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Abstract

In a recent publication, my group discussed a directive second order parameter that hypothetically could form micrometer
large structures that influence the rheological behavior of a bicontinuous microemulsion. For this, the viscosities of two
microemulsions with the non-ionic surfactants C,,E, and CgE; were determined over the wide frequency and shear rate range.
Contrarily to our previous publications there are no elevated viscosities towards slowest motions of the rheometer. Thus, no
micrometer large structures form in microemulsions. However, we argue and confirm that there are compartments with the
size of several correlation lengths. This finding supports the development of a directional order parameter in microemulsions.
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1 Introduction

Microemulsions [1] consist of two immiscible liquids oil and
water that are mediated by a surfactant. They are thermody-
namically stable and form spontaneously. On the nanometer
length scales the two liquids are still immiscible and form
domains that are separated by the surfactant film. If mixing
equal amounts of oil and water, then mostly bicontinuous
microemulsions form [2]. Each of the liquids develops a
sponge structure that hosts the other liquid. The surfactant
film has the shape of minimal surfaces with a mean curva-
ture zero and many stalks that connect the membrane net-
work. The bicontinuous phase is very close to the phase
inversion temperature 7' (for non-ionic surfactants) where the
spontaneous curvature changes sign. Furthermore, a mini-
mum of surfactant 7 is needed to warrant the thermodynamic
stability of this bicontinuous one-phase system. The criti-
cal point (7, T) in this phase diagram (temperature versus
surfactant amount) is called fish tail point, because the fish
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body with a three phase coexistence is found towards lower
surfactant amounts, and the fish tail with a one-phase region
(predominantly with the bicontinuous structure) towards
higher surfactant amounts. Below and above of these phase
boundaries, two-phase coexistence is found with expelled
oil and water, respectively. A review on microemulsions is
found in Ref. 1, chapter 1.

When bicontinuous microemulsions are exposed to exter-
nal surfaces the near surface structure can change. One
understandable example is the formation of lamellar struc-
tures [3] at hydrophilic surfaces that decay towards the bulk
by an increasing number of stalks. But also cubic structures
may be aligned by the external interface [4]. All of these
structures display longer persistence into the bulk than the
predominant correlation length that is observed in the bulk.
This would point to a second directional order parameter
that is needed to describe microemulsions. While the sca-
lar order parameter describes the alternating bulk structure
of oil and water, the directional order parameter builds up
from locally rather stable domains. Such building blocks
or compartments would build up the whole liquid with an
interaction between them depending on their orientation.
This finding was discussed for the first time in Ref. [4].

A second hypothesis [4] was built on the finding of ele-
vated viscosities at very low shear rates. Hypothetically,
micrometer large chains of domains would build. In this
manuscript we prove that this observation was made by
deficient measurements.
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However, we measure the viscosities and diffusion con-
stants of two microemulsions with non-ionic surfactants
and discuss the experimental findings in this context. We
confirm the formation of compartments, i.e. a local forma-
tion of domains that are a basis for the liquid structure. So a
directional order parameter can develop on this basis.

2 Experimental
2.1 Chemicals

The surfactans decyl tetraethylene glycol ether (C,,E,) and
octyl triethylene glycol ether (C4E;) were purchased form
Bachem, Weil am Rhein, Germany and used without further
purification. Heavy water (D,0) was purchased from Armar
Chemicals, Déttingen, Switzerland and used without further
purification. Sodium chloride and n-decane were purchased
from Sigma Aldrich, Taufkirchen, Germany and used as
delivered. Normal water (H,0) was desalinated according
to standard lab procedures. The aqueous fraction was mixed
with 1 and 1.1 wt% NaCl in light/heavy water. The bicontin-
uous microemulsions were mixed using 17/41.5/41.5 vol%
fractions of C,,E,/D,0O/decane and 27/36.5/36.5 vol% frac-
tions of C4E;/H,0/decane. The mixtures formed one-phase
systems spontaneously after short shaking at a temperature
of 25 and 21.5 °C (close to the phase inversion temperature)
where all experiments were conducted. The bulk phase is
forming a bicontinuous structure [1, 4].

2.2 Rheometry

The rheometric measurements are performed on a MCR-702
from Anton Paar, Ostfildern, Germany. As tools we used
the Couette cell devoted to small angle neutron scattering
(SANS) measurements. The advantage is a large active sur-
face and the geometry being suitable for easily wetting flu-
ids. The inner diameter of the static outer cylinder is 50 mm
and the outer diameter of the moved inner cylinder 49 mm.
The active height is 60 mm. Gaps for the fluid below and
above of about 5 mm are kept for minimal interference to
the actual rheometric measurement. Further states of fill-
ings with the fluid meniscus close to the upper rim of the
inner cylinder are discussed later in the manuscript. The
oscillatory shear experiments are conducted between fre-
quencies of ® =600 and 0.001 s~! with growing amplitudes
(both on logarithmic scales) between y=1 and 1000%. The
microemulsions were all in the linear range. The steady
shear experiments investigated shear rates of y = 1000 and
0.001 s~!. The temperatures were kept constant at 25 and
21.5 °C for the C,,E, and C4E; systems using a cooled air
flow against heating.
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2.3 Viscometry

Using the Malvern Zetasizer Nano the automated proce-
dure measures the scattered intensity at one angle (173 °C)
with a wavelength of 633 nm. The protocol directly deliv-
ers sizes of hydrodynamic radii that we reverted to the raw
diffusion constants because they are the original magni-
tudes of the measurement. For that conversion, we used
the provided viscosities of their calibrated water.

3 Results and Discussion

The results of the complex viscosity in an oscillatory shear
experiment on the microemulsion containing C,,E, as sur-
factant are depicted in Fig. 1 as black symbols. Starting
from highest shear frequencies o, the inertia of the moved
cylinder leads to an overestimation of the viscosity by a
factor of up to approx. 5. Only at about ® =40 s~!, the
viscosity stays constant close to the average of 0.01 Pa s.
The measured deviations from that average stay in the
instrumental limit and are thus negligible. Similarly, does
the steady shear viscosity (red symbols in Fig. 1) display
a constant value at around 0.01 Pa s over a wide shear rate
7 range. Only at lowest shear rates 7 < 0.05 s™!, a noise
develops that is growing with even lower shear rates. This
‘trumpet’ indicates the limit of precision of the rheom-
eter. The quite same behavior is found for the microemul-
sion containing CgE; as surfactant (Fig. 2). Interestingly,
the obtained viscosity takes the same constant value of
0.01 Pa s within experimental errors. This constant result
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Fig. 1 Rheology measurements on the (complex) viscosity as a func-
tion of oscillatory shear frequency (black squares) and steady shear
rate (red circles) for the microemulsion containing n-decane/D,0O/
C,oE4 The solid lines indicate the mean values at 0.01 Pa s that
should hold for the entire range. Deviations from those lines are arte-
facts of the measurements
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Fig.2 Rheology measurements on the (complex) viscosity as a func-
tion of oscillatory shear frequency (black squares) and steady shear
rate (red circles) for the microemulsion containing n-decane/H,0O/
CgE;. The solid lines indicate the mean values at 0.01 Pa s that should
hold for the entire range. Deviations from those lines are artefacts of
the measurements

deviates from our former publications [4, 5] where sys-
tematic increases of the steady shear viscosity were found
towards lower shear rates.

While the abovementioned rheology experiments were
conducted in the Couette shear cell with a safely covered
inner rotating cylinder (Fig. 3a), the following experiments
display experimental deficiencies caused by filling that ends
approximately at the upper rim of the inner cylinder (Fig. 3b,
¢). In the latter case, the filling can be quite straight (Fig. 3b)
or uneven or even air bubbles might be captured below the
inner cylinder (Fig. 3c). The next example measurement on
a microemulsion containing C,,E, as surfactant was con-
ducted with a meniscus close to the upper rim of the inner
cylinder and from high to low shear rates (Fig. 4) [6, 7].

Fig.3 Schemes of a Couette ]
shear cell with different degrees ( a)

of fillings and boundaries of the

liquid: a a safely covered inner
cylinder, b a meniscus directly
at the upper rim of the inner
cylinder, and ¢ uneven meniscus
and/or air bubbles below the

inner cylinder

First, a bump of viscosities is found around 20 s~! indicating
first effects of surface tension from the liquid between the
two cylinders. Then, due to the evaporation the meniscus
is lowered between the two cylinders and an uneven filling
might be caused. The viscosity increases at around 1 s,
and drops suddenly when the filling was completed by more
liquid. Later, the evaporation of the liquid continues and
was left undisturbed. The steep increase of viscosities to
approx. 30 Pa s was observed that purely due to the meniscus
between the two cylinders. While the slope 1 in the log—log
scale indicates the clear effect of surface tension [7], the
intermediate shoulder at around 0.2 s! is due to uneven
filling of the liquid at the rim. A similar ‘pure’ shoulder is
observed when the inner cylinder was completely covered
but an air bubble was captured below the inner cylinder.
So, the sliding of the boundary causes a weaker slope (but
stronger effect) than the surface tension which tries to keep
the boundary minimal.

4 Discussion

While non-constant viscosities left room for micrometer
structures in microemulsions that would build from the
nanometer domains with a directional order parameter [4],
the correct measurements state that the microemulsions
behave like a Newtonian fluid in the considered shear rate
(and frequency) range. The viscosities are 0.01 Pa s for
both systems of this study. In dynamic light scattering
studies we measured the diffusion constants D of the lig-
uids: 1.21 and 1.63 (+0.06) x 107! m%/s for the C,(E, and
the CgE; system at their respective temperatures. In terms
of the mean viscosities of water (n, =0.887 (at 25 °C) and
0.968 x 10~ Pa s (at 21.5 °C)) and n-decane (n,=0.850

(b) (c)
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Fig.4 Experimentally deficient viscosity measurements with steady
shear when the meniscus of the liquid is close to the upper rim of the
inner cylinder. All measurements were conducted from high to low
shear rates. Open symbols: While the liquid is evaporating, refilled
at 1 s7! and dried further. Filled symbols: While an air bubble was
below the inner cylinder

and 0.899 x 1073 Pa s, all according to Malvern tables) we
arrive at hydrodynamic radii R, of 20.8 and 14.2 (+ 1) nm
for the two microemulsions using the Einstein diffusion
formula D = kgT/(6nnR;) (with the Boltzmann constant kg
and the absolute temperature 7). The correlation lengths at
the fish tail points [8, 9] are 15.5 and 7.3 nm that translate
according to the inverse proportionality to the surfactant
amount to actual correlation lengths of 11.2 and 6.1 (+£0.5)
nm. The correlation length in microemulsions is usually
the approximate single domain size of oil or water. This
means that the calculated hydrodynamic radii are approxi-
mately double the correlation length, and so compartments
of 4 X4 x4 domains may form on short time scales. So,
there are structures of correlated domains that diffuse as
a whole in the microemulsion at shortest times. They do
not reach micrometer sizes at all. At long time scales the
effective viscosity takes ten times the solvent viscosities
and so the underlying structures are at about 1 nm size
(1.4 and 0.7 nm to be more precise) which correlates with
the membrane thickness of the respective surfactants. So
on large time scales, the only visible structure is the sur-
factant membrane and no initial domains anymore.

Just for the C,,E, system we compare the measured
viscosity with the bare viscosities according to the for-
mula [5]:

_ bi
Mig. = @ H Moare,i @))]
1

For the in plane viscosity n; of the surfactant we take
a value measured for lipids of 7.6 X 10~ Pa s [10]. Thus,
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the value a must take a value of 8.0. This order of mag-
nitude indicates that whole domains are moved by the
shear experiment at short time scales. The exact number
of connected correlation volumes that may form 4 x4 x4
compartments in the size of the hydrodynamic radius is a
little vague. For sure the building blocks in a bicontinuous
microemulsion are the correlation volumes that give room
for a directional order parameter [4] for further alignment
near surfaces.

5 Conclusions

While most attempts to describe the behavior of bicon-
tinuous microemulsions base on a single order parameter
[11-13], there are hints that a hidden directional order
parameter may appear [4]. This finding supports the devel-
oped structures near planar surfaces. Secondly, elevated
viscosities were found at very low shear rates, and specula-
tions about micrometer chains of correlation volume com-
partments arised.

In this manuscript, the viscosity and diffusion constants
in two microemulsions with the non-ionic surfactants C,(E,
and CgE; were determined. The viscosities were constant at
0.01 Pa s all over the wide frequency and shear rate range.
Thus, no elevated viscosities appear in a correct measurement
towards slowest motions. All previously measured elevated
viscosities were artefacts of the fluid boundary conditions or
due to polymer addition. This means, there are no microm-
eter large objects in a microemulsion forming. However, on
the size of correlation volumes the microemulsion displays
compartments that leave room for a directional order param-
eter. If the hydrodynamic radii are determined correctly, the
compartments may reach sizes of 4 X4 X4 domains that dif-
fuse at short time scales. At large time scales, the only visible
structure is the surfactant membrane with ten times shorter
length scales. Whatever the detailed size of the short time
scale compartments is exactly, the directional order param-
eter in microemulsions is reality. Thus, near surface ordering
extends over larger ranges than expected from the bulk corre-
lation length. These findings [14] are essential for lubrication
applications of microemulsions [15].
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