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terization, and tuning of the liquid
crystal properties of ionic materials based on the
cyclic polyoxothiometalate
[{Mo4O4S4(H2O)3(OH)2}2(P8W48O184)]

36�†

Nancy Watfa,abc Sébastien Floquet,*ad Emmanuel Terazzi,*e Mohamed Haouas,*a

William Salomon,a Vladimir S. Korenev,afg Francis Taulelle,a Laure Guénée,e

Akram Hijazi,bc Daoud Naoufal,bc Claude Piguete and Emmanuel Cadota

A series of compounds resulting from the ionic association of a nanoscopic inorganic cluster of formula

[K2NaxLiy{Mo4O4S4(OH)2(H2O)3}2(HzP8W48O184)]
(34�x�y�z)�, 1, with several organic cations such as

dimethyldioctadecylammonium DODA+, trimethylhexadecylammonium TMAC16
+, alkylmethylimidazoliums

mimCn
+ (n ¼ 12–20) and alkyl-dimethylimidazoliums dmimCn

+ (n ¼ 12 and 16) was prepared and

characterized in the solid state by FT-IR, EDX, Elemental analysis, TGA and solid state NMR. The solid state

NMR experiments performed on 1H, 13C and 31P nuclei evidenced the interactions between the cations and

1 as well as the organization of the alkyl chains of the cations within the solid. Polarized optical

microscopy, DSC and SA-XRD experiments implicated mesomorphic phases for DODA+ and mimCn
+ salts

of 1. The crystallographic parameters were determined and demonstrated that the inter-lamellar spacing

could be controlled upon changing the length of the alkyl chain, a very interesting result if we consider the

huge size of the inorganic cluster 1 and the simple nature of the cations.
Introduction

Polyoxometalates (POMs) are oen described as metal–oxide
clusters with structural, electronic and functional versatility.
Much current activity in POMs chemistry is driven by potential
applications in catalysis,1,2 electrocatalysis,3 medicine,4
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magnetism,5 materials sciences and nanotechnology.6,7 Liquid
crystals constitute a fascinating example of functional self-
assembled materials, and the incorporation of some inorganic
components into liquid crystalline phases appears particularly
relevant to the elaboration of synergistic multifunctional
materials.8,9 A large part of the metallomesogens is prepared by
chemical integration of metal ions into organic ligands, which
offers a large panel of materials tuned by the design of the
organic part.10–15 Another approach consists in pairing inor-
ganic clusters with organic cations possessing long alkyl chains
and bearing mesogenic functions. Using this strategy, Molard
et al. combined the cluster [Re6Se8(CN)6]

n� (n ¼ 3 and 4) with
tetraalkylammonium cations functionalized with cyanobi-
phenyl groups to design clustomesogens possessing switchable
magnetic/luminescence properties.16 In the eld of hetero-
polyoxometalates (POM), Wu et al. succeeded in designing a
number of POM-based ionic liquid crystals with the help of
organic cations bearing aromatic groups.17–23

In this context, we recently reported that the association of
the keplerate nanocapsules [Mo132O372(CH3COO)30(H2O)72]

42�

and [Mo132S60O312(SO4)n(H2O)132�2n]
(12+2n)� (n ¼ 23 or 30) with

dioctadecyl-dimethylammonium cations (DODA+) gave ionic
materials exhibiting liquid crystal properties at room tempera-
ture.24,25 Interestingly, even if the keplerate clusters are perfectly
spherical, the DODA+ cations are not randomly distributed
around the clusters. These results prompted us to extend our
Soft Matter, 2015, 11, 1087–1099 | 1087
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Fig. 1 Top and side structural views of the perpendicular isomer of 1 in
polyhedral and ball-and-stick representation. The {P8W48} moiety is
depicted in blue and pink polyhedra, molybdenum in green, sulfur in
yellow and oxygen in red.

Scheme 1 Cations used in this study.
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investigation toward other highly charged polyoxometalate
systems exhibiting shape anisotropy. The cyclic superlacunary
anionic POM [H7P8W48O184]

33� (P8W48)26 represents an
attractive system. It possesses a large anionic pocket of about 1
nm in diameter, which is able to include various transition
metals, a key step for the elaboration of efficient materials for
magnetic, luminescent, catalytic or electrocatalytic proper-
ties.27,28 Consequently this system offers the possibility to
design multifunctional materials by association with appro-
priate organic cations. Additionally, this macrocyclic system
could offer promising properties towards the sequestration of
various substrates or for catalysis as highlighted by Noro,
Cronin and Nakamura with the encapsulation of the gigantic
ring-shape cluster [Mo154(NO)14O448H14(H2O)70]

28� with
DODA+ cations.29,30 Herein, we report on the preparation, the
characterization in the solid state and the properties of POM-
based ionic liquid crystal materials obtained by the electro-
static combination of a ring-shape polyoxothiometalate
[{Mo4O4S4(H2O)3(OH)2}2(P8W48O184)]

36� (Fig. 1)31 with various
organic cations depicted in Scheme 1. These latter correspond
to simple tetraalkylammonium and imidazolium salts, which
are commercially available or easily prepared, thus offering
the possibility to prepare these materials on a large scale.
1088 | Soft Matter, 2015, 11, 1087–1099
Experimental section
Physical methods

Fourier transformed infrared (FT-IR) spectra. Fourier
Transformed Infrared (FT-IR) spectra were recorded on a 6700
FT-IR Nicolet spectrophotometer, using diamond ATR tech-
nique. 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 in
diffuse reectance mode by using high temperature diffuse
reectance 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) before heating. The
FT-IR spectra were recorded in the 20–300 �C temperature range
under air with a heating rate of 2 �C min�1. 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. Water content was determined by
thermal gravimetric (TGA) analysis with a Seiko TG/DTA 320
thermogravimetric balance (5 �C min�1, under O2). Energy-
dispersive X-ray spectroscopy (EDX) measurements were per-
formed on a JEOL JSM 5800LV apparatus.

Nuclear magnetic resonance (NMR). Solution 1H NMR
measurements were performed on a Bruker Avance 300 instru-
ment operating at 300 MHz in 5 mm o.d. tubes. Chemical shis
were referenced to TMS. Solid-state NMR spectra were
measured at room temperature under magic angle spinning
(MAS) condition. The NMR spectra were obtained on a Bruker
Avance-500 spectrometer equipped with a MAS accessory oper-
ating at 500.125, 125.761, and 202.452 MHz for 1H, 13C and 31P.
Zirconium oxide cylindrical-type rotors (3.2 mm outer diameter)
were used. 1H NMR spectra were recorded with single 90� pulse
(3.8 ms) at spinning rate of about 20 kHz. The spectral width and
data points were 10 kHz and 1000 respectively. The spectra were
obtained aer 8 transients at a repetition time of ca. 30 s. 31P{1H}
and 13C{1H} CPMAS NMR spectra were recorded with typical
rf eld in X channel (13C or 31P) of ca. 90 kHz, high power
decoupling during acquisition (26 ms) of ca. 50–60 kHz, and
contact time of 1–2 ms. 2D 1H / 31P MAS heteronuclear corre-
lation (HETCOR) experiments were performed using CP transfer.
The chemical shis were calibrated relative to a 85% H3PO4

solution (set to d ¼ 0 ppm) for 31P, and adamantane (set to
d¼ 1.74 ppm in 1H and 38.48 ppm in 13C with respect to TMS) for
1H and 13C as external standards. The experimental errors on the
chemical shis were estimated to be �0.4 ppm.

Differential scanning calorimetry (DSC). DSC traces were
obtained with a Mettler Toledo DSC1 Star Systems differential
scanning calorimeter from 3 to 5 mg samples (5 �C min�1,
under N2). Several thermal cycles were performed between
�40 �C and 220 �C, the rst one allowing the removal of water
and the relaxation of the solid, the following cycles explored the
reproducibility and the thermal stability of the materials in this
temperature range.

Temperature dependent polarized optical microscopy
(TD-POM). Temperature dependent polarized optical micros-
copy (TD-POM) characterizations of the optical textures of the
This journal is © The Royal Society of Chemistry 2015
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mesophases were performed with a Leitz Orthoplan Pol polar-
izing microscope with a Leitz LL 20�/0.40 polarizing objective
and equipped with a Linkam THMS 600 variable temperature
stage.

Small angle X-ray diffraction (SA-XRD). The crude powder
was lled in Lindemann capillaries of 0.8 mm diameter.
Diffraction patterns were measured with a STOE transmission
powder diffractometer system STADI P using a focused mono-
chromatic Cu-Ka1 beam obtained from a curved Germanium
monochromator (Johann-type) 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 furnace for
measurements in the range of desired temperatures (from �40
up to 240 �C) within 0.05 �C. Periodicities up to 50 Å could be
measured. The exposure times were of 15 min. For compound
(mimC16)23–1, X-ray diffraction experiments were performed on
an Empyrean (PANalytical) diffractometer in capillary mode,
with a focusing X-ray mirror for Cu radiation and a PIXcel3D
area detector.
Syntheses

The precursor Na25Li[K2{Mo4O4S4(OH)2(H2O)3}2(H8P8W48O184)]$
125H2O, noted NaK–1, was prepared according to the literature
and characterized by standard methods.31 Trimethylhex-
adecylammonium chloride and dimethyldioctadecylammonium
chloride were purchased from Aldrich or Acros chemicals.

Synthesis of 1-methyl-3-alkylimidazolium bromides,
mimCnBr (n ¼ 12, 14, 16, 18, 20). 10�2 mole of 1-methyl imid-
azole and 1.2 � 10�2 mole of CnH2n+1Br were dissolved in
acetonitrile (5 mL for n ¼ 12–16, 15 mL for n ¼ 18 and 20). The
resulting solution was reuxed for 24 h. Aer, cooling in an ice
bath; a precipitate appeared. The latter was isolated by ltration
and washed with diethyl ether. The mimCnBr salts were char-
acterized by FT-IR and 1H NMR in CDCl3 (see ESI†).

Synthesis of 1,2-dimethyl-3-alkylimidazolium bromides,
dmimCnBr (n ¼ 12 and 16). The same procedure was used
except that 10�2 mole of 1,2-dimethylimidazole was used. The
dmimCnBr salts were characterized by FT-IR and 1H NMR in
CDCl3 (see ESI†).
Synthesis of POM-based materials

The POM-basedmaterials presented in this study were prepared
by phase transfer of the anionic cluster 1 from aqueous LiCl 1 M
solution into chloroform. 300 mg of the precursor NaK–1 (0.018
mmol) were solubilised in aqueous LiCl 1 M solution (30 mL).
The resulting red solution was then added to a chloroform
solution containing a large excess of the organic cation (150
equivalents per NaK–1, 2.7 mmol). Aer vigorous stirring for
one hour, the cluster 1 was totally transferred into the organic
phase, which was separated from the colourless aqueous phase.
Addition of ethanol into the organic phase induced the forma-
tion of a red-orange solid, which was isolated by ltration,
washed with ethanol and dried in air.
This journal is © The Royal Society of Chemistry 2015
(DODA)19[K2Na2Li5{Mo4O4S4(OH)2(H2O)3}2(H8P8W48O184)]$10H2O,
DODA19–1. (DODA)19[K2Na2Li5{Mo4O4S4(OH)2(H2O)3}2(H8P8W48O184)]$
10H2O, DODA19–1 was prepared by using 1.56 g of dimethyldiocta-
decylammonium chloride DODACl (2.68 mmol). Yield 421 mg, 94%.
IR/cm�1: 2954 (m), 2920 (vs), 2870 (m), 2851 (s), 1639 (mw), 1467 (m),
1135 (m), 1078 (m), 1022 (w), 939 (s), 879 (m), 792 (s), 723 (s). Elemental
analysis calcd (%) for (DODA)19[K2Na2Li5H8P8W48O184

Mo8O8S8(OH)4(H2O)6]$10H2O (M ¼ 24 143.3 g nmol�1) Li 0.14; Na
0.19; K 0.32; C 35.92; H 6.52; N 1.10; S 1.06. Found: Li 0.12; Na 0.16;
K 0.21; C 35.82; H 6.36; N 1.29; S 0.95. EDX atomic ratios calculated
for (DODA)19[K2Na2Li 5H8P8W48O184Mo8O8S8(OH)4(H2O)6]$10H2O
(found):Mo/S¼ 1 (1.10);W/Mo¼ 6 (5.87);W/P¼ 6 (6.05); Na/K¼ 1
(1.15). TGA: a weight loss of 1.1% between RT and 150 �C corre-
sponding to crystallization and coordinated water molecules
(calcd: 1.2%).

(NMe3C16H33)18[K2Na2Li6{Mo4O4S4(OH)2(H2O)3}2(H8P8-
W48O184)]$30H2O, (TMAC16)18–1. (NMe3C16H33)18[K2Na2Li6
{Mo4O4S4(OH)2(H2O)3}2(H8P8W48O184)]$30H2O, (TMAC16)18–1
was prepared by using 860 mg of trimethylhex
adecylammonium chloride (2.68 mmol). Yield 295 mg, 85%. IR/
cm�1: 2954 (m), 2924 (vs), 2871 (m), 2853 (s), 1636 (mw), 1487
(m), 1474 (m), 1469 (m), 1130 (ms), 1076 (m), 1022 (w), 941 (s), 879
(m, sh.), 794 (s), 722 (s). Elemental analysis calcd (%)
for (N(Me)3C16)18[K2Na2Li6H8P8W48O184Mo8O8S8(OH)4(H2O)6]$
30H2O (M ¼ 19 180.4 g mol�1) Li 0.22; Na 0.23; C 21.42; H 4.41; N
1.31; S 1.34. Found: Li 0.24; Na 0.13; C 21.20; H 4.36; N 1.09; S 1.20.
EDX atomic ratios calculated for (N(Me)3C16)18
[K2Na2Li6H8P8W48O184Mo8O8S8(OH)4(H2O)6]$30H2O (found): Mo/
S¼ 1 (1.15); W/Mo¼ 6 (6.22); W/P¼ 6 (5.82); Na/K¼ 1 (1.06). TGA:
a weight loss of 3.1% between RT and 180 �C corresponding to
crystallization and coordinated water molecules (calcd: 3.4%).

(mimC12H25)25[K2NaLi4{Mo4O4S4(OH)2(H2O)3}2(H4P8W48

O184)]$20H2O, (mimC12)25–1. (mimC12H25)25[K2NaLi4{Mo4O4S4
(OH)2(H2O)3}2(H4P8W48O184)]$20H2O, (mimC12)25–1 was
prepared by using mimC12Br (890 mg, 2.68 mmol). Yield 341 mg,
95%. IR/cm�1: 3144 (m), 3101 (m), 3080 (m), 2956 (m), 2925 (vs),
2870 (m), 2854 (s), 1631 (mw), 1571 (m), 1466 (m), 1166 (m),
1131 (m), 1077 (m), 1021 (w), 941 (s), 887 (m), 818 (s),
744 (vs). Elemental analysis calcd (%) for (mimC12H25)25
[K2NaLi4H4P8W48O184Mo8O8S8(OH)4(H2O)6]$20H2O (M¼ 20 123.3
gmol�1) Li 0.14; Na 0.12; C 24.09; H 4.12; N 3.51; S 1.29. Found: Li
0.14; Na 0.11; C 23.87; H 4.18; N 3.48; S 1.27. EDX atomic ratios
calculated for (mimC12H25)25[K2NaLi4H4P8W48O184Mo8O8S8
(OH)4(H2O)6]$20H2O (found): Mo/S ¼ 1 (0.91); W/Mo ¼ 6 (5.85);
W/P ¼ 6 (6.34); Na/K ¼ 0.50 (0.79). TGA: a weight loss of 2.3%
between RT and 180 �C corresponding to crystallization and
coordinated water molecules (calcd: 2.3%).

(mimC14H29)26[K2Na2Li3{Mo4O4S4(OH)2(H2O)3}2(H3P8W48O184)]$
35H2O, (mimC14)26–1. (mimC14H29)26[K2Na2Li3{Mo4O4S4(OH)2-
(H2O)3}2(H3P8W48O184)]$35H2O, (mimC14)26–1 was prepared by
using aqueous LiCl 1 M solution and mimC14Br (960 mg, 2.68
mmol). Yield 220 mg, 59%. IR/cm�1: 3144 (m), 3091 (m), 3074 (m),
2955 (m), 2920 (vs), 2871 (m), 2851 (s), 1636 (mw), 1572 (m), 1467
(m), 1168 (m), 1130 (m), 1077 (m), 1020 (w), 936 (s), 882 (mw), 802
(s), 733 (vs). Elemental analysis calcd (%)
for (mimC14H29)26[K2Na2Li3H3P8W48O184Mo8O8S8(OH)4(H2O)6]$
Soft Matter, 2015, 11, 1087–1099 | 1089
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35H2O (M ¼ 21 389.4 g mol�1) Li 0.10; Na 0.22; C 26.28; H 4.70;
N 3.40; S 1.20. Found: Li 0.22; Na 0.35; C 26.57; H 4.53; N 3.58;
S 1.12. EDX atomic ratios calculated for (mimC14H29)26
[K2Na2Li3H3P8W48O184Mo8O8S8(OH)4(H2O)6]$35H2O (found): Mo/S
¼ 1 (1.09); W/Mo¼ 6 (6.07); W/P¼ 6 (6.02); Na/K¼ 1 (1.28). TGA: a
weight loss of 3.4% between RT and 170 �C corresponding to crys-
tallization and coordinated water molecules (calcd: 3.5%).

(mimC16H33)23[K2Na3Li3{Mo4O4S4(OH)2(H2O)3}2(H5P8W48O184)]$
40H2O, (mimC16)23–1. (mimC16H33)23[K2Na3Li3{Mo4O4S4(OH)2-
(H2O)3}2(H5P8W48O184)]$40H2O, (mimC16)23–1 was prepared by
using mimC16Br (1.038 g, 2.68 mmol). Yield 218 mg, 59%. IR/cm�1:
3144 (m), 3102 (m), 3075 (m), 2955 (m), 2922 (vs), 2871 (m), 2852 (s),
1637 (mw), 1571 (m), 1467 (m), 1166 (m), 1136 (m), 1078 (m), 1016
(w), 932 (s), 880 (mw), 799 (s), 721 (vs). Elemental analysis calcd (%)
for (mimC16H33)23[K2Na3Li3 H5P8W48O184Mo8O8S8(OH)4 (H2O)6]$
40H2O (M ¼ 21 311.2 g mol�1) C 25.93; H 4.72; N 3.02; S 1.20.
Found: C 26.09; H 4.62; N 3.18; S 1.33. EDX atomic ratios calculated
for (mimC16H33)23[K2Na3Li3H5P8W48O184Mo8O8S8 (OH)4(H2O)6]$
40H2O (found): Mo/S ¼ 1 (1.02); W/Mo ¼ 6 (5.73); W/P ¼ 6 (5.58);
Na/K¼ 1.5 (1.65). TGA: a weight loss of 4.1%between RT and 170 �C
corresponding to crystallization and coordinated water molecules
(calcd: 3.9%).

(mimC18H37)24[K2NaLi3{Mo4O4S4(OH)2(H2O)3}2(H6P8W48O184)]$
25H2O, (mimC18)24–1. (mimC18H37)24[K2NaLi3{Mo4O4S4(OH)2-
(H2O)3}2(H6P8W48O184)]$25H2O, (mimC18)24–1 was prepared by
usingmimC18Br (1.113 g, 2.68mmol). Yield 385mg, 98%. IR/cm�1:
3142 (m), 3100 (m), 3078 (m), 2953 (m), 2920 (vs), 2871 (m), 2851 (s),
1635 (w), 1573 (m), 1468 (m), 1166 (m), 1141 (m), 1077 (m), 1017
(w), 938 (s), 882 (mw), 802 (s), 741 (vs). Elemental analysis calcd (%)
for (mimC18H37)24[K2NaLi3H6P8W48O184Mo8O8S8(OH)4(H2O)6]$
25H2O (M ¼ 21 976.9 g mol�1) Li 0.09; Na 0.10; C 28.86; H 5.06; N
3.06; S 1.17. Found: Li 0.09; Na 0.08; C 29.05; H 5.22; N 3.06; S 1.13.
EDX atomic ratios calculated for (mimC18H37)24
[K2NaLi3H6P8W48O184Mo8O8S8(OH)4(H2O)6]$25H2O (found): Mo/S
¼ 1 (1.03); W/Mo¼ 6 (6.16); W/P¼ 6 (5.74); Na/K¼ 0.5 (0.42). TGA:
a weight loss of 2.6% between RT and 180 �C corresponding to
crystallization and coordinated water molecules (calcd: 2.5%).

(mimC20H41)24[K2NaLi3{Mo4O4S4(OH)2(H2O)3}2(H6P8W48O184)]$
15H2O, (mimC20)24–1. (mimC20H41)24[K2NaLi3{Mo4O4S4(OH)2-
(H2O)3}2(H6P8W48O184)]$15H2O, (mimC20)24–1 was prepared by
usingmimC20Br (1.189 g, 2.68mmol). Yield 212mg, 52%. IR/cm�1:
3146 (m), 3103 (m), 3077 (m), 2953 (m), 2920 (vs), 2870 (m), 2851 (s),
1639 (mw), 1572 (m), 1468 (m), 1166 (m), 1138 (m), 1078 (m), 1016
(w), 935 (s), 881 (mw), 800 (s), 720 (vs). Elemental analysis calcd (%)
for (mimC20H41)24[K2NaLi3H6P8W48O184Mo8O8S8(OH)4(H2O)6]$
15H2O (M ¼ 22 470.0 g mol�1) C 30.79; H 5.29; N 2.99; S 1.14.
Found: C 30.53; H 5.17; N 2.91; S 1.14. EDX atomic ratios calculated
for (mimC20H41)24[K2NaLi3H6P8W48O184Mo8O8S8(OH)4(H2O)6]$
15H2O (found): Mo/S ¼ 1 (1.12); W/Mo ¼ 6 (5.98); W/P ¼ 6 (6.15);
Na/K¼ 0.50 (0.44). TGA: a weight loss of 1.9% between RT and 150
�C corresponding to crystallization and coordinated water mole-
cules (calcd: 1.7%).

(dmimC12H25)18[K2Na3Li5{Mo4O4S4(OH)2(H2O)3}2(H8P8W48-
O184)]$15H2O, (dmimC12)18–1. (dmimC12H25)18[K2Na3Li5{Mo4O4S4
(OH)2(H2O)3}2(H8P8W48O184)]$15H2O, (dmimC12)18–1 was
prepared by using dmimC12Br (930mg, 2.68 mmol). Yield 180mg,
55%. IR/cm�1: 2953 (m), 2925 (vs), 2871 (m), 2853 (s), 1637 (mw),
1090 | Soft Matter, 2015, 11, 1087–1099
1588 (w), 1537 (w), 1467 (m), 1240 (w), 1128 (m), 1078 (m), 1016
(w), 932 (s), 880 (mw), 799 (s), 719 (vs). Elemental analysis calcd (%)
for (dmimC12H25)18[K2Na3Li5H8P8W48O184Mo8O8S8(OH)4(H2O)6]$
15H2O (M ¼ 18 582.6 g mol�1) Li 0.19; Na 0.37; C 19.78; H 3.51;
N 2.71; S 1.38. Found: Li 0.22; Na 0.45; C 19.84; H 3.65; N 2.82;
S 1.25. EDX atomic ratios calculated for (dmimC12H25)18
[K2Na3Li5H8P8W48O184Mo8O8S8(OH)4(H2O)6]$15H2O (found): Mo/
S ¼ 1 (1.12); W/Mo ¼ 6 (5.75); W/P ¼ 6 (7.10); Na/K ¼ 1.5 (0.90).
TGA: a weight loss of 2.1% between RT and 180 �C corresponding
to crystallization and coordinated water molecules (calcd: 2.0%).

(dmimC16H33)20[K2Na2Li4{Mo4O4S4(OH)2(H2O)3}2(H8P8W48O184)]$
20H2O, (dmimC16)20–1. (dmimC16H33)20[K2Na2Li4{Mo4O4S4(OH)2-
(H2O)3}2(H8P8W48O184)]$20H2O, (dmimC16)20–1 was prepared by
using dmimC16Br (1.080 g, 2.68mmol). Yield 348mg, 91%. IR/cm�1:
3144 (m), 2956 (m), 2924 (vs), 2872 (m), 2853 (s), 1639 (mw), 1589 (w),
1539 (w), 1466 (m), 1377 (w), 1241 (w), 1142 (m), 1080 (m), 1016 (w),
937 (s), 884 (mw), 808 (s), 721 (vs). Elemental analysis calcd (%) for
(dmimC16H33)20[K2Na2Li4H8P8W48O184Mo8O8S8(OH)4(H2O)6]$20H2O
(M ¼ 20 316.0 g mol�1) Li 0.14; Na 0.23; C 24.83; H 4.48; N 2.76; S
1.26. Found: Li 0.11; Na 0.27; C 24.82; H 4.62; N 2.79; S 1.19.
EDX atomic ratios calculated for (dmimC16H33)20[K2Na2Li4H8P8-
W48O184Mo8O8S8(OH)4(H2O)6]$20H2O (found): Mo/S ¼ 1 (1.07); W/
Mo¼ 6 (5.73); W/P¼ 6 (5.94); Na/K¼ 1 (0.98). TGA: a weight loss of
2.5% in the RT–180 �C range corresponding to crystallization and
coordinated water molecules (calcd: 2.3%).

Results and discussion
Syntheses and formulae of the POM-based materials

The used precursor Na25Li[K2{Mo4O4S4(OH)2(H2O)3}2
(H8P8W48O184)]$125H2O, noted NaK–1, corresponds to a P8W48

macrocyclic ring capped on both sides by two cationic molyb-
denum clusters [Mo4O4S4(OH)2(H2O)3]

2+. On each side, the
[Mo4O4S4(OH)2(H2O)3]

2+ hemicycles may occupy two equivalent
positions, which gives a mixture of two positional isomers char-
acterized by their relative orientation: parallel (noted para, not
depicted) or perpendicular (noted perp, depicted in Fig. 1).31 In this
paper, the precursor NaK–1 mainly contains the perp isomer and
the proportion of the two isomers is not further considered.

The POM-based materials are prepared by mixing a 1 M LiCl
aqueous solution of NaK–1 with a CHCl3 solution containing a
large excess of organic cations. Due to the red color of the
precursor, the transfer of the anionic cluster 1 from the aqueous
into the organic phase is easily monitored. It occurs rapidly and
quantitatively, and the target materials are selectively precipi-
tated by addition of ethanol into the chloroform phase.

The FT-IR spectra were recorded at room temperature
(Fig. S1–S9, ESI†) and some selected stretching vibrations are
gathered in the Table 1. Firstly, the FT-IR spectra display the
vibration modes of the organic cations associated with the
initial cluster 1, which conrms the integrity of the anionic
cluster during the experimental procedure.

EDX, elemental analysis and TGA unambiguously enable
establishing the formulae of the POM-based materials.
Interestingly, even if a large excess of organic cations is used,
the replacement of the alkali cations is not complete. Indeed,
the number of organic cations interacting with the anionic
This journal is © The Royal Society of Chemistry 2015



Table 1 Selected IR vibration bands

Compounds
nas
(CH3)

nas
(CH2) ns (CH3) ns (CH2) I(nsCH2)/I(nasCH2)

DODA19–1 2954 2921 2870 2851 0.81
(TMAC16)18–1 2955 2924 2871 2853 0.70
(mimC12)25–1 2954 2923 2870 2852 0.76
(mimC14)26–1 2955 2920 2871 2851 0.84
(mimC16)23–1 2954 2919 2871 2850 0.84
(mimC18)24–1 2953 2920 2871 2851 0.83
(mimC20)24–1 2953 2920 2870 2851 0.85
(dmimC12)18–1 2953 2925 2871 2853 0.69
(dmimC16)20–1 2954 2924 2871 2853 0.74
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cluster 1 are found in the 18–26 range, and the residual
anionic charges are balanced by protons and residual alkali
cations.

The trapping of potassium cations inside the cavity of P8W48

derivatives is commonly observed.26,32–35 The precursor
compound Na25Li[K2{Mo4O4S4(OH)2(H2O)3}2(H8P8W48O184)]$
125H2O contains two potassium cations which are strongly
coordinated inside the P8W48 ring. The presence of two potas-
sium cations is found for all materials in this study, which
demonstrates their efficient embedding within the cluster 1.
EDX and elemental analysis reveal the presence of 1 to 3 sodium
cations and 3 to 6 lithium cations, which also suggest a
good affinity of these alkali cations for the cavity of the P8W48

cluster. Finally, 4 to 8 protons are bound to the P8W48

moiety because the pH of the aqueous phase is maintained
between 3 and 4.5. To summarize, the cavity of the cluster
is lled with alkali cations where as protons are likely
localized at the surface P8W48 cluster. The general formulae
of the POM based materials can be written as
[K2NaxLiy{Mo4O4S4(OH)2(H2O)3}2(HzP8W48O184)]

(34�x�y�z)�

(with 1 # x # 3, 3 # y # 6 and 3 # z # 8) together with 18 to
26 organic cations.

When dmimCn
+ (n ¼ 12 and 16) cations are used, the

number of cations is signicantly lower than that observed in
analogous materials incorporating the mimC12

+ and mimC16
+

cations. This result suggests that (i) the number of organic
cations can be modulated by changing the size and the steric
hindrance of the imidazolium part of the organic cations and
(ii) the organic cations are probably not randomly distributed
around the inorganic cluster.

Finally, the amount of water content and the thermal
stability of the POM-based materials are assessed by TGA and by
variable–temperature FT-IR experiments (see Fig. S10–S21,
ESI†). For all materials, a weight loss of 16–46 water molecules
per POM–organic assembly occurs in the 25–180 �C range in
agreement with the molecular formulae. The decomposition
temperatures under an oxygen atmosphere vary as a function of
the organic cation from 205 to 235 �C. Higher decomposition
temperatures are found under air or under nitrogen. The FT-IR
spectra recorded in air in the 20–300 �C temperature range for
DODA19–1, (mimC16)23–1 and (mimC18)24–1 (see Fig. S10–S12,
ESI†) conrm the removal of water molecules in the 20–180 �C
This journal is © The Royal Society of Chemistry 2015
range and suggest that the degradation of the materials occurs
at temperature above 250 �C.
FT-IR spectroscopies studies

Infrared spectroscopy represents a powerful tool for investi-
gating the organization and dynamics of alkyl chains.18,20 In the
high frequency region, the two weak bands observed about
2953–2955 cm�1 and 2870–2871 cm�1 can be assigned to the
antisymmetric (nas(CH3)) and symmetric (ns(CH3)) stretching
vibrations of the terminal methyl groups, while the two strong
bands found at around 2919–2925 cm�1 and 2850–2854 cm�1

are assigned to the antisymmetric (nas(CH2)) and symmetric
(ns(CH2)) stretching vibrations of the methylene groups. These
two bands are very useful to study the order of the alkyl chains
in the ionic materials. Indeed, low frequencies (2915–2918 and
2846–2850 cm�1) are diagnostic for a highly ordered chain,
while their blue shi toward 2924–2928 and 2854–2856 cm�1

indicates a larger conformational disorder.18,20 On the basis of
the data reported in Table 1, the alkyl chains of the organic
cations found in the compounds DODA19–1, (mimC14)26–1,
(mimC16)23–1, (mimC18)24–1, (mimC20)24–1 appear highly
ordered even if no thermal treatment has been applied to these
materials. On the contrary, the compounds (TMAC16)18–1,
(dmimC12)18–1, (dmimC16)20–1 seem to be poorly ordered.
These data must be correlated to the possible induction of
liquid crystal properties for the former compounds whereas the
latter does not exhibit any liquid crystal properties (vide infra).
In the case of (mimC12)25–1, the IR vibration frequencies are
intermediate, which suggest this compound to be probably at
the boundary between a liquid crystal and solid. In addition, the
intensity ratio I(ns(CH2))/I(nas(CH2)) can also be used as an
indicator of the alkyl chain arrangement.18,20 The intensity of
this ratio increases when the conformational order of the alkyl
chain increases and similar conclusions are obtained. Indeed,
as shown in Table 1, mainly two different ranges of values
are found for our materials: a “low” ratio in the 0.69–0.74
range for the compounds (TMAC16)18–1, (dmimC12)18–1 and
(dmimC16)20–1 and a “high” ratio in the 0.81–0.85 range for
the compounds DODA19–1, (mimC14)26–1, (mimC16)23–1,
(mimC18)24–1, (mimC20)24–1, whereas the (mimC12)25–1
exhibits an intermediate value.

The analysis of the position and the intensities of nas(CH2)
and ns(CH2) thus appears as a tool for estimating the potenti-
alities of these materials as liquid crystals. Considering the
materials prepared with mimCn

+ cations (n ¼ 12–20), a longer
alkyl chain leads to improved van der Waals interactions
between the chains and to better organizations.

Finally, in the low frequency region, the absorption bands
are mostly composed of the scissoring, wagging, twisting and
rocking modes of the CH2 groups together with the vibration
modes of the POM. The vibration bands in the 1483–1466 cm�1

are assigned to the –CH2– scissoring bending modes, which can
be used to diagnose alkyl chains packing. Indeed, a single
narrow peak at 1473 cm�1 is attributed to triclinic subcell
packing of alkyl chains, while a single narrow band at 1467
cm�1 is typical of a hexagonal subcell.18,20 The FT-IR spectra of
Soft Matter, 2015, 11, 1087–1099 | 1091



Fig. 2 500.13 MHz 1H NMR spectra at 20 kHz MAS of NaK–1 (a) tri-
methylhexadecylammonium chloride (TMAC16Cl) (b) and (TMAC16)18–
1 (c). Arrows indicate the assignments of the NMR lines.
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our POM-based materials reveal a narrow peak at 1466–1467
cm�1, which is consistent with the tendency of the alkyl chains
to give a hexagonal packing arrangement.
Fig. 3 500.13MHz 1HNMR spectra at 20 kHzMAS ofmimC18Br (a) and
(mimC18)24–1 (b). Arrows indicate the assignments of the NMR lines.
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NMR studies
1H and 31P NMR studies in solution were performed for the
selected compounds DODA19–1, (TMAC16)18–1, and
(mimC18)24–1 in CDCl3. Interestingly, the recorded 31P NMR
spectra did not exhibit any signicant signal. This could be due
to some extreme line broadening of the signals caused by the
reducedmolecular tumbling in the POM–cation assemblies (see
Fig. S22–S24 in the ESI†).

Solid state NMR remains underused in the domain of poly-
oxometalate chemistry although it represents a powerful char-
acterization technique in materials science. This technique was
previously used to investigate local structures, interactions
between species and some dynamic aspects occurring within
the hybrid POM–organic cation assemblies.36 1H and 13C NMR
are pertinent for probing the organic moiety while 31P NMR is
used to investigate the POM part.

Three compounds were considered as representative
samples: (TMAC16)18–1, DODA19–1, and (mimC18)24–1. The

1H
NMR spectra of the precursor NaK–1, (TMAC16)18–1, DODA19–1,
(mimC18)24–1, and of the corresponding salts TMAC16Cl,
DODACl, and (mimC18)Br are shown in Fig. 2–4. The 1H NMR
spectrum of NaK–1 (Fig. 2a) exhibits a main resonance at 4.4
ppm with a shoulder at 3.3 ppm (z2%) due to water molecules
present outside and inside the POM cavity, respectively. In
contrast, these NMR signals appear minor in the 1H NMR
spectra of (TMAC16)18–1, DODA19–1 and (mimC18)24–1 in
agreement with the presence of organic cations with dominant
signals.
Fig. 4 500.13 MHz 1H NMR spectra at 20 kHz MAS of DODACl (a) and
DODA19–1 (b). Arrows indicate the assignments of the NMR lines.

This journal is © The Royal Society of Chemistry 2015
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The 1H NMR spectrum of TMAC16Cl (Fig. 2b) consists of two
broad resonances at 0.8 and 3.2 ppm corresponding to the
protons of the aliphatic chain together with the methyl and
methylene groups located close to the ammonium head. The 1H
NMR spectrum of the bromide salt mimC18Br (Fig. 3a) suffers
from severe line broadening due to strong H–H dipolar inter-
actions. In contrast, the 1H MAS NMR spectra of their corre-
sponding POM-based materials, (TMAC16)18–1 (Fig. 2c and
Fig. S25 in the ESI†) and (mimC18)24–1 (Fig. 3b) exhibit much
narrower signals. For (TMAC16)18–1 the NMR spectrum displays
three narrower resonances at 0.7, 1.1, and 3.3 ppm due to end-
chain methyl group, chain methylene protons, and methylene
and methyl groups of the tetraalkylammonium head. For
(mimC18)24–1, ve resonances assigned to end-chain methyl,
chain methylene, N–CH3/N–CH2 and aromatic resonances can
be distinguished at 0.7, 1.1, 4.3, and 7.6 and 9.2 ppm, respec-
tively. This assignment is supported by 13C{1H} 2D correlation
experiments (Fig. S27 and S28, ESI†). The narrowing of the
signals for (TMAC16)18–1, and (mimC18)24–1 indicates a much
lower H–H dipolar interaction. This could be the consequence
of a lower density of chain–chain stacking organization in the
POM-based materials, which favors chains mobility and
increases intermolecular H–H distances.

The reverse situation is observed forDODA19–1, where the
1H

NMR trace shows higher resolution in the chloride salt (Fig. 4).
We conclude that the H–H dipolar interaction should be weaker
in DODACl than in DODA19–1. The dynamic motions of organic
chains in DODA19–1 should be restricted to some extent, and
not fast enough to completely average out these interactions.
One can therefore deduce that the organic cations are well
organized around the POM with a stacking of the aliphatic
Fig. 5 125.76 MHz 13C{1H} CP NMR spectra at 10 kHz MAS of
(mimC18)24–1 (a) and mimC18Br (b).

This journal is © The Royal Society of Chemistry 2015
chains and/or accompanied by strong interdigitation with some
neighboring DODA+ cations.

The 13C{1H} CPMAS spectra of (TMAC16)18–1 and DODA19–1
(Fig. S26 and S29, in ESI†) reveal a narrowing of the NMR lines
compared with their halide salts, while the 13C{1H} CPMAS
spectrum of (mimC18)24–1 (Fig. 5) showed an opposite trend
because the resonances are much broader compared with the
starting bromide salt. This is consistent with some local
disorder in (mimC18)24–1, which produces variable chemical
environment around the organic cations. Such a disorder could
be explained by the low density of chain–chain staking in the
solid state favoring some dynamic motion of these organic
chains.

Fig. 6 shows the 31P{1H} MAS spectra of NaK–1, (TMAC16)18–
1, (mimC18)24–1 and DODA19–1. The precursor NaK–1 is
characterized by a unique resonance at �8.3 ppm consistent
with the NMR spectrum recorded in solution (Fig. S30c, ESI†)
and characteristic for the presence of the perpendicular
isomer as the major species.31 The spectra of (TMAC16)18–1,
(mimC18)24–1 and DODA19–1 are comparable to that of the
precursor. The spectrum of (TMAC16)18–1 shows an asym-
metric resonance with a maxima at �7.0 ppm, and a shoulder
at �5.5 ppm, while spectra of (mimC18)24–1 and DODA19–1
exhibit two main ensembles of composite signals located at ca.
�6 to �7 and ca. �9 ppm. In previous studies, we evidenced
that the chemical shi of 31P nuclei of this cluster strongly
depended on the nature of the cations trapped within the
cavity (see Fig. S30, ESI†).31 Based on this, the existence of
slightly different environments for the 31P nuclei could be
explained by a random distribution of K+, Na+ and Li+ cations
within the cavity of the polyoxometalate. This distribution of
different sites within the cavity would be at the origin of the
Fig. 6 202.45 MHz 31P{1H} CP NMR spectra at 20 kHz MAS of NaK–1
(a), (TMAC16)18–1 (b), (mimC18)24–1 (c), and DODA19–1 (d).
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multicomponent resonances visible in the 31P NMR spectra. In
summary, these spectra are consistent with the integrity of the
polyoxometalate moiety in the materials.

Finally, the 31P{1H} 2D HETCOR experiments performed
on (TMAC16)18–1, (mimC18)24–1 and DODA19–1 (see Fig. 7)
unambiguously evidences specic interactions between the
inorganic cluster and the organic cation since a correlation
between the 31P nuclei of the cluster and some protons of the
organic cations is observed. The major contribution to the 1H
to 31P CP transfer arises from the methyl protons of tetraal-
kylammonium head for (TMAC16)18–1, from the methyl and
methylene groups attached to nitrogen atoms of the imida-
zolium ring for (mimC18)24–1, and from the methyl and
methylene groups bound to the ammonium head of DODA+

cations for DODA19–1. These results demonstrate that the
polar group of the organic cation interacts with the POM. Wu
et al. evidenced such an interaction using 1H NMR in solu-
tion19,20,23 and our results indicate that this information can
be obtained in the solid state by MAS NMR.
Fig. 7 31P{1H} HETCOR CPMAS NMR spectra of compounds
(TMAC16)18–1 (a), (mimC18)24–1 (b), and DODA19–1 (c). Projections
along 1H and 31P dimensions are shown as well as 1H direct polarization
(DP) spectra for comparison purpose.
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Liquid crystal properties

The liquid crystal properties of our compounds were studied by
Polarized optical microscopy, DSC and SA-XRD during their
second heating and cooling process aer a rst thermal cycle
which ensures (i) the removal of water molecules and (ii) the
organization of the materials. Mesomorphism in theDODA19–1,
(mimC12)25–1, (mimC14)26–1, (mimC16)23–1, (mimC18)24–1, and
(mimC20)24–1 materials has been detected by temperature
dependent polarized optical microscopy (TD-POM), which
revealed the formation of birefringent and homogeneous
textures suggesting the liquid-crystalline nature of the samples
(Fig. 8). Note that, excepted for DODA19–1, the uidity of the
compounds (mimCn)x–1 is very low and necessitates the use of
high temperature to get polarized optical micrograph of good
quality. Additionally, in the series of compounds (mimCn)x–1,
we logically note that the uidity of the sample is related to the
length of the alkyl chain. In contrast, the three compounds
(TMAC16)18–1, (dmimC12)18–1, (dmimC16)20–1 did not reveal
any liquid crystalline behaviour, thus evidencing the inuence
of the cationic head on the organization of the materials.
Unfortunately, the lack of typical texture due to the decompo-
sition of the cluster before reaching the isotropic state
precludes an unambiguous phase assignment by TD-POM.

Differential Scanning Calorimetry (DSC) performed in the
�40 �C to 220 �C temperature range (Fig. 9) indicates that
mesomorphism occurs aer a rst-order phase transition in the
�3.5 �C to +46.2 �C temperature range (see Table 2) and before
the decomposition temperature. It is noteworthy that no rst-
order phase transition could be observed for (mimC12)25–1. The
corresponding melting enthalpy and melting entropy changes,
DHm and DSm respectively, are given in Table 2. The
Fig. 8 Polarized optical microphotograph of DODA19–1 at 203 �C (a),
(mimC12)25–1 at 240 �C (b), (mimC14)26–1 at 240 �C (c), (mimC16)23–1
at 240 �C (d), (mimC18)24–1 at 240 �C (e) and (mimC20)24–1 at
240 �C (f).
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Fig. 9 DSC Traces of the second thermal cycle recorded under N2 (5
�C min�1) for DODA19–1 (a), (mimC12)25–1 (b), (mimC14)26–1 (c),
(mimC16)23–1 (d), (mimC18)24–1 (e) and (mimC20)24–1 (f). * indicates
an unidentified process which has been observed for all samples
between 55 and 70 �C during the heating mode. This process does not
correspond to a modification of the supramolecular organization and
might be attributed to an internal structural change within the clusters
core.

Fig. 10 DH 0
m versus DS 0

m plot.
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straightforward comparison of these values remains difficult.
The weighted DH 0

m (i.e. DHm/nCH2) and DS 0
m (i.e. DSm/nCH2)

contributions per methylene groups born by the cations in each
compound are more informative (see Table 2 and Fig. 10). The
plot of DH 0

m versus DS 0
m (Fig. 10) displays a linear relationship

typical for H/S compensation37 and evidences two sets of points
for the materials of this study: DODA19–1, (mimC18)24–1, and
(mimC20)24–1 on one hand and (mimC14)26–1 and (mimC16)23–1
on the other hand, whereas DODACl is clearly different. For
DODACl, the alkyl chains are poorly constrained by the pres-
ence of the counter anion Cl� and the melting of the chains
follows the trend expected for simple alkanes.37 For the three
compounds DODA19–1, (mimC18)24–1, and (mimC20)24–1, the
ratios DHm/nCH2 and DSm/nCH2 are very similar. Taking
Table 2 Temperatures, melting enthalpy and entropy changes of the pha
observed for the materials exhibiting liquid crystalline properties. Tempe
the second heating process

Cluster T/�C (Heating mode) DHm/kJ mol�1

DODA19–1 +19.7 499.0
(mimC14)26–1 �3.0 106.7
(mimC16)23–1 �3.5 127.0
(mimC18)24–1 +37.7 330.8
(mimC20)24–1 +46.2 375.9
DODACl +18.0 83.1

a DY 0
m ¼ DYm/n(CH2) (Y ¼ H, S) where n(CH2) corresponds to the total nu
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DODACl as a reference for a “free” alkyl chain, Fig. 10 suggests
that the alkyl chains are strongly perturbed by the presence of
the bulky P8W48 moieties. From a macroscopic point of view, it
results in a drastic lowering of the uidity of the samples (the
uidity is qualitatively determined by TD-POM). This phenom-
enon is more pronounced for the two last compounds,
(mimC16)23–1, and (mimC14)26–1, which could be better
described as so crystals than as liquid crystals. The magnitude
of the DHm/nCH2 and DSm/nCH2 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 the –CH2– located in a crown close to the
surface were “frozen” and consequently no more available for
the melting. In summary, it is the reason why the uidity of the
samples bearing long aliphatic chains is higher.

Temperature dependent Small-Angle X-ray Diffraction (SA-
XRD) experiments (�40 �C to 200 �C) were carried out to probe
the organization of the liquid crystalline phases. For all
compounds, the presence of two, and sometimes three, equi-
distant reections in the 1 : 2 (1 : 2 : 3) ratio (indexed as (00l) ¼
(001), (002) and (003)) were detected in the low angle domain
(Fig. 11, Table 3, Tables S1–S6 in the ESI†). Such patterns are
characteristic for a 1D lamellar ordering. The sharpness of the
reections indicates that they correspond to long range orga-
nizations. In addition to the (00l) reections, a weak reection
called h0 is found at dhkl z 22 Å for at least ve of our
compounds. This additional reection is compatible with
se transitions between the glassy state and the lamellar smectic A phase
ratures are given for the peaks observed by DSC measurements during

DSm/J mol�1 K�1 DH 0
m
a/kJ mol�1 DS 0

m
a/J mol�1 K�1

1704.1 772.5 2.64
395.1 315.8 1.17
471.0 368.2 1.37

1067.6 813.4 2.62
1177.1 823.4 2.58
278.5 2445.4 8.19

mber of methylene groups of the alkyl chains born by the cations.

Soft Matter, 2015, 11, 1087–1099 | 1095



Fig. 11 SA-XRD pattern recorded at 200 �C for compound
(mimC16)23–1.
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partial 3D structuration, a result in line with the low uidity of
these compounds.11,24,25 The presence of a broad and diffuse
reection at approximately 4.5 Å associated with the liquid-like
molten chains is not observed for our materials, in agreement
with the high viscosity of our mesophases. Finally, the absence
Table 3 Indexation at 200 �C during the cooling mode for the
reflections detected in the liquid-crystalline phase by SA-XRD. Full
data are given in the ESIa

Compounds dhkl(mes)/Å I/a.u. 00l dhkl(calc)/Å

DODA19–1 40.25 VS(Sh) 001 40.33 h ¼ 40.33 Å
22.54 S(Sh) h0 ¼ 22.54 Å
20.20 S(Sh) 002 20.16 aHex ¼ 33.68 Å
13.5 W(Br)
11.4 W(Br)

(mimC12)25–1 35.01 VS(Sh) 001 35.15 h ¼ 35.15 Å
22.15 W(Sh) h0 ¼ 22.15 Å
17.64 S(Sh) 002 17.57 aHex ¼ 32.75 Å
13 W(Br)
11 W(Br)

(mimC14)26–1 38.39 VS(Sh) 001 38.44 h ¼ 38.14 Å
22.19 W(Sh) h0 ¼ 22.19 Å
19.24 S(Sh) 002 19.22 aHex ¼ 32.10 Å
13 W(Br)
11 W(Br)

(mimC16)23–1 41.09 VS(Sh) 001 40.96 h ¼ 40.96 Å
21.98 — h0 ¼ 21.98 Å
20.41 S(Sh) 002 20.48 aHex ¼ 30.97 Å
12 W(Br)

(mimC18)24–1 43.28 VS(Sh) 001 43.28 h ¼ 43.28 Å
22.37 W(Sh) h0 ¼ 22.37 Å
21.63 S(Sh) 002 21.64 aHex ¼ 30.81 Å
12 W(Br)

(mimC20)24–1 45.10 S(Sh) 001 45.03 h ¼ 45.03 Å
22.48 S(Sh) 002 22.52 aHex ¼ 30.68 Å
12 W(Br)

a dhkl(mes) and dhkl(calc) are the measured and calculated diffraction
spacing; h is the lattice parameter of the lamellar phase; I
corresponds to the intensity of the reections (VS: very strong, S:
strong, W: weak, VW: very weak; br and sh stand for broad and
sharp); h and dhkl(calc) are respectively calculated according the
formula: h ¼ 1/2(d001(exp) + 2d002(exp)) and dhkl(calc) ¼ h/l; aHex is the
local hexagonal organization within the layers calculated with eqn (1).
The reection corresponding to the molten aliphatic chains (usually
�4.5 Å) is too broad to be measured.
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of any reection corresponding to intercluster distances implies
that clusters are not well organized within the layers. Conse-
quently the liquid crystalline phases behave like smectic A
phase (SmA).

The lattice parameters h are deduced from the (00l) lines
and are found almost constant in the 40–200 �C temperature
range (Table 3, Fig. 12a and Tables S1–S6 in the ESI†). This
parameter depends on the nature of the organic cations
associated with the polyoxometalate. Focusing on the
mimCn

+ salts, the plot of the h parameters as a function of the
alkyl chain length (Fig. 12b) exhibits a linear relationship
with an increase of the h parameter by ca. 2.6 Å for successive
mimCn

+ and mimCn+2
+ salts. This increment is compatible

with the distance increase induced by the introduction of two
methylene group within an alkyl chain. This result demon-
strates (i) that it is possible to easily tune the interlamellar
spacing of such a huge inorganic cluster by simply playing
with the alkyl chain length of the associated organic cations
and (ii) that the interdigitation of the organic cations
belonging to two opposite clusters remains necessarily
unchanged (it is a full interdigitation), thus leading to a
linear expansion of the h parameter with the increasing of the
alkyl chains length.

Taking into account a realistic density of d ¼ 1.0 g cm�3 in
the mesophases11,24,25 and assuming that the clusters are
locally packed in a compact hexagonal lattice with one cluster
per unit cell (Z ¼ 1), we calculate the hexagonal lattice
parameters aHex gathered in Table 3 and which correspond to
the average inter-cluster distances. This parameter is
minimum for (mimC20)24–1 (aHex ¼ 30.68 Å) and maximum
Fig. 12 (a) Variation of the structural parameter h as a function of
temperature for compounds (mimCn)x–1 (n ¼ 12, 14, 16, 18, 20). (b)
Variation of the averaged value of h (in the 20–200 �C temperature
range) as a function of alkyl chain length n.

This journal is © The Royal Society of Chemistry 2015



Fig. 13 Schematic representation of the hypothetical organizations of
organic cations around the polyanion 1 (a and b); side and top views of
the lamellar organization of ionic liquid crystal phases of materials
based on the polyanion 1 (c and d). The perp isomer of 1 is mainly taken
into account but different position of this isomer should be consid-
ered. For the top view, the organic cations are omitted for clarity.
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for DODA19–1 (aHex ¼ 33.89 Å) in the liquid crystalline phase
at 200 �C (eqn (1), where NAV is the Avogadro's number, MMC

the molecular weight of the cluster in g mol�1, and h the
lamellar periodicity measured by SA-XRD).
This journal is © The Royal Society of Chemistry 2015
aHex ¼
�

2ZMMC

hdNAV � 10�24 � 31=2

�1=2

(1)

The compounds of this study result from the ionic assem-
blies of DODA+ or mimCn

+ organic cations with the ellipsoidal
polyoxometalate anion 1 (diameter z 20.3 Å, thickness z 15.9
Å). As evidenced by solid state NMR, the positive charges of the
cations are located close to the negatively charged tungstate
groups of the toroidal surface of the P8W48 moiety. They are
however not mechanically linked to a specic point of the
cluster core. Considering that the values of aHex do not vary
signicantly with the nature of the cation, we can rule out the
possibility of having the cations aligned along the longer axis as
depicted in Fig. 13a and previously reported for (DODA)24Li
[Cu20Cl(OH)24P8W48O184]$18H2O in the solid state.38

The consideration of a diameter of ca. 20 Å with a length of
22 Å for the DODA+ cation, conrms that this hypothesis is not
realistic. The only way to make these objects compatible with
the values of 30.68# aHex # 33.89 Å requires that the anchoring
sites of the cations are located on the surface of the negatively
charged inorganic clusters, whilst the alkyl chains are spread
perpendicular to the polyoxometalate macrocycle (Fig. 13b). A
related organization is supposed to occur for (mimCn)x–1
whereas the cations in (dmimCn)x–1 and (TMAC16)18–1 do not
display a similar orientation of cations around the POM either
due to stronger interactions between the cation and the POM
anion or due to sterical constraints between cations. The inor-
ganic cluster shown in the Fig. 13b are packed in the solid state
to give the hexagonal lamellar arrangement depicted in Fig. 13c
and d. The associated lattice parameters h depend on the alkyl
chain length and they are controlled by the thickness of the
inorganic cluster (15 Å) and the partial interdigitation of the
alkyl chains of the cations. This organization reminds that
proposed for Langmuir–Blodgett lm obtained for (DODA)24Li
[Cu20Cl(OH)24P8W48O184]$18H2O.38 In summary, the ionic
associations between the anisotropic POM 1 and organic
cations such as DODA+ and a mimCn

+ give lamellar organiza-
tion, in which the layers are composed of the inorganic clusters
and the interlayer spacing is lled by the alkyl chains of the
cations.
Conclusion

We prepared a series of new compounds resulting from the ionic
association of a nanoscopic inorganic cluster
[K2NaxLiyHz{Mo4O4S4(OH)2(H2O)3}2(P8W48O184)]

(34�x�y�z)�, deno-
ted 1, with various organic cations such as DODA+, TMAC16

+,
mimCn

+ (n ¼ 12–20) and dmimCn
+ (n ¼ 12 and 16). The multi-

nuclear solid state NMR revealed to be a powerful technique for
the characterization of these materials and (i) allowed evidencing
the strong contacts between the POM and the organic cations and
(ii) provided some support for the intermolecular H–H dipolar
contacts induced by the interdigitation of the alkyl chains of the
cations. For DODA+ and mimCn

+ salts of 1, Polarized Optical
Microscopy, DSC and Small-Angle X-ray diffraction studies
revealed ionic liquid crystalline phases of lamellar smectic A type,
Soft Matter, 2015, 11, 1087–1099 | 1097
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even if the uidity of the mimCn
+ salts is low. These results

demonstrate that the strategy which consists by associating
highly charged anisotropic polyoxometalate clusters with very
simple organic cations bearing only alkyl chains with variable
size is efficient to provide nely tuneable liquid crystal phases.
Such a strategy allows envisioning the easy preparation of
multifunctional materials at a gram scale and the main
perspectives for this work aim now at designing materials
combining magnetic, optical or trapping properties with
liquid crystal behavior.
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