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Ordered micellar and inverse micellar lyotropic phases
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In this article we review the ordered micellar and inverse micellar lyotropic liquid-crystalline phases that can be
formed by amphiphilic molecules such as lipids and surfactants. We focus first on the self-assembly of amphiphiles
into aggregates, and then consider the interfacial curvature and the role of curvature elasticity and packing
constraints in determining the allowed structures. We then review the range of ordered micellar and inverse
micellar phases that have so far been observed in a variety of surfactant and lipid systems. Finally, we describe
certain characteristic properties, such as the epitaxy between phases, and the self-diffusion and electrical con-

ductivity within such ordered micellar phases.
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1. Lyotropic phase behaviour

1.1 Amphiphiles, aggregation and interfacial
curvature

In this review we focus on three-dimensionally ordered
micellar liquid-crystalline phases of amphiphilic mole-
cules — surfactants, lipids and amphiphilic block copo-
lymers — in aqueous solution. We will not discuss
bicontinuous, sponge or mesh phases, nor micellar
solutions, lyotropic nematics or the more highly
ordered lyotropic lamellar phases. We will also not
discuss the analogous three-dimensional (3D) ordered
structures which may form in thermotropic liquid
crystals in the presence of suitable organic solvents,
pure block copolymer melts or in dendrimers.

Amphiphiles such as surfactants are a very large
class of organic molecules having a single polar
headgroup linked either directly, or via groups
such as glycerol, to one or more hydrocarbon
chains (bola-amphiphiles, with a polar headgroup
at each end of a hydrocarbon chain region, are also
known but rather rare). As shown in Figure 1, the
polar headgroup can be cationic, anionic, zwitter-
ionic or non-ionic. It can also be oligomeric, for
example in the case of the polyoxyethylene surfac-
tants, or complex glycolipids such as the ganglio-
sides found in cell membranes. Although the term
’surfactant’ tends to be reserved for simple deter-
gents such as the alkali carboxylate soaps or the
alkyl glucosides, in reality all amphiphiles are sur-
factants in the sense that they will adsorb strongly
at interfaces, lowering the surface/interfacial
tension.

Many lipids, such as phospholipids and most gly-
colipids, are strongly amphiphilic, although some
important classes of lipids, such as cholesterol, diacyl-
glycerols, alkanols and protonated fatty acids (see
Figure 2), are too weakly polar to form any lyotropic
liquid crystal phases on their own in water. However,
they are able to dissolve into lyotropic liquid crystal
phases of more strongly amphiphilic lipids, strongly
perturbing the structure and phase stability (this will
be further described in Section 1.4).

Glycero-phospholipids are chiral at carbon C2 of
the glycerol group (see Figure 1). The two optical
isomers should have identical physical properties and
phase behaviour, although a racemic mixture need
not. Glycero-glycolipids, on the other hand, are dia-
stereomeric, and different diastereomers might in
principle have different phase behaviours. However,
unlike in thermotropic liquid crystals, where molecu-
lar chirality frequently leads to the formation of chiral
phases, in lyotropic systems the molecular chirality
tends not to manifest itself, and almost invariably
lyotropic phases are non-chiral (centrosymmetric).

Above certain concentrations in water, amphi-
philes will self-assemble into aggregates (micelles) so
as to shield their hydrocarbon chains from contact
with the water. Above this critical micelle concentra-
tion (cmc), the shape of the aggregate will depend upon
the balance of packing forces between the headgroups
and the chains. For a large, strongly polar headgroup
attached to a single, relatively short hydrocarbon
chain, spherical micelles will tend to be formed, at
least just above the cmc. A way of visualising this
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Figure 1. Examples of amphiphilic molecules: (a) non-ionic
(C1,EOs:  pentaoxyethylene-n-dodecyl ether); (b) cationic
(C1,TACI: dodecyl trimethylammonium chloride); (c) anionic
(SDS: sodium dodecyl sulphate); (d) zwitterionic (DOPC: 1,2-
sn-dioleoyl phosphatidylcholine).

behaviour [1, 2] is to use simple geometric considera-
tions to assign a packing parameter P to the amphi-
phile (see Figure 3), based upon its geometric shape:

Here v is the molecular volume of the fluid hydrocar-
bon chain(s); /. is the length of a fully extended hydro-
carbon chain; and a, is the interfacial area per
molecule at the polar/non-polar interface (loosely
defined as the cross-section where the polar headgroup
is attached to the chains).

(@)

(b) o}
WWMOYOH
= I OH
(0]
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Figure 2. Amphiphilic lipids which are too weakly polar to
form any lyotropic phases on their own in water: (a)
cholesterol; (b) diacylglycerols (dioleoyl glycerol); (c) alkanols
(octadecanol); (d) protonated fatty acids (stearic acid).

|
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Figure 3. A cartoon showing molecules with P < 1, P=1,
P > 1, taken, with permission, from Shearman et al. [3].

From an entropic point of view, the smallest aggre-
gate which is compatible with the packing parameter
should be the favoured one, since this maximises the
number of aggregates per unit volume, and hence
maximises the entropy of mixing. Geometric consid-
erations then predict the following aggregate struc-
tures with increasing packing parameter:

P < 1/3: spherical micelles;

1/3 < P < 1/2: cylindrical micelles;
1/2 < P < 1: flat bilayers;

P > 1: inverse micelles.

However, this approach is of limited quantitative
value, in part because the packing parameter, P, is
not a fixed quantity for a particular amphiphile, but
will tend to vary strongly with parameters such as
water content, temperature and pressure. Another
way of trying to visualise the factors controlling the
stability of lyotropic phases is to consider the balance
of forces [1] within a fluid lipid bilayer.

Figure 4 emphasises that there are a range of lateral
interactions acting at different depths across the bilayer.
These range from repulsive steric/hydrational/electro-
static interactions between the headgroups, interfacial
tension from residual water—oil contacts in any gaps
between the headgroups and repulsions between the
chains due to their conformational disorder.

In order for the fluid bilayer to be at mechanical
equilibrium, the lateral interactions, or stress profile
t(z), summed across the bilayer, must add up to zero:

/ t(z)dz = 0. (1)
z
2 """ Headgroup pressure
— _
- 5 -—
>, Interfacial pressure
w(2)
-— —_—
Chain pressure

Figure 4. Balance of forces in one monolayer of a lipid
bilayer, taken, with permission, from Shearman et al. [3].
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However, it must be recognised that the two mono-
layers in a bilayer may prefer, energetically, to be
individually curved, either away from the water or
towards it. Forcing the monolayers to form a flat
bilayer (under the influence of the hydrophobic effect)
creates a curvature strain within the bilayer. If this
strain is increased too far (e.g. by building up addi-
tional conformational disorder in the chain region by
heating), eventually a phase transition will be induced,
to a structure that allows the monolayer curvature to
be expressed. In treating curvature, we must define
both the mean curvature, H, and the Gaussian curva-
ture, K, at each point on a chosen interface (which
could be the centre plane of the bilayer, the polar/
non-polar interface or some other suitable interface):

H= %(cl +0); K=co, 2)
where ¢; and ¢, are the principal curvatures at the
given point on the interface. It is a well-established
convention that, for a monolayer, negative mean cur-
vature (H < 0) corresponds to curvature of the layer
towards the water and away from the chain region,
whereas positive mean curvature (H > 0) is the oppo-
site. Helfrich [4, 5] developed the curvature elastic
energy cost per unit area, g., of deforming a thin
membrane layer as

g = 2k(H — H,)*+ KK, 3)

where H, is the spontaneous mean curvature; i is the
mean curvature (bending) modulus; and kg is the
Gaussian curvature modulus.

The spontaneous mean curvature H, is propor-
tional to the first moment of the stress profile:

H,=— t1(z)zdz. 4

2K
H, is expected to be negative for a monolayer of an
amphiphile having a small, weakly hydrated head-
group and positive for an amphiphile with a large,
strongly hydrated headgroup. Typical values for a
range of lipids are tabulated in a recent review [6].
However, for a symmetric bilayer, the first moment
will be zero by symmetry, and hence H, (bilayer) = 0,
even though H,, is not in general zero for the individual
monolayers.

Helfrich also showed that the Gaussian curvature
modulus kg is given by the second moment of the
stress profile:

KG = /t(z)zzdz. %)

For a monolayer, the origin of integration is taken at the
pivotal surface, where the cross-sectional area does not
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change upon bending. This integral is then expected,
usually, to be negative, kg < 0, meaning that a mono-
layer will prefer to curve into an elliptic shape (spherical
or ellipsoidal), having positive Gaussian curvature. This
favours micellar or inverse micellar phases based upon
discontinuous packings of discrete aggregates. Typical
values of the monolayer curvature moduli x and x s for
lipids are given in our recent review [3].

The value of k¢ for a bilayer is not simply twice the
value of k} for a monolayer, but is given by the more
complex expression

Kl = 2(KKg — 4" H"h), (6)

where / is the distance from the centre of the bilayer to
the pivotal surface. Thus for a bilayer, k% may be
positive, if the lipid headgroups are sufficiently small
and weakly repulsive/weakly polar, even when x{ is
negative. This tends to favour a saddle-surface defor-
mation of the bilayer, which can only be stabilised by a
topological transformation to a sponge-like bicontin-
uous phase (since the Gauss—Bonnet theorem states
that the integrated Gaussian curvature of any surface
is a constant, unless there is a change of topology).
Such bicontinuous lyotropic phases will not be con-
sidered any further in the present review, but have
been extensively discussed elsewhere (see [3, 7] and
the references therein).

We note in passing that Alfred Saupe developed a
curvature energy-based theory to explain the forma-
tion of tube-like myelin figures which are commonly
observed in amphiphilic fluid lamellar phases which
are in contact with water [8]. His explanation was
based on the assumption that there is a spontaneous
bilayer curvature induced by a concentration gradient
across the lamellae. More recent treatments have
found that the driving force is more likely to be inter-
bilayer repulsion [9], with the characteristic coiling of
the myelins being due to a small (approx I mN m™)
net bilayer lateral tension [10].

1.2 Lyotropic phases and phase diagrams

In thinking about the various types of lyotropic liquid
crystal phases, it is useful to consider a hypothetical
phase map, where the various liquid-crystalline phases
are arranged according to their average interfacial
mean curvature, <H> (see Figure 5). Parameters
such as the water content, temperature, pressure, etc.,
tend to change the preferred mean curvature, <H>,
and may induce transitions between different phases. It
should be noted that a given real amphiphile system will
only exhibit a subset of these phases. The flat lamellar
bilayer phase, with <H> = 0, occupies a central loca-
tion in this phase map.
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Figure 5. A hypothetical lyotropic phase map, showing
the natural sequence of phases as a function of the average
interfacial mean curvature. Taken, with permission, from
Seddon et al. [7].

Moving to the right corresponds to the interfacial
mean curvature becoming increasingly positive (the
interface curving away from the water and towards
the fluid hydrocarbon chain region). In region ¢ bicon-
tinuous phases, such as the bicontinuous cubic phases,
are found. Beyond this the Type I hexagonal H; phase,
whose structure consists of a two-dimensional (2D)
packing of indefinitely long cylindrical micelles, is
found. In this phase the interface has a positive mean
curvature, but a zero Gaussian curvature. Moving
further right into region d, we find phases based on
packings of discrete micellar aggregates. Such phases
may be expected to be formed by amphiphiles which
have large, strongly hydrated and/or charged head-
groups, attached to relatively small hydrocarbon
chain regions.

Moving leftwards from the lamellar phase, inverse
bicontinuous phases are found in region b, followed by
the inverse hexagonal Hy; phase, consisting of a 2D
hexagonal packing of indefinitely long inverse cylind-
rical micelles.

Curiously, various lipid systems undergo fluid
lamellar-inverse bicontinuous cubic phase transitions
with increasing water content, which is the opposite of
what one would expect from these considerations. It
has been suggested [3] that the additional water is not
acting to tune the preferred curvature of the interface,
which would be expected to resist inverse phase for-
mation, but is instead inertly filling the aqueous
regions of the cubic phases, allowing the already fully
hydrated lipid interface to express its pre-existing pre-
ferred inverse interfacial curvature. In other words,
the fluid lamellar phase is in a state of curvature frus-
tration, which can be geometrically relaxed by adding
additional water. Fredrickson and co-workers have
developed a sclf-consistent field theory (SCFT)
approach to calculating the temperature—composition
phase diagram of weakly amphiphilic, hydrogen-
bonding lipids such as the monoacylglycerol mono-
olein, and have thereby gained an understanding of
the mechanisms underlying such anomalous phase
sequences [11, 12]. In this course-grained SCFT

approach, the monoolein headgroup can either have
water bound to it (by hydrogen-bonding) or be
unbound, depending on the water content and the
temperature. The two amphiphile states have different
headgroup volumes and different interactions with the
chain region and the aqueous region of the phase. An
interplay between hydrogen bond formation, head-
group volume and interactions, hydrocarbon chain
splay (entropy) and the hydrophobic effect leads to
the observed anomalous phase behaviour.

Moving further left into region « of Figure 5, to
achieve a more negative interfacial curvature than in
Hj; implies that the inverse cylinders must break up
into shorter inverse micellar aggregates, leading to
phases based upon close packings of discrete inverse
micelles.

1.3 Tuning interfacial curvature: hydration, T, p,
addition of amphiphiles

As we have noted, for many single-chain surfactant
systems, varying the hydration strongly changes the
interfacial curvature, normally leading to phases of
increasingly positive interfacial curvature with
increasing water content. However, for various lipid
systems with weakly polar headgroups, which tend to
form inverse phases, hydration has a limited capacity
to tune the phase behaviour, and instead variation of
temperature and/or hydrostatic pressure are often
more important. For example, for a range of fully
hydrated dialkyl xylopyranosyl glycerols (double-
chained glycolipids having a small, weakly polar
xylose headgroup), it was possible to induce a transi-
tion from the Hy; phase to an inverse micellar Fd3m
cubic phase by heating [13]. The transition could be
reversed by application of hydrostatic pressure [14].
Another study has found that a di-phytanyl chained
glucolipid adopts the Fd3m phase over a wide range of
temperature [15]. For phospholipid systems, the only
way found so far of inducing the formation of ordered
inverse micellar phases has been to incorporate into
the phospholipid a weakly polar amphiphile with a
small polar headgroup (see Figure 2), such as a dia-
cylglycerol, a fatty acid or an long-chain alkanol [16].

1.4 Packing frustration and relaxing packing
constraints

It should be recognised that the nature of the packing
constraints are quite different between Type I and
Type II ordered micellar phases. In the former, the
aggregate dimensions are constrained by the require-
ment that no part of the hydrocarbon interior can be
further away from the polar/non-polar interface than
the length of a fully extended hydrocarbon chain. The
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water forms the continuous region, but with no parti-
cular packing constraints other than the need to fill the
volume with a uniform density. For a Type II phase,
on the other hand, the continuous region is filled with
fluid hydrocarbon chains and, since these are pinned
at one end by the polar headgroups to the interface, no
part of the continuous region can be further away
from the interface than the length of a fully extended
hydrocarbon chain (we are assuming at this point that
no hydrophobic solutes have been added). There is no
intrinsic constraint on the size of the water cores;
however, they are not necessarily free to swell to a
diameter that will relax the curvature of the amphi-
phile monolayer, as this will generate regions within
the hydrophobic volume that are too far away from
the interface to be reached by any of the hydrocarbon
chains. A qualitative measure of the degree of chain
packing frustration in inverse micellar phases may be
obtained from the packing fraction, assuming the
aggregates to be regularly shaped solids. Thus, since
circular cylinders in a close-packed 2D hexagonal lat-
tice have a packing fraction of 0.91, this implies that
9% of the hydrophobic volume in the inverse hexago-
nal Hy; phase is potential void volume, which needs to
be filled by some of the hydrocarbon chains deviating
away from their preferred conformational state (see
Figure 6). Note that an additional mechanism to
relieve the packing frustration could be a deformation
of the polar/non-polar interface from a circular to a
hexagon shape.

A chain-stretching model has been developed to
quantify the chain packing frustration in densely-
packed phases of polystyrene (PS) colloidal polymeric
particles mixed with polystyrene-poly(2-vinylpyridine)

W,

i

Feessits
’“xen,\ﬁ j‘{;s»:""
Slé@%; &%‘%mf

i,

Figure 6. Chain packing frustration within the Hy; phase,
due to the need for hydrocarbon chains to stretch or
compress away from their preferred conformational length,
in order to fill uniformly the hydrophobic volume of the
phase. Taken, with permission, from Shearman ez al. [3].
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g

Figure 7. A hypothetical fcc phase of spherical inverse
micelles, showing the severe problem of uniformly filling the
hydrophobic volume of the phase with the hydrocarbon
chains of the amphiphile. Taken, with permission, from
Murakami et al. [18].

(PS-PVP) block copolymers [17]. It was shown by sol-
ving analytically for a 2D hexagonally-packed colloid
system that the PS/PVP interface deforms from circular
to hexagonally-faceted, in order to reduce the PVP
chain packing frustration pressure.

The chain packing frustration becomes much more
severe for 3D close packings of inverse micelles (see
Table 1). To illustrate this, consider a hypothetical
face-centred cubic (fcc) packing of inverse spherical
micelles, as shown in Figure 7.

The potential void volume of such an fcc phase
would be 26% of the unit cell, and this would create
such a large amount of chain packing frustration
that such phases are not normally observed
experimentally.

However, more complex structures have been
observed, most commonly an inverse micellar cubic
phase of spacegroup Fd3m, which consists of two

Table 1. Packing fractions for various
close packings of spheres.

Close-packed phase Packing fraction

Pm3m (sc) 0.524
Im3m (bec) 0.680
Fd3m 0.710
Fm3m (fcc) 0.740
P6;/mme (hep) 0.740
p6m (2D hexagonal) 0.907
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types of quasi-spherical inverse micelle, of different
diameters. Curiously, the potential void volume is
29%, worse than for an fcc packing of uniform
spheres. However, it turns out that the variation in
distance from the interface to the centre points of the
hydrophobic regions are much reduced for the Fd3m
packing, leading to a smaller chain-stretching free
energy cost [19]. For monoglycerides such as mono-
olein or monolinolein, the Fd3m phase can be induced
by addition of alkanes [20] or other hydrocarbon
solutes such as limonene to relax the packing con-
straints [21-24].

2. Ordered micellar and inverse micellar phases

Ordered normal or Type I micellar lyotropic phases,
existing between the isotropic micellar solution and
the hexagonal liquid crystalline phase, have been
reported since the 1960s and these have been denoted
as I; phases, due to their being optically isotropic. The
ordered inverse or Type Il micellar phases, with their
location in the expected sequence of lyotropic phases
essentially mirroring that of the ordered micellar
phases, are a more recent phenomenon. In 1990, a
detailed list of surfactant/water and surfactant-like/
water systems displaying discontinuous or bicontinu-
ous cubic phases was compiled by Krister Fontell [25]
and will not be duplicated here.

Five Type I ordered micellar lyotropic phases, with
3D packings, have so far been observed. All but one of
these structures are cubic, with the remaining one adopt-
ing a 3D hexagonal close packed (hcp) packing. X-ray
diffraction is generally used for the crystallographic
identification and structural analysis of lyotropic phases
(see Figure 8), whereas freeze-fracture electron

Table 2. Allowed Bragg reflections of the ordered micellar
and inverse micellar phases.

Observed for:

Spacegroup Type Type

Mesophase Number 1 11 Bragg reflections
Pm3n 223 v V2. /4, /5, 1/6, 8. ..
Fm3m 225 v V3, /4, /8, V11,
V12, /16, ..
Im3m 229 v V2, /4, /6, /8,
V10,
Fd3m 227 v v V3, V8, V11, /12,
V16, \/19. .
P63/mmc 194 v v V/(413),/(312), \/(41/24),
V(17/6). ..
P4332 212 v V2, /3, /5, /6, /8,
V9. V10...

microscopy (FFEM) is a complementary technique
used for the direct visualisation of the real-space
structure.

The allowed Bragg reflections for the various
ordered micellar phases are listed in Table 2.

The most common ordered micellar phase is the
Pm3n (Q**) phase, observed in numerous non-ionic
and ionic surfactant-water systems as well as in cer-
tain lipid/water systems. Two different structures have
been proposed for this phase, where in the first model
the unit cell is composed of eight identical, slightly
elongated micelles, two rotating isotropically and six
rotating around a short axis [27]. In the second
model, there are two quasi-spherical micelles and six
disk shaped micelles per unit cell, as illustrated in
Figure 9(a) [28, 29]. The fcc Fd3m phase was also
found to be formed by two types of micelles, but

Figure 8. Typical small-angle X-ray patterns of ordered inverse micellar phases: (a) the Fd3m cubic phase (unpublished data),
and (b) the P63/mmc 3D hexagonal phase (taken, with permission, from Shearman et al. [26]).



13: 52 25 January 2011

Downl oaded At:

Liquid Crystals 685

Figure 9. The packing of the ordered micellar phases: (a) Pm3n, (b) Fm3m, (c) Im3m, (d) Fd3m, (e) P6s;/mmc. The first three
(taken, with permission, from Sakya et al. [32]) are Type I structures, whereas the latter two are shown as Type II, inverse
micellar phases (taken, with permission, from Seddon et al. [16] and Shearman et al. [26], respectively).

in this case the shape of both of the micelles was found
to be quasi-spherical, as shown in Figure 9(d) [30].
Unlike the Fd3m phase, the Fm3m, Im3m and
P6;/mmc phases all consist of identical quasi-spherical
micelles, packed onto fcc, body-centred cubic (bcc)
and hcep lattices respectively, as shown in Figure 9(b),
(c) and (e). It is interesting to note that the only differ-
ence between the fcc and hep lattices are their stacking
sequences (ABCABC and ABABAB, respectively)
along the body-diagonal (111) direction, resulting in
only a minimal free energy difference between the two
phases. Finally, the P4332 phase is formed from one
3D continuous network of water channels (similar to
those found in the bicontinuous cubic /a3d phase) that
co-exists with inverse micellar globules, believed to be
composed of a lipid monolayer enclosing an inner
protein core [31].

We note that there is a close structural relationship
[33, 34] between the Pm3n and Fd3m cubic phases, and
respectively the Al5 and Cl15 tetrahedrally close-
packed (tcp) networks found in ordered foam pack-
ings, as well as the well-known cubic clathrate
hydrates of space groups Pm3n and Fd3m.

2.1 Type I ordered micellar phases

2.1.1 Non-ionic surfactant/water and
surfactant-likelwater systems

2.1.1.1 Polyoxyethylene surfactants. Polyoxyethylene
surfactants are typical non-ionic surfactants, forming
micelles in water above the critical micelle concentration,
and at high enough surfactant concentrations, various
liquid crystalline phases are generally observed, apart
from those polyoxyethylene surfactants with an
alkyl chain length of fewer than eight carbon atoms. A
systematic study of poly(oxyethylene) alkyl ethers
(C,H,,,1(OCH,CH,),,OH; C,EO,,) in water revealed
that micellar cubic phases were formed for m > 8 [35].
Interestingly, the temperature at which the micellar cubic
phases underwent a phase transition into a micellar solu-
tion was found to be strongly dependent on the size of the
hydrophilic region, becoming increasingly more stable
with increasing EO number, but independent of the alkyl
chain length. Combined with the observation that the
ordered micellar phases were generally found at both
low temperatures and low surfactant concentrations,
these findings were concluded to be due to the effective
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cross-sectional area of the polar headgroup, with low tem-
peratures, low surfactant concentrations and high EO
numbers all causing the headgroup area to increase. The
headgroup area is directly related to the curvature of the
aggregate (micelle) surface; a smaller headgroup area
results in a larger radius of curvature, i.e. becoming less
curved, which destabilises the aggregate causing the
ordered micellar phases to be less favoured.

Although for the majority of binary polyoxyethy-
lene surfactant/water systems the ordered micellar
phases are believed to be either Pm3n or Fm3m, recent
developments have revealed a more complex phase
behaviour for some of these surfactants. The first
example of a 3D hcp P63;/mmc phase existing in a
lyotropic system was found in the polyoxyethylene
surfactant C;,EOg/water system [36]. Subsequent
detailed analysis of the reconstructed electron density
map has shown that the micelles comprising the phase
are perfectly spherical (see Figure 10), each with a low-
density core formed by the hydrophobic alkyl chains
together with a high-density shell of oxyethylene
groups, and with an aggregation number estimated to
be 96[37]. As with other Type I ordered micellar phases,
the regions between the micelles are filled with water.

Multiple micellar cubic phases have also been
reported for binary polyoxyethylene surfactant/water
systems, with C,EO, displaying no fewer than three
such phases [32]. Figure 11 shows the temperature—
composition phase diagram for this system, with the

(d)
low [NNNNNNNN W high

electron density

Figure 10. Electron density maps for the Type I P63/mmc
phase of C;EOg/water (taken, with permission, from
Zeng et al. [37]).
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Figure 11. The temperature-composition phase diagram of
C1,EO»/water. Taken, with permission, from Sakya ez al. [32].

phase sequence Fm3m —Im3m — Pm3n with decreas-
ing water content. The aggregation numbers of the
micelles in these phases are in the region of 80. The
transition between the Im3m and Pm3n phases was
found to occur by a rearrangement and deformation
of micelles rather than any fusion or fission events,
suggesting that a low-energy transition pathway exists
between these two phases.

By tuning the system, it has been found that the
region over which ordered micellar phases are seen can
be extended or reduced considerably. Methods include
the addition of a third component to binary polyoxy-
ethylene systems as well as the modification of either
the aliphatic chain region or the hydrophilic head-
group of the surfactant. The binary C;,EO,s/water
system has been examined with regard to the former
method, with the addition of various different oils,
ranging from linear and branched alkanes and
alkenes, through to polyols and perfumes [38-40].
Shorter-chain hydrophobic oils were found to increase
the thermal stability of the micellar cubic phase,
whereas amphiphilic oils had the reverse effect; these
two phenomena are believed to be caused by opposing
effects on the curvature due to the difference in loca-
tion within the micelle, with the hydrophobic oils
forming a reservoir in the centre of the micelle and
the amphiphilic oils residing at the polar-non-polar
interface. Changing the nature of the surfactant itself
has also been demonstrated to have a significant
effect, with both the replacement of the linear carbon
chain in C,EQ3;( surfactant/water systems with choles-
terol [40], and branching of the hydrophilic chain [41],
causing the micellar cubic phase to be stabilised.
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2.1.1.2 Amphiphilic block copolymers. In general,
amphiphilic block copolymer/water systems have
many similarities to polyoxyethylene surfactant/
water systems, but with some disparities (excluding
the ultra-long polyoxyethylene surfactant/water sys-
tems, that behave as copolymers [42]). Such systems
consist of a number (two or greater) of different homo-
polymers covalently bonded together to form ‘blocks’
that have different hydrophilicities. Such blocks
can include polyoxyethylene, polyoxypropylene, poly-
styrene, polyoxybutylene or polyisoprene. A typical
amphiphilic diblock copolymer may consist of a poly-
oxyethylene and a polyoxypropylene block, where the
latter would be the block with a higher hydrophobi-
city, i.e. water is able to solvate the polyoxyethylene
block but is a relatively poor solvent for polyoxypro-
pylene. The phase behaviour of block copolymer/
water systems is dictated not only by their composi-
tion, for example, their compositional asymmetry and
architecture, i.e. the type of block, but also by their
molecular weight. This last factor is crucial as the
desire for the individual blocks to segregate increases
with increasing molecular weight, and thus only at a
certain minimum limit will ordered structures and
liquid crystalline phases be seen [43]. However, a
well-chosen block copolymer system can reveal a mul-
titude of liquid crystalline phases, ranging from highly
positively curved species such as Type I micellar
cubics, hexagonal and bicontinuous cubic phases
through to highly negatively curved phases [44, 45].
Ordered micellar phases are generally observed for
high molecular weight block copolymers with a rela-
tively large hydrophilic region. For typical solvated
block copolymers such as polyoxyethylene—polyoxy-
butylene/water systems, the structure of the ordered
micellar phase can also be tuned simply by altering the
composition. By varying the asymmetry of the block
copolymer, Hamley et al. [46] found that fcc-packed
micellar cubic phases were formed for those block
copolymers with a short hydrophilic block, and bcce-
packed phases formed for long hydrophilic blocks, as
shown in Figure 12. They concluded that this was due
to the change in nature of the micelle, with the micelle
acting as a hard sphere with a short-range intermole-
cular potential for the former case and a soft sphere
with a longer-range potential for the latter.

However, fcc and bee packings are not the only
ordered micellar structures observed for block
copolymers, with a second example of the rare Type I
hcp P6;/mmece phase seen for the poly(oxyethylene)—po-
lyoxypropylene—polyoxyethylene triblock copolymer
(EO)20(PO)79(EO)29 ((OCH,CHo>),,(OCH(CH3)CH,),
(OCH,CH,),,, with m = 20 and n = 70) when mixed
with ethanol and water [47]. By tuning the amount of
ethanol, the P63;/mmc phase either exists on its own or
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Figure 12. Phase diagram showing the regions of stability
for the two different ordered micellar cubic phases formed by
polyoxyethylene—polyoxybutylene diblock copolymers in
water, where m/n represents the ratio of the number of
oxyethylene units to oxybutylene units, and the empty circles
and filled squares symbolise the fcc and bec phases,
respectively. Taken, with permission, from Hamley ef al. [46].

coexists with the fcc-packed Fim3m phase, but the addi-
tion of large quantities of ethanol was found to drive
the block copolymer system eventually into an isotropic
micellar solution (L) since an increased ethanol con-
centration induced smaller micelles (and hence lower
aggregation numbers).

Finally, one unique characteristic of solvated
diblock copolymers for which at least one of the
blocks is polyoxyethylene is their temperature depen-
dence, where for certain copolymer concentrations the
high-temperature L; phase is found to convert on cool-
ing first to an ordered micellar cubic phase and then to
a re-entrant Ly phase [48, 49]. At the high temperature
boundary, decreasing the temperature causes the sol-
vent to be less poor, which, together with the fact that
polyoxyethylene has a negative coefficient of solubility
in water, causes an increase of equivalent hard-sphere
radii of the micelles, at which point an ordered micel-
lar cubic phase is formed [50]. However, at the low-
temperature boundary the L; phase is formed again
due to the volume fraction of spheres (i.e. micelles) not
reaching a critical close-packed limit.

2.1.1.3  Other non-ionic surfactants. Other examples
of non-ionic surfactants that form ordered micellar
phases include sugar-based surfactants such as
disaccharides. However, the stereochemistry of such
surfactants influences the phase behaviour: «-N
dodecyl-D-maltoside forms both Im3m and Pm3n
micellar cubic phases, and yet the f-anomer, -N
dodecyl-D-maltoside, forms no ordered micellar
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phases [51, 52]. The configuration of the anomeric
carbon is not the only influence on the likelihood of
formation of ordered micellar phases; molecules with
bulky, polarised or kinked linkages between the
hydrophobic chain regions and the sugar headgroups
are also more likely to form such phases, since the
interface will be more positively curved (which results
in the packing parameter, P, being reduced) [52].

2.1.2  lIonic surfactant/water and surfactant-likelwater
systems

2.1.2.1 Monovalent surfactants. Type I ordered micel-
lar lyotropic phases have been reported for both cationic
and anionic monovalent surfactants. One such cationic
surfactant that has been shown to form the Pm3n phase
in water is dodecyltrimethylammonium chloride [27, 53].
Extending or shortening the alkyl chain length by more
than two carbon atoms, however, causes the Pm3n
phase to disappear [54]. For the former case, it is believed
that an increase in alkyl chain conformations causes the
interfacial curvature to be reduced, increasing the size of
the micelles and therefore destabilising the micellar cubic
phase; any effect due to counterion binding is considered
to be minimal, as this same effect has also been observed
for zwitterionic surfactants [55]. For the latter case of
chain-shortening, several contributing factors caused by
the smaller micelle size, such as increased entropy, may
cause the change in phase behaviour [55]. Finally,
changing the chloride counterion to either bromide or
iodide has a similar effect to over-lengthening or short-
ening the hydrophobic chain, with an increase in the
counterion binding destabilising the Pm3n phase for
the dodecyltrimethylammonium halide/water system.
Finally, reflecting the observations made for polyox-
yethylene surfactant/water systems, the addition of an
extra component, for example a hydrophobic oil, to a
binary cationic surfactant/water system that forms an
ordered micellar phase will promote its stability [56].

Hydrated anionic surfactant systems tend only to
form Type I micellar cubic phases when extra constitu-
ents are added, as evidenced by the multi-component
system sodium dodecyl sulphate/butanol/toluene/salt
(NaCl)/water, which uniquely forms both ordered
micellar cubic Fd3m and Pm3n phases; this system is
so far unique in being the only example of the Fd3m
phase seen for a Type I system (as confirmed by self-
diffusion measurements), and the lattice parameters are
surprisingly large [34, 57].

2.1.2.2 Divalent surfactants. By examination of a
number of different divalent cationic and anionic sur-
factant/water systems [58, 59], Hagslétt et al. have pro-
posed that the formation of micellar cubic phases is a
general feature of all divalent surfactant/water phase

diagrams [59]. Although this universal theory should, in
truth, be confined to relatively narrow bounds such as
monoalkyl divalent surfactants with a medium-long
alkyl chain length, this proposal has been corroborated
by some anionic N-lauroyl-L-glutamate/water systems
[60], with the micellar cubic region found in all these
divalent surfactant/water systems being of Pm3n sym-
metry and stable over a wide range of surfactant con-
centrations. The occurrence of this stable micellar cubic
phase for divalent surfactant/water systems is believed
to be caused by the suppression of any micellar growth
usually seen with increasing surfactant concentration
for monovalent surfactants, which is likely to be due to
the high charge density at the headgroups inducing a
highly positive interfacial curvature [59]. Mixtures of
charged surfactants have also been shown to produce
Type I micellar cubic phases, with their formation being
promoted by high surface charge densities [61].

2.1.3  Lipidlwater and lipid-containing/water systems

The best-known group of lipids that, in conjunction
with water, will form ordered Type I micellar phases
are the saturated lysophospholipids [62-66]. Although
relatively scarce, with fewer than one phospholipid in
20 found in a typical cell being a lysophospholipid,
they have been shown to play a major role in several
signalling pathways, membrane fission and many
other biological processes (see, e.g., [67, 68]). Their
ability to self-aggregate into micelles at low phospho-
lipid concentrations, which then coalesce further into
ordered phases at higher concentrations, is due to their
inherently high solubility compared with those of their
parent di-chained phospholipids. Peculiarly, although
both saturated and unsaturated lysophosphocholines
form Type I micelles, the unsaturated species are
unable to form ordered micellar phases due to the
diffuse, polydisperse nature of the micelles [64]. The
micellar cubic phase formed by egg-phosphatidylcho-
line and several saturated lysophosphatidylcholines
(C,lysoPC where n = 12-16) has been identified as
Pm3n, the most common of the Type I ordered micel-
lar phases [27, 28]. The micellar cubic phase can be
formed in excess aqueous solution by addition of poly-
ethylene glycol to the water [69].

Lastly, ganglioside/water systems have also been
found to form a number of ordered Type I micellar
cubic phases, with Pm3n, Im3m and Fm3m all being
seen [70]. These Type I micellar cubics are formed due
to the large effective size of the headgroups, resulting
in a desire to form highly positively curved lyotropic
phases. An example of a ganglioside with only one
long-chain, atypical of most gangliosides, is shown in
Figure 13 and was found to form both Pm3n and
Fm3m phases.
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Figure 13. The chemical structure of a GMI1 (acetyl) ganglioside, emphasising the large size of its hydrophilic headgroup

region, corresponding to a packing parameter P < 1.

2.2 Type Il inverse ordered micellar phases

Although phases based upon ordered packings of
inverse micelles had been proposed in the past, by
the late 1980s the consensus view was emerging that
such phases do not exist [25, 71]. A cubic phase of
spacegroup Fd3m had been observed in a lipid extract
from Pseudomonas fluorescens [72], but its structure
was unknown at that time. Later, the same phase was
observed in a number of lipid systems [73], and a
hybrid continuous/inverse micellar structure was pro-
posed. Around the same time, the Fd3m phase was
identified in a dioleoyl phosphatidylcholine (DOPC)/
dioleoylglycerol (DOG) mixture, and it was proposed
that it might have a structure based on an Fd3m pack-
ing of two types of inverse micellar aggregates [74].
This suggestion was stimulated by the theoretical/geo-
metrical work of Charvolin and Sadoc, who proposed
that an Fd3m packing of discrete micelles should be a
favourable packing [33]. This is now the generally
accepted structure for this phase [75], and this has
been confirmed by a FFEM study [30].

The Type 11 Fd3m phase has since been reported for
many other binary lipid systems in water, such as phos-
pholipid/diacylglycerol [75-77], phosphatidylcholine/
fatty alcohol [78], monoolein/oleic acid and dimyristoyl-
phosphatidylcholine/myristic acid [31, 73, 76]. It should
be noted that hydrated oleic acid/sodium oleate mixtures
are also known to form the Fd3m phase [79], as are
mixtures of oleic acid with the cationic phospholipid
dioleoylethylphosphatidylcholine (EDOPC), which is
widely regarded as a possible transfection agent [80].
For a hydrated mixture of phosphatidylcholine/phos-
phatidylethanolamine/cholesterol in a molar ratio of
2:1:1, the inverse bicontinuous Pn3m cubic phase was
transformed to an Fd3m inverse micellar cubic phase by
addition of diacylglycerol in excess of 30 mol% [81].

The fact that the Fd3m phase was usually observed
in hydrated binary lipid systems, led to the suggestion
that two lipid components of differing amphiphilicities

were required in order to stabilise the two inverse
micelles of different diameters (and hence different cur-
vatures), and hence allow the ordered micellar phase to
form. However, a number of single lipid/water systems
have now disproved this notion, with glycolipids such
as the 1,2-di-O-alkyl-3-O-(o-or-f-D-xylopyranosyl)-sn-
glycerols with chainlengths greater than C14 [13], and
1,3-di-O-phytanyl-2-O-(f3-glucosyl)glycerols [15, 82] all
able to form the Fd3m phase over a wide range of water
concentrations and temperatures. However, glycolipids
with short, unbranched chains or more than one sugar
ring are unable to form the Fd3m phase as a sufficiently
negative interfacial curvature needed for such an
ordered micellar phase is not achievable. It is still
unclear, for binary lipid/water systems, why certain
glycolipids can form the Fd3m phase but phospholipids
apparently cannot. One possible hypothesis is that the
single sugar ring may be able to adopt two different
conformations, changing its effective hydrophilicity,
and hence the preferred interfacial curvature.

Although the Fd3m phase has been most often
observed for lipid/water systems [74, 75, 77], the Fd3m
phase has also been reported for a number of other
amphiphiles such as block copolymers. For these, the
addition of both water and oil (causing the solubilisa-
tion of both the hydrophilic and hydrophobic blocks)
allows the formation of inverse micellar cubic phases at
high surfactant concentrations [44, 83]. In fact, addi-
tives such as oils can also be used to drive less highly
negatively curved mesophases formed by lipids into the
Fd3m phase as mentioned in Section 1.4 [21-24], as they
partition into the hydrophobic region, which in turn
reduces the packing frustration.

Recently, a second ordered inverse micellar phase
has been reported. Unlike the Fd3m phase it was
determined to be of 3D hexagonal packing; such a
packing had been intimated previously for a mixture
of DOPC/DOG (with a DOG weight percentage of
60%) below limiting hydration, but had not been
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identified due to the paucity of Bragg reflections [16].
However, it was found that, by doping DOPC/DOG
with a small molar ratio of cholesterol, the phase was
stabilised in excess water and it was finally identified
as a 3D hexagonal inverse micellar phase of the space
group P6s;/mmc [26]. As with its Type I counterpart,
the ratio of the lattice parameters of the 3D hexagonal
unit cell (c/a = 1.629) revealed that the packing of the
quasi-spherical inverse micelles was hexagonal close-
packed (for ideal hep packing, ¢/a = 1.633).

Finally, the only known example of the hybrid
inverse micellar/bicontinuous P4332 phase was identi-
fied for a hydrated mixture of monoolein and the
water-soluble protein cytochrome C. The binary
monoolein/water system forms an inverse bicontinu-
ous cubic phase, but the addition of the protein drives
it into the P4;32 phase, an effect caused by the favour-
able interaction between the charged proteins and the
lipids inducing a more negative interfacial curvature
[31, 84]. The adoption of the P4332 phase, however, is
not universal for lipid—protein mixtures in water and
presumably requires a matching of the relative sizes of
the protein and the water.

3. Properties of ordered micellar phases
3.1 Epitaxy

Geometric and orientational relationships have some-
times been identified for two liquid crystalline phases
in thermodynamic equilibrium undergoing a transi-
tion from one to the other and this has also been
postulated for micellar ordered phases, specifically
regarding both the epitaxial relationships between
the micellar ordered phases and the neighbouring hex-
agonal phase and those between the ordered micellar
phases themselves. Determining such relationships is
extremely useful as they may give insight into possible
low-energy kinetic pathways and transition mechan-
isms. However, although comparisons of the spacings
between planes, such as the (10) hexagonal planes, for
each of the phases involved in the transition may
suggest an epitaxial relationship, only by studying
aligned samples (or a monodomain) can this be posi-
tively confirmed. Such a study has been carried out for
the transition Hy < Im3m for the non-ionic surfactant
C1,EO,/water system, where an epitaxial relationship
relating the direction of the hexagonal cylinders to the
[111] direction of the Im3m plane was found, as shown
in Figure 14 [32].

An epitaxial relationship for the Hy — Pm3n tran-
sition has also been suggested for a number of differ-
ent surfactant/water systems, with the (10) planes of
the hexagonal phase transforming into the (211)
planes of the Pm3n phase [52, 56, 85, 86], a conclusion

reached from the spacings of their Bragg peaks, but
which has been contested [32].

Finally, although somewhat outside the scope of
this review, it is interesting to note that epitaxial rela-
tionships have been reported for the fcc < bee, hep «
bee, hep <+ Hy and bec «—» Hj transitions observed in
certain block copolymer solutions where the solvent is
a polystyrene or polyisoprene selective solvent rather
than water [87-89].

3.2 Self-diffusion and electrical conductivity

The unique structural properties that Type I and Type
IT ordered micellar phases possess allow their identifi-
cation by a number of techniques. Small-angle X-ray
diffraction (SAXS) is generally used to determine the
symmetry of the lyotropic phase, but cannot readily
identify the continuity of a cubic phase, i.e. whether
the lyotropic phase is a discontinuous ordered micellar
or a bicontinuous cubic phase, unless sufficiently high-
resolution electron density maps can be obtained.
A second technique must, therefore, be used in con-
junction with SAXS to distinguish the phase unequi-
vocally. The Type I micellar cubic phases have

Figure 14. Epitaxial relationship between the 2D
hexagonal H; and Im3m micellar cubic phases of the
polyoxyethylene surfactant C,EO,/water system, taken,
with permission, from Sakya et al. [32].
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sometimes been named ‘ringing gels’ [90, 91], since
they ring when tapped with a soft object. However, it
has been reported that this phenomenon is not actu-
ally unique to these phases [25] and self-diffusion and
electrical conductivity offer other, more reliable,
methods of identification.

For binary amphiphile/water mixtures, self-diffu-
sion measurements can be carried out on either of the
two components, with 'H pulsed field gradient nuclear
magnetic resonance being the standard technique used
to determine self-diffusion coefficients. For Type I
ordered micellar phases, where amphiphilic micelles
possessing a hydrophobic core are surrounded by
water, it would be expected that the water would be
able to diffuse easily across long distances but the
amphiphiles would diffuse slowly. The Type I bicontin-
uous cubic phases would be expected to exhibit much
larger diffusion coefficients, since the amphiphile mobi-
lity is expected to be far greater in a continuous rather
than a discontinuous structure [92]. These two hypoth-
eses have been confirmed by numerous studies (see [93,
94] for exhaustive lists), but one such example that can
be used to illustrate this is the ternary C;,EQs/decane/
water system, where the self-diffusion coefficients for
both the non-ionic surfactant and the hydrophobic oil,
located within the micelles of the micellar cubic Pm3n
phase were found to be slow and of the same order of
magnitude (~107"* m? s7'), whereas the self-diffusion
of the water was found to be approximately the same as
that of free water (~10~" m?s™") [95]. Translational self-
diffusion coefficients of comparable orders of magni-
tude have been reported for the Pm3n phase formed by
the cationic surfactant dodecyltrimethyl ammonium
chloride, at high water contents [92, 96]. Above a cer-
tain surfactant concentration, the surfactant self-diffu-
sion coefficient of this system then increases by a factor
of 10 due to the system adopting a bicontinuous cubic
phase. The self-diffusion of water within Type II bicon-
tinuous cubic phases has been found to be similar to
those of their counterparts, the Type I bicontinuous
cubic structures (~1071° m? s71) [93, 94], although
amphiphile self-diffusion coefficients cannot be so
easily compared (broadly speaking, the diffusion coef-
ficients for phospholipids forming bicontinuous cubic
phases are around 1072 m? s™' but those of simple
single-chain amphiphiles can be significantly higher);
however, the Type II micellar cubic Fd3m phase has
revealed some unexpected findings. Initial studies by
Hendrikx et al [97] found that the amphiphile transla-
tional self-diffusion coefficients of the Fd3m phase for
two different ternary systems were faster than expected
and of a similar order of magnitude to those reported
for inverse bicontinuous cubic phases, but that the
water self-diffusion was about two orders of magnitude
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lower, consistent with discrete water regions. These
results were corroborated by Oradd et al [75] who
also observed a slow translational diffusion coefficient
for DOPC, one of the amphiphiles in the ternary
DOPC/DOG/water system, but a faster self-diffusion
coefficient for DOG. These observations led to the
conclusion that such a system comprised inverse
micelles formed mostly by the phospholipid, which
enclosed water, surrounded by a continuous matrix of
DOG. Although a technique frequently used for the
determination of the structure of a cubic phase, it
must be noted that the self-diffusion coefficients of the
components, for example water, are highly dependent
on a range of factors including the temperature of the
system [75] and, therefore, should be viewed with some
caution. Finally, an alternative approach to discrimi-
nate between the normal and reverse discontinuous and
bicontinuous cubic phases has been developed, by
studying the rate at which the phase is dyed after the
addition of either an oil- or a water-soluble dye to the
lyotropic phase [98].

Electrical conductivity measurements have been
used for many years as a simple way of identifying
not only the cmc of surfactants but also their lyotropic
liquid crystalline mesophases and associated phase
transitions (see, e.g., [99, 100]). Notably, Alfred
Saupe and his co-worker Panos Photinos carried out
numerous studies into the electrical conductivity of
lyotropic phases, as well as calculations of this prop-
erty for hexagonal, nematic and defective lamellar
phases [101-109]. Electrical conductivity essentially
examines the mobility of ions through any material,
and can, therefore, be used to distinguish water con-
tinuous phases from water discontinuous phases.
Uncharged systems are frequently doped with small
amounts of salt to aid measurements although it
should be noted that this in itself can alter the phase
behaviour of a lyotropic system. From the difference
in nature of the inverse micellar cubic Fd3m and the
inverse bicontinuous cubic Pn3m phases, the conduc-
tivity of the Fd3m phase would be expected to be far
lower and in fact this has been reported to be the case,
with the conductivity of the bicontinuous phase being
three orders of magnitude higher [16].

Several other complementary methods have also
been used in order to identify whether a cubic phase is
bicontinuous or discontinuous. These range from
FRAP (fluorescence recovery after photobleaching)
[110] and modulated fringe pattern photobleaching
[111] to FFEM [30]. Both of the fluorescence techni-
ques suffer from the intrinsic problem that they
require a fluorescently labelled molecule in order to
determine diffusion rates. Unfortunately, these rates
have been found to depend on the hydrophilicity of the
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fluorescent probe to a certain degree [112], and, there-
fore, any conclusions drawn cannot necessarily be
considered substantive.

4. Conclusions

Apart from their inherent academic interest in the field
of soft matter self-assembly, ordered micellar and
inverse micellar lyotropic phases have a number of
unique features which may render them useful for a
wide range of applications. Cubic and 3D hexagonal
micellar phases have been used for templating meso-
porous materials [113-115] and as carriers for optical
chemosensors [116]. Ordered inverse micellar phases
such as Fd3m and P6;/mmc have the key property that
they are stable in excess aqueous solution, which is
very important for potential biological or biomedical
applications. The 3D hexagonal phase P6;/mmc is the
only known self-assembled lyotropic phase whose
structure consists of a periodic close packing of iden-
tical inverse micelles. Such phases could have wide-
ranging uses such as the storage and slow controlled
release of drugs, with precise pharmacokinetics, or as
nanoreactors, where the chemical or biochemical reac-
tions would take place in identical spherical aqueous
compartments having volumes as small as 10~ attoli-
ters (10722 litres). They could also be used to form
periodic 3D lattices of encapsulated nanoparticles,
separated from each other by a low permittivity,
20-30 A thick, fluid hydrocarbon region, which
might have interesting optoelectronic properties.
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