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The thermotropic liquid crystalline behaviour of two N-alkylpyridinium tetrahalocuprates
was investigated. The n-pentadecyl tetrachloro and tetrabromo derivatives (CU15-CL and
CU15-BR, respectively) exhibit very similar behaviour on cooling, and specifically, a high
temperature smectic phase followed by a cubic phase. We fully elucidated the Ia3̄d space
group for the cubic phase from X-ray diffraction on single crystals. The type of cubic phase is
still under discussion, but we suggest that it is a direct type of structure based on the known
phase sequence of lower and higher homologues. A model for the local organization of
CU15-CL and CU15-BR in the cubic and smectic mesophases is also proposed.

1. Introduction

Supramolecular self-association of amphiphiles (i.e.

molecules containing two incompatible — usually

hydrophilic and hydrophobic — molecular compo-

nents) is known to be a very important process both in

life sciences and in materials science [1–5]. Self-

assembled structures include spherical, columnar,

lamellar, perforated lamellar and bicontinuous topolo-

gies, which may be rationalized in terms of the volume

ratio of the hydrophilic (polar) to the hydrophobic

(apolar) component within the structure. This model

holds not only for crystalline solids [6] but also for

block copolymers and liquid crystals (LCs) [7, 8].

Among the latter, lyotropic (i.e. solvent-driven) liquid

crystals display the whole range of these topologies,

giving rise to micellar, columnar, lamellar and cubic

mesophases according to the hydrophobic/hydrophilic

volume ratio and the interfacial curvature{.

Depending on their periodic structure, lyotropic

mesophases with cubic symmetry can be divided into

two groups. The first group covers micellar aggregates

packed on a 3D lattice with possible space groups

Im3̄m, Fm3̄m, Pm3̄n, Fd3̄m (and even the P63/mmc 3D-

hexagonal space group [10]). The second and more

fascinating group refers to bicontinuous phases [11]. In

water–amphiphile binary systems, an inverse bicontin-

uous phase consists of an infinite bilayer of amphiphiles

separating the space in two equivalent subspaces filled

with water [12]. This bilayer has a curvature and is 3D-

periodic. The direct topology also exists, where a water

film separates two equivalent 3D-networks of rods

made of the amphiphiles. In either case, common space

groups of bicontinuous LC phases are Ia3̄d, Im3̄m, and

Pn3̄m.

Thermotropic (i.e. temperature-driven) and lyotropic

LCs exhibit cubic mesophases with similar symmetry

[13], yet thermotropic cubic phases have been far less

extensively studied, although over the last decade this

topic has received particular attention leading to an

ever increasing activity in the area [8, 14, 15].

As part of our studies on self-assembling ionic

mesogens [16], we have recently reported a homologous

series of organic–inorganic compounds based on N-

alkylpyridinium surfactants and [CuCl4]22 inorganic

anions in a 2:1 molar ratio [17]. These exhibit either

columnar or lamellar thermotropic mesomorphism

*Author for correspondence; e-mail: imperor@lps.u-psud.fr

{The curvature argument is actually invoked to explain the
local phase structure, with LC mean curvature values ranging
from either positive or zero (‘normal’, ‘direct’ or Type I
phases) to negative (‘inverse’, ‘reversed’ or Type II phases). In
water–amphiphile systems, direct phases arise from the so-
called oil-in-water situation. In solventless LC phases,
interfaces are ideal surfaces separating polar regions from
apolar ones. A more thorough discussion on direct and
inverse phases, and a precise definition of interfacial curvature
have been given by Seddon et al. [9].
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depending on the alkyl chain length of the cation, with

lamellar order prevailing at longer chain lengths. Along

the series (C9 through C18), only the C15 compound

(CU15-CL) shows differing behaviour, by exhibiting an

enantiotropic cubic phase that transforms into a

smectic phase at higher temperature. The cubic phase

of CU15-CL was characterized by polarizing optical

microscopy (POM) and X-ray powder diffraction

(XRPD), but no definitive assignment of the space

group could be made [17].

In order to investigate this unusual behaviour in this

class of ionic compounds, and to make an unambig-

uous assignment of the cubic phase structure, we have

prepared CU15-Br (the bromine analogue of CU15-

CL). In this paper, we show that both compounds

exibit the same cubic phase, using diffraction experi-

ments performed on single crystal samples. We discuss

the structure of this cubic phase taking into account

also the thermotropic behaviour of the other members

of the Cu-n-X series (X~Cl, n~12–18).

2. Results

The new compound CU15-BR was obtained as a

blue–violet microcrystalline solid that exhibited an

interesting phase sequence, figure 1 (a). On heating, at

64‡C CU15-BR melted to an optically isotropic viscous

phase. Since the melt was very dark, only an increase in

fluidity indicated the subsequent transition to an

isotropic liquid. On cooling the liquid phase, a well

formed fan-shaped texture characteristic of a smectic

phase soon appeared when viewed under crossed

polarizers. The optically isotropic phase was then

observed to develop as dark areas with straight edges

on further cooling, figure 1 (b). Slow crystallization

followed thereupon.

Optical observations were complemented by calori-

metric and XRD measurements. Differential scanning

calorimetry (DSC) confirmed the existence of two LC

phases in the phase diagram of CU15-BR: an

enantiotropic cubic phase and a metastable smectic

phase. On heating, the crystal–cubic transition has a

large associated enthalpy change (DH~79.4 kJ mol21),

while clearing, observed at 81‡C, occurs with a very

small associated DH (0.4 kJ mol21). In the reverse

cooling cycle, both the isotropic–smectic and smectic–

cubic phase transitions have small negative DH

values (0.1 and 0.2 kJ mol21, respectively). Subsequent

heating–cooling cycles confirmed the phase sequence

observed during the first DSC run.

DSC results were substantiated by XRD. The two

compounds CU15-CL and CU15-BR were observed

both on heating and cooling at a relatively high rate

of 12‡C min21 in order to avoid thermal decomposi-

tion of the samples. CU15-CL was heated only within

the SmA phase region, while CU15-BR was heated

for only 5 min within the isotropic liquid phase. The

exposure times were 5 min, using a CCD camera

detector and a high brilliance, synchrotron source.

The results are summarized in table 1. The two

compounds exhibit a high temperature SmA phase

(only on cooling for CU15-BR), with layer thicknesses

of 31.4 and 32.8 Å for CU15-CL and CU15-Br,

respectively. On cooling from the smectic phase, the

cubic phase grows in large monodomains, and single

crystal diffraction patterns were recorded (figure 2).

This observation was expected at the smectic to cubic

phase transition as studied, for example, for the

lyotropic C12E06/H2O system [18]. From these patterns,

the space group assignment is straightforward and the

Ia3̄d space group is assigned unambiguously. A detailed

Figure 1. (a) Phase sequence for CU15-CL (see [17]) and
CU15-BR. Cr~crystalline phase; Cub~cubic phase;
Sm~smectic phase; I~isotropic liquid. (b) Optical
polarizing micrograph (1006) of the cubic phase
nucleation for CU15-BR on cooling from the smectic
A phase at 62‡C.
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indexing of the patterns is given in figures 3 and 4. The

two strongest h k l reflections are of the type (2 1 1) and

(2 2 0), and are the first reflections permitted by the

space group. Furthermore, characteristic diffuse scat-

tering lines are observed between these, as for other

systems, revealing the same cubic phase [18]. The d-

spacing values are given in table 1. The cubic lattice

parameter a is 80.5 Å for CU15-CL and 82.8 Å for

CU15-BR.
The structure of the Ia3̄d cubic phase has been

described already in detail in the literature [12, 18–20].

It is a bicontinuous phase consisting of two 3D-

networks of rods, connected three by three at each node

of the networks. These two 3D-networks are separated

by an infinite periodic minimal surface [21] called the

Gyroid surface (see figure 5) in the case of the Ia3̄d

space group [19, 22]{. In figure 3 and 4 these two

networks are drawn in red and blue with the

orientation of the unit cell corresponding to the

diffraction patterns obtained [23]. The inverse (polar

groups on the networks) and direct (chains on the

networks) topologies are a priori both possible and will

be discussed next.

3. Discussion

By analogy with the general class of flexible

amphiphiles [8], the behaviour of the Cu-n-X com-

pounds should be governed mainly by the segregation

of the n-alkyl chains and the polar groups. A critical

parameter is the volume fraction occupied by each

component. A large paraffinic volume fraction favours

inverse phases while smaller volumes correspond to

direct phases. Moreover, on increasing the paraffinic

volume fraction, the following sequence of mesophases

is predicted: direct micellar cubic, direct hexagonal,

direct bicontinuous cubic, lamellar (equivalent term for

SmA), inverse bicontinuous cubic, inverse hexagonal

phase, inverse micellar phase.

Along the Cu-n-X series, on increasing the chain

length n (i.e. the paraffinic volume fraction), one

observes hexagonal phases for n~12 to 14, a lamellar

phase for n~15 to 18, and the cubic phase only for

n~15. This phase sequence is in accord with hexagonal

and cubic phases of the direct type. However, in the

absence of a direct knowledge of the molecular volumes

(unfortunately we were unable to perform dilatometry

experiments) it is a difficult task to establish from our

X-ray data whether the phases are direct or inverse.

Here, following the predicted phase sequence, we argue

that the cubic phase for the n~15 compounds is a

direct phase, although an inverse phase cannot be ruled

Table 1. X-ray diffraction data for CU15-CL and CU15-BR in the cubic phase and in the smectic A phasea.

Phase CU15-CL CU15-BR

Ia3̄d cubic phase T~85‡C a~80.5 Å T~58‡C a~82.8 Å

{h k l} indices h2zk2zl2 d (meas.) Å d (calc.) Å d (meas.) Å d (calc.) Å

2 1 1 6 32.9 32.9 33.6 33.8
2 2 0 8 28.6 28.5 29.5 29.3
3 2 1 14 21.4 21.5 21.9 22.1
4 0 0 16 — 20.1 — 20.7
4 2 0 20 — 18.0 18.5 18.5
3 3 2 22 — 17.2 17.6 17.7
4 2 2 24 16.4 16.4 — 16.9
4 3 1 26 — 15.8 16.4 16.2

SmA phase T~130‡C T~75‡C
d (meas.) Å d (meas.) Å

31.4 32.8

aa is the unit cell parameter of the cubic lattice. d (meas.) and d (calc.) are the observed and calculated d-spacings of the small
angle {h k l} reflections.

Figure 2. X-ray diffraction pattern of a cubic monodomain
of (a) CU15-CL and (b) CU15-BR.

{Triply periodic minimal surfaces (TPMS) are mathemathical
models for bicontinuous cubic phases. A graphical represen-
tation of the simplest TPMS surfaces with cubic symmetry
can be retrieved at the following URL: http://msri.org/
publications/sgp/SGP/main.html. Sadoc and Charvolin have
given a crystallographic description of TPMS [22].
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out. As shown in figure 5, we assume that the polar

groups (CuX4
22 anions plus pyridinium cation head-

groups) are located around the Gyroid surface, forming

a film of average thickness Lpolar. Each polar group

occupies on average an area per anion, sanion, which is

the ratio of the area of the Gyroid surface to the

average number of anions inside one cubic unit cell.

The alkyl chains are inside the two 3D-networks (in

blue and red). Then, we estimate the molecular

parameters inside the two mesophases of the n~15

compounds. Reasonable estimates of the paraffinic

volume fraction (wpara) give values between 0.55 and 0.7

for these compounds [24].§

§In the crystalline phase of CU15-CL, the total density equals
rtot~1.13 g cm23, and the paraffinic volume fraction equals
0.67 with rpara~0.9 g cm23 and rpolar~1.61 g cm23. We make
the following assumptions inside the mesophases: 0.7vrpara

(g cm23)v0.8 (by comparing with the known molten n-
alkanes density in the temperature range of our study [24]);
rpolar (g cm23)v1.61; 2*1.13/3~0.75vrtot (g cm23)v1.13;
rparavrpolar.

Figure 3. Indexing of the reciprocal plane of CU15-Cl and
the corresponding orientation of the cubic monodomain
in real space. Figure 4. Indexing of the reciprocal plane of CU15-BR and

the corresponding orientation of the cubic monodomain
in real space.
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In table 2, we give the resulting molecular parameters

for the two mesophases, making additional hypotheses

on the mesophase densities. This leads to a global

description of both mesophases, with a flat polar film in

the case of the smectic phase (Lpolar~10–13 Å,

sanion~40–50 Å2) and a curved polar film for the

direct cubic phase (Lpolar~9–12 Å, sanion~50–60 Å2).

The thickness is in the same range for the two

mesophases. The value of area per anion sanion is

around 50 Å2. This value is about twice the usual value

for the molecular area of molten alkyl chains

(23–25 Å2). Since in the case of an ideal bilayer

model one would find sanion~schain, then here the

alkyl chains are probably partially interdigitated

(figure 5).

The phase behaviour of CU15-CL and CU15-BR

requires one final comment. The richer polymorphism

(and superior thermal stability of the mesophases) of

CU15-CL is in perfect agreement with previous

observations for analogous Pd(II) salts [25]. A key

factor is related to the occurrence of extended

C–H…X–M H-bonding interactions in the condensed

(and possibly liquid crystalline) state. In fact, the degree

and strength of hydrogen bonding is expected to be

very important in the crystalline (or highly ordered)

phase of N-alkylpyridinium tetrahalometallates [17,

25–27]. With respect to tetrachlorometallates, general

rules predict weaker C–H…X–M bonds for bromo and

iodo analogues. Thus, melting temperatures are expected to

follow the trend ClwBrwI for a given chain length n value

(at least if the solids are isomorphous). This has been

observed along the series [PdX4]22 N-alkylpyridinium

derivatives [25, 26]. Clearing temperatures followed a less

clearcut trend, suggesting that stabilization of the meso-

phase(s) in these ionic mesogens is due to multiple factors

including H-bonding.

4. Conclusions
Thermotropic cubic phases are becoming increasingly

observed [8, 14] both bicontinuous and micellar

examples. Here we have reported an example of ionic

thermotropic amphiphiles which exhibit a cubic phase

in their phase sequences. We assigned the Ia3̄d space

group to the cubic phase, which is described as a

bicontinuous structure. As with cubic phases shown by

lyotropic materials and block-copolymers, we discussed

the direct or inverse nature of the cubic phase,

suggesting a preference for a direct structure in the

present case. It is therefore interesting to draw a

parallel with the behaviour of potassium dialkylpho-

sphate salts [20], a case where inverse structures are

invoked. Those salts form an inverse Ia3̄d cubic phase

and an inverse hexagonal phase on heating and also on

Figure 5. Proposed supramolecular structure for the n~15
compounds. The polar groups form a film of average
tickness Lpolar, and average area per anion sanion (in red).
In the case of the cubic phase, this film is assumed to be
limited by two symmetrical surfaces (dotted lines) on
both sides of the Gyroid surface (thick line).

Table 2. Molecular quantities for the two mesophases. The
density of the alkyl chains rpara is assumed to be between
0.7 and 0.8 g cm23 [24]. For CU15-Cl, the total density
rtot is taken between 0.8 and 1 g cm23 and the average
density of the polar groups rpol between 1 and
1.5 g cm23. For CU15-Br, the total density rtot is
assumed between 1 and 1.2 g cm23 and the average
density of the polar groups rpol between 1.3 and
2 g cm23.

Phase CU15-CL or CU15-Br

Ia3̄d cubic phase
a Å 80–83
N anions / cubic cell 340–440
s/anion Å2 50–60
wpara 0.58–0.65
Lpolar Åa 9–12

SmA phase
d Å 30–33
s/anion Å2 40–50
wpara 0.6–0.7
Lpolar Å 10–13

aThe average thickness Lpolar of the polar region around
the Gyroid surface (figure 5) is calculated solving the equation
: wpara a3~2 (sc a2 Lpolar216 p Lpolar

3/3) where sc~3.091 is a
geometric parameter from the Gyroid surface [19].
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increasing the alkyl chains length. Thus, the phase

sequence argument appears to hold and this might be a

good way to assess the type of cubic phase. Finally, for

the Ia3̄d thermotropic cubic phases already known, the

inverse phase structure seems to dominate [14, 20]. At

least one example of direct Ia3̄d cubic phase, however,

can be found in the recent work of Skoulios et al. [28].

More interestingly, the cubic phase of alkylammonium

poly(vinylsulfonate)s was described as consisting of

curved molecular bilayers of amphiphiles [28]. Here, we

suggest that the thermotropic mesomorphism of the

Cu15-X compounds is well supported by assuming

direct phases and a partially interdigitated bilayer-type

model, a mesophase organization which is preserved

across the smectic–cubic phase transition.

5. Experimental

Optical observations were made with a Zeiss Axioskop

polarizing microscope equipped with a heating stage and a

temperature control unit. DSC measurements were carried

out with a Perkin-Elmer Pyris-1 instrument operating at a

scanning rate of 5‡C min21.
X-ray diffraction measurements were carried out at

the LURE synchrotron facility (Orsay, France) at the

D43 experimental station. A monochromatic beam

(wavelength 0.1448 nm) was used using a Ge mono-

chromator. The samples were introduced into Linde-

mann glass capillaries (diameter 1 mm) sealed at both

ends. Capillaries were held inside a home-made oven.

Detection was performed on a CCD camera (Princeton

Instruments) at a distance of 77.3 mm from the sample.

The software CaRine Crystallography 3.1 was used to

visualize reciprocal and real lattices [23].

For the synthesis of CU15-BR, solid CuBr2 (0.1 g,

0.45 mmol) was added to a colourless solution of N-

pentadecylpyridinium bromide [25] (0.31 g, 0.90 mmol)

in acetonitrile (10 ml), and immediately afforded a dark

green–blue solution. The solution was heated at reflux

for 30 min, and was then allowed to cool to room

temperature. The product was recovered as blue

needles, washed with diethyl ether and dried in air;

yield 0.35 g (80%). Elemental analysis: calcd for

C40H72Br4CuN2 (964.2) C 49.83, H 7.53, N 2.91;

found C 49.83, H 7.50, N 3.38%.
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