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Table 1 Phase compositions for liquid crystal samples in the

water/para-xylene/Triton X-100 system: composition name

(Composition), mass fractions of water (m(Water)), para-xylene

(m(p-Xylene), and Triton X-100 (m(Triton X-100). Further conditions are

detailed in Table 2.

Composition m(Water) m(p-Xylene) m(Triton X-100)
A 0.30 0.29 0.41
B 0.48 0.10 0.42
C 0.43 0.27 0.30
D 0.40 0.25 0.35
E 0.45 0.23 0.32
F 0.32 0.40 0.28
G 0.37 0.23 0.40

lular liquid crystal structures are formed by phospholipids. Dif-
ferent mass fractions of Triton X-100 (0.00, 0.04, and 0.08) were
substituted with oleic acid in some samples to analyse how this
substitution of a lipid-like secondary surfactant affected the prop-
erties of the liquid crystal. Oleic acid was used as it is a common,
biocompatible surfactant that is known to form stiff structures,
and can modulate mesophase textures when used as a secondary
surfactant.20–22 It also has a large hydrophobic moiety and a
small hydrophilic head-group, making it a much more lipid-like
surfactant than Triton X-100, which has the opposite properties
in that respect. This distinction is highlighted in Figure 1b. By
mixing the two surfactants in different ratios, we aimed to probe
how surfactant structure can be utilised to tailor systems for spe-
cific properties. In turn, this will aid in the formation and use
of liquid crystal models for cellular systems, or in other systems.
Different contrast conditions, detailed alongside the above mea-
suring conditions in Table 2, were also used to highlight structural
changes.

Structural analysis and phase identification was performed
via small-angle neutron scattering (SANS), polarising light mi-
croscopy (PLM), and rheological tests. Oscillatory amplitude
sweeps were performed to examine how the storage and loss
moduli (G’ and G”, respectively) change as a function of increas-
ing shear strain, in turn providing information on both the elastic
and viscous response of the systems. Rotational viscosity curves
were also performed to show how the viscosity of the samples
changed with shear.

2 Materials and Methods

2.1 Materials

Triton X-100 (>98%) and oleic acid (>98%) were obtained from
ChemSupply; Decane (>99%), para-xylene (anhydrous, ≥ 99%)
and D2O (99.8 atom % D) were purchased from Sigma-Aldrich;
reagents were used as received. Water was obtained from a Milli-
Pore Direct-Q 5, with a minimal resistivity of 18.4 MΩ·cm. Fumed
silica nanopowders (both hydrophilic and hydrophobic, the latter
modified by octylsilane) of the size range 7–14 nm were obtained
from PlasmaChem GmbH, as was an aqueous 50% suspension of
20 nm SiO2 nanoparticles. The suspension was freeze-dried prior
to loading, while the other particles were used as delivered. Com-
positions were formulated within the lamellar region of the Tri-
ton X-100, water, p-xylene ternary system found in previous work
(as shown in Figure 1a) and are presented in Table 1, while the

measuring conditions are detailed in Table 2.2 Particle sizes were
confirmed using atomic force microscopy (AFM).

2.2 Small-angle neutron scattering

SANS Measurements were performed on the Bilby beamline at
ANSTO, Lucas Heights, Australia.23 Samples were prepared in
2 mm path-length quartz Hellma cells using D2O, H2O, or a mix-
ture of the two to contrast-match the silica particles. In cases
where D2O was used, the masses were adjusted to achieve a con-
sistent molar ratio of constituents amongst the different contrast
variations. Data were reduced from the raw counts on a two di-
mensional detector and plotted as radially averaged absolute in-
tensity versus the scattering vector q, under the assumption of
isotropic scattering. The value of q is defined:

q =
4π

λ
sin

θ

2
(2)

where λ is the wavelength of the incident neutron beam and θ

is the angle of scattering. The q range is therefore determined
by the instrument setup and detector size. Neutrons of incident
wavelength λ = 5–9 Å were used with a sample-detector distance
of 4.8 m, giving a q-range of 0.01–0.3 Å−1. Data were reduced by
normalising the response of each detector pixel via comparison
with the response of a detector to a flat scatterer.

Characteristic distances within the structure were calculated by
locating peaks in the scattered intensity and utilising the relation-
ship:

d =
2π

q
(3)

where d is the distance (e.g. interlamellar spacing for a lamellar
system).

2.3 Rheological measurements

Rheological measurements were performed with an Anton Paar
MCR-302 rheometer (Austria) using a cone-and-plate geometry
with cone diameter of 40 cm and angle of 0.3◦. A Peltier plate
and evaporation blocking system were used to ensure the samples
were kept at a constant 25◦C with minimal evaporation. Each
sample was loaded onto the plate carefully, and the cone was
lowered to just above the measuring position, whereafter excess
sample was scraped away. The cone was then moved to the mea-
suring position. Measurements were taken after one minute of
pre-shearing to erase any shear history imparted by loading.

2.4 Polarising light microscopy

Polarising light microscopy (PLM) images were obtained using a
CMOS camera (Flea3, Point Grey, Richmond, BC, Canada) con-
nected to a Kozo XJP-300 polarising microscope. Images were
taken between crossed polarising filters.

3 Results and Discussion

3.1 SANS

Small-angle neutron scattering (SANS) was used for structural
analysis within this work, and typical spectra obtained are pre-
sented in Figure 2. The lamellar phase is characterised by the
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tions, it may be inferred that the specific mixture of D2O and H2O
did not perfectly contrast match the silica particles. An alterna-
tive explanation for this is that the contrast conditions succeeded
in matching the silica particles, however if the surfactant formed
a coating around the particles, these features would still be visible
(as the surfactant shell would be a feature on the same size scale
as the particle).

3.3 Effect of composition

Aside from composition F, all other systems examined were
monophasic lamellar systems, as predicted by previous work.2

Composition F, however, appeared to form an unidentified mono-
or biphasic system, perhaps containing both the lamellar phase
and some unidentified secondary phase. This additional phase
may be an another lamellar system with a different spacing, or
some other structure - however without isolation of this phase or
observable higher order peaks, the identity cannot be unambigu-
ously concluded from the current data. These spectra are shown
in Figure 4, and further discussed later.

Regardless of whether any type of silica was added to the sys-
tems, increasing the mass fraction of solvents caused an increase
in the interlamellar spacings, while increasing the mass fraction
of the surfactant had the inverse effect. These results are ex-
pected, and the specific relationship is observed as per equation
1.12 This linear relationship between the interlamellar spacing
and the inverse volume fraction of surfactant is highlighted in
Figure 5. This arises because a higher volume fraction of surfac-
tant allows a larger surface area of membrane to form, thereby
reducing the volume-to-surface ratio of the water and oil sections
of the lamellar structure. Deviations from this behaviour are po-
tentially due to effects such as holes within the sheets, more/less
rigid sheets, increased tortuosity, etc.12

The bilayer thickness found as per Equation 1, when using
δ = δs, i.e. considering the bilayer only where the surfactant is
present, is 32 Å, which is below the fully extended molecular
length of Triton X-100. and thus slightly less than half of the
length one might expect for a bilayer of the molecule.26 This dis-
crepancy is likely due to the fact that the Triton X-100 is not fully
extended, owing to flexibility of the PEG chain, and that the bi-
layer thickness is considered to only consist of the surfactant tails,
not the heads.26 This arises from the strong contrast length den-
sity step between the oligo(ethylene glycol) head-groups (which
are heavily solvated by water), and the hydrocarbon tails. The ad-
herence to Equation 1 despite which solvent fraction is changed
also reveals that regardless of whether the oil or water layers are
swelled, the bilayer thickness is unchanged, indicating that the
surfactant tails form a close-packed layer which excludes the oil.
The use of Equation 1 while considering a bilayer to consist of
either solvent and the surfactant (e.g. δ = δs+o for oil/surfactant
bilayers) follow similarly linear trends.†

Changes in the low q region of the spectra were observed at dif-
ferent concentrations and notably these changes, unlike the quan-
titative relationship between surfactant mass fraction and lamel-
lar spacing, were not consistent between all sample sets. As these
systems all diverge from the expected model, there is little insight

to be gained from this region.10,24,25

However, the fact that there is a change for different silica par-
ticles, in addition to the extra peaks observed for samples ‘F +
1% HB’, ‘F + 1% HB 20 nm’, ‘C + 1% HB’, and ‘C + 1% HP’,
reveals that the presence of the silica particles does affect the
structure of these systems, even if the interlamellar spacings re-
main unchanged. This extra peak is likely caused, in the case of
composition F, by an alteration of the ternary phase diagram that
pushes the composition, otherwise firmly within the lamellar re-
gion, across a phase boundary, due to the particles promoting a
specific local curvature.15,16 Alternatively, the ternary phase dia-
gram may be different for heavy water - this could be confirmed
with small-angle x-ray scattering (SAXS) measurements of these
same systems.

The additional peaks observed for composition C phases seem
to correspond to the sizes of the silica nanoparticles, but differ
to the scattering of the particles alone, and therefore are likely
due to interactions between the particles and the surfactant. The
silica-promoted structures will be discussed further in the section
that interrogates the effect of added silica particles.

3.4 Effect of lipid-like co-surfactant

Amplitude and viscosity sweep rheological measurements were
undertaken to assess the effects of replacing fractions of the Tri-
ton X-100 surfactant, which contains a large, flexible hydrophilic
group and a branched hydrophobic moiety, with oleic acid, which
has a truncated hydrophilic group and relatively long carbon
chain as its hydrophobic tail-group. These results are displayed
alongside the corresponding PLM images and SANS spectra in
Figure 6.

As seen in the amplitude sweeps, increasing the proportion of
oleic acid causes several notable rheological changes to the sam-
ples. Both the storage and loss moduli (G’ and G”) increase at all
shear strain values, while the flow point (i.e. where the linear vis-
coelastic range ends) and crossover point (between the curves of
G’ and G”) both move to larger shear strain values. These effects
indicate that the incorporation of oleic acid causes a rigidification
of the overall structure, which requires a greater deformation to
break when more oleic acid is present.27 Further, the more pro-
nounced peak in the G” curve for the samples with greater mass
fractions of oleic acid indicates that this stiffening is accompanied
(or caused) by a more consistent three-dimensional order within
the system.27,28.

As expected for lamellar systems, the liquid crystals examined
herein are shear-thinning, as observed by a decreasing viscosity
as applied shear rate is increased in Figure 6d-f,l. This can be
explained by the shear force causing alignment of the lamellar
bilayers in the direction of the applied stress.29,30 Another possi-
ble effect of the shear is a region where the lamellar sheets form
‘onions’: concentric, layered pseudospherical shapes that can, at
higher shear, return to the aligned bilayers.29,30

Similarly to the results from amplitude sweeps, the replace-
ment of 4% w/w of the system with oleic acid causes an increase
in the viscosity both before and after shear, however at 8% w/w
of oleic acid, the return viscosity sweep unexpectedly achieves
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at 10 nm these particles are large enough that they will be ex-
cluded from the thinner lamellar membranes and thus aggregate
at, or whilst aggregated move to, domain boundaries – this behav-
ior has been observed for other systems where the particle size is
much larger than a liquid crystal’s characteristic spacing.17,36,37

This behavior is potentially due to the fact that the presence of
these larger particles within layers thinner than their diameter
would require these lamellar structures to bend around the parti-
cles (which should also be visible as an additional or spread out
SANS feature); this would likely be energetically unfavourable.
This further emphasises the importance of size when dealing with
inclusions and defects.

4 Conclusions

The structural and rheological consequences of altering the com-
position of a lyotropic lamellar liquid crystal phase have been ex-
amined. Specifically, the effects of changing the mass fraction of
each component, mixing in a secondary surfactant with markedly
different molecular geometry to increase the lipid-like nature of
the system, and adding silica nanoparticles were explored. Phase
identities were characterised using small-angle neutron scattering
and polarising light microscopy, the former of which also provided
insight into the interlamellar spacing and the membrane order.
Amplitude and viscosity sweeps were performed with a benchtop
rheometer to assess how these variables affected the long-range
order of these systems as well as their flow properties.

It was found that, while remaining within the lamellar region
of the ternary phase diagram, the interlamellar spacing varied
inversely with volume fraction of surfactant, representing a con-
stant bilayer thickness, δs, of 32 Å. This thickness is found to in-
crease when a secondary surfactant, oleic acid, is added, due to
either the larger hydrophobic region of the oleic acid molecule or
less efficient packing in the bilayer. Addition of the oleic acid was
found to also cause an apparent disruption of the repeat lamellar
order due to representing a substitutional defect, while rigidifying
the overall structure due to its lipid-like nature. These effects are
shown schematically in Figure 8b. Added nanoparticles appeared
to strengthen this new network, however there appeared to be a
disruption between the effects of both when oleic acid was at a
mass fraction of 0.08, especially for the 20 nm particles and the
hydrophobic particles.

Without the oleic acid, 10 nm hydrophilic and hydrophobic sil-
ica nanoparticles, and 20 nm hydrophobic particles still appeared
to form longer-range structures at the cost of repeat lamellar lay-
ering. These structures are most likely particle aggregates at the
domain boundaries, which in turn cause a reduction in the liquid
crystal domain sizes. The 20 nm nanoparticles are likely coated
with surfactant, and are thereby reversibly aggregated, unlike the
10 nm nanoparticles whose aggregation appears to be permanent.
For the 10 nm particles, the hydrophobic silica appeared to form
stronger aggregates than the hydrophilic silica, though otherwise
their properties were quite similar. Graphical representations of
these theorised structures are given in Figures 8c and d. In cer-
tain systems, the presence of the silica particles appears to push
the liquid crystal to become a biphasic system, and future analysis
of these systems with small-angle x-ray scattering and polarising

light microscopy may help to further understand what additional
phase is present and why.

These results show that lamellar phases in the water/Triton
X-100/p-xylene system feature closely packed layers of surfac-
tant which exclude solvent, allowing ideal swelling and precise
spatial control of the systems via compositional changes. By re-
placing small fractions (0.04-0.08% w/w) of the surfactant with
the lipid-like oleic acid, the surfactant layers appear to rigidify,
increasing longer-range order and making the system more vis-
coelastic. Doping of the oleic acid also causes the sheets to widen,
attributed to less efficient packing of the molecules, and possibly
causes a coincident loss of long-range order due to its disruption
of the homogeneity of the surfactant bilayers. The introduction of
different types of silica nanoparticles show that both the size and
surface chemistry of any inclusions will drastically alter the effects
the contained particles will have on the liquid crystal structure. In
all cases, however, a long-range order was imparted, attributed
to aggregation at domain boundaries. These aggregates also ap-
peared to cause smaller domain sizes, and in some instances a
phase transition. Larger particles are theorised to be coated in
a layer of surfactant, causing the specific rheological properties
they imparted, though further measurements, including recovery
experiments, would be required to confirm this.

The discovery that particles larger than the lamellar bilayers are
present or aggregate at the boundaries is consistent with previous
work in the area, as is the notion that this may induce phase tran-
sitions.15–17 However, to the authors’ knowledge, this is the first
instance where such aggregation is considered with respect to the
long-range order, the domain sizes, and the rheological proper-
ties of these systems. Specifically, that this aggregation appears
to cause a reduction in the liquid crystal domain size and thus an
increase in disorder of the second kind. When the liquid crystals
are made more lipid-like with the addition of oleic acid, to bet-
ter resemble biological systems, the silica particles still stiffen the
system, likely due to the formation of these aggregates. However,
unlike in systems without particles, addition of more oleic acid
doesn’t always cause a stronger network, indicating that particles
excluded from the mesophases cause a disruption of the order im-
parted by the stiffer membranes caused by the presence of more
lipid-like molecules.

These findings facilitate fine control of lamellar liquid crys-
tal systems via alteration of the composition and addition of
nanoparticles or a co-surfactant. A more complete understand-
ing of the microstructure of these systems was gained via analysis
and comparison of structural and rheological data. The results
also emphasise the need to carefully select what kind of particles
are used within a given system, for use of the mesophase as a
solvent or model, as subtle differences in size or chemistry can
impart widely different properties. More broadly, the results in-
form the fate and location of nanomaterials in bilayer systems,
relevant to cytotoxicity, endocytosis and nanomedicine.
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