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A New Symmetry for the Packing of Amphiphilic Direct Micelles
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PACS.61.10.-i - X-ray diffraction and scattering
PACS.61.30.Eb — Experimental determination of smectic, nematic, cholesteric,
and other structures

Abstract. — Thanks to X-ray scattering, we have studied the C,3EOg/water binary system
in the region located between the isotropic phase and the direct hexagonal mesophase. We
have discovered two 3D-periodic phases in this region: one with a cubic symmetry (space group
Pm3n), the other with a hexagonal symmetry (space group P63/mmc). Both phases consist in a
regular packing of direct micelles build with the surfactant molecules in water. The cubic phase
have already been observed in other lyotropic systems. On the other hand, the hexagonal phase
is a new type of structure for such systems. We assume for this phase a hexagonal compact
structure.

Résumé. — Nous avons étudié par diffraction des rayons X la région du systeéme binaire
C12EQg/eau comprise entre la phase isotrope et la phase hexagonale directe. Nous y avons
mis en évidence deux phases périodiques tridimensionnelles : P'une avec une symétrie cubique
(groupe d’espace Pm3n), I'autre avec une symétrie hexagonale (groupe d’espace P63 /mmc). Ces
deux phases résultent de I'arrangement périodique de micelles directes, formées par les molécules
de surfactant dans eau. Ce type de phase cubique micellaire a déja été observé dans d’autres
systémes lyotropes. Par contre, une telle phase hexagonale n’a jamais été observée précédem-
ment. Nous proposons pour cette phase une structure hexagonale compacte.

1. Introduction

It is well known that micellar cubic phases appear in lyotropic systems [1,2]. They consist in
a 3D regular arrangement either of direct micelles, formed by amphiphilic molecules in water,
or of inverse micelles of water embedded in a continuous amphiphilic matrix. These phases
have been studied thanks to NMR, X-ray scattering and electronic microscopy [1,2]. Two
main space groups have been observed: Pm3n and Fd3m. Models for these two space groups
have been established. They all involve two different species of micelles inside the structure.
Some geometrical arguments have explained why these two types of cubic arrangements are
favourable for the packing of the micelles [3].

Recently, other cubic space groups for direct micellar phases have been observed in the
ganglioside/water systems [4]. It was a clue that structures with space groups Pm3n and
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Fd3m are not the only possible ones. So the polymorphism of micellar phases had to be
investigated deeper. In this paper, we display another periodic arrangement of direct micelles,
this one having a new feature: a hexagonal symmetry!

The existence of a micellar cubic region in the binary mixture C;2EQOg (octa-ethylene glycol
mono n-dodecyl ether)/H2O was first reported in [5]. Our aim was to study the structure
of this phase, to get a new set of experimental data, in order to improve the description of
the micellar cubic phases. Qur first surprise during these experiments was that there are two
phases instead of one in the region indicated in [5]. If we look at the phase diagram of the
C14EO3/H20 mixture [6], a very similar system, two distinct micellar cubic phases are also
identified, unfortunately without any structural data available. Which strengthens our result.

Going further into our X-ray investigations, our second surprise was that one of the two
phases has not a cubic symmetry, but a hexagonal one. It took us a long time to realize
it, because, as far as we knew, a triply-periodic micellar phase was always cubic. In spite
of numerous efforts, finding some cubic indexations of the powder patterns proved to be a
failure. Fortunately, the single-crystals analysis gave an indisputable evidence of a hexagonal
symmetry. Every X-ray pattern could then be easily interpreted; we will show it in Section 3.

2. Materials and Methods

C12EQg was purchased from Nikko Chemical [7] and used without further purification. Deuter-
ated water was mixed with the surfactant and equilibrated for a few weeks at room temperature.
Concentrations between 30% and 43% (w/w) of C12EQg in D20 were used.

The mixtures were observed during the cooling from the room temperature down to 8 °C.
First observations of the samples by optical microscopy were done between crossed polarizers.
For the X-ray experiments the samples were placed in Lindeman cylindrical glass capillaries
(@ 1 mm). The X-ray apparatus used for the single-crystals analysis was a Rigaku rotating
anode generator (copper wavelength A = 1.54 A). The powders analysis were made on the
synchrotron beam line D 43 at the LURE laboratory. Photographic films and image plates
have been used as detection.

The best results concerning the single-crystals analysis were obtained with samples equili-
brated in a refrigerator (8 °C) for several months.

3. Results

3.1. QUALITATIVE PHASE DiaGraM (F1a. 1). — At room temperature, the samples are
fluid and isotropic for concentrations up to about 39% (w/w). Beyond 39%, the samples
become viscous; the texture of the direct hexagonal mesophase is clearly identified through
optical microscopy. By cooling the samples which were under 39%, we observe a highly viscous
isotropic phase (Fig. 1). For samples of concentration above 39%, a biphasic region between
the hexagonal phase and a highly viscous isotropic phase is observed. Going on cooling, there
remains only the isotropic phase.

3.2. X-RAY DaATA: POWDER DIFFRACTION. — We wanted to determine the structure of the
high viscous isotropic phase appearing at low temperature in our samples thanks to X-ray scat-
tering. Two different kinds of X-ray patterns were obtained, depending on the concentration.

3.2.1. Concentration above 39%. — Several high-resolved powder diffraction patterns were
obtained on the synchrotron beam line D 43 at the LURE laboratory. The diffraction rings
are easily interpreted using a cubic unit cell, as detailed in Table I. A unit cell of parameter
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Fig. 1. — Qualitative phase diagram of the binary mixture C12EQg in D30O. The transition lines
we determined during our study are drawn in heavy black lines. They correspond to changes in the
viscosity and/or in the optical aspect between crossed polarizers of the samples. The dashed fine lines
are extrapolated from the phase diagram of the C14EOg/water system [6] and do not correspond to
observations. Especially, we do not crossed experimentally the coexistence region of the two micellar
phases, which is probably narrow versus concentration. The vertical lines correspond to the samples
used for the X-ray scattering analysis. Hy indicates the hexagonal direct phase, Qm the cubic micellar
phase and Hp, the hexagonal micellar phase.

a = 120.26 + 0.19 A is measured. The observed reflections are compatible with the space
group Pm3n, usually observed for micellar direct cubic phases (see Sect. 1). The unit cell
of this structure contains six ellipsoidal micelles and two quasi-spherical micelles [1-3]. We
will see in Section 3.4 that this model with eight micelles per unit cell is compatible with the
physico-chemical data. So we admit the space group Pm3n for this phase. We did measure
the parameter of the direct hexagonal phase in coexistence with this cubic phase: ay, =
59.40 £ 0.14 A (Tab. I). No epitaxial relations between inter-reticular distances are observed
between these two phases.

3.2.2. Concentration below 39%. — We manage to obtain several similar powder diffraction
patterns in the range 34.3—38% (w/w). As stressed in the introduction (Sect. 1), we performed
many unsuccessful indexations of these diagrams, assuming a cubic unit cell.

We also began to perform single-crystal diffraction patterns in the same concentration range.
The interpretation of the reciprocal planes, still assuming a cubic unit cell, happen to be
impossible.

As specified below, the single-crystal diffraction patterns could be interpreted by assuming
a hexagonal unit cell. Coming back to the powder diffraction patterns, we found accurate
indexations for them, assuming a hexagonal unit cell. Results are given in Table IT. At 38%
(w/w), we measure a hexagonal parameter ¢ = 68.81 £ 0.14 A, and a ratio R = ¢/a = 1.623.
Extinctions are compatible with the hep structure factor, as detailed below.

3.3. X-RAY DATA: SINGLE-CRYSTAL ANALYSIS BELOW 39%. — We focused on the structure
of the micellar phase below 39%, for which the assumption of a cubic unit cell did not give
satisfactory results. We succeeded in growing sufficiently large single-crystals (~ 1 mm?) in
the Lindeman capillaries. In order to perform their analysis, we fixed them on a goniometric
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Table I. — Powder diffraction data of the cubic phase (Qum) and of the direct hezagonal
mesophase (Hy). Results are given for a sample of concentration 40% (w/w), locoted in the
biphasic region (Qm/Hy). The parameter of the cubic phase is equal to a = 120.26 + 0.19 A
and the parameter of the hezagonal phase is equal to am, = 59.40 £ 0.14 A. The observed
reflections for the cubic phase (values of % = h? + k% +12) are compatible with the Pm3n space
group.

diie (R) | 8% | a(A) = dhus
60.17 4 120.34
53.91 5 120.55
49.17 6 120.44
42.41 8 119.95
34.74 12 120.34
33.16 13 (119.56)
32.08 14 120.03
30.08 16 120.32
29.18 17 120.31
26.84 20 120.03

dnrr (A) | 82 | dioo (R) = dpws
51.43 1 51.43
29.71 3 51.46
25.72 4 51.44

40 % (w/w)

Cubic phase (Pm3n): ¢ = 120.26 +0.19 A
H, phase: an, = 59.404-0.14 A

head, movable around its vertical axis. Thus, all possible orientations of the single-crystals
have been observed.

In pattern (a) of Figure 2, the X-ray beam is parallel to a symmetry axis of a single-crystal.
Three types of reflection ((1, T, 0, 0), (2, 1, T, 0) and (2, 2, 0, 0) in the hexagonal four indices
notation) form a figure of diffraction with a six-fold symmetry. Starting from this position, we
rotated continuously the sample around the vertical axis over 360°. Making the hypothesis of a
cubic symmetry, the starting position of pattern (a) would correspond to the X-ray beam being
parallel to a three-fold axis. As we know that four equivalent axes of three-fold symmetry exist
in the case of a cubic symmetry, we expected to observe during the rotation the appearance
of equivalent Bragg reflections to the ones observed on pattern (a). It never happened: all the
reflections of pattern (a), excepting the ones located on the rotation axis, are observed only
at the starting position. As a conclusion, the symmetry axis of pattern (a) is unique, and the
symmetry is not cubic.

We regard this symmetry axis as the ¢* axis of a hexagonal symmetry. In Figure 2, three
reciprocal planes are shown, and their orientations respecting to the ¢* axis are given. Then
the indexation of the Bragg spots is obtained. Eventually, the whole reciprocal space has been
reconstructed. We then observe some extinctions, for instance the (0, 0, 0, 1) and (0, 0, 0, 3)
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Fig. 2. — Single-crystal diffraction patterns of the hexagonal micellar phase. Three diffraction pat-
terns obtained on image-plates are reproduced. The four indices hexagonal notation is used in this
caption. a) X-ray beam along the c* axis (exposure time of four hours): the (1, 1, 0, 0), (2, 1, T, 0)
and (2, 2, 0, 0) reflections, plus the reflections obtained by the circular permutations of their first three
indices form a six-fold symmetric pattern. b) X-ray beam along the (1, 1, 0, 0} reciprocal direction
(exposure time of three hours): the (0, 0, 0, 2) reflection (along the ¢* axis), the (1, 1, 2, 0) and the
(1, 1, 2, 2) are located on a rectangular 2D array of reflections. c) X-ray beam along the (1, 1, Z, 0)
reciprocal direction (exposure time of three hours): one observes the (0, 0, 0, 2) and the (0, 0, 0, 4)
reflections along the ¢* axis. The (1, 1, 0, 0), (1, 1, 0, 1), (1, 1, 0, 2) and (1, T, 0, 3) reflections are
aligned in a row parallel to the ¢* axis. d) Relative orientations of the different X-ray patterns in the
reciprocal space.
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Table II. — Powder diffraction data of the hezagonal phase. Indezation of the reflections
assuming a hezagonal unit cell is given for two samples of concentrations 38% and 34.3% (w/w).
hkil are the indices in the four indices notation and HKI are the indices in the three indices
notation. ¢ and ¢ are the two um’t cell parameters and R is equal to the ratio c/a. We use the

2
following relation. -d—z-l— ——(H?*+ K*+ HK)+ l £ ( ~(H?+ K?+ HK) + —12) =

y HKI dmo
ZQ—. All the reflections are compatible with the structure factor of the hcep (3.3). Taking a
value of R, we derive o value of a for all different reflections and calculate the average value
of a and the corresponding statistical error. The best value of R is determined by minimizing
this statistical error. Following this criterion, the best value of R and the associated average
value of a are given for the two samples. The statistical error on a is about 0.15 A for the two
samples, and is of the same order of magnitude as for the cubic phase indexation (Tab. I). The
value of the unit cell volume is greater for the sample of concentration 34.3% (w/w) than for
the sample of concentration 38% (w/w). It is in agreement with our model assuming a constant

volume of a micelle and a greater water volume fraction ot 34.3% (w/w) than at 38% (w/w).

hok i | HKIL| S=32(H+K*+HK)+ 30 || duwi | a (A) || duxa | a (B)
(4) (&)

1 -1 0 0f 100 4/3 59.57 | 68.79 (| 60.97 | 70.40
0 0 0 2| 002 4/R? 55.92 { 68.91 - -

1 -1 0 1}101 4/3+1/R? 52.81 | 69.12 | 53.81 | 70.35
1 -1 0 2] 102 4/3 +4/R? 40.74 | 68.80 || 41.69 | 70.22
2 -1 -1 0] 110 4 34.36 | 68.72 || 35.07 | 70.14
1 -1 0 3| 103 4/3 +9/R? 31.47 | 68.59 || 32.27 | 70.08
2 -2 0 0l 200 16/3 29.82 | 68.87 || 30.34 | 70.07
2 -1 -1 2 112 44+ 4/R? 20.29 | 68.81 || 30.06 | 70.52
2 2 0 1] 201 16/3 + 1/ R? 28.73 | 68.67 | 29.38 | 70.20

38% (w/w) 34.3% (w/w)
R=1623 R =1.6311
a=6881+014 A o=70.25+0.154

reflections (Fig. 2). As a rule, here are the general conditions of extinction:
(hkil)=(hh2h2n+1) (four indices notation).

We propose a hexagonal compact structure for this phase, with a unit cell containing two
identical micelles at positions (1/3, 2/3, 1/4) and (2/3. 1/3, 3/4). The structure factor is equal
to (three indices notation):

—2er( B L) | o (REEE Y o 2m( AR+ L) (1 + (__l)ze—mn(”;x )

Frgi=e

Using the four indices notation, we obtain the following values for the intensity derived from
this structure factor:
I=2n if hki=hh2h then [Fpeul>=4 else |Furul®=1
{[=2n+1 if hki=hh2h then |Fhkzl|2 =0 else ]Fhkzl|2 =3

This is consistent with the observed extinctions. The space group of this structure is: P63/mmec.
Notice that this space group is not uniquely determined by the observed extinctions (two
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other hexagonal space groups are compatible with the extinctions) but by the assumption of
a hexagonal compact structure. In the following section, we will show that the structure we
propose with two micelles per hexagonal unit cell is also consistent with the physico-chemical
data.

3.4. AGGREGATION NUMBER OF THE MICELLES. — A crude estimation of the aggregation
number of the micelles in both micellar phases will be now discussed.

We can simply estimate the density of the binary mixture by ignoring solvatation effects
on the molecular volumes. We know the densities of D2O: 20/18 g cm™2 and of C12EQ;s [7):
0.99 g cm~3. No corrections versus temperature are included for this crude estimate. We will
take for the density d of a binary mixture of weight fraction x in C13EOg:

1_1 (=  10-2
d 100 \0.99  (20/18) /"

We calculate for the sample of concentration 38% a density of 1.062 g cm 3. For this sample,
the volume of the hexagonal unit cell is equal to: V. = ﬁzgRa?’ = 457 934 A3 (Tab. II).
Knowing the density of the mixture and the molecular weight of C12EOg (538 g mol™1), we
derive Ng = 207, the number of surfactant molecules per unit cell. With two micelles per unit
cell in the structure, we get an aggregation number N = 103.

A similar calculation is performed for the sample of concentration 40%, the one which exhibits
a cubic micellar phase (Tab. I). We find a number of surfactant molecules per unit cell: Ng =
824. The structure contains height micelles per unit cell, but with two different types of shape,
so we can derive only an average aggregation number {N) = 103.

A neutron scattering study [8] estimate the aggregation number of the direct micelles in the
isotropic phase. This study has been performed for temperatures between 30 and 60 °C and
for weight concentrations of C15EOs in HoO between 2.5% and 35%. Aggregation numbers are
found between 90 and 140; they increase versus the concentration or versus the temperature.
In this region of the phase diagram, the micelles are expected to be quite spherical.

In short, we can say that an aggregation number of 103 is convenient for guasi-spherical
micelles formed by C;3EOg molecules. The models we propose with two micelles per unit cell
for the hexagonal phase, and height micelles per unit cell for the cubic phase appear to be
consistent with the physico-chemical data. We also find that the average aggregation number
is quite similar for both micellar phases.

4, Discussion

Thanks to the X-ray scattering analysis of single-crystals (3.3), we have identified a new type
of micellar phase. We suggest it has a hexagonal compact structure with two micelles per
unit cell (space group P63/mmc). This model is consistent with the aggregation number of
quasi-spherical micelles (3.4).

There remains a puzzling question about this phase: the optical observation of the samples
between crossed polarizers does not reveal any birefringence (3.1), as expected in the case of
a hexagonal symmetry. This implies that the anisotropy of the dielectric tensor is very weak,
and that only appropriate measurements of birefringence could be able to detect it. Of course,
such a measure would be a confirmation of the hexagonal symmetry.

We also notice that the ratio R = ¢/a of the hexagonal unit cell (Tab. II) is very close to the
value corresponding to a hexagonal close compact packing of spheres: Rpcc = 1/8/3 = 1.6330.
In our opinion, it means that the micelles are rather quasi-spherical than anisotropic.
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To conclude, we see that the Pm3n and Fd3m cubic structures are not the only solutions for
direct micellar arrangements. The ganglioside/water systems [4] and now the C13EOg/water
binary system are two examples of different arrangements. They have several common features:
a single type of micelle (instead of two types of shape in coexistence), having a quasi-spherical
shape. All space groups correspond to compact arrangements of spheres: P63/mmc for the
hexagonal phase, Fm3m and Im3m in the case of [4], respectively the closest and second closest
cubic packing of spheres. The nature of a micellar phase is obviously related to the shape of
the micelles: quasi-spherical or ellipsoidal.
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