37.4 (calcd. 37.4%).

3.9.8. (mimCi2H25)s(mimCa20H33)33(NH4)1[M01320372(CH3COO)30(H20)72]-38H20,
(mimCi2)g(mimC20)33-Mo132

It was prepared using mimCi2Br (120 mg, 0.35 mmol) and mimC20Br (620 mg, 1.4 mmol). Yield
110 mg, 30.5%. IR/cm™": 2923 (vs), 2852 (s), 1559 (s), 1465 (m), 1163 (s), 976 (vs), 941 (vs),
859 (vs), 732 (vs), 576 (s), 412 (vs). Elemental analysis caled. (%) for
(mimC 12H25)8(mimC20H33)33(NH4)2[Mo01320372(CH3COO)30(H20)72]-38H20 (M = 34709.05 g'mol ')
C 32.17; H, 5.87; N, 3.17. Found C, 32.11; H, 5.71; N, 3.24. EDX atomic ratios calculated for
(mimCi2)(mimCa0)—{Moi32} shows no Br or traces. Thermogravimetric analysis (TGA) suggests
a mass loss of 5.7% from room temperature to 170 °C corresponding to crystallization and coordinated
water molecules (calcd.: 5.7%) and org: 46.8% (calcd. 49%).

4. Conclusions

In the following of our previous works describing the liquid crystal properties of Keplerates
associated to DODA" cations or of  the nanoscopic inorganic cluster
[KoNa.LiyH: {M0404S4(OH)2:(H20)3} 2(PsW4g0184) 422~ combined with alkylmethylimidazolium
cations, we prepared in this study a series of eight new compounds resulting from the ionic association
of the mnanoscopic inorganic cluster [Mo1320372(CH3COO)30(H20)72]*  with  various
alkylmethylimidazolium cations, denoted mimC," (n = 12-20). The results obtained in this study
confirm that the strategy which consists in associating highly charged polyoxometalate clusters with
very simple organic cations bearing only alkyl chains of variable sizes can provide liquid crystalline
phases. The Ilatter were investigated by TD-POM, DSC and SA-XRD. The major part of
the synthesized materials exhibit lamellar organization in the solid state or in the liquid crystalline
phase. However, DSC shows very broad phase transitions between the solid and the mesophase which
could be explained by insufficient supramolecular mobility to develop network of intermolecular
interactions. The small angle-X ray diffraction studies provide the interlayer spacing # and
the hexagonal lattice parameter anex, which evidence a non-uniform distribution of the imidazolium
cations around the spherical clusters Moz and a folding of the alkyl chains. This
lead to less interdigitation between the alkyl chains of the cations and therefore to poorly organized
mesophases. This observation contrasts with our previous results collected for the DODA"
salts of Keplerates [36,37] and of similar salts obtained with the anisotropic POM
[K2NaxLiyH: {M0404S4(OH)2(H20)3} 2(PsWagO154)]** 72~ [38]. In the former case, the larger number
and the vicinity of alkyl chains of the DODA" cations within the solid favor the interdigitation of the
alkyl chains driven by van der waals interactions. In the second case, the anisotropic shape of the POM
associated with the cationic character of its cavity promotes the localization of the cations on the
anionic ring of the PsW4s—POM. This favors the closeness of the cations and thus the van der Waals
interactions between alkyl chains and therefore the organization within the solid and the liquid crystal
phase. This strategy to combine POMs and very simple cations like alkylimidazolium or DODA"
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cation then appears efficient if we can induce interaction between alkyl chains especially by forcing
the cations to be close by using a limited surface for the POM or by using cations bearing several alkyl
chains like DODA™ cations.
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