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Highly ordered silica was synthesised by using a lamellar phase comprising the anionic fluorinated surfactant sodium perfluo-

rooctanoate and the partially-fluorinated co-surfactant/oil 1H,1H,2H,2H-perfluorooctan-1-ol in water. The phase behaviour of

this system was thoroughly analysed, and it was found that even low levels of the alcohol (<0.5 mol %) were sufficient to induce

a phase change from normal micelles to a lamellar phase, rationalised as a result of geometric and electrostatic effects. The prop-

erties of these phases were compared to their hydrocarbon analogues, demonstrating the unique and valuable properties exhibited

by fluorocarbons, directly related with the observed nanostructure. Small-angle neutron scattering was used to analyse the inter-

nal structure of the systems, providing information on the inter-lamellar spacing, bilayer thickness and membrane elasticity. The

potential for these phases to act as shear-thinning lubricants was assessed using oscillatory rheology, obtaining shear-dependent

viscosity along with storage and loss moduli.

Introduction

Fluorinated amphiphiles have generated a great deal of

interest over recent decades due to many unusual properties

when compared with their hydrocarbon counterparts1. The

strength of fluorine-carbon bonds coupled with the much

larger volume of fluorine atoms compared to hydrogen

makes fluorocarbon chains rigid, robust and thermally stable

with low dispersion forces; they are also dense, extremely

hydrophobic and tend to have significantly lower water

solubility than hydrocarbon analogues2. These properties

make them attractive surfactants for coatings, foams, dis-

persions and electronic applications1. In addition, their

often advantageous demixing from hydrocarbons3 has made

them of great interest in polymer chemistry4 and particle

synthesis5. However, these same properties also present

some significant disadvantages to their use: they tend to be

more challenging and expensive to synthesise6 and extremely

environmentally persistent7 (as strikingly few microorgan-
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isms can digest them), making control of their usage and

disposal an important consideration. Thus, the fundamental

exploration of the physical basis why fluorinated materials

exhibit their unique and useful properties is important, such

that we can design environmentally-benign alternatives with

the same characteristics.

Previous studies of the properties of fluorinated amphiphiles

have found a greater propensity to form low curvature phases

such as lamellar phases and vesicles than their hydrocarbon

counterparts8–10, rationalised by the larger packing volume

of the rigid fluorocarbon chain. The fluorooctanoate an-

ion readily forms lamellar phases in water when coupled

with lithium9, caesium11 and ammonium12 counterions.

Curiously, lamellar phases are not seen for the sodium

salt in water, which forms normal micelles with increasing

concentration before arriving at a solid/micellar phase sep-

aration13,14. Such counterion-specific effects on surfactant

aggregation and phase behaviour are well-documented in the

literature,15,16 including for some fluorosurfactants.17

Lamellar liquid crystals are excellent candidates for a range

of applications including electro-optical devices, lubricants,

delivery vectors and stabilisation and deployment of particles.

Of particular interest for fluorinated analogues are their

portential use for lubrication18 in critical components, as they

are robust and shear-thinning over a wide range of shear rates

and temperatures19.
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In this work, we explore the phase behaviour and properties of

a novel ternary system comprising the ubiquitous fluorinated

amphiphile sodium perfluorooctanoate, a partially fluorinated

alcohol and water. The structural characteristics are obtained

by comparing neutron scattering data with rheological mea-

surements, showing remarkable control over phase viscosity

and relaxation using compositional parameters. The poten-

tial for using such phases as a template to synthesize highly-

ordered silica is demonstrated. Throughout we are mindful to

explore the properties of the fluorinated amphiphiles that re-

sult in their phase behaviour and rheological characteristics, in

order to provide the first step toward designing their replace-

ments.

Materials and methods

Materials: Sodium perfluorooctanoate was prepared from

perfluorooctanoic acid (99%, Fluorochem, UK) by stoichio-

metric neutralisation in water with sodium hydroxide so-

lution (ChemSupply, reagent grade). The co-surfactant/oil

1H,1H,2H,2H-perfluorooctan-1-ol (PFOH, 99%) was ob-

tained from Fluorochem and used as received, and water was

obtained from a Millipore Direct-Q 5, with a minimal resis-

tivity of 18.4 MΩ·cm. For neutron scattering experiments,

D2O was obtained from Sigma (99.98 atom% D) and used

as received. Templated silica was prepared using tetraethy-

lorthosilicate (TEOS, Sigma, 99%, used as recieved) as a sili-

cate precursor.

Phase behaviour: Samples were initially prepared as

NaPFO/PFOH mixtures with varying mass ratios (0:1,

0.05:0.95, 0.1:0.9, etc.), and then diluted toward the water

corner of the ternary phase diagram. At each stage, thermal

equilibration was achieved by leaving for a minimum of 30

minutes in a recirculating water bath at 25± 0.05◦C. Prelim-

inary phase characteristics were assessed using visual inspec-

tion and polarising optical microscopy. Further samples were

prepared close to apparent phase boundaries in order to pro-

vide more accurate delineation of phase separation regions.

On the basis of tentative phase boundaries thus determined, se-

lected points were fully characterised using small-angle neu-

tron scattering (see below and Table 1).

Small-angle neutron scattering (SANS): SANS measure-

ments were made on two instruments: D11 (Institut Laue-

Langevin, Grenoble, France) and Quokka (ANSTO, Lucas

Heights, Australia) at sample temperature of 25◦C. Data are

presented as a function of the scattering vector, q:

q =
4π

λ
sin

θ

2
(1)

where λ is the incident neutron wavelength and θ is the

scattering angle. The effective q range obtained for a given

experiment is therefore defined by the sample-detector

distance and the detector size. For D11, scattering was

measured for each sample at two different configurations with

sample-detector distances of 1.2 and 8 m, λ = 10 Å (with a

wavelength spread defined by ∆λ/λ = 9%), and a detector

offset to provide a q-range of 0.003-0.387 Å−1. Similarly on

Quokka, two sample-detector distances of 2 and 14 m were

used with an incident wavelength of λ = 5 Å (∆λ/λ = 10%),

providing a q-range of 0.005-0.400 Å−1. For each instrument,

data was reduced from raw counts on the 2D detector to a

radially-averaged 1D scattering pattern with the assumption

of radially isotropic scattering. The sensitivity of each

detector pixel was calibrated by comparison of its response

to a flat scatterer, and then the scattering from an empty

SANS cell was subtracted. The scattering was then radially

averaged (accounting for instrument configuration) to provide

the intensity as a function of q. The absolute intensity scale

was provided by normalising each sample by its thickness

(1 or 2 mm), and then comparing to either the scattering

from a 1 mm sample of H2O (for D11), or an empty beam

measurement (for Quokka). Furthers details of the D11 and

Quokka may be found on the instrument webpages.∗

SANS data were fit using one of two models: for spherical

micelles, a simple spherical form factor20, P(q) was used:

P(q) =

[

3(sin(qr)−qr · cos(qr))

(qr)3

]2

(2)

where r is the particle radius. To account for the micelle poly-

dispersity, a Schulz function was applied to the radius to ob-

tain the distribution of radii, σ/rav as a function of the width

parameter, z:

σ =
rav

(z+1)1/2
(3)

where rav is the average radius. The structure factor used

was the Hayter-Penfold construction21 for inter-particle in-

teractions in charged systems (a mean square approximation

closure of the Ornstein-Zernicke equation).

For lamellar systems, the construction of Nallet et al. was

applied22. This model comprises a form factor representing

the extended lamellar sheets, P(q), a structure factor that de-

fines their interaction, S(q) rationalised by the average inter-

lamellar spacing, d:

I(q) = 2π
P(q)S(q)

dq2
(4)

∗Quokka: http://www.ansto.gov.au/ResearchHub/Bragg/Facilities/Instruments/Quokka/;

D11: http://www.ill.eu/instruments-support/instruments-

groups/instruments/d11/
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The form factor representing the lamellar ‘sheets’ is given by:

P(q) =
2∆ρ2

q2

(

1− cos(qδ )exp(−q2σ2/2)
)

(5)

where ∆ρ is the difference in scattering length density be-

tween the bilayer and solvent, δ is the thickness of the bilayer,

and σ is a parameter arbitrarily fixed at σ = δ/4.

The structure factor representing the interactions between

lamellae in the system is given by:

S(q) = 1+2
N−1

∑
1

(

1−
n

N

)

cos(qdn)exp

(

−
2q2d2α(n)

2

)

(6)

where N is the number of lamellar plates and n refers to the

‘n’th layer and α is given by:

α(n) =
ηcp

4π2
[ln(πn)+ γE ] (7)

where γE is Euler’s constant. The Caillé parameter23, ηcp is

ηcp =
q2

0kBT

8π
√

KB̄
(8)

where q0 is the scattering vector of the first Bragg peak, kB

and T are the Boltzmann constant and the temperature respec-

tively, K is the membrane bending elasticity and B̄ is the mem-

brane compression modulus.

Powder diffraction: Powder diffraction spectra were ob-

tained using a Brüker D8 ‘Advance’ powder diffractometer,

operating at a wavelength of 1.54 Å, driven at 0.5◦/min.

Polarising light miscroscopy: Polarising light microscopy

(PLM) images were obtained using a CCD camera (Flea3,

Point Grey, Richmond, BC, Canada) coupled to a Kozo XJP-

300 polarising microscope.

Rheology: Rheological experiments were performed using a

cone-and-plate geometry (d = 40 mm, θ = 2◦) in a stress-

controlled rheometer (AR-G2, TA Instruments). The tests

were performed in a closed environment with a small pool

of water nearby to ensure high humidity and limited sample

evaporation. Samples were loaded carefully to minimise air

bubbles in the thickest samples, and were allowed to rest for 5

minutes prior to testing in order to minimise pre-shear history.

Small Angle Oscillatory Shear (SAOS) tests were performed

in which a sinusoidal stress was applied and the resulting de-

formation measured. Initial tests at a fixed frequency (either

0.1 or 10 Hz) with varying peak stress were used to determine

the linear viscoelastic region. Subsequent frequency sweeps

at stresses in the linear region were used to give the viscous

and elastic moduli as functions of frequency. The frequencies

ranged from 10−3 to 30 Hz, but varied for individual samples

due to the limitations of the rheometer and the geometry. The

temperature was controlled at 21±0.1◦C throughout the rhe-

ological tests.

Atomic force microscopy: Atomic force microscopy (AFM)

images were made in tapping mode using a JPK Nanowizard

3 AFM. This instrument is equipped with capacitative sensors

to ensure accurate reporting of height, z, and x− y lateral dis-

tances. Cantilevers used were Brüker NCHV model tapping

mode levers, with nominal resonant frequencies of 340 kHz

and spring constants of 20-80 N/m respectively. Imaging was

performed with a set-point force of <1 nN. Sectional heights

were measured by taking line profiles (effectively a single x-

z fast-axis scan line from an image). Repeated imaging at

different scan angles was performed to ensure that no sample

damage or artefaction affected the obtained images.

Results and discussion

Phase behaviour

Mixtures of sodium perfluorooctanoate (NaPFO),

1H,1H,2H,2H-perfluorooctan-1-ol (PFOH) and water were

prepared in order to determine the ternary phase behaviour

of the three components. In line with expectation from

literature reports14,24,25, NaPFO in water formed an isotropic

micellar solution up to the limit of solubility. These micelles

have been characterised by scattering as spherical in nature.

However, addition of even low levels of PFOH resulted in the

transformation of the inviscid micellar solution to a highly

viscous, birefringent gel.

At higher surfactant and co-surfactant loading, the gel

increased in opacity to being completely opaque. While the

opacity indicates phase separation occurs over a large area of

the phase space, the high viscosity prevents separation into

discrete layers except for samples with high mass fraction of

water. Thus, from even low loadings of co-surfactant, many

of the samples outside monophasic regions are ‘kinetically

trapped’ (unable to reach their thermodynamically stable,

phase separated state due to the high sample viscosity) and

clearly defining phase boundaries using visual observation

alone was not possible.

By using polarising optical microscopy, more information on

the nature of the phases formed was obtained (Fig. 1). At low

levels of added PFOH (Fig. 1a), small ‘maltese crosses’ were

visible, characteristic of the presence of a lamellar phase. As

the concentration of PFOH increased, these crosses grew in

size, suggesting larger and more ordered lamellar domains

(Fig. 1b). At high levels of PFOH, this structure became dis-

rupted, and the lamellar domains appeared to be interspered

with other birefringent material, in the form of either another
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Table 1 Sample compositions and fitted parameters from modelling of SANS experimental data, organised by sample name (Spl). Phase

identities (Phs) were confirmed by polarising light microscopy and SANS spectra and volume fractions Φ, of dispersed material

(NaPFO+PFOH) were calculated from molar volumes. Fitted parameters are the inter-lamellar spacing d, Caillé parameter ηcp, bilayer

thickness δ , micellar radius rmic and the area per headgroup, Ahg. Representative uncertainties are d,δ ,rmic ±0.3 nm, η ±0.02 and Ahg ±0.06.

Spl Phs
Composition (mass frac.)

Φ
d

ηcp
δ rmic Ahg

H2Oa NaPFO PFOH nm nm nm nm2

H28 L1 0.950 0.050 - 0.024 - - - 1.4 0.79b

H31 Lα 0.960 0.020 0.020 0.022 40.0c - - - -

H32 Lα 0.930 0.020 0.050 0.041 31.5 0.30 2.5 - 0.29

H33 L1 +Lα 0.930 0.050 0.020 0.036 15.2 0.53 1.9d - -

H34 L1 +Lα 0.900 0.050 0.050 0.056 - - - - -

H35 Lα 0.850 0.050 0.100 0.089 21.7 0.20 2.3 - 0.31

H37 Lα 0.800 0.100 0.100 0.117 17.0 0.14 2.1 - 0.33

H38 Lα 0.700 0.100 0.200 0.192 12.0 0.09 2.1 - 0.34

N1 Lα 0.780 0.110 0.110 0.130 16.1 0.11 2.3 - 0.31

N2 Lα 0.850 0.090 0.060 0.084 21.2 0.55 2.0 - 0.35

N3 Lα 0.880 0.040 0.080 0.070 25.8 0.13 2.4 - 0.30

N4 L1 +Lα 0.949 0.050 0.001 0.024 - - - 1.7 -

N5 L1 +Lα 0.948 0.050 0.002 0.025 - - - 1.7 -

N6 L1 +Lα 0.945 0.050 0.005 0.027 14.4 0.31 1.8 - -

N7 L1 +Lα 0.931 0.049 0.020 0.036 13.9 0.27 1.7 - -

N8 Lα 0.913 0.048 0.038 0.047 23.0 0.80 2.2 - 0.32

N16 Lα 0.930 0.035 0.035 0.038 - - - - -

N19 Lα 0.830 0.071 0.099 0.100 - - - - -
a Molar equivalent amounts of D2O were used to prepare SANS samples.
b Calculated using aggregation number from Berr et al.24

c Approximated from d = 2π/qb, where qb is the position of the diffuse Bragg peak
d Refer to main text for a discussion of fitted parameters for mixed systems.

structure is observed (sample H31, 2 wt% NaPFO+2 wt%

PFOH). The scattering from this sample is much more

characteristic of a very poorly defined lamellar phase. If we

assume that the left-most ‘peak’ is the characteristic Bragg

diffraction, then the inter-lamellar spacing of this phase

would be ca. 40 nm. It is possible that this structure is more

akin to a ‘perforated’ lamellar phase, explaining the diffuse,

double-humped peak31, although for this dilute phase, the

scattering peaks are not sufficiently resolved to be confident

of this. Sens and Turner elegantly demonstrated that the

effect if ‘inclusions’ into lamellar bilayers has the effect of

broadening the Bragg peaks32, and so the rather diffuse, broad

peaks resulting from the combination of micelles and lamellar

sheets seen here could be explained using this rationale.

For the samples that show lamellar/micellar coexistence, the

scattering should technically be fitted as a linear combination

of the intensity of the scattering from a known volume of

micellar phase and lamellar phase. However, because the

samples do not macroscopically phase separate due to kinetic

trapping, the ratio of the two phases is not easily determined.

By comparison of the scattering from a pure lamellar phase

(e.g. N3, Fig. 3) with micellar scattering (H28, Fig. 2) it is

seen that the intensity of scattering from the lamellar phase

is ≈ 2 orders of magnitude greater than that from micelles.

This suggests that any contribution from micellar scattering

would be minor in the phase coexistence region. We test this

supposition by comparing the separate and additive scattering

from micellar and lamellar phases (assuming a simple additive

relationship) – see Supplementary Information – and find that

the Bragg peak and Caillé value for the lamellar scattering are

essentially unaffected by the presence of the micellar phase.

The δ value, which is influenced by the higher-q scattering

where overall intensity is much lower would appear to be

affected by up to ±10% and so δ values in Table 1 for sam-

ples H33, N6 and N7 should be interpreted with some caution.
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same trend between the samples.

There was no shear thickening or dramatic changes in the

shear-thinning behaviour observed, suggesting that shearing

the samples did not induce phase changes or secondary struc-

tures. We therefore posit that these phases would make ef-

fective thick film lubricants41, due to the combination of their

high viscosity at rest and shear-thinning characteristics.

Templating

Initially, templating was attempted using a stirred pro-

cess whereby 0.05 g TEOS was added to a 1 g of

NaPFO/PFOH/water lamellar phase (sample N19, com-

position in Table 1) and left stirring for 14 hours. Although

the material generated using this method was birefringent,

suggesting that a level of structuring was obtained, AFM

imaging showed that a large amount amorphous silica had

been produced, along with particles on the order of 10-

100 nm.

Thus a new protocol was developed wherein the TEOS and

lamellar phase were mixed initially by stirring (for 1 minute)

followed by an unstirred aging period of 14 hours. The

resultant phase was then freeze dried and calcined in a furnace

in ambient air for 12 hours at 600◦C. This method generated

silica that showed high levels of birefringence when examined

with polarising light microscopy; AFM imaging confirmed

that the lamellar strucure of the soft matter template had

indeed be replicated. Sectional analysis of AFM images

revealed that the lamellae themselves are very thin (ca. 1 nm)

and the spacing between lamellae was on the order of 10 nm,

comparable to that in the parent lamellar phase.

Silica materials have been templated from various self-

assembled surfactant phases using TEOS, and thus a number

of researchers have sought to understand the mechanism

by which silica forms under such conditions. It has been

shown that the hydrophobic TEOS molecules tend to partition

mostly to the oily phase in a two phase system, which

may be the internal space of surfactant aggregates such as

micelles/microemulsion droplets, or a bulk (continuous) oil

phase when water-in-oil microemulsions are used as the

supporting medium. By diffusing to the surfactant-water

interface, the TEOS molecules can then be hydrolysed by

water, forming silanol groups and releasing ethanol. The

hydrolysed silica species then condense to give mineralised

silica within the water spaces of the self-assembled phase.

In our experiments, it is assumed that the TEOS initially lo-

cates within the hydrophobic fluorocarbon space inside the

lamellae composed of the surfactant and alcohol chains. Dif-

fusion to the surfactant headgroups at the water interface

would then permit hydrolysis followed by mineralisation. The

question of the role of the excluded ethanol that is produced

during this process in the phase behaviour of the system has

been explored for microemulsions, where it was found to in

some cases cause macroscopic phase separation. Here, the

relatively small amount generated (44 mg) did not appear

to alter phase behaviour, and adding the same amount to a

‘blank’ lamellar sample with the same NaPFO/PFOH compo-

sition caused no discernable change in properties.

Powder diffraction measurements were used to ensure that

the silica itself was non-crystalline and showed no significant

ordering below the ≈10 nm spacing between lamellae (Fig.

6); this was indeed the case. These measurements also

suggested that no crystalline NaPFO was presented in the

post-calcination silica. Ideally we would confirm the structure

of the silica by SAXS measurements, but time did not

permit this. By measuring the powder diffraction spectrum

of pure NaPFO, we were also able to confirm that none of

the template material remained after drying and calcining.

Interestingly, some peaks are seen in the spectrum of the

liquid crystal template, suggesting that some order on very

small scales is observed. The peaks representing spacings of

ca. 10 and 15 Å may result from the proximity of the fluo-

rocarbon chains on neighbouring molecules in the lamellar

sheets, although a more detailed and systematic study of the

wide-angle scattering behaviour of these system is beyond

the scope of the present work. Although full characterisation

of the templated material by small-angle X-ray scattering

and electron microscopy is desirable, it is clear from Fig.

6 that the silica shows structural characteristics suggesting

replication of the lamellar template.

Clearly much work remains to optimise the templating proce-

dure, with the ultimate goal of forming complete monoliths of

silica that are oriented by shear to align the lamellar director.

However, the proof of principle shown here demonstrates that

fluorinated lamellar phases make excellent templates for the

generation of highly-ordered silica, and this process can now

be explored further. Such silica is not only of interest due to its

high surface area to mass ratio, but also because the lamellae

induce highly aniostropic fluid flow.

Conclusion

Mixtures of perfluorooctanoic acid (NaPFO) and the partially

fluorinated alcohol PFOH readily form lamellar phases of

high viscosity. Like many lamellar systems, these liquid

crystals are highly shear thinning, and exhibit behaviour that

can be characterised rheologically in terms of their elastic and

viscous moduli. By using small-angle neutron scattering, we
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