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Evidence of nematic, hexagonal and rectangular columnar phases

in thermotropic ionic liquid crystals
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Dithiolium salts, with amphipathic character, are compounds of choice for investigations of
the in¯ uence of an ionic feature upon mesomorphic properties. In this way, salts bearing a
branched chain have been studied by SAXS. In spite of their rod-like shape, they exhibit only
columnar mesophases, the supramolecular organization of which is close to that of cylindrical
inverted micelles. Moreover, the nematic columnar phase, characterized by the loss of lateral
positional correlations of the columns themselves, is one of the ® rst examples of such
behaviour in the case of thermotropic liquid crystals.

1. Introduction Until now, only linear chains have been grafted to the
heteroaromatic, ionic, rigid core of the dithiolium cation.The role of speci® c intermolecular interactions, such

as hydrogen bonding [1, 2], charge transfer [3, 4] and The aim of this work was to study the in¯ uence of a
rami® ed (branched ) chain upon the mesomorphic prop-coulombic forces, in the formation or stabilization of

liquid crystalline phases has only recently been appreci- erties. Racemic mixtures of the salts 1 were synthesized
and their mesomorphic properties investigated by opticalated. Long-range and strong ionic interactions have

been thoroughly studied in the case of lyotropic systems microscopy and DSC. In addition, X-ray di� raction
experiments with conventional equipment and using[5] and anhydrous soaps [6]. Moreover, the few known

examples of thermotropic ionic liquid crystals [7± 10] synchrotron radiation were performed on the salt 1a

(n=12 in scheme 1), in order to establish fully the natureshow that the ionic feature has a strong in¯ uence upon
the mesomorphic properties. Besides, recent develop- of the mesophases. In spite of the rod-like shape of the

molecules, all the liquid crystalline phases are columnar,ments of metallomesogens [11] have caused a new
interest in the topic of thermotropic ionic liquid crystals. with a supramolecular organization similar to that of

amphiphilic molecules. The columns can be stacked inIn such an area, we have been interested for a long
time in the synthesis and study of 3,5-diaryl- either rectangular or hexagonal 2D lattices or without

lateral positional correlations, in a nematic columnar1,2-dithiolium salts [8, 9] and 2,4,6-triarylpyrylium salts
[10]. In the latter case, for the salts with very short phase, Ncol , which has been observed only a few times

in the case of thermotropic liquid crystals [2, 4].alkoxy chains (ethoxy and propoxy), the high temper-
ature motion of the anions has been shown to be

2. Synthesisresponsible for the appearance of a columnar hexagonal
Racemic mixtures of dithiolium salts 1a± d were syn-phase Dh . In the case of dithiolium salts, columnar

thesized according to scheme 1, by heterocyclization ofhexagonal phases can be obtained with four para� nic
chalcones 4a± d in an acidic medium. The chalcones werechains [8], and lamellar SmA phases with two or three
obtained by condensation of 3,4-dialkoxyacetophenoneschains [9]. Also in this case, it seems that the ionic
3a± d [8] and the 4-alkoxybenzaldehyde 2 in the pres-feature of the salts plays an important role, since some
ence of a catalytic amount of sodium hydroxide. Theneutral compounds with the same b̀anana’ shape [12]
benzaldehyde 2, bearing a 2-octyloxy chain, was(e.g. isoxazole or pyrazole derivatives [13]) exhibit only
synthesized by a Mitsunobu reaction betweenlamellar and no columnar mesophases. Thus, dithiolium
4-hydroxybenzaldehyde and octan-2-ol [14].salts are molecules of choice for investigating the in¯ u-

ence of ionic features upon liquid crystalline properties.
3. Optical microscopy and DSC

The mesomorphic properties of salt 1a (n=12) were
investigated by Di� erential Scanning Calorimetry using*Author for correspondence.
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Y to Z at 115ß C). Further cooling leads to crystallization
at 84 ß C. No clearing transition is detected by DSC.

Observations by polarizing optical microscopy gave
further results: upon cooling the isotropic phase of 1a ,
formation of baÃ tonnets in homeotropic areas (phase X
in ® gure 2 (a)) occurs between 176± 173ß C. These
baÃ tonnets then coalesce to a fan-shaped texture at 148ß C
(phase Y in ® gure 2 (b)) , characteristic of hexagonal
mesophases. At 115ß C, the smooth fan-shapes become
wrinkled (phase Z in ® gure 2 (c)) .

4. X-ray di� raction and SAXS

4.1. Studies of aligned samples
An aligned sample of salt 1a was studied by X-ray

di� raction with an experimental set-up described else-
where [9] using a point-focused monochromatic X-ray
beam (lCuK

a
=1 5́41 AÊ ), where the sample, in a capillary

tube (1 mm) is placed in a magnetic ® eld (1 7́ T). The
mesophase X could be aligned at 170ß C under the
in¯ uence of the magnetic ® eld. At 155ß C, the observed
pattern exhibits a di� use ring at wide angles (s=Scheme 1. (a) NaOH(cat), EtOH, 50 ß C, 12 h, (b) P4S10 , 150 ß C,

30 min, (c) HBF4 , AcOH, 120 ß C, 1 h. For 1a± d, see the 1/4 5́ AÊ Õ 1 ) corresponding to the molten parts of the
table. molecules. In addition, two rather sharp symmetric

peaks (s=1/39 5́ Ô 0 5́ AÊ Õ 1 ) , stronger along the magnetic
® eld direction, are observed at small angles. No highera DSC-7 apparatus operated at 5 ß C min Õ 1 under nitro-
orders of re¯ ection are detected. On further cooling,gen and by microscopic observations using a Leitz
only the small angle pattern changes: at 140ß C (phase Yorthoplan polarizing microscope equipped with a
in ® gure 3) three peaks, still aligned along the magneticMettler FP52 hot stage and an FP5 central processor.
® eld direction, are observed in a 1532

52 ratio character-DSC ( ® gure 1) established that salt 1a exhibits, upon
istic of a hexagonal lattice (a=44 5́ Ô 0 5́ AÊ ). The X-rayheating, a double melting behaviour (113 and 151ß C) to
pattern at 105ß C (phase Z) seems to correspond to agive a stable mesophase (called X). By slow cooling of
hexagonal phase (a=46 7́ Ô 0 5́ AÊ ) with weak core± corethe mesophase X, two low enthalpic transitions are
interactions (s=1/3 6́ AÊ Õ 1 ) along the column axis asdetected at 148ß C and 115ß C, which are attributed to
shown by a di� use scattering perpendicular to themesophase± mesophase transitions (X to Y at 148ß C, and
magnetic ® eld.

4.2. The hexagonal and rectangular mesophases
In order fully to identify the mesophases of 1a , a

Small Angle X-ray Scattering study was carried out on
the synchrotron beam line D43 at the LURE laboratory
using a point-focused monochromatic X-ray beam (l=
1 4́5 AÊ ) having low divergence Dq=2 5́ Ö 10 Õ 3 AÊ Õ 1 .
Quantitative data at ® xed temperature were obtained
with image plates as detector, and varying temperature
data with a CCD camera. In the latter case, the acquisi-
tion time of each pro® le was shorter than 10 seconds.
The phase Y was con® rmed to be a columnar hexagonal
Dh phase (Colh ) (a=43 1́ AÊ ) by the observation at 145ß C
of three peaks corresponding to a 2D hexagonal lattice
(1 0 0: dexp=37 3́7 AÊ , dth=37 3́5 AÊ ; 1 1 0: dexp=21 5́8 AÊ ,
dth=21 5́6 AÊ ; 2 0 0: dexp=18 6́5 AÊ , dth=18 6́7 AÊ ). At 95 ß C,
the mesophase Z is a columnar rectangular Dr phase
(Colr ), close to a hexagonal phase, as shown by theFigure 1. DSC thermogram of the salt 1a (5 ß C min Õ 1 ): ( � )

heating, ( � ) cooling. doubled peaks in the small angle area ( ® gure 4). These



29Ncol, Dh and Dr phases in dithiolium salts

Scheme 2. Schematic organization of salts 1 inside the col-
umns of the hexagonal Dh mesophase.

peaks were indexed as 1 1 0 (B: d=39 4́ AÊ ) and 2 0 0 (A :
d=42 1́ AÊ ), so that their intensities are in agreement with
their multiplicity factors ( i.e. 4 and 2, respectively).
Re¯ ections 1 0 0 and 0 1 0 are not observed. Because the
re¯ ection 2 1 0 (d=30 6́ AÊ ) is not detected, centred space
groups C were preferred to primitive ones. The highest
symmetry 3D space group C2/m2/m2/m corresponding to
the 2D plane group Cmm (a=44 6́ Ô 0 1́ AÊ , b=
84 2́ Ô 0 2́ AÊ ) is proposed.

4.3. Supramolecular organization inside the columns
The supramolecular organization inside the columns

is quite di� erent from that usually observed in columnar
phases of disc shaped molecules, since the shape of the
molecules is more banana-like than discotic. Evaluating
the density of the linear chain salts along the columns
(1/dcore ) could give a ® rst insight into this organization
in the hexagonal phase: 1/dcore=3D/2(rNA/MW )a2 ,
where a is the hexagonal lattice parameter, MW is the
molecular mass of the salt 1a (838), NA is the Avogadro
Number and r is the density. In the case that the density
r is close to 1 (which is true for the columnar phases of
dithiolium salts [8]) , 1/dcore=1 1́6 AÊ Õ 1. A characteristic
length along the columns is the observed distance of
3 6́ AÊ , which corresponds approximately to the distance
between molecular cores. This value of dcore means that
there are approximately four salts in a slice of a column
with a thickness of 3 6́ AÊ ; this is large compared with
other values [8, 15, 16]. A second insight into the supra-

(a)

(b)

(c)

Figure 2. Photomicrographs of salt 1a: (a) at 155 ß C Ncol ,molecular arrangement could be given by evaluation of
(b) at 147 ß C Dh and (c) at 115 ß C Dr , viewed betweenthe radial pro® le of electronic density of the columns in
crossed polarizers.

the hexagonal phase: such di� erent pro® les have been
obtained in order to compare theoretical intensities of
the di� raction peaks with the experimental values, cor-
rected for the Lorentz-polarization factor (I100=1000,
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inside the cylinder. Thus, the supramolecular organiza-
tion of the molecules inside the columns is driven by the
amphipathic feature of the salts. They are arranged into
long cylindrical aggregates: i.e. heads of amphiphiles
(heteroaromatic cores and anions) inside the columns,
surrounded by aliphatic chains without any positional
order along the column axis (scheme 2).

The last point to discuss concerning the hexagonal
phase is the increase of the lattice parameter on decreas-
ing the temperature, as indicated by the decrease of
q100 upon cooling Dh ( ® gure 4). The thermal expan-
sion coe� cient can be evaluated: a Õ 1Da/(D T )=
Õ 2 0́ Ö 10 Õ 3 K Õ 1 . Similar negative coe� cients have pre-
viously been observed for disordered Dh phases [17].
This e� ect most likely re¯ ects the increase in the chain
disorder on increasing the temperature. At low temper-
ature, the ratio of methylene groups which are in the
all-transconformation is larger, resulting in larger lengths
of extended aliphatic chains, while the chain disorder
introduced upon heating results in shorter lengths of
extended aliphatic chains.

4.4. The nematic columnar phase
The birefringent high temperature phase X exhibits a

broad peak in the small angle area (s=1/36 3́ AÊ Õ 1 at
153ß C in ® gure 5), showing short range positional order
with a mean distance between scattering objects of
36 3́ AÊ . This distance is close to the mean distance
between columns in the hexagonal phase, 37 4́ AÊ , and
longer than the molecular length (34 AÊ by CPK models).
Thus, the scattering objects are not molecules, but could
be small or large aggregates of molecules which exhibit

Figure 3. X-ray di� raction pattern of salt 1a in the Dh phase
long range orientational order. Because both phases atat 140 ß C after cooling in the magnetic ® eld (1 7́ T). Top:
lower temperature are columnar in nature, and thea and b, s=1/38 5́ AÊ Õ 1 and s=1/19 3́ AÊ Õ 1 , respectively; c,

s=1/4 5́ AÊ Õ 1 . Bottom: magni® cation of the small angles orientation of the aligned samples is preserved through
region; d, e and f, s=1/38 5́, 1/22 2́ and 1/19 3́ AÊ Õ 1 , the transition, we can suppose that the phase X is
respectively. columnar in nature too. This hypothesis is supported by

the following facts: (i ) shearing aligns the phase tempor-
ally, which is characteristic of long and anisotropicI110=3, I200=8). The best result was obtained with a
objects, such as polymers or columns; (ii ) the peak’ssimple model [10] of the pro® le which corresponds to
pro® le ® ts to a Lorentzian curve superimposed over atwo parts with di� erent electronic densities separated by
linear background ( ® gure 5); and ( iii ) the correlationa sharp cylindrical interface; the former part is inside a
length f deduced from the ® t is close to 60 AÊ . Suchcolumn of radius 12 6́ AÊ and the latter part surrounds
behaviour has been observed in the case of nematicthe column. If we assume that the cores are inside the
columnar phases of diamides [2] or of copper soapscolumns, we now have access to the volume of the core
[18], and the peak pro® le was attributed to the spatialVcore=dcorep(rcore)

2=430 AÊ 3 , the volume per methylene
extension of some columnar order. Therefore, the phasegroup VCH

2
= (MW /rNA Õ Vcore )/32=30 AÊ 3 , and the sur-

X is a nematic columnar Ncol phase where, for example,face area per aliphatic chain at the interface between the
the molecules are stacked in columns which possess noaromatic and aliphatic parts (i.e. the surface of the
long range lateral positional order. Consequently,cylinder) SCH

2
=2prcoredcore /3=23 AÊ 2 . Vcore is in agree-

the Dh to Ncol transition could be interpreted as thement with the measured volume from a CPK model;
melting of the 2D hexagonal lattice, without completeVCH

2
and SCH

2
are normal for this type of mesophase

[8, 15, 16]. These agreements con® rm that the cores are destruction of the columns.
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Figure 4. SAXS experiments on
1a: intensities of the pro® le
upon cooling (10 ß C min Õ 1 ) and
the corresponding 2D space
groups (right ). a and b corre-
spond to the Ncol to Dh and Dh
to Dr transitions, respectively.
A and B are indexed as the
2 0 0 and 1 1 0 re¯ ections; direc-
tions of reticular planes
are indicated.

stable crystal C22 occurs, which melts and transforms
into Ncol .

5. In¯ uence of the linear chain length

The in¯ uence of the linear chain length was investi-
gated by the studies of salts 1b ± d by polarizing micro-
scopy and di� erential scanning calorimetry.

The results are summarized in the table: the four
compounds exhibit the same phase sequence upon cool-
ing, but the hexagonal mesophase is monotropic when
n is even and enantiotropic when n is odd. The melting
temperatures and temperatures of both mesophase±
mesophase transitions show a small odd± even e� ect.
This has only been observed a few times in the case of
Dh [17].

6. Conclusion
Figure 5. SAXS experiments on 1a: intensity of the pro® le of Dithiolium salts with a rami® ed chain 1 exhibit a rich

Ncol obtained at 153 ß C. The experimental peak (open polymorphism independently of the length of the lineardiamonds) and the ® t by a Lorentzian curve superimposed
chains. Using di� erent complementary experiments, twoover a linear background (Ð ).
main results have been found. First, the driving force
for the supramolecular organization is more the amphi-
pathic feature of the salts than their shape: dithiolium4.5. T he phase sequence

We have shown that, depending on the temperature, salts form long columnar aggregates similar to long
inverted cylindrical micelles. At low temperature, thesalt 1a exhibits three di� erent columnar mesophases Dr ,

Dh and Ncol (scheme 3). The phase sequence (see the columns could be arranged in Dh or Dr mesophases.
Second, the higher temperature mesophase is nematictable) was totally elucidated by recording radial small

angle pro® les (SAXS) at di� erent temperatures. Upon columnar; the columns are almost parallel without long
range lateral positional correlations. To the best of ourcooling the Ncol phase, ® rst the transition to a hexagonal

lattice (a in ® gure 4), then to a rectangular lattice (b in knowledge, this is the ® rst time that a Ncol phase has
been observed in a thermotropic ionic liquid crystal® gure 4) and ® nally crystallization to a metastable crys-

tal C21 is observed. Heating leads to the melting of the material. This con® rms the idea that some speci® c
interactions are necessary to obtain nematic columnarcrystal C21 forming the rectangular mesophase, which is

close to a hexagonal one. Then, crystallization to the mesophases, because in other quoted examples of Ncol



32 F. Artzner et al.

Scheme 3. Schematic representation of the organization of the columns of the salts 1.

Table 1. Transition temperatures and transition enthalpies of the dithiolium salts

Salts n Transition temperatures/ ß C
(transition enthalpies/kJ mol1 )

1a 12

1b 11

1c 10

1d 9

aEnthalpy too small to be measured; transition temperature determined by optical microscopy.

either hydrogen bonding [2], or charge transfer [4] 7.2. Chalcone 4a

Yield 66%, m.p. 44 ß C. 1H NMR [(CDCl3 ) , 300m Hz]:interactions stabilize the long columns. Such interactions
are so strong that the 2D lattice can melt without d 0 8́5 (9H, t, J=6 7́ Hz, CH2 ± CH3 ) ; 1 2́5 (3H, d, J=

6 1́ Hz, CH± CH3 ); 1 1́7± 1 7́2 (46H, m, CH2 ); 1 7́2± 1 8́4complete destruction of the columns.
(4H, m, O± CH2 ± CH2 ) ; 3 9́7± 4 0́6 (4H, m, O± CH2 ); 4 3́5
(1H, m, O± CH ) ; 6 8́1± 6 8́7 (3H, m, ArH ); 7 3́6 (1H, d,7. Experimental

7.1. General J=15 6́ Hz, C 5 CH ); 7 4́9± 7 5́9 (4H, m, ArH ); 7 7́6 (1H,
d, J=15 6́ Hz, C 5 CH ) . 13C NMR [(CDCl3 ) , 300 mHz]:Dithiolium salts 1 and chalcones 2 were prepared

according to published procedures. 1H NMR and d 188 5́ (s, C 5 O); 159 8́, 153 5́, 148 9́, 131 3́, 127 4́ (s, C
phenyl ); 143 5́, 129 9́, 122 7́, 119 2́, 115 8́, 113 1́, 111 6́, (d,13C NMR spectra were recorded on a Brucker AC300

spectrometer; CDCl3 was the solvent, with TMS as CH phenyl and alkene); 74 0́ (d, O± CH); 69 0́, 69 2́ (t,
O± CH2 ); 36 0́, 31 7́, 31 5́, 29 3́, 29 0́, 25 9́, 25 2́, 22 5́ (t,reference. Results for one chalcone (4a) and one dithiol-

ium salt (1a) are quoted below. CH2 ); 19 3́, 14 0́ (q, CH3 ).
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