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Abstract. — The influence of shear on the lamellar phase of a semi-dilute solution (36% (w/w))
of tetra ethylenglycol dodecylether (CH3[CHz]11[{OCH2CH2|4OH, Ci2E4) in water was investi-
gated by Small Angle Light Scattering (SALS), Small Angle Neutron Scattering (SANS) and
rheology. A plateau modulus was determined by low amplitude oscillatory shear experiments.
A strong scattering peak perpendicular to the flow direction and a small peak along the flow
direction were observed in rheo-SANS. The rheo-SALS patterns were also anisotropic. At low
shear rates, a four lobe pattern was found in depolarized light scattering (Hy) and scattering
perpendicular to the flow direction was observed in polarized scattering (Hu). A butterfly pat-
tern was found in light scattering at high shear rates. The butterfly pattern was stable after
cessation of shear, but it was changed by slow shear flow. The scattering data can be explained
by a shear induced formation of deformed vesicles and the butterfly pattern might be correlated
with an assembly of vesicles disordered in the direction of shear.

1. Introduction

Surfactants are known to form lyotropic liquid crystalline phases in concentrated aqueous so-
lution. Different micellar architectures like spheres, rods or disks can exist in isotropic solution
and the liquid crystalline phases are characterized by long range orientational order of these mi-
celles. Often hexagonal (H;) or lamellar (L, ) structures can be observed [1]. Liquid crystalline
samples of macroscopic size usually display a polydomain structure which is characterized by
a random director orientation. Shear flow is known to have a profound effect on the structure
of liquid crystals and the macroscopic alignment of such systems. Rheological properties of
lyotropic liquid crystalline materials have been increasingly studied during the last years and
always a complex behavior was observed [2-13]. A major problem in rheological studies of
anisotropic materials is that the sample structure is often changed during the experiment. In
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other words the linear viscoelastic region can be extremely small and it is difficult to explore
whether complex rheological properties are typical of the underlying structure itself or whether
they are caused by flow induced structural changes [14,15]. Information on shear orientation
is thus a prerequisite for rheological investigations of lyotropic liquid crystals. Rheo-optical
techniques proved to be very helpful in order to study shear alignment and birefringence, small
angle light scattering (SALS) and small angle neutron scattering (SANS) have been used e.g.
in studies on nematic solutions of stiff macromolecules, elongated micelles or polymeric lig-
uid crystals [16-30]. Often shear thinning was observed which could be correlated e.g. to a
tumbling, wagging or flow alignment of the director.

Much less is known about lamellar systems. Roux and coworkers recently studied the effect
of shear on a dilute lamellar phase of a multicomponent system and described the results with
an orientation diagram [31-33]. At low and high shear rates they observed shear orientation
with the layer normal being parallel to the velocity gradient, but formation of multilamellar
vesicles was found at intermediate shear rates. Mang et al. studied a discotic nematic and
lamellar phase of a fluorinated surfactant system and observed an orientation of lamellae with
the layer normal being parallel to the neutral (vorticity) axis, i.e. perpendicular to both flow
direction and the direction of the velocity gradient {34]. The same kind of shear induced
orientation was discussed in a thermotropic smectic phase at high shear rates, but at low shear
rates multilamellar cylinders were observed by Panizza et al. [35]. Shear alignment of lamellar
structures is also known from block copolymer systems. In contrast to lyotropic systems,
the lamellae in block copolymer melts are not separated by a solvent and interaction due to
entanglements is possible. Again different orientations of lamellae were found in dependence
of the conditions of the shear experiment {36,37].

Obviously, the influence of shear flow on the orientation in lamellar systems can be manifold
and investigations of different systems are necessary in order to understand the interaction of
mechanical deformation and structural changes.

In this contribution, we present results obtained by means of combined rheo-small angle light
scattering (SALS) and rheo-small angle neutron scattering (SANS) experiments from the lamel-
lar phase of aqueous mixtures of the nonionic surfactant C13E4, CH3(CHyg);; (OCH2CH,),OH.
The phase diagram was reported by Mitchell et al. and the lamellar phase is stable in a
broad concentration and temperature range [38]. Recently, we reported results obtained by
rheo-SALS from a concentrated surfactant solution (80% w/w) and shear alignment was ob-
served [39]. Now, we were interested in the behavior of a semi-dilute sample at 36%. At this
concentration, the isotropic to lamellar phase transition is observed upon heating. At low tem-
peratures the isotropic phase (L;) consisting of small micelles and/or vesicles is stable and no
long range orientational order is present [38,40]. The L, phase is reached at room temperature.
Thus rheological experiments can be performed in a very convenient temperature range where
evaporation of the solvent is not a severe problem. Furthermore, the rheometer can be loaded
with the sample being in the isotropic phase and preshearing effects during loading the shear
cell can be avoided.

2. Experimental

Synthesis and purification of the surfactant tetraethylenglycol monododecylether (362 g/mol)
were performed with standard techniques. Mixtures with HoO (Millipore Milli-Q plus) were
used for the light scattering experiments, but DoO was used for small angle neutron scattering.
The phase transition temperatures decreased by 1-3 K when DO was used instead of HyO.
The concentration was 36 and 33.6% (w/w) in normal and heavy water, respectively, which
give the same surfactant mol fraction of 0.0272. The ratio of water molecules to ethylene oxide
groups was ca. 9.
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Fig. 1. — Scattering geometries used in SALS and SANS.
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A previously described Bohlin stress rheometer with integrated small angle light scattering
setup was used for the rheo-optical studies [41]. A HeNe-laser was used as light source and
both polarized (Hy) and depolarized (Hy) scattered light were detected with a two-dimensional
CCD detector. The largest accessible scattering vector was 4.2 pm™!

The neutron scattering experiments were performed at the instrument D11 of the Institut-
Laue-Langevin in Grenoble with a Couette shear cell described previousty [42]. The wavelength
of the neutrons was 6 A and the distance between sample and detector was varied between 2.5
and 35.7 m, hence covering a ¢g-range of 0.0015-0.15 A-t

A stress controlled 4 cm/3° cone and plate shear geometry was used in the light scattering
experiments and a strain controlled Couette cell with a 1 mm gap was used for neutron scat-
tering. The scattering geometries are shown in Figure 1. The primary beam was in both cases
parallel to the direction of the velocity gradient V'V and perpendicular to the flow direction V.
The scattering intensity was detected in the plane given by the flow direction and the neutral
(vorticity) axis.

3. Results

3.1. RHEOLOGICAL MEASUREMENTS. — The isotropic phase behaved as a Newtonian liquid
and a viscosity of 0.22 Pa s was found at 8 °C. The viscosity in the isotropic phase decreased
with temperature and the temperature dependency was of Arrhenius type, but the viscosity
increased when the lamellar phase was approached at 17 °C. The lamellar phase showed elastic
properties. A plateau modulus of 100 Pa was determined in low amplitude oscillatory shear
experiments. Elastic properties were also found in creep curves, but shear thickening at short
and shear thinning at long creep times were observed. The viscosity determined after long
shear times first decreased with shear stress, then a plateau was observed at intermediate
shear stresses (1-10 Pa) which was followed by shear thinning again at stresses above 10 Pa.

3.2. SMALL ANGLE NEUTRON SCATTERING (SANS). — A radially isotropic small angle
neutron scattering intensity was observed with the isotropic and lamellar phases in the quiescent
state. Figure 2 displays the angular dependence of the radially averaged intensity, the scattering
vector ¢ is given as ¢ = (4m/A)sin(f/2) with X the neutron wavelength and @ the scattering
angle. A peak was observed in both phases, but the position of the maximum was different:
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Fig. 2. — Angular dependence of SANS intensity: (O) isotropic phase (8 °C) at rest and (O) lamellar
phase (25 °C) at rest, prior to shearing.

Gmax = 8.4x1072 A~1 in the L; phase and gmax = 6.9%1072 A~1in the L, phase. Additionally.
small angle scattering was detected in the lamellar phase but not in the isotropic Ly phase.

Shear flow had no influence on the SANS pattern in the isotropic phase. However, the
intensity distribution on the two-dimensional detector became anisotropic in the lamellar phase
under shear. Figure 3 shows contour plots at different shear rates and the angular dependence
of the intensity radially averaged in a sector along and perpendicular to the flow direction is
shown in Figure 4 for some shear rates. The scattering intensity in the direction perpendicular
to the flow direction was higher compared to the scattering intensity along the flow direction.
The position of the maximum was the same in both directions and shifted to slightly larger
g-values at high shear rates with gmax = 7.7%1072 A=! at 4 = 840 s~ 1. The intensity maximum
along the flow direction, however, was rather weak at high shear rates. The g-dependence of
the intensity 15 min after cessation of shear is also displayed in Figure 4. The total scattering
intensity increased after cessation of shear and the intensity maximum along the flow direction
recovered.

A second series of measurements was performed at a longer sample-to-detector distance in
order to study the effect of shear in the low g-range. Again the intensity distribution became
anisotropic under shear and the scattering intensity perpendicular to flow direction was higher
as compared to the parallel direction, see Figure 5. A small peak perpendicular to the flow
direction was observed after cessation of flow at 840 s~!

3.3. RHEO-SMALL ANGLE LIGHT SCATTERING (SALS) . — Rheological measurements re-
vealed shear thinning at low shear stresses. A viscosity plateau was found at intermediate
stresses and shear thinning was observed again at stresses larger than 10 Pa. Simultaneously,
small angle light scattering was detected and both polarized (Hyg) and depolarized (Hy) scat-
tered intensity are shown in Figure 6. The Hy intensity was much weaker than the Hy intensity.
Typically, the exposure time of the CCD camera was four times longer in Hy as compared to
Hy scattering. A four lobe pattern was observed in depolarized scattered light at low shear
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Fig. 3. — Contour plots of the SANS intensity from the lamellar phase at different shear rates.

stresses, which correspond to the viscosity plateau, but an enhanced scattering intensity in
the direction of flow was observed at higher stresses i.e. in the shear thinning region. The
polarized scattered light showed a different behavior at low shear stress. An anisotropic pat-
tern was found, where scattered light was detected mainly in the direction perpendicular to
the flow direction. At high shear stress, enhanced scattering intensity in the flow direction
was observed like in depolarized scattering. The same scattering pictures were obtained when
shear stress was decreased, i.e. a four lobe pattern in Hy and scattering perpendicular to the
flow direction in Hy scattering were observed again at low stresses.
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Fig. 4. — Angular dependence of SANS intensity from the lamellar phase at different shear rates,
perpendicular (O) and parallel (A) to the flow direction.

4. Discussion

SANS at large scattering vectors probes dimensions on the micellar length scale (typically
2-20 nm) and the thickness of the double layer can be obtained from the position of the
intensity maximum in the isotropic L; phase. The gya,-value corresponds to 7.5 nm. This
value was not affected by shear flow.
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Fig. 5. — Angular dependence of SANS intensity in the small-g-region from the lamellar phase at
different shear rates, perpendicular (O) and parallel (A) to the flow direction. The first plot also
shows the intensity from the sample before shear (0).

The lamellar spacing obtained from gmax in the L, phase was 9.1 nm. The isotropic intensity
distribution on the two-dimensional multidetector is characteristic for a powder spectrum which
is typical of a sample with a polydomain structure. In other words there was no homogeneous
orientation of the surfactant double layers. In lamellar systems often a preferred orientation
of lamellae parallel to the walls is observed in thin specimen. However, the gap size in the



536 JOURNAL DE PHYSIQUE II Ned

flow direction

13257]
50Pa

Fig. 6. — Depolarized (left) and polarized (right) SALS patterns from the lamellar phase under shear
at increasing shear stresses. The primary beam, hidden by a beam stop, is in the upper left corner.
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couette cell was 1 mm, which is sufficiently large in order to avoid wall effects. The small angle
scattering is caused by concentration and layer displacement fluctuations that are typical of
samples with polydomain structure [43].

The orientation distribution of lamellae changed when a shear deformation was applied. A
strong peak was observed perpendicular to the flow direction i.e. along the neutral direction,
indicating a preferred stacking of lamellae in the neutral direction. However, a weaker scattering
peak was also observed along the flow direction and thus the orientation of surfactant double
layers was preferentially perpendicular to the flow direction, but not exclusively.

Diat et al. recently studied the effect of shear on a dilute lamellar phase with a larger layer
spacing [31-33]. They observed three different regimes: at low and high shear rates the lamellae
were aligned parallel to the walls, in other words the layer normal was parallel to the velocity
gradient. At intermediate shear rates, formation of multilamellar vesicles was observed. The
low shear rate orientation was not found in this study, which indicates that the lowest shear
rate applied here was already too high. Rheo-NMR studies by Lukaschek et al. showed that
an orientation of lamellae parallel to the walls can be observed in this system only at shear
rates much smaller than 1 s~ [44].

Vesicular structures (i.e. corresponding to state II in the orientation diagram presented by
Diat et al. [33]) could explain our neutron scattering data. Vesicles consist of closed bilayers
and usually they are of spherical shape. Shear deformation, however, can deform the vesicles.
Such anisotropic particles will align with their long axis in flow direction and therefore a higher
fraction of bilayers is oriented with the layer normal perpendicular than parallel to the flow
direction. The vesicles observed by Roux and coworkers had diameters of several micrometers
and they were only slightly deformed. Our neutron scattering data, however, indicate a strong
deformation, which is probably due to a different effective volume fraction of the vesicles and a
different elastic constant of the bilayer. The surfactant concentration in our system was much
higher as compared to the system studied by Diat et al. The different water content also results
in a shorter distance between double layers.

The different shape is also reflected in the light scattering patterns. Roux et al. observed a
ring in their SALS experiments which is typical of large spheres [33]. Different behavior was
found in our case as can be seen in Figure 6. At low shear rates, enhanced scattering perpen-
dicular to the flow direction was observed in polarized scattering, whereas a four lobe pattern
(like a four-leaf clover) was found in depolarized scattering. Scattering probes dimensions in
reciprocal space and scattering of the longer axis of an elongated particle is detected at small
scattering angles, whereas the shorter axis gives rise to scattering at higher angles. Elongated
objects are usually aligned with their long axis along the flow direction and therefore scattering
mainly perpendicular to the direction of flow is observed, if the accessible ¢-vectors are too
large in order to detect scattering from the longer axis. Thus deformed vesicles can explain
the Hy scattering patterns displayed in Figure 6.

A four lobe scattering pattern as found in depolarized light scattering at low shear rates
is observed with optically anisotropic particles [45,48]. Optically anisotropic particles are e.g
spherulites, but deformed vesicles could also give rise to a four lobe depolarized scattering
pattern. Light scattering is caused by fluctuations in polarizability. The polarizability of the
surfactant molecule in the double layer is different in the directions parallel and perpendicular
to the molecular axis. The orientation of surfactant molecules in a vesicle, however, is inhomo-
geneous, see Figure 7. In that part of the vesicle’s double layer, that corresponds to the short
axis, the surfactant molecules are aligned with their molecular axis along the flow direction and
therefore this part of the double layer has a different polarizability in the polarization plane
of the primary laser beam as compared to the bilayer in the longer axis of the vesicle. This
internal structure could explain the observed four lobe pattern. The four lobe pattern extends
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to higher scattering angles at 15 Pa as compared to scattering at 7.4 Pa, indicating that the
vesicles were smaller at the higher shear stress. This proposed structure is supported by the
SANS data. SANS revealed a preferred stacking of lamellae in the neutral direction and the
surfactant molecules are aligned along the neutral axis. However, neutron scattering due to
the double layer was also observed along the flow direction indicating that vesicles with closed
bilayers were present.

The depolarized scattering intensity of anisotropic spherical objects can be calculated as [46]:

Iny = Ap*VE(3/U?)? {(on — o) [cos®(8/2)/ cos 8] sin pcos p(4sin U — U cosU — 3Si U)}2 (1)

with Vj volume of the anisotropic sphere; oy and «, are the tangential and radial polarizabilities
of the sphere; 8 and p are the radial and azimuthal scattering angles; A is a proportionality
constant; Si U is the sine integral; p a geometric polarization correction term and U is the
sphere shape factor U = ¢ - R with sphere radius R. A four lobe pattern is observed with an
intensity maximum at [47,48]:

Umax = RQmax =41 (2)

The Hy pattern at a low shear rate of 3.6 s~! can be approximately described as symmetrical
and a vesicle radius of ca. 10 um can be estimated from the scattering intensity. At higher
shear rates the four lobe pattern was clearly anisotropic indicating the deformation of the
vesicles. Additionally, scattering intensity was detected at larger g-vectors, thus the vesicle
size decreased. In the case of oriented monodisperse ellipsoides, the shape factor U was given
by Stein and Wilkes as [48]:

Uellipsoid = ¢ [1 + (v* — 1) cos?(8/2) cos® ] (3)

with axis ratio v. The depolarized scattering intensity can be calculated if one assumes equa-
tion (1) to be also valid for ellipsoides. Anisotropic four lobe patterns with a similar shape
as observed experimentally at a shear rate of 11.7 s~! were calculated with a longer half axis
of 7 pm and an aspect ratio of two. Four lobe patterns for anisotropic rods were obtained
by Moritani et al. [49]. A quantitative comparison between simulated and experimental SALS
patterns, however, is rather difficult, because effects of polydispersity both in size and shape
of the deformed vesicles can influence the intensity distribution. Since the vesicles are formed
from sheared lamellae in concentrated solution, the size and the number of bilayers can be
expected to be polydisperse. Furthermore, the effect of shear forces on the elongation of the
vesicles can also depend on the vesicle size. Nevertheless, the observation of an anisotropic
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four lobe pattern at larger scattering vectors indicates that an increase of shear rate lead to a
stronger average deformation of the vesicles and the mean size decreased.

At higher shear rates, enhanced scattering in flow direction was found in polarized and depo-
larized light scattering. Here no scattering intensity was detected in the direction perpendicular
to the flow. This characteristic scattering pattern has been observed before and was termed
“butterfly” pattern. Butterfly scattering patterns have been observed in many different sys-
tems including semi-dilute polymer solutions, polymer networks, mixtures of molten polymers,
liquid crystals and polymer liquids filled with silica spheres [50-57]. The butterfly pattern is
believed to arise from shear induced concentration and orientation fluctuations and might be a
universal feature of soft two-component solids [58,59]. The butterfly pattern observed in this
study was rather stable, and it was observed for a long time after cessation of flow at high shear
rates (the observation was stopped after 90 minutes). Usually butterfly patterns relax within
a few seconds. The stability of the butterfly pattern after cessation of flow might indicate that
a different structure was induced by shear which was also stable without shear flow. On the
other hand, the scattering pattern changed when the sample was sheared at low shear rates.
In other words, the shear induced structure was destroyed by slow shear flow.

The structure that is responsible for the butterfly pattern is difficult to determine. The
neutron scattering experiments covered the range of shear rates where the light scattering
pattern changed. Neutron scattering, however, revealed enhanced scattering perpendicular
to the flow direction in the entire investigated g-range at all shear rates. Obviously, the
structure responsible for the butterfly pattern observed in light scattering was not detected
by neutron scattering. DeGroot et ol. recently observed a butterfly pattern in SALS from
polymer melts filled with silica particles [55]. The size of the particles was much smaller
than the typical length scale that is observed with light scattering and the butterfly pattern
was explained with clusters built of flocculated silica particles. In shear flow, these clusters
were compressed in the flow direction, which could cause different refractive indices along and
perpendicular to the flow direction, respectively. A shear induced concentration fluctuation
in a concentrated solution of vesicles is also conceivable in our case, but it would not explain
why the butterfly pattern remained stable after cessation of flow. Usually butterfly patterns
were observed from samples without long range order such as polymer solutions or the above
mentioned filled polymer melt. The surfactant solution studied here, however, revealed an
internal structure as can be seen from the SALS and SANS data. The butterfly in this case
therefore does not characterize a transition from a homogeneous sample to a sample with shear
induced concentration fluctuations. Instead an already shear aligned structure was altered and
apparently the degree of order was decreased. A lower degree of order could also explain that
the SANS peak along the flow direction became weaker at high shear rates.

The new structure still had elastic properties and low amplitude oscillatory shear experiments
revealed a frequency independent storage modulus of 150 Pa that was much higher than the
loss modulus (10 Pa). This high (shear induced) elasticity could be a reason why the butterfly
pattern was stable after cessation of flow. The underlying structure could still consist of
vesicles. Hoffmann et al. recently showed that concentrated solutions of vesicles have a high
plateau modulus [60,61]. This comparison might indicate, that the butterfly patiern was caused
by a disordered assembly of elongated vesicles. Such a change in the arrangement would not
influence the neutron scattering data at high scattering vector. The SANS data at low g-vector
changed somewhat at high shear rates and after cessation of flow a small peak was detected
in the neutral direction. This peak could indicate the formation of a regular structure in the
neutral direction, Figure 5. A homogenous structure perpendicular to the flow direction would
explain the absence of scattered light in the neutral direction and would lead to the butterfly
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pattern. However, SANS measurements in a broader ¢g-range are necessary in order to check
this assumption.

A comparison of our results with the data of Diat et al. [31-33] indicates that the measure-
ments presented here correspond to the vesicular structure of region I1. Rheo-NMR experiments
by Lukaschek et al. showed that, at a concentration of 35% (w/w) Ci2E4 in D50, region I
(lamellae oriented parallel to the walls) can only be obtained at shear rates much lower than
157! [44]. Such low shear rates were not used in this study.

However, there are some differences in the behavior of the concentrated surfactant solutions
investigated here if compared to region II of the dilute lamellar phase studied by Roux et
al. [31-33]. 1) A viscosity plateau was observed before the onset of shear thinning, ii) SANS
gave indications for the presence of strongly elongated vesicles. iii) Most strikingly, however,
is the difference in the SALS patterns. Roux et al. observed a scattering ring independent of
shear rate which is typical of spherical vesicles. In our case the SALS pattern changed with
shear rate. At low shear rates, the scattering pictures can be explained by oriented elongated
vesicles. At high shear rates, the existence of enhanced concentration fluctuations along the
flow direction was indicated by a butterfly pattern.

Previously reported rheo-SALS experiments with a surfactant concentration of 80% revealed
different behavior as compared to Figure 6 [39]. The different scattering pictures demonstrate
that the surfactant concentration, or in other words the bilayer distance, has a profound in-
fluence of shear induced structures. Obviously, there is not sufficient water available for the
formation of vesicles at a surfactant concentration of 80%. Vesicles can be formed at 36%
with an average size of a few pm. They become smaller with increasing shear rate and even-
tually the scattering is dominated by a butterfly pattern indicating the formation of a supra-
structure consisting of vesicles. This influence of surfactant concentration was also found by
Lukaschek et al. [44] and a presence of stable vesicles in dilute agqueous solutions of Ci2Ey4
was observed by Olsson et al. [40]. Finally, we wish to note that SALS patterns similar to
those described here were also found in a lamellar three component system at a similar water
content [62]. More experiments are necessary to obtain a complete understanding of the influ-
ence of shear on lyotropic lamellar systems. Especially scattering experiments covering a broad
g-range seem to be interesting in order to characterize the structure responsible for the butterfly
pattern.

5. Summary and Conclusion

The influence of shear on the lamellar phase at a concentration of 36% (w/w) C12E4 in water
was investigated by SALS and SANS. The employed shear rates correspond to the region
where shear induced vesicles exist (region II in the notation of Roux et al.) [33]. The higher
surfactant concentration as compared to the study by Roux et al. influenced the solution
structure. The particles were deformed and aligned in the shear flow. At high shear rates
the viscosity decreased and a butterfly pattern was observed in light scattering indicating a
vesicular structure that was disordered in the flow direction, but homogeneous in the neutral
(vorticity) direction. The butterfly pattern was stable after cessation of flow, but disappeared
in slow shear flow.
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