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Abstract

Hypothesis: Shear flow applied to bicontinuous microemulsions is expected to induce a transition to lamellae via the
suppression of surfactant monolayer fluctuations. Compared to the topologically analogous L3 (sponge) phase, composed
of surfactant bilayers, this transition is likely to occur at much higher shear rates.

Ezxperiments: We examine the flow response of a model bicontinuous microemulsion, DoO/n-octane/Ci9E4 by coupling
microfluidics with small-angle neutron scattering (SANS), attaining wall shear rates in excess of 10°s™!. The reduction
of probed sample volumes down to ~10nL allows the spatial mapping of the structural and orientation changes within
the microchannel, as a function of the flow field components.

Findings: With increasing flow rate, we observe a gradual increase in scattering anisotropy, accompanied by a decrease
of the microemulsion domain size along the main flow orientation. A consistent description of the degree of anisotropy
was obtained when considering the velocity gradient along the scattering plane perpendicular to the flow. We discuss
the flow dependence of the effective bending rigidity, rationalizing a strong influence of shear on thermal membrane
fluctuations. Assuming a similar shear dependence for the saddle splay modulus, the bicontinuous-to-lamellar transition
can be attributed to the gradual disappearance of inter-lamellar passages.

Keywords: bicontinuous microemulsion, surfactant monolayers, sponge-to-lamellar transition, microfluidics,
self-assembly, shear deformation, small-angle neutron scattering

1. Introduction be induced by suppressing membrane fluctuations through
the application of shear flow. The critical shear rate for
the transition 4. was predicted to depend on viscosity 7
and domain size £, or equivalently on membrane volume
fraction ¢, and membrane thickness ¢ [10]:

Sponge-like (L3) nanostructures, formed by self-assembled
surfactant bilayer membranes, are a unique feature of aque-
ous surfactant systems [IH3]. The topology of this phase,
characterized by two interwoven water domains, differs sig-
nificantly from lamellar (L) structures, formed by stacks . kgT  kgT (ém)\®
of smectically ordered bilayer membranes separated by un- Te (7) ’
connected water layers. Although the two structures pos-
sess distinct optical and rheological properties, both ex-
hibit zero mean bilayer curvature (Hpilayer) = 0 and lie
adjacently in the phase diagram. However, while for the
sponge-like Ls-phase the mean curvature (Hpono) Of the
monolayers constituting the bilayer is negative, { Himono) =
0 for the monolayers forming the smectically ordered bi-
layers [4, [5].

Transitions between the two topologies can be readily in-
duced through changes of monolayer curvature by altering
temperature or composition [I}[6H9]. Cates and Milner [10]
predicted that a sponge-to-lamellar transition could also

URSE
where kg is the Boltzmann constant. Diat and Roux
first observed experimentally this shear-induced sponge-
to-lamellar transition for highly dilute L3 phases with rheo-

5 SANS and -birefringence measurements at shear rates of
up to 10*s7! [I1]. Considerable work has since focused on
the influence of membrane volume fraction on the shear-
induced L3-to-L, transition of both neat and oil-swollen
bilayers and its associated relaxation behavior [I2HI4].

1w Bicontinuous microemulsions are topological analogues
of the L3 phase, but formed by surfactant monolayers sep-
arating water and oil domains at the nanoscale. Here,
the zero mean curvature (Hpmono) = 0 of the sponge-like
monolayer results from principal curvatures being of dif-

(1)

*Corresponding author 15 ferent sign. Due to the ultra-low oil/water interfacial ten-
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Figure 1: 2D-, 1D- and azimuthal scattering pattern of a ®
non-sheared bicontinuous microemulsion (¢m = 0.137) and an
aligned lamellar phase (¢m = 0.176) of the studied model system
D20/n-octane/CioE4, recorded at the phase inversion temperature
T = 22.5°C with equal volumes of D20 and n-octane. The schematic
representations of a bicontinuous microemulsion and a lamellar struc-
ture illustrate our hypothesis of a shear-induced transition to smec- 70
tically ordered lamallae at high shear rates.

[23H27], while exhibiting shear flow (e.g., in mixers, through
nozzles or porous media) during processing and applica-
tion. Given its industrial and academic relevance, the in- ’
fluence of shear on the rheology of bicontinuous microemul-
sions has been previously investigated [28] [29], but an un-
derstanding of the associated structural response at the
nanoscale has remained elusive, thus motivating the present
work. ?
Figure [1] illustrates the expected bicontinuous to lamel-
lar transition, and the characteristic 2D scattering pat-
terns of these two structures along with the radially- and
azimuthally-averaged scattering profiles, measured under
quiescent conditions by changing ¢y,. From , the
shear rate required to induce a transition from bicontinu-
ous domains to lamellae can be estimated (assuming ¢y, =
0.1; = 7.0mPas; 6 = 10A) to be ~2 x 10° to 10%s™! [13].
Although such high shear rates can occur in applications
[30], their influence on the microstructure of complex fluids
could not be examined so far with conventional rheome-
ters coupled with small-angle X-ray and neutron scattering
(rheo-SAXS and -SANS, reaching % $ 10*s7!). The advent
of microfluidic-SANS [31H35] has enabled the investigation
of wall shear rates exceeding 10°s~! while exploiting the
flux increase (~108ncm™2s7!) of neutron facilities.

In this paper, we use microfluidic-SANS to study the im-
pact of flow on the structure of a symmetric bicontinu-
ous model microemulsion, DoO/n-octane/C1oE4. For this
purpose, we allow the microemulsion to flow at different
flow rates through a microchannel with linear constriction™”
providing adjustable shear rates in excess of 10°s7!. By
interrogating small sample volumes of ~10-30nL. we were
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able to map the response of the bicontinuous structure
within the microchannel spatially and thus as a function
of flow field components. The subsequent azimuthal and
radial analysis of the recorded 2D scattering data provides
the flow field dependence of the alignment factor AF, the
periodicity drg, the amphiphilicity factor f, as well as the
effective bending rigidity keg. We discuss the variation
of the latter using a shear-dependent renormalization due
to fluctuations and conclude the variation of the structure
within the flow field, from lamellar sheets at the wall to
sponge-like structures in the center of the microchannel.

2. Materials and Methods

2.1. Materials and Sample Preparation

Deuterium oxide (D20, 99.9 %) and n-octane (98 %)were
purchased from Sigma-Aldrich, Tetraethylene glycol mon-
odecyl ether (C1oE4, 99 %), a linear non-ionic surfactant,
was purchased from Bachem. Note that DoO, which was
used to adjust bulk contrast in the SANS measurements,
was also used in all other experiments for comparabil-
ity. All chemicals were used without further purification.
The samples were prepared by weighing surfactant, oil and
D50 (in that order) with an accuracy of Am = + 0.001¢g
into either test tubes (phase diagram studies and viscosity
measurements) or glass vials (SANS measurements).
To calculate the membrane volume fraction ¢y,, the mass
fractions were converted to volume fractions using the re-
spective densities. Accounting for the amount of monomer-
ically dissolved CipE4 in n-octane (¢c mon,b) [36], ¢m was
calculated from the total surfactant volume fraction ¢¢ =
Om+®C,mon,b- Note that the monomeric solubility of C19E4
in water can be neglected [36].

2.2. Phase Behavior

Before investigating the properties of complex multi-
component systems, such as flow behavior or structure,
their phase behavior should be characterized. Accordingly,
the temperature-dependent phase behavior of the ternary
system DyO/n-octane/CioE4 was studied as a function
of the membrane volume fraction ¢,, at equal volumes of
D50 and n-octane. For the determination of the phase be-
havior, a sealed test tube containing the respective sample
was placed in a water bath whose temperature was ad-
justed with a thermostat (Thermo-Haake DC30, AT =
£ 0.02K) while the sample was homogenized with a mag-
netic stirrer. After reaching temperature equilibrium, stir-
ring was stopped to determine the number and appearance
of the phases. Note that the lamellar phase was character-
ized by its birefringence, detected with crossed polarizers.
In this way the phase transition temperatures were deter-
mined with a precision of AT =+ 0.05K.
shows the recorded phase diagram exhibiting the
typical features of microemulsions stabilized by non-ionic
surfactants [I7, [37]. Its main feature is the temperature-
induced phase inversion. At low temperatures an oil-in-
water microemulsion coexists with an oil-excess phase (2),
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Figure 2: (a) Phase diagram of the system D2O/n-octane/Ci9E4 as

a function of the membrane volume fraction ¢m at equal volumes of
D20 and n-octane. The bicontinuous microemulsion (blue square,iso
¢m = 0.137) and lamellar phase (red circle, ¢, = 0.176) are both
examined at the phase inversion temperature of 7' =22.5°C close
to the two-phase coexistence of microemulsion and lamellar phase.
(b) Flow curve reveals Newtonian flow behavior for the bicontinuous
microemulsion (blue squares, ¢m = 0.137) with an average viscosity
of <n> = 7.03mPas and characteristic shear-thinning behavior for
the lamellar phase (red circles, ¢m = 0.176).

while a coexistence of a water-in-oil microemulsion with
a water-excess phase is found at high temperatures (2).
At intermediate temperatures and low membrane volume
fractions ¢, < 0.085 a three-phase coexistence (3) of ao
microemulsion and two (water and oil) excess phases is
found. When the volume fraction of the membrane is in-
creased, a single-phase microemulsion (1) forms between
¢m = 0.085 and 0.142 at the phase inversion temperature
T =22.5°C, where the mean curvature of the surfactanties
monolayer is known to be zero. The examined bicontinu-
ous (blue square, ¢y, = 0.137) and lamellar structure (red
circle, ¢, = 0.176) are both located close to the two-phase
coexistence of microemulsion and lamellar phase (coex.)
between ¢, =0.142 and 0.170. 170

2.83. Viscosity Measurements

The viscosity measurements were performed with the
rotational rheometer Physica MCR 501 from Anton-Paar.
A double gap geometry (DG26.7) with a gap size to in-17
ternal radius ratio of 0.035 (gap sizes 416 pm /466 pm) was
used due to the expected low viscosities. Before every
measurement the rheometer was set to the measurement
temperature with a Peltier element and left for 30 min to
equilibrate. Then a glass pipette was used to fill the gap?#°
with around 3.8 mL of the respective sample, while ensur-
ing that the sample remained homogeneous. The viscosity
was determined for 10s at a steady shear rate 4 ranging
from 1 to 10*s™!. Every measurement was repeated three
times. 185
The resulting n(¥)-diagram in reveals Newtonian
flow behavior for the bicontinuous microemulsion (blue
squares, ¢, = 0.137) with an average viscosity of <>
7.03mPas, while the lamellar phase (red circles, ¢m,
0.176) shows characteristic shear-thinning behavior. B

2.4. Small-Angle Neutron Scattering

The shear-induced changes in the nanostructure of the

system DsO — n-octane — CigE4 were investigated via
small-angle neutron scattering (SANS). All measurements
were carried out at the D22 spectrometer of the Institut
Laue-Langevin (ILL) in Grenoble (France) with a wave-
length of A=6A (AXA=0.1).
The experiments were performed at two different colli-
mation/detector distances (8.0 m/8.0m for the bicontinu-
ous microemulsion and 8.0 m/5.6 m for the lamellar phase)
adjusting g-ranges from 7.1 x 1072 to 9.3 x 1072 A~! and
1.3x 1072 to 6.3 x 10"' A~'. Note that an additional side
detector was employed at the shorter distance, extend-
ing the g-range to higher values. All SANS measurements
were performed with the microfluidic-SANS setup (see
The recorded scattering intensities were normalized to ab-
solute scale using direct beam measurements. All data
were reduced taking into account empty cell and back-
ground scattering as well as the transmission using the
Matlab-based software Grasp.

2.5. Microfluidic-SANS Setup

The microflow response of the bicontinuous microemul-
sion was studied via SANS in a custom, glass microfluidic
device with a linear constriction of cross-section 305 pm
x 300 pm, depicted in [Fig. 3p. Constriction lengths of
1 and 2 mm were found to yield equivalent microflow re-
sponse of the bicontinuous microemulsion, within measure-
ment uncertainty. The microdevice was fabricated using
boron-free crown glass (Dolomite Microfluidics), yielding
a high neutron transmission (¥91%), despite its consider-
able overall thickness (4 mm) required to withstand high
pressures, thus enabling us to reach large flow velocities
and wall shear rates, detailed below.

Volume driven flow was controlled by a dual syringe pump
(Harvard Apparatus 33 DDS) connected to the chip via
FEP (fluorinated ethylene propylene) tubing from Cole
Parmer. Spatial resolution of our flow measurements in-
side the microfluidic channel was achieved by mounting
the chip onto a high precision zy stage from Physik In-
strumente (£10pum). In order to map the fluid structures
along the flow field, a Cd slit aperture of 420 pm x 175 pm
was fabricated, defining an exceptionally small sample vol-
ume of ~10-30 nL within the microchannel (edge to center).
The whole setup (syringe pump, tubing and chip with
mounting) was placed in a home-built box tempered via
air flow (AT = + 0.5K). For each experiment approxi-
mately 40 mL of the single-phase sample were filled into
a 50mL stainless steel syringe (Harvard Apparatus) con-
nected to the tubing. In order to avoid demixing of the
sample, the filling process took place in the box adjusted
to the measurement temperature. Then, trapped air in
syringe, tubing, and chip was removed by pushing some
sample through it, followed by connecting another steel
syringe of the same type to the tubing at the other end
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of the chip channel. Before the two syringes were placed
in the syringe pump, the remaining small amounts of air
were collected in a bubble trap connected to the system.
Finally, the tempered box was closed and sealed.

The flow experiments were carried out in a reciprocating
pumping cycle to increase counting statistics. For simplic-
ity, all results are presented in uniform flow direction and
respective results in the opposite direction were mirrored
during analysis. During the experiment, the flow rate was
varied from 0 to 30 mL min™", resulting in average flow ve-
locities up to 5.5ms~!. The resulting velocity and gradient
profiles of the fully developed laminar flow used for anal-
ysis, shown in Fig. 3b, were calculated numerically under
the assumption of a no-slip boundary condition and New-
tonian flow behavior [38] (for a more detailed discussion
see S2, Supplementary Material).

3. Results

The model Newtonian bicontinuous microemulsion, con-
sisting of equal volumes of D3O and n-octane and the
nonionic surfactant tetraethylene glycol monodecyl ether
(C10E4), under flow within the microfluidic constriction,
exhibits clear changes in the 2D scattering pattern. The
pattern, which is isotropic for bicontinuous microemulsions
(Fig. 1] left), becomes increasingly anisotropic (Fig. 3p and
[Fig. 4a). To gain information on how the flow field affects
the alignment as well as length scales and morphology of
the structure, the recorded 2D scattering patterns were

systematically analyzed, azimuthally (Section 3.1) as well
as radially (Section 3.3).

3.1. Membrane Alignment

From the azimuthally-averaged data, illustrated in[Fig. 1]
(and S1, Supplementary Material), the degree of anisotropy
was quantified using an ‘alignment factor’

Tnax — Imi
AF = max min
Imax + Imin

(2)

in accordance to previous studies on the shear-induced L3-240
to-L, transition [I1 3]. Imax and I, are the maxi-
mum and minimum intensity observed at the azimuthal
angles Ymax and Xmin = Xmax + 90°, respectively. Accord-
ingly, AF' =0 corresponds to an isotropic sponge-like, and
AF ~ 1 to alamellar structure, perfectly aligned parallel toas
the incident neutron beam and free from membrane fluc-
tuations. shows the alignment factor AF measured
along the y-position at two flow rates, 5 and 20 mL min™",
together with the velocity and gradient fields, calculated
by the Navier-Stokes equations [38] (S2, Supplementaryso
Material). The magnitude of the error bars reflect the
inspected sample volumes and thus decrease towards the
wall due to the only partial illumination of the microchan-
nel by the neutron beam. As expected, AF' increases with
flow rate at all positions. The hyperbolic shape of the AF s
profile, symmetric about the channel centerline, indicates

200

100
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Figure 3: (a) Microfluidic-SANS setup depicting the slit diaphragm
enabling the inspection of the flow behavior of minute sample vol-
umes (~10-30nL), spatially resolved within the microchannel. (b)
Influence of flow on the microemulsion alignment, quantified by the
‘alignment factor’ AF ) along the y-direction, perpendicular
to flow (illustrated at 5 and 20 mLmin~!), including a hyperbolic
guide to the eye, symmetric along the channel centerline. The inset
depicts the calculated velocity and gradient fields (detailed in S2,
Supplementary Material).

that the structure evolves from near isotropic at the center
to increasingly anisotropic near the walls.

The 2D SANS scattering patterns recorded along the chan-
nel cross-section as a function of flow rate @ are shown in
[Fig. 4h, exhibiting marked differences as the rate increases.
The alignment factor at the channel wall increases strongly
from AF =0 to AF = 0.57, but only to AF =0.21 in the
center, as @ increases to 30mLmin'. At Q = 1mLmin™!,
isotropic scattering is observed at the channel center, while
slight anisotropy is seen near the wall. Comparing the fi-
nite beam footprint with the channel dimensions, we con-
clude that, at such low flow rates, the microemulsion struc-
ture remains largely unaffected in more than half of the
channel cross-section. The anisotropic region of aligned
surfactant monolayers thus appears to grow from the chan-
nel walls towards the center. Besides, the scattering peak
deviates from the vertical position, slightly rotating coun-
terclockwise (Xmax < 0), indicating a tilted orientation of
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Figure 4: Flow rate-dependent microfluidic-SANS measurements performed at selected positions along the channel transversal y direction. (a)
Schematic of the central part of the microchannel constriction (entire chip geometry shown in S2, Supplementary Material) and corresponding
2D scattering patterns at the microchannel center and wall, aquired at different flow rates. (b) Experimentally determined alignment factor

AF plotted as a function of the total velocity gradient Vov.

(c) Collapse of AF data onto a master curve when plotted against |9yv],

recognizing that only the gradient in y direction contributes to the scattering signal. The line is an exponential rise to AF'=0.83, determined

experimentally for the lamellar phase (¢m = 0.176) under very mild flow.

the flow-induced anisotropic structure. Interestingly, the
tilt angle approaches zero both when the flow rate is in-
creased as well as when moving from the center towardsass
the wall of the microfluidic channel (detailed in S3, Sup-
plementary Material). Similar observations were reported
for anisotropic colloidal objects in shear flow [39] 40].

To rationalize how flow influences the structure of the bi-
continuous microemulsion, various descriptors of the flowaw
field were considered, including the median velocity gradi-
ent |V and S2, Supplementary Material), which
is equivalent to the shear rate %, spatially averaged by the
SANS beam. The median was selected (e.g. instead of
the mean) to better reflect the scattering volume averagesss
within the velocity gradient. The alignment factor AF,
recorded at different flow rates and channel positions, is
found to increase with the velocity gradient | V|, regardless
of the transversal channel position (y), and is strongest at
the channel wall, as shown in[Fig. 4b. The insensitivity toso
the channel position should stem from the connection be-
tween membrane orientation and obtained scattering sig-
nal.

For surfactant bilayer membranes, Porcar et al. [I3] ob-
served that shear-induced lamellar structures align paral-
lel to the flow direction and normal to the velocity gra-
dient vector. In a microchannel with flow along the x
direction and a respective velocity gradient vector of Vv =

(0,90yv,0,v), the lamellar membranes are expected to align
concentrically around the channel centerline. In this case,
essentially only membranes aligned parallel to the beam
with Vo ~ (0,0,v,0), contribute to coherent scattering,
while those aligned normal to the neutron beam, or Vv ~
(0,0,0,v) do not contribute, as illustrated in . Ac-
cordingly, a collapse of all AF' data onto a master curve is
expected when plotted as a function of the median velocity
gradient |0, v|, which is indeed observed experimentally, as
shown in [Fig. 4. The line is an exponential rise profile
to a value of AF = 0.83, which was experimentally found
for a lamellar phase (¢, = 0.176 and T = 22.5°C) near
the wall under very mild flow (Q = 0.1 mLmin '), detailed
in S4, Supplementary Material. Note that thermally fluc-
tuating lamellar monolayers are expected to exhibit lower
alignment factors than AF =1 (which holds for perfectly
ordered lamellar phases). Capillary RheoSANS [41] mea-
surements may reveal whether the assessed values for the
critical shear rate of ~5 x 10°s™! and the corresponding
alignment factor of AF = 0.83 are quantitatively correct
for the investigated bicontinuous C;gE4 microemulsion.

3.2. Length Scales and Morphology

To determine how the flow field, and in particular the
velocity gradient |0,v|, affects the length scales and mor-
phology of the bicontinuous microemulsion, we next ana-
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Figure 5: (a) Scattering profiles obtained from sector analysis of the 2D patterns near the channel wall with increasing flow rate Q. Ij(q)
curves show a scattering peak that sharpens and shifts toward higher ¢ values, while the peak in I, (g) moves to lower ¢ values and nearly
vanishes. (b) Periodicity drs and (c) amphiphilicity factor fa as a function of median(|dyv|) obtained from the analysis of I} (red) and I,

(green) using the Teubner-Strey model [I5].

lyze the recorded 2D scattering patterns sector-wise radi-
ally (Fig. 5p). Here, the scattering intensity I (red) in the
two sectors located in the ymax direction originates from
surfactant monolayers with a normal vector parallel to the
mean orientation (i) of the induced structure, while the
scattering intensity I, (green) in the two sectors in the
Xmin direction rather originates from monolayers with a
normal vector perpendicular to (7).

In[Fig. Bh, scattering curves recorded near the channel wall
of the sheared bicontinuous microemulsion (¢, = 0.137)
are shown alongside those of the reference lamellar phase
(¢m = 0.176) gently aligned at 0.1 mL min~!. A scaled ¢
axis was used to compare the peak position of the bicontin-
uous microemulsion and the lamellar phase despite their
different membrane volume fractions (unscaled data in S5,
Supplementary Material). At rest, the former shows a
scattering curve characteristic of sponge-like bicontinuous
microemulsions with a peak located at —— x Pm.sponge _ |
while the much sharper scattering peak of the lamellar
phase is located at 1.23. This implies that the mean mem-
brane distance in the bicontinuous microemulsion is a fac-
tor ~1.23 larger than that in the lamellar phase at the
same membrane volume fraction. Simple geometric mod-
els of the bicontinuous structure predict factors of 1.46 [42]
or 1.5 [43], but do not account, however, for thermal fluc-
tuations.

)

The orthogonal sectors of the scattering pattern of the
bicontinuous microemulsion respond to flow in opposite
manner: with increasing flow rate @), the scattering peak
in I(q) becomes sharper and shifts towards higher ¢ val-
ues, while the peak in I, (q) moves towards lower ¢ values
and almost vanishes. As such, the scattering features of
the sheared bicontinuous microemulsion increasingly ap-
proach those of the lamellar phase, without showing the
abrupt change expected for a first-order bicontinuous-to-
lamellar transition.

Considering the bicontinuous nature of the studied DoO/n-
octane/C1oE4 microemulsion at rest, which has been demon-
strated by means of freeze fracture transmission electron
microscopy [44], we used the Teubner-Strey model [I5]:

1

I(q)=—F————— 3
(9) PSS (3)
to quantify the systematic variation of the structure with
shear. Here, ao, ¢; and cp are the coefficients of the or-
der parameter expansion of the free energy density f [45].
[Eq. (3) is obtained by Fourier transformation of the spatial
correlation function:
sin (kr)
v(r)=—p—

r

=T

x exp(—) 4)

&Ts

where k = 2w/drs. This function combines the two well-
known properties of symmetric bicontinuous microemul-
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sions. First, water and oil are separated by an amphiphilic
film, forming alternating domains of size £ = drs/2. Sec-
ond, there is no long-range order, characterized by the
correlation length £1s. In terms of as, ¢; and ¢z, these
two structural length scales are given by:

d 2 . (a2 )1/2 €1 e
= 71— —_— —_— —_——
s 2 Co 402

TS 2 Co 462

Thus, the model delivers a simple but effective ansatz to
extract structural information from the scattering of bi-
continuous microemulsions [46] [47]. Note that the random
wave description of Marcelja et al. [48] [49] formally gives
the same scattering intensity function as 7 while the
clipped random wave model of Chen et al. [50} 5] uses an
additional third length scale introduced by a higher order
term in the spectral density function.

The flow influence on the periodicity drg of the bicontinu-
ous structure is shown in by plotting drg as a func-
tion of median(|0,v]). In agreement with the observed shift
of the scattering peaks shown in [Fig. 5p, drs | (q) (red cir-
cles) decreases with increasing flow, while drs ,(¢) (green
squares) increases. The variation of correlation length &g
with shear flow is shown in S5, Supplementary Material.
However, here we discuss the flow influence on the struc-
tural order by means of the amphiphilicity factor [46]

(5)
and

(6)

C1
2, /a9Co '

For well-structured bicontinuous microemulsions, an am-
phiphilicity factor below —0.6 is typically found, with the
value becoming more negative as the structural order in-
creases [40]. For a highly ordered ideal lamellar phase
L, the correlation length is expected to diverge, result-
ing in an amphiphilicity factor f, of —1. Considering the
variation of the amphiphilicity factor with median(|0,v])
shown in 7 a systematic decrease of f, | (red circles)
from —0.89 to —0.94 is clearly seen, indicating an increas-
ing degree of structural ordering with increasing flow inss
the direction of the main orientation. In contrast, the pro-
nounced increase of the amphiphilicity factor f,, (green
squares), points to a strong loss of structural ordering in
the perpendicular direction.

The recorded microfluidic-SANS data and their analysisss
so far lead us to the preliminary conclusion that the bi-
continuous microemulsion is deformed into a lamellar-like
structure in response to shear flow. However, both the
finding that f, | is not -1 and the presence of remnants of
a less ordered structure perpendicular to the main orien-so
tation suggest that the transition to a lamellar structure
is not yet completed and raise the question of the nature
in which the shear-induced structure is formed in the mi-
crochannel.
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Figure 6: Effective bending rigidity xeg (a) and effective fluctuation
length scale fog (b) as a function of median(|@yv|) obtained from
the sector analysis of the scattering data. (a) The effective bending
rigidity refr,, (green squares) decreases systematically, while reg |
(red circles) increases with increasing shear flow (calculated from
the model of random interfaces [52] [47]). (b) feg values, calculated
assuming a length scale-dependent renormalization of the bending
rigidy (Eq. (11))), show a strong influence of shear on the thermal
membrane fluctuations when compared to the characteristic length
scale £ = dpg/2 (open symbols).

4. Discussion

In order to further elucidate the structural response of
a bicontinuous microemulsion to microflow, we discuss the
morphology of the induced lamellar-like structure in the
context of the so-called Helfrich energy
K 2
= [ |5 @H-c0)+iK]as, (8)
characterized by the bending rigidity x, the saddle splay
modulus & as well as the mean, Gaussian and spontaneous
curvature — H, K and ¢y — of a membrane of surface S
[53]. We use the approach of Gompper et al. [47] based
on the model of random interfaces [52] and calculate the
effective bending rigidities of the surfactant monolayers
along both scattering directions I and I,. Following the
assumption that both moduli x and k are renormalized by
thermal fluctuations [54H58], the results are discussed in
terms of the flow-induced suppression of those fluctuations
proposed by Cates and Milner [10]. Expecting a similar
shear dependence of the effective saddle splay modulus, we
propose that the bicontinuous-to-lamellar transition can
be attributed to the gradual disappearance of the inter-
lamellar passages.
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4.1. Influence of Shear on Bending Moduli

Following Gompper et al. [47], the model of random
interfaces [52] can be used to determine the bending rigid-
ity

oo 10v/37 SLS )

64 drs

of surfactant monolayers from the two length scales drg
and &rg. Using the values of drg (Fig. 5b) and &g (S5,
Supplementary Material) from the sector-wise scattering
analysis, we determined the values of a kind of effective
bending rigidity along the main (||) and perpendicular ori-
entation (1), which are plotted as a function of the median
velocity gradient |0, v| in [Fig. 6p. As can be seen, the val-
ues of the effective bending rigidity keg,, (green squares)
decreases systematically, while g (red circles) increases
with increasing shear flow.
According to Cates and Milner, these flow-induced vari-
ations in bending rigidity result from changes in thermal
membrane fluctuations [I0]. The latter are suggested to
cause length scale-dependent renormalization of the rigid-
ity according to

kT

/<;=/<;0—4£1n(€)kBT (10)

s a
[64H58], where kg is the bare bending rigidity of a non-
fluctuating membrane and « = 3 the renormalization pref-
actor. The ratio ¢/a between the structural and the molec-
ular length scale characterizes the excess area stored in the
fluctuating surfactant membrane [59]. While the formerss,
determines the maximum length scale of the fluctuation
amplitude, the latter is often referred to as the membrane
thickness § [58]. For the studied bicontinuous microemul-
sion at rest with I = drg/2 = 130A and a = § = 10.7A
[60] yields a bare bending rigidity of xg = 1.17 kgT, which
agrees almost quantitatively with neutron spin echo mea-
surements [61]. These values now can be used to extract
the effective fluctuation length scale

(11)

4 - Pe
Eeﬁzéxexp( T 5o Kﬁ)

(&% kiBT
from the effective bending rigidity xeg assuming that shear360
does not effect the value of the prefactor « (see also S6,
Supplementary Material). [Fig. 6p shows le¢ as a function
of the median velocity gradient |0,v|. In main orientation,
Leg,| decreases systematically with [0y v|, which is in agree-
ment with the prediction of Cates and Milner that flow
induces the suppression of thermal membrane fluctuations
[I0]. Thus, feg is increasingly smaller than the charac-
teristic length scale drgs/2 7 open symbols) of the
structure. 70
More difficult to understand, however, is the increase of the
effective fluctuation length scale /.q , in the perpendicular
orientation. This trend appears clearer when viewed in the
context of the renormalized saddle splay modulus

K =Ko+ %ln(é)kBT

7 a

I ¥
kb ®P
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h | |
< A
- flat membrane | |
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Figure 7: Cross-sectional schematic of the microemulsion structure
under high shear, depicting the formation of lamellar-like surfactant
membranes connected by inter-lamellar passages. The length scales
drg,|(¢q) and drs i (q) obtained from the sector-wise analysis of the
scattering data (Fig. 5pb) can be related to the lamellar spacing d (||)
and the distance between passages L (1).

Here, % is the bare saddle splay modulus of a non-fluctuating
membrane and @ = 10/3 the corresponding prefactor [55].
Although the value of the saddle splay modulus is not eas-
ily accessible experimentally, [Eq. (12)) can be used to pre-
dict its flow-induced changes. It is readily apparent that
the opposite sign of the renormalization term in [Eq. (10))
and leads to inverse trends in x and & with shear
flow.

4.2. Shear Induced Structure

In the framework of Helfrich’s bending energy, the struc-
ture of the surfactant membrane depends strongly on the
bending moduli  and 7 (Eq. (§)). Smaller values of % com-
bined with high bending rigidities x stabilize the forma-
tion of the lamellar structure. On the contrary, sponge-like
structures with a large number of passages inter-connecting
both structural domains (water/oil or water/water) dom-
inate at large values of k. [G6H58, 62, [63] Driving force
of this stabilization is the formation of passages where,
according to Golubovié [56], the energy cost of a single
passage is proportional to -k and k.

In this context, the observed increase of keg and the in-
ferred decrease of e, along the main orientation (||) of
the induced structure point to the flow-induced formation
of lamellae. However, perpendicular to the main orienta-
tion, the variation of ke, and Reg,; rather suggest the
stabilization of passages. One obvious reason for this sta-
bilization could be the flow perpendicular to them, which
the passages must resist by locally reducing the bend-
ing rigidity x and increasing the saddle splay modulus
R, presumably facilitated by increasing the effective fluc-
tuation length scale leg ) Together with the
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shear-induced alignment , the trends of the bending
elastic moduli suggest that the induced structure, which is
formed when the flow is not strong enough to complete the
transition from bicontinuous to lamellar, partially retains
its original bicontinuous nature by maintaining a number
of passages connecting the lamellae.

These interpretations allow us to infer the 2D schematic
of the microemulsion structure formed under high shear
shown in It depicts lamellar-like surfactant mem-
branes separating water- and oil-domains connected by
inter-lamellar passages and nicely explains the different
length scales obtained from the sector-wise analysis of the
scattering data ) While drs (¢) relates to the
lamellar spacing d, which decreases with increasing flow,
drs,1(g) is a measure for the passage distance L. The lat-
ter increases with flow, indicating a decreasing number of
passages, which is also evidenced by a vanishing scatter-
ing intensity I,. The existence of passages also explains
the rather small decrease of the length scale in the main
direction (Fig. 5p), which was also found by Yamamoto
and Tanaka [I2] studying the bilayer sponge (L3) phase of
pentaethylene glycol monododecyl ether (Ci2Es5) in water

(1.8 wt.%).

As the shear rate or velocity gradient |Vv| also depends on
the position within the microchannel, increasing towards
the channel wall, the entire continuum of this transition
can be observed within the microfluidic constriction (com-
pare ), as shown schematically in It depicts
the evolution from a bicontinuous structure at the cen-
ter of the channel to a lamellar structure with passages,
the number of which decreases towards the wall, until a
lamellar structure without defects is formed at the wall.

5. Conclusion

In summary, we examine and spatially map the effect
of flow on bicontinuous microemulsions formed by surfac-
tant monolayers, enabled by recent advances in microflu-
idic SANS. We demonstrate that shear flow induces a grad-+s
ual evolution towards a lamellar structure, facilitated by
the disappearance of inter-lamellar passages. Measure-
ments along the cross-section of the microfluidic constric-
tion (Fig. 3p), and thus as a function of the velocity gradi-
ent |Vol, show the evolution from a bicontinuous structureso
at the center of the channel to a lamellar structure at the
wall, as shown in [Fig. 8] At the highest investigated shear
rates in excess of 10° s™! achieved near the wall (Fig. 4c), a
degree of ansiotropy of up to ~70% (AFmax/AFlamellar) Was
found. The degree of anisotropy is consistently describedss
when the velocity gradient along the scattering plane per-
pendicular to the flow is considered. The length scales
drs,)(¢q) and drs,, (q) ) obtained from a sector-
wise analysis of the 2D scattering patterns along the main
(]l) and perpendicular direction (1), relate to the lamellarso
spacing d (||) and the distance between passages L (L),
respectively. As a result of the flow-induced suppression
of thermal fluctuations, d is found to decrease, while L
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Figure 8: Schematic representation of the flow-induced structure in-
side the microfluidic channel. With increasing velocity gradient |Vv|,
the structure shows a gradual transition from the initial bicontinuous
structure, preserved at the center, towards a lamellar structure at the
channel wall. The transition is facilitated by membrane alignment
along the flow direction and normal to the velocity gradient vector
Vo as well as the desintegration of remaining inter-lamellar passages
by flow.

increases, indicating a decreasing number of passages. Si-
multaneously, the opposite trend of the amphiphilicity fac-
tors fa and fa, ) reveals an increasing and de-
creasing ordering of the structure in the main and perpen-
dicular directions, respectively. We further demonstrate
that the variation of the effective membrane bending rigid-
ity Kefr, obtained by means of the random interface model,
is related to a flow-induced variation of the effective fluc-
tuation length scale . Assuming a similar shear
dependence for the effective saddle splay modulus R, the
opposite variation of keg and Reg along both directions, ||
and 1, strongly suggests a flow-induced evolution of the
bicontinuous microemulsion toward a lamellar structure
through a gradual decrease of the connecting passages.

Further increasing the shear rate (e.g., using capillary rheoSANS

[41]) might result in a complete transition from a bicon-
tinuous to a lamellar structure and, moreover, additional
structural transitions might arise [64]. In addition, ma-
nipulation of membrane properties by doping with am-
phiphilic block polymers might allow a far greater shear
deformability of the membrane [65HGS].
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