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Novel intermediate phases in an ionic � uorocarbon
surfactant/water system

S. PUNTAMBEKAR, M. C. HOLMES* and M. S. LEAVER

Centre for Material Science, Department of Physics, Astronomy and Mathematics,
University of Central Lancashire, Preston PR1 2HE, UK

(Received 14 October 1999; accepted 20 December 1999)

This small angle X-ray scattering study of the lyotropic phases in the binary tetramethyl-
ammonium per� uorodecanoate/water system shows that there are no classical lyotropic
mesophases present. Much of the liquid crystal region is taken up with a random mesh
intermediate phase, Mh1 (0) and a phase with rhombohedral symmetry which is probably a
rhombohedral mesh intermediate phase, Mh1 (R3Å m). This behaviour is unusual since previously
these mesh phases have been associated with hydrocarbon surfactants or diblock copolymer
melts. All the mesophases found have non-uniform interfacial curvature and a su� ciently
strong inter-layer interaction to ensure the long range correlation of structures in some phases.

1. Introduction phase. The formation of H1 and tetragonal phases takes
place despite the reluctance of � uorocarbon surfactantsShort per� uoroalkyl chain surfactants diŒer from their

hydrocarbon analogues in being more hydrophobic and to form curved interfaces because of the restricted con-
formational range of short per� uoroalkyl chains. Thesehaving a higher probability of taking up a rigid, all-

trans-conformation [1]. The latter is due to the larger observations for the lithium counter-ion are explained
by the highly hydrated nature of the lithium ion and itsionic radius of the � uorine giving a higher energy barrier

to cis-conformations. In concentrated aqueous mixtures being more di� cult to bind to the interface. Electrostatic
repulsion between the head groups introduces curvaturethese surfactants tend to exhibit rather simple phase

diagrams [2–4]. into the phase structures.
The phase behaviour of two tetramethylammoniumA systematic study of the caesium per� uoroalkanoate

systems (C7–C10 chain lengths) [3–7] has revealed a (TMA) salts in water has been studied. These are the
per� uoro-octanoate (C8 ) [9] and per� uorononanoatecertain sequence of transitions: isotropic to discoidal

nematic and then to lamellar phase with increasing (C9 ) systems [10]. Both phase diagrams feature an
surfactant concentration. The latter phase is not the extensive lamellar phase existing at high surfactant
classical lamellar phase with continuous extended bilayers, concentrations and low temperatures. The high stability
but one in which the bilayer is pierced by disordered of the lamellar phase was explained in terms of the
water-� lled pores. Increasing the per� uoroalkyl chain tetramethylammonium counter-ion being more closely
length simply shifts the phase transitions to higher associated with the bilayer. The greater association would
temperatures whilst preserving the general form of the lower electrostatic repulsion between head groups and
phase diagram. favour a � atter interface. The C9TMA/water system

The lithium per� uoro-octanoate (C
8

Li)/water system exhibits a discoidal nematic phase, not observed in the
is unusual in that the � rst liquid crystalline phase that C8TMA/water system. In addition it was discovered that
it forms on increasing the surfactant concentration from the transition temperatures in the case of C9TMA were
the micellar phase is a hexagonal phase, H1 . At higher 40 ß C higher than those observed with C8TMA, suggest-
surfactant concentrations it was found to exhibit an ing that there may in fact be a nematic phase present at
intermediate phase with a tetragonal mesh structure low temperatures and low surfactant concentrations in
[8]. This is a layered structure with water-� lled defects the latter system.
correlated between the layers. The analogous system, Recently we published a study of several short chain
lithium per� uorononanoate (C9 Li) does not show a per� uorocarbon surfactants with unusual phase behaviour
tetragonal phase although it does exhibit a hexagonal (they exhibited pseudo-lower consolute behaviour) [11].

This behaviour and the unusually thin bilayers (< length
of one all-trans-per� uoroalkyl chain) was attributed*Author for correspondence; e-mail: m.c.holmes@uclan.ac.uk
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744 S. Puntambekar et al.

to the tight binding of the tetrabutylammonium (TBA) lamellar phase. The L1 and lamellar regions, Mh1 (R3Å m)
and Mh1 (0), are divided by a narrow lyotropic nematiccounter-ion and the partial solvation of the counter-

ion’s butyl chains into the bilayer region. We have made phase, N
D

probably of disk-shaped micelles which is
separated from the L1 phase by a two phase region. Noa study of the phase structure and behaviour of a

homologus series of C10 carboxylic surfactants in which samples were investigated above 90% by weight of
surfactant although it is likely that there is a crystallinethe hydrophobicity of the counter-ion was progressively

reduced by the substitution of butyl chains by methyl phase here.
Small angle X-ray scattering (SAXS) using thegroups. The end point of this series was C

10
TMA.

Despite its similarity with previously studied systems, it Daresbury Synchrotron source (2.1) showed that the
lamellar-type phase region had a more complex andshows some remarkable phase structures and raises

fundamental questions about why simple binary mixtures interesting structure. Figures 2 and 3 show a series of
scattering curves taken at � xed concentration (70% byof a simple surfactant and water have a propensity to

form interfaces with non-uniform surface curvature. weight of surfactant) and at � xed temperature (25 ß C),
respectively. It is clear that the lamellar region is not a
simple lamellar phase.2. Results

The tetramethylam monium per� uorodecanoat e used in In the region labelled Mh1 (R3Å m) in � gure 1, the SAXS
shows a multiple line scattering pattern with typicallythese experiments was synthesized by the neutralization of

nonadeca� uorodecanoic acid with tetramethylam monium eight or nine sharp lines, � gure 2 (e.g. 0 ß C). (The notation
Mh1(R3Å m) and Mh1 (0) used here is fully explained inhydroxide; the details are the subject of a paper in

preparation. The C
10

TMA was recrystallized and judged [12].) These lines can only be indexed to a structure
with a rhombohedral symmetry. A detailed discussionpure by microanalysis. A representation of the phases of

the C10TMA/2H2O system is shown in � gure 1, in the con- of the modelling of R3Å m mesh phases is contained in
[13]. The highest symmetry structure which � ts withcentration range 20 to 90% by weight of surfactant and

temperature range 0 to 100 ß C. The phase representation the observed lines is R3Å m see table 1.
This indexation is consistent with a number of possiblewas obtained using optical polarizing microscopy and

2H NMR spectroscopy of the solvent 2H2
O. Initially it structures, including a three-connected mesh which can

be planar or puckered or can have connections betweenappeared unremarkable and to follow the pattern generic
with this type of surfactant–water system. At high the layers to form a bicontinuous structure which is a

rhombohedral distortion of a cubic structure. It will alsotemperature and low surfactant concentration above the
diagonal AA¾ (� gure 1), was an isotropic micellar phase, � t a six-connected plane mesh. The detailed analysis of

these structures is beyond the scope of this letter but isL
1
. At low temperature and high surfactant concen-

tration below the diagonal line AA¾ (� gure 1) was a addressed in [13]. However, because of the obvious

Figure 1. A representation of the phase diagram for the tetramethylammonium per� uorodecanoate/water system. Mh1 (R3Å m) is
the rhombohedral mesh intermediate phase, Mh1 (0) is the random mesh phase, ND is a nematic phase which is probably
made up of disk shaped micelles and L1 is the isotropic micellar phase. The inset shows the supposed structure of one layer
of the Mh1 (R3Å m) phase which contains water-� lled pores arranged on a two dimensional hexagonal lattice. Error bars indicate
the uncertainty in locating the phase boundary.
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745An ionic � uorocarbon/water system

Table 1. Indexation of 70% C10TMA/2H2O at 0 ß C to a R3Å m
symmetry using the equation 1/d2 = 4/3 (h2 +hk +k2 )/
a2 +l2 /c2. The lattice parameters a and c are taken from
the (1 0 1) and (0 0 3) lines, respectively, and in this case
have values of a = 6.23 nm and c = 12.81 nm (i.e. a layer
spacing of 4.27 nm) and a ratio c/a = 2.07.

h k l dobs/nm dcal/nm

1 0 1 4.97 4.97
0 0 3 4.27 4.27
0 1 2 4.10 4.13
1 1 0 3.10 3.12
0 2 1 2.60 2.64
2 0 2 2.48 2.49
0 1 5 2.29 2.31
0 2 4 2.04 2.06
0 0 6 2.11 2.14

in which the bilayer is pierced by water-� lled holes
Figure 2. A series of SAXS curves taken from a 70% by which, within the bilayer plane, are arranged on a

weight (C10TMA)/water sample at temperatures 0, 20, hexagonal lattice—see � gure 1. The holes in adjacent
30, 50, 58 and 65 ß C. Note that the temperature scale is

layers are correlated in an ABC type packing. This type
not linear.

of structure has been observed in diblock copolymer
melts [14–16] and more recently has been identi� ed as
an intermediate phase structure in non-ionic surfactant
water mixtures, C

30
EO

9
/2H2

O and C
16

EO
6
/2H2

O
[13, 17–19].

The structure varies very little with temperature at
� xed surfactant concentration as illustrated by � gure 2
and table 2, the slight decrease in a and c re� ecting the
increased per� uoroalkyl chain mobility and � exibility
with elevated temperature. There are signi� cant changes
in the lattice parameters with concentration—see
� gure 3 and table 3. Increasing the water content
increases the lattice parameters as expected, but the
increase in c/a shows that the layer spacing increases
more rapidly than the increase in the hole separation
within the bilayer planes. This can be seen directly from
the experimental evidence of � gure 3 where both the
layer re� ection (A) and its second order (B) move
signi� cantly with changes in concentration, whereas the
(1 0 1) re� ection and the corresponding broad peak from
the intra-planar order in the Mh

1
(0) phase (C) change

Figure 3. SAXS curves taken at a temperature of 25 ß C from a
very little.series of (C10TMA)/water samples at 25, 30, 35, 40, 45, 50,

55, 70, 80, and 90% by weight. Note that the concentration
scale is not linear. A and B indicate the � rst and second Table 2. The variation of a, c and c/a with temperature for
order of the layer repeat distance, whilst C represents the 70% C10TMA/2H2O. The lattice parameters a and c were
peak from the intra-planar structure in the Mh1 (0) phase calculated as in table 1.
and from the (1 0 1) plane in the Mh1 (R3Å m) phase. The
dotted lines have been added to help the eye. Temperature/ ß C a/nm c/nm c/a

0 6.23 12.81 2.06
25 6.01 12.44 2.07layer-like behaviour of the phase when viewed in the
50 5.87 12.20 2.08microscope, its proximity to the random mesh phase
58 5.82 12.16 2.09and its similarity to other surfactant water systems, its
62 5.78 12.16 2.10

structure is probably a three-connected mesh structure
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746 S. Puntambekar et al.

Table 3. The variation of a, c and c/a with concentration for layers to be lost. At high concentrations, the concen-
C10TMA/2H2O at 25 ß C. The lattice parameters a and c tration of counter-ions in the water layer is high and
were calculated as in table 1.

this will eŒect the distribution of counter-ions between
bulk water and the interface. Once again, this couldConcentration/% weight

of C10TMA a/nm c/nm c/a weaken the inter-layer interaction and cause the loss
of correlation, although the layer separation is now

50 7.34 17.64 2.40 rather small.
60 6.48 14.49 2.23
70 6.01 12.44 2.07
80 5.54 11.14 2.01 3. Conclusions

The Mh1 (R3Å m) phase is unique for an ionic system; it
is thermodynamically stable and covers an extensive
region of the phase diagram. Its structure is similar to

The only experimental technique sensitive to the phase
that observed in diblock copolymers and in non-ionic

change from the Mh
1
(0) to Mh

1
(R3Å m) phase is SAXS,

surfactant water systems. Indeed the ratio of lattice
although � gures 2 and 3 show that the phase boundaries

parameters 2.0 < c/a < 2.4 is the same as that observed in
are not sharply delineated. The traditional methods for

the non-ionic systems [13], indicating some universality
locating phase boundaries , optical microscopy, penetration

of structure even though the interactions driving the
scan optical microscopy and 2H NMR spectroscopy are

formation of the structure are very diŒerent. It is important
insensitive to these mesh phase boundaries. Optical micro-

to note that the structure of the Mh1 (R3Å m) phase requires
scopy does not help because of the optical similarity of

a non-uniform interfacial curvature, as does the Mh1 (0)
both Mh

1
(0) and Mh

1
(R3Å m) phases, whilst for 2H NMR,

phase and the nematic phase. This system shows no
the local structures, bilayers pierced by water � lled

conventional phases with uniform interfacial curvature.
holes, are the same in both phases and the technique is

It is pertinent to ask the question why this particular
insensitive to the extent of the inter-bilayer correlation.

binary system should abhor uniform curvature. Although
Thus the limits of the Mh1 (R3Å m) phase are di� cult to

there is no answer to this question at the moment, it is
delineate with precision. Therefore, in � gure 1, the points

clear that by adopting non-uniform curvature interfaces,
at which observations were taken have error bars

the free energy of the system is minimized.
indicating the uncertainty in the boundary location.

The detailed structure, the re-entrant behaviour and
The other phase existing in the ‘lamellar’ region is

the role of the counter-ion are currently being studied
a disordered mesh phase, Mh1 (0) of the type already

and will be published when completed.
reported in similar per� uorocarbon systems [10, 20]. It
is characterized by the usual lamellar Bragg re� ections
in the ratio of 1 : 2 : 3, but with an additional broad The authors would like to thank CLRC for the
re� ection coming from water-� lled holes piercing the allocation of beamtime on line 2.1 at the Daresbury
bilayer, e.g. � gure 2, 65 ß C or � gure 3, 90% by weight. Synchrotron Source and one of us (S.P.) would like
Unlike the Mh1 (R3Å m) phase, there is no correlation to thank the university for the award of a research
between holes in adjacent layers. In this system there studentship.
may well be regions where both Mh

1
(0) and Mh

1
(R3Å m)

coexist in a two phase region; see for example � gure 2,
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