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In Situ Visualization of the Structural Evolution and
Alignment of Lyotropic Liquid Crystals in Confined Flow

Adrian Rodriguez-Palomo, Viviane Lutz-Bueno, Xiaobao Cao, Roland Kdddr,

Martin Andersson, and Marianne Liebi*

Self-assembled materials such as lyotropic liquid crystals offer a wide variety
of structures and applications by tuning the composition. Understanding
materials behavior under flow and the induced alignment is wanted in order
to tailor structure related properties. A method to visualize the structure and
anisotropy of ordered systems in situ under dynamic conditions is presented
where flow-induced nanostructural alignment in microfluidic channels is
observed by scanning small angle X-ray scattering in hexagonal and lamellar
self-assembled phases. In the hexagonal phase, the material in regions with
high extensional flow exhibits orientation perpendicular to the flow and is
oriented in the flow direction only in regions with a high enough shear rate.
For the lamellar phase, a flow-induced morphological transition occurs from
aligned lamellae toward multilamellar vesicles. However, the vesicles do not
withstand the mechanical forces and break in extended lamellae in regions
with high shear rates. This evolution of nhanostructure with different shear
rates can be correlated with a shear thinning viscosity curve with different
slopes. The results demonstrate new fundamental knowledge about the struc-
turing of liquid crystals under flow. The methodology widens the quantitative
investigation of complex structures and identifies important mechanisms of

7z

strength and toughness,'®l interesting

optical behaviors,* ¥ or better biological
performance (e.g., biocompatibility, and
osteoconductivity).’~! Found in nature or
created artificially in the lab, self-assembly
processes are commonly shown to take
part in introducing hierarchy in materials,
where individual units such as molecules,
nanoparticles, or elongated structures are
spontaneously arranged into structures
with long-range order. The arrangement
is driven by weak interactions, and thus
the structure can reversibly break and rear-
range upon change of solvent conditions or
as a result to external forces.

Lyotropic liquid crystals based on block
copolymers, such as the ones studied
here, are a good example of self-assembled
hierarchical systems. Amphiphilic poly-
meric chains are folded and ordered in dif-
ferent structures (e.g., spheres, cylinders,
and bilayers) creating the building blocks,

reorientation and structural changes.

1. Introduction

Hierarchical structuring with different architectures in the micro-
and nano-scale often bring an improvement in the mechanical

which are assembled in periodic structures
in the meso- and micro-scale. Complex
nanostructures can be reached controlling
only the composition of the liquid crystal(s). In contrast with
other liquid crystals formed by large molecules conforming a
fluid, these systems are highly viscous solid-like materials with
similar rheological properties than viscous colloidal fluids and
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polymers. Other previous studies have examined these mate-
rials under static conditions!'"'? focusing their discussion on
polymers self-assembly and polymer rheology.

Pluronic is a nonionic triblock copolymer with basic chain
structure of polyethylene oxide—polypropylene oxide—polyethylene
oxide (PEO-PPO-PEO). It is widely studied both experimentally
and computationally®™™ and due to its stability and safety it is
used in many biological and pharmaceutical applications.>1¢!
When it is mixed with water and/or oil, a wide variety of
structures can be formed, among which hexagonally packed
cylinders and lamellar are the most interesting for hierarchical
structuring. Such structuring can for example be performed
through extrusion-based 3D printing. When these materials are
extruded through a nozzle or die, the nano entities may become
aligned in the flow direction, which produces a highly anisotropic
macrostructure resulting in improved structure related proper-
ties. Such properties are of high interest in applications such as
scaffolds for catalysis and separation,”) templating,® encapsula-
tion of molecules as drug delivery agents and nanocarriers,'*2
or as media to obtain structural data of molecules.*??

Introducing anisotropy into an ordered structure highly influ-
ences the physical properties of the final material as seen in
some previous works using lyotropic liquid crystals for bioin-
spired anisotropic materials.?*?4 In a further step, the anisotropy
in the nanostructure can be used to guide the mineralization of
the liquid crystal by precipitating needle-like ceramic particles(?*!
resulting in an ordered composite having similar structures and
properties as bone. However, the degree of alignment, effect
of flow rate and geometry of the nozzle, or possible structural
changes induced by flow stress that are unknown will produce
deviations from the expected results. Understanding the pro-
cesses involved during production of these materials will help
future researchers to predict undesired changes or direct the
nanostructure for a controlled performance on the macroscale.

In order to study the structure of liquid crystals and ordered
systems in general, small angle scattering using light, neutrons,
and X-raysi?®?’l has been proven useful. The use of scanning
small angle X-ray scattering (SAXS) with a focused beam is of
interest specifically for hierarchical structures, since it allows
us to analyze their nanostructure and orientation with spatial
resolution in macroscopic systems. This method is particularly
useful when examining anisotropic systems, such as the liquid
crystals studied here. The anisotropy in the scattering pattern
makes it possible to quantify degree and angle of orientation as
observed before in other systems. 282

The aim of this research is to bring new insights about flow
behavior of self-assembly systems, as demonstrated here using
lyotropic liquid crystals. This work addresses several length
scales, ranging from the molecular to the nano-assembly and
microdomains. The knowledge brought by this work, can
potentially be used in future research of 3D printed scaffolds
and templating technologies for microelectronics, biomaterials,
or drug encapsulation.

2. Results and Discussion

The materials used in this study consist of self-assembled
cylindrical micelles in a hexagonal compact lattice (H;) with
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characteristic cylinder distance, d, as well as planar bilayers in a
lamellar structure (L,) with lamella-to-lamella space, D, as rep-
resented schematically in Figure 1. The characteristic distance
between elements, usually in the nanometer scale, is highly
dependent on composition. These two phases were chosen
since they have ordered structures in one (L,) or two (H))
dimensions which can extend infinite in one dimension. SAXS
was used to determine the structure of the lyotropic liquid
crystals. The SAXS results in Figure 1g show a mesoscopic
order for both phases due to the presence of clear diffraction
peaks. The amphiphilic character of the triblock copolymer
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Figure 1. a) Pluronic F-127 in cylindrical cross-section, b) self-assembled
cylinders in a hexagonal 2D lattice with cylinder interdistance, d. c) At rest,
the self-assembled cylinders form microdomains with different orienta-
tions. d) Pluronic F-127 can also form bilayers which are e) self-assembled
in a lamellar structure with interlamellar distance, D. f) They can form
extended lamellae or close themselves as multilamellar vesicles. The
pink and yellow parts in (a) and (d) corresponds to the hydrophilic and
hydrophobic blocks, respectively, in the triblock copolymer. g) Integrated
intensity along the azimuthal angle for the hexagonal and lamellar phases
of the lyotropic liquid crystals. The insets show the 2D scattering signal
recorded by the detector for h) hexagonal and i) lamellar. The anisotropy
in the rings shows the orientation of the self-assembled structure. The
highlighted zones for H; (blue) and L, (orange) indicate the g-ranges
used for the orientation and angle calculation as well as for the peak
fitting analysis.
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and the use of a ternary system polymer/water/oil create polar
and apolar domains with the polymer at the water—oil interface.
The terminal polyethylene oxide chains can be found in the
water domains while the middle polypropylene oxide block folds
to be in contact with 1-butanol (Figure 1a,d). The self-assembled
phase can be identified by calculating the ratios between the
positions of the diffraction peaks. The lyotropic liquid crystal
with composition 35:50:15 wt% of F-127:water:butanol has a
ratio of 1:3:2:V5 and the composition 25:475:275 wt% has
a ratio of 1:2 in the positions of the diffraction peaks. This is
in agreement with previous studies relating the ratio 1:v3:2:V5
with H; and 1:2 with L, ordered structures.’% In the H; phase,
cylindrical micelles are ordered in a 2D hexagonal lattice with
cylinder interdistance d = 16.72 nm (Figure 1b). The L, phase
consists of a stack of bilayers (lamellae) which are assumed
to have infinite lateral dimension**3?l and an interspace D =
15.95 nm (Figure le). Additionally, polarized light microscopy
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and birefringence microscopy was performed (static condi-
tions) as shown in Figure S2, Supporting Information.

A rheological characterization of the two different self-
assembled structures was performed by oscillatory and steady
shear experiments. The results from the oscillatory tests are
shown in Figure 2a,b. The frequency sweep in Figure 2a repre-
sent the linear viscoelastic storage, G’, and loss, G”, moduli for
a shear strain of 0.01%, which is within the linear viscoelastic
regime, determined by the strain sweep in Figure 2b. For both
phases, the material response is dominated by its elastic com-
ponent, G’ > G”, while the moduli are largely parallel and inde-
pendent of the angular frequency, particularly for H;, which is
characteristic of a gel-like behavior.*®l This is an indication that
the rheological material response in both phases is dominated
by the interaction between the self-assembled structures.34
The moduli from strain sweep tests are presented in Figure 2b,
for an angular frequency of 1.0 rad s™'. From a quantitative
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Figure 2. Results from rheology measurements of the H; and L,, lyotropic liquid crystals. a) Frequency sweep and b) strain sweep from the oscillatory

”m

tests showing the storage (G’) and loss (G”) modulus of both phases. Black arrows indicate the point where strain overshoot can be identified. Steady
shear measurements representing the c) shear stress and fitted data using a power law for non-Newtonian fluids (6 =K-y") and d) shear viscosity.
The dashed lines split the three different regimes found in the experimental data.

Small 2021, 2006229 2006229 (3 of 10)

© 2021 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

point of view, the dynamic moduli in the linear viscoelastic
region (=<0.1%) correspond to the frequency sweep data in
Figure 2a, confirming again the gel-like material response.
For strain amplitudes beyond the linear viscoelastic regime, a
local increase in the storage and loss modulus was found in
H;, ¥ in 2-10%, which is known as strong strain overshoot.*’]
Strong strain overshoot has been related with the intermolec-
ular interactions between polar groups in large ordered systems
and this effect could be explained as cluster size growth.3>-]
As aggregates start moving and orienting during flow their
size increase, cluster growth processes become relevant and
as a consequence, G and G” increase. For strain amplitudes
>10 aggregates tend to break up and start orienting in the flow
direction. In the case of L,, at the transition to nonlinear defor-
mations, G’ drops while G” slightly increases, which is known
as weak strain overshoot.* This effect is probably linked to
break up of cluster into layers and sliding between those layers.
The storage modulus, related with energy dissipation, changes
due to the microstructural break-up. At high strain, the struc-
ture is oriented and layers slide and flow freely.’”38 At high
shear rates G” becomes higher than G’. From that point on,
the original microdomains are likely broken apart allowing for
reorganizing, and the materials flows more easily.

The shear viscosity function and flow curve are shown in
Figure 2¢,d. The shear stress as well as shear viscosity can be
divided in three regimes with different slopes. Ordered micellar
systems*** with the same self-assembled structures as well as
other colloidal solutionst*! follow a power-law trend where the
exponent (slope) is defined as the power law index (n), being
<1 for shear thinning, 1 for a Newtonian, or >1 for shear thick-
ening fluids.*?l A general higher shear thinning behavior for
H; compared to L, can be seen in Figure 2c. While H; shows a
shear thinning character with similar indexes of 0.07 and 0.18
at regime II and III, L, has a pronounced difference between
them, being 0.25 in the regime II and 0.62 in the regime III.
The viscosity dependence of the shear rate for both materials
is shown in Figure 2d. H; presents a shear thinning char-
acter with a more uniform curve due to the small differences
between the shear thinning indexes. In contrast, L, clearly
shows the same three regimes seen in the shear stress. It is
important to note that even at the lowest shear rates, the sam-
ples cannot be considered to have a completely random distri-
bution of orientations. The effect of the sample loading induces
a slight orientation parallel to the shear plane, which cannot be
avoided.

The rheology experiments indicate the effect of shear; how-
ever, using microfluidics more complex flows combining shear
and extension, as occurring in extrusion-based 3D printing,
can be achieved. Scanning SAXS was carried out to determine
the structure of the lyotropic liquid crystals with spatial resolu-
tion along the microfluidic channels (see set-up schematics in
Figure 3a). Two different channels were used for both materials
with flow rates of 0.03, 0.30, and 3.00 uL s7%. The designs mim-
icked the commonly used blunt and conic 3D printing nozzles,
designed to have equal contraction ratio. A channel of 1.25 mm
width was followed by a progressive contraction of 5° to
100 pm, and a sharp contraction followed by a straight channel
of 100 um. For the three flow rates used, the orientation and
peak parameters of the main diffraction peak (Figure 1g) were
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averaged in the first 400 um before the end of the contraction,
indicated by the yellow square in Figure 3a. The liquid crystal
with H; phase has an average Hermans’ orientation parameter
of {f,) = 0.68 £ 0.01 in the progressive contraction compared
with (f;) = 0.59 £ 0.02 in the sharp one. For L,, no difference
is seen between the channel geometries, with (f;) = 0.58 + 0.04
and (f;) = 0.59 £ 0.03 between progressive and sharp contrac-
tions, respectively, as shown in Figure 3b. An increase in the
flow does not improve the orientation in H; which fluctu-
ates around these values and slightly increases the orientation
parameter in L, up to 0.60 in the progressive and 0.63 in the
straight microchannels. A high flow rate decreases the peak
width (Figure 3c) probably caused by an increase in the con-
finement and enlargement of the crystalline domains, which
improves the long-range order. The peak position in Figure 3d;
however, stays constant at an interspace of 14.2 and 15.9 A in
H; and L,, which demonstrate the stability of those systems in
the lower hierarchical scale (Figure 1a,b,d,e) under confinement.
No peak shifts were observed in the nanometer scales due to the
increase in flow rate in any of the performed experiments. To
further investigate the influence of flow on the nanostructure, an
equivalent batch of samples was studied in equilibrium condi-
tions in glass capillaries, showing the same structural features;
thus the self-assembled phase and inter cylinder/lamella distance
are not influenced by the flow in the microfluidic channel (see
Figure S1, Supporting Information). This proves that the self-
assembled structures do not deform or distort at any time.

The angle of orientation and orientation parameter according
to Hermans’ algorithm are shown in Figure 4a—d for H; of the
system Pluronic F-127/water/butanol. The azimuthal intensity
of the previously selected g-range (Figure 1g) was integrated
for each pixel (i.e., scanning point) and the number of inten-
sity maximum was quantified. Some channel regions have two
intensity maxima along the rings that correspond to the asym-
metric scattering of ordered cylindrical micelles aligned in the
flow direction (Figure 4i). However, in the central area of the
microchannel the scattering showed six intensity maxima along
the ring (Figure 4j). This type of diffraction signal in H; 2D
lattices is expected only when the crystalline axes are oriented
perpendicular to the beam.['** Thus, the hexagonally packed
cylinders in these regions are oriented out of plane, perpendic-
ular to the flow direction (i.e., parallel to the X-ray beam). The
scattering pattern found in that region is not compatible with
the orientation quantification by the Hermans’ algorithm used
in cases of two intensity maxima. In the angle and orientation
parameter plot, the corresponding pixels were masked out for
the orientation analysis and are marked white in Figure 4. The
angle of orientation reached in the contraction is similar for
both geometries, being in the range of £3° considering 90° as
the flow direction (Figure 4a,b). The straight channel reaches
a high degree of uniformity due to the sudden contraction
and relatively large length thereof. The quantified orienta-
tion parameter (Figure 4c,d) is similar between both channel
geometries and has a highly oriented layer at the walls of the
channels where the velocity is lower but the expected shear
rate higher. The results in the straight channel show a slightly
higher average orientation in the contraction. A sharp contrac-
tion increases the extensional flow, which plays an important
role in the alignment during flow. However, the perpendicular

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) Experimental set-up for microfluidics scanning SAXS and scheme of the microchannels used with a progressive (P) and sharp (S) contrac-
tion for different flow rates. The colored dashed box (400 um in length) indicates the area where the b) Hermans’ orientation parameter, c) peak width,
and d) peak position were averaged. The microfluidic channel is scanned through the incident X-ray beam and the signal is recorded by a 2D detector.

orientation found in the central area, where the velocity is max-
imum as well as the elongation component of the flow, contra-
dicts the expected orientation due to flow. Such perpendicular
orientation has been previously observed for nematic struc-
tures in other flow-based systems including in simple shear
flow,>4] flow assisted by interfacial forces during film forma-
tion,”) and simple shear flow (coating) followed by drying.[**!
In the absence of other effects, the orthogonal orientation was
explained in terms of the interplay between elastic-dominated
and viscous-dominated flow regimes. This could be quantified
in terms of the Eriksen number (E7),1*

Br="10 ®
K
where 7 is the shear viscosity, v is a characteristic velocity, L is a
characteristic flow length scale, and K is the elastic constant of the
liquid crystal.’% In simple shear flow, at high shear rates where
viscous forces dominant (large Er), the director was aligned in
the flow direction, whereas at low shear rates (small Er) where
elastic forces are dominant, lyotropic chromonic liquid crystals

Small 2021, 2006229 2006229 (5 of 10)

were found oriented perpendicularly to the flow direction.[*4]
For pressure-driven channel flows, such as the ones investigated
in this work, where one characteristic velocity would determine
the Er of the channel flow,P! it is important to note that locally in
the channel cross section there is a velocity gradient and as a con-
sequence the shear rate varies locally.?? Thus, near the channel
walls, where the velocity gradients are high, viscous forces would
be expected to dominate resulting in a director orientation in the
flow direction. In contrast, in the center of the flow domain the
local shear rates are low, liquid crystal elastic forces are dominant.
We conclude that in the central region with high extensional flow,
the elastic effects are still dominant, with insufficient local shear
and extensional rates to orient the liquid crystals.

Figure 4e-h presents the peak parameters obtained by peak
fitting of the main peak associated with the cylinder interspace
(Figure 1g). H; has a higher peak amplitude in the middle,
which is related to the fact that there are six scattering spots
(Figure 4j) that are averaged along the azimuth compared to the
regions in which there are two partial rings (Figure 4i). The peak
width has a decreasing trend toward the contraction indicating

© 2021 The Authors. Small published by Wiley-VCH GmbH



NANO - MICRO

smriill

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Angle of orientation

Angle of orientation

Peak width

x (mm) X (mm)

Figure 4. Results from scanning SAXS measurements of H; lyotropic liquid crystals within microfluidic channels showing a,b) the angle of orientation
of the scattering signal color-coded according to the color scale from -90° to 90°, ¢,d) the Herman’s orientation parameter, e,f) diffraction peak width
and g,h) peak amplitutde. Flow rate is 0.03 uL s~ from left to right. The angle of orientation of the scattering is color-coded according to the color
scale from —90° to 90°. Scattering pattern from a pixel where the orientation of the domain is i) perpendicular (W) and j) parallel (A) to the beam.

an improved long-range order in the crystalline domains pre-
sumably due to the high extensional rates in the confinement.
Figure 5 compiles the scanning SAXS analysis for the
lamellar lyotropic liquid crystal. The orientation of L, occurs
more downstream to the contraction and is more uniform in
the channel width (Figure 5a,b) compared to H; (Figure 4a,b),
which presumably is connected to the lower viscosity of L,
(Figure 2b). Orientation in the flow direction is reached in
the contraction, being more homogeneous in the rectan-
gular microchannel. Three different areas along the channel
width can be identified in the orientation parameter for both
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geometries, being more obvious in the channel with the pro-
gressive contraction as shown in Figure Sc (areas A, B, and
C). Averaging the orientation parameter in a line along the
x axis for the three areas, there is a highly oriented layer at
the walls ((f;)4 = 0.72 £ 0.02), then the orientation decays
({f»p = 0.46 £ 0.04) and increases again ({f;)c = 0.59 £ 0.02) in
the middle of the microchannel, as illustrated in Figure 5i. The
shear rate is maximum at the walls and then decreases to a min-
imum in the middle of the channel. The regimes found with
rheology in the viscosity curve (Figure 2d) can be associated to
the areas found in the orientation parameter of the scanning
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Figure 5. Results from scanning SAXS measurement on the L, phase within microfluidic channels showing a,b) the angle of orientation of the scat-
tering, color-coded according to the color scale from -90° to 90°, ¢,d) the Herman's orientation parameter, e,f) the diffraction peak width and g,h) peak
amplitude. The flow rate is 0.03 uL s~ direction from left to right. The three regions found in the orientation parameter are indicated with the letters
A, B, and C for which average values are shown in i).
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Figure 6. a) Scattering signal of the lamellar structures in the three areas
(A, B, and C) with different orientation parameter (see Figure 5c) and
interpretation of the most likely morphologies according to the pattern.
b) Radial integration in two segments with a difference of 90° plotted in
solid and dashed line. The scattering seen in A correspond to an aligned
lamellae structure, whereas B shows the scattering of multilamellar vesi-
cles, and C shows the multilamellar vesicles stretched in the flow direc-
tion. The curves have been shifted vertically for better clarity.

SAXS experiment. From the calculated wall shear rates (yw),
the maximum value in the channel for L, corresponds to the
regime III of the viscosity curves (Figure 2b). Figure 6a shows
the scattering pattern of representative pixels in each area of the
microchannel. The azimuthal intensity in two perpendicular
directions was integrated separately (Figure 6b). Close to the
channel walls, at high shear rates (area A and regime III of the
viscosity curve), the diffraction peak associated to the lamella
interspace (D) shows a strong anisotropy. This indicates aligned
lamellae in the direction perpendicular to the flow direc-
tion. Those extended lamella structures are oriented parallel
to the flow direction and perpendicular to the shear plane in
accordance with previous literature.?? The scattering patterns
obtained in the intermediate area (area B and regime II of the
viscosity curve) contain the diffraction peak at the same g-value
but appears as ring compared to the anisotropic arcs in area A.
This is an intrinsic feature of multilamellar vesicular systems,
which consist of spherical bilayers with homogeneous wall
thickness, which explains the low anisotropy and therefore the
low degree of orientation. In the middle of the channel, we can
still see the presence of multilamellar vesicles in the diffraction
pattern, indicated by the visibility of the full ring, compared to
the arcs with no visible diffraction peak perpendicular to the

Small 2021, 2006229 2006229 (7 of 10)

www.small-journal.com

flow direction (Figure 6, area C), characteristic for open lamellar
structures with no curvature. However, compared to the inter-
mediate arc, the ring has two clear maxima perpendicular to
the flow direction (Figure 6, area B vs C). In this part of the
channel, the shear rate is significantly lower, but the contrac-
tion induces a high extensional flow. Thus, multilamellar vesi-
cles are stretched toward the contraction. Other studies using
rheology and scattering on copolymer systems with self-assem-
bled lamellae have shown a viscosity curve with three regimes.
These three stages have been associated with defects in lamellae
(generally dislocations) and vesicle formation. At low shear
rates (regime I), the structure was described of having a high
number of defects such as dislocations in it. At intermediate
shear rates (regime II), the formation of multilamellar vesicles
has been discussed (Figure 1f), which are broken into lamellae
at high shear rates.>*! The viscosity regime I is likely dominated
by local rearrangements in the microstructure without signifi-
cant conformational alterations, where lamellae start to move
in the flow direction. In regimes II and III, with increasing
shear rate increasing structural break-up and orientation in
the flow direction is expected. Multilamellar vesicles are likely
to be formed due to the movement and wrapping of extended
lamellae during the local reorientation, which are stretched due
to the flow until they break and form well-ordered lamellae at
high shear rates (regime III) (Figure 1le).

The peak width corresponding to the lamellar spacing D
(Figure 5e,f) is constant along the length of the progressive
contraction but increases at the wall of the microchannel.
Also, the channel with a sharp contraction has a higher peak
width at the walls while remaining constant in the central
area. However, it increases in the proximities of the con-
traction and decreases in the corners. This result could be
explained by the high extensional flow created by the sudden
contraction in that region. The velocity of the fluid and elon-
gation is expected to be significantly higher and the long-
range order might be temporally distorted in that point as
seen in the decrease of the orientation parameter (Figure 5d).
The peak amplitude (Figure 5g,h) is higher at the walls of the
channel and in the contraction, where the degree of orienta-
tion also increases. This indicates a high order in regions with
high shear stress.

As seen in the direction of orientation, color-coded in
Figures 4a,b and 5a,b, high shear is not a necessary condi-
tion to produce alignment in the liquid crystals, but a certain
threshold should be reached. The material seen upstream in
the scanned region has not reached complete alignment, even
though it flowed through a long channel from the sample res-
ervoir, which has low shear rate values. Extensional forces and
a high enough shear rate are necessary to reach the alignment
in the liquid crystal, which are caused by the contraction from
large to small channel width.

3. Conclusions

The structure of lyotropic liquid crystals and their behavior
under flow in microfluidic devices was visualized in situ. They
were arranged in H; and L, self-assembled structure with a gel-
like rheological behavior. The H; phase showed a strong strain
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overshoot due to growth and aggregation of crystalline micro-
domains with different orientation. In contrast, the L, liquid
crystal displayed a weak strain overshoot related with cluster
break-up and layer sliding. Both materials are shear thinning,
where L, had three different regimes in its viscosity curve.
Scanning SAXS was proven to be a useful tool to characterize
and identify the different processes happening during con-
fined flow as well as measuring the orientation and structure
of such self-assembly systems. For H; a shear rate threshold
had to be overcome to achieve orientation in the flow direc-
tion. Below that threshold, crystalline domains were unexpect-
edly found to be perpendicular to the flow even in regions
with high extensional flow. Thus, the control of the flow condi-
tions is important to achieve the desired degree of anisotropy
in the final object. The induced alignment will strongly influ-
ence the performance of the material, such as the mechanical
stress distribution in a specific direction® or the mineraliza-
tion process when these liquid crystals are used as a template
for growth of a mineral phase.”

For L, a structural transition was observed in flow from
extended lamellae to multilamellar vesicles at medium shear
rates. High shear rates are necessary to stretch and break these
multilamellar vesicles into extended lamellae again, which is
reached at the walls and in the contraction of the microchan-
nels. This means that design parameters have to be chosen
carefully, since depending on the shear rate the liquid crystal
can arrange in well-aligned extended lamellar phase or multi-
lamellar vesicles. This is especially important when the appli-
cation aims for a 2D structure such as in ceramic/polymer
composites.l’®! In these cases, the formation of multilamellar
vesicles should be avoided as they will affect the positioning
of the particles leading to more isotropic deposition and less
orientation.

The peak analysis revealed no peak shifts due to flow rate
or confinement, which reflects a very stable system in terms
of molecular assembly, that is, L, or H; spacing. However, the
scattering pattern anisotropy and peak parameters showed a
structural change, which may be overlooked if a detailed study
of the self-assembled materials is not performed. The knowl-
edge gained in this work can improve the quality and under-
standing of hierarchical materials in a variety of applications.
This methodology opens a new way to study and visualize
the structure of ordered materials and other colloidal systems
during flow, in particular in complex flow situation as present
in a nozzle of a 3D printer.

4. Experimental Section

Sample Preparation: Lyotropic liquid crystals were prepared following
the ternary system Pluronic F-127 (EOq4oPO;0EO1qq), 1-butanol, and water
(Milli-Q grade). Pluronic F-127 (pharmaceutical grade) was obtained from
BASF and used without further purification. Two different self-assembled
structures were obtained modifying the composition of F-127:water:b
utanol, being H; 35:50:15 wt% and L, 25:47.5:27.5 wt%. The ternary
systems were vigorously stirred and left to equilibrate overnight to form
the desired self-assembled structure. The liquid crystals were loaded
into syringes and centrifuged to remove all air bubbles.

Microfluidics ~ Fabrication: Microfluidic channels compatible with
synchrotron radiation were used to reproduce the 3D printing nozzles
design. The microfluidic chips were prepared according to Lutz-Bueno
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et al.[®l where a positive poly(dimethyl siloxane) (PDMS) stamp was
obtained from a silicon hard mold patterned by photolithography.
From the PDMS stamp, a sandwich structure composed by a polyimide
film with a thickness of 25 um, a UV curable resin (Norland Optical
Adhesive, NOA#81) spacer with the stamped design (i.e., the channel),
and a plasma treated glass cover slip was fabricated in clean room
conditions. The microfluidic channels were prepared one week before the
experiment and therefore the effect of the plasma treatment on the glass
surface was neglected. Two designs were prepared for the experiments,
which mimic commonly used blunt and conic 3D printing nozzles.
The chosen designs had the same contraction ratio from 1.25 mm
to 100 um in width. A microchannel with a sudden contraction to a
straight channel of 3.25 mm in length and a microchannel composed
by a progressive contraction of 5° and a total length of 6.5 mm were
produced. The height of the NOA layer in all of them was 250 um. The
use of microfluidics implied 2D confinement, which should be taken
into account for the results interpretation. The microfluidic chips and
the necessary tubing were assembled in an aluminum holder which was
fixed in the scanning SAXS set-up. Syringe pumps (Cetony, neMESYS
290N) were used to have a controlled flow of 0.03, 0.30, and 3.00 pL s~
during the whole experiment.

Scanning Small Angle X-Ray Scattering: Scanning SAXS was performed
at the cSAXS (X12SA) beamline at the Paul Scherrer Institute (PSI,
Switzerland). The X-ray beam was focused to 40 x 40 um and was
monochromated by a fixed-exit double crystal Si(111) monochromator
to an energy of 11.2 keV (1.107 A). A flight tube with a length of 2 m
was placed between the sample and the detector to minimize the air
scattering and absorption. The scattering signal was recorded by a
Pilatus 2M detector’™] and the transmitted beam was measured with
a photodiode on a beamstop, placed inside the flight tube. For all the
measured samples, the exposure time was 0.08 s at a sample-to-detector
distance of 2.158 m, which was calibrated with silver behenate.

X-Ray Scattering Analysis: The radial integration of the 2D scattering
patterns was performed in the azimuthal segments with the cSAXS
matlab analysis package.’®! The phase of the self-assembled liquid
crystal was identified by the relationship between the diffraction peaks.
The principal diffraction peak in both samples, which corresponded to
the cylinder/lamella interspace (see Figure 1) was fitted by a Gaussian
from which the peak position, width, and amplitude were obtained.!

The azimuthal intensity along the reciprocal scattering vector q was
used to calculate the angle and orientation parameter according to the
Hermans’ algorithm.®% The azimuthal intensity in the range —90° to 90°
was normalized and interpolated by a Lorentzian curve, centering the
peak position at 0°. According to the Hermans’ algorithm, the Hermans’
orientation parameter (f,) was calculated using Equation 2 where I(¢)
was the intensity for each azimuthal angle (¢) after the peak recentering.
The angle of the orientation was extracted by the peak position in the
azimuthal intensity and it was shown in reciprocal space.®'l

[55eos?o—3) sinoi(o)do
[ Zsingito)do

(fa)= @)

Rheology: Rheological characterization was carried out using an Anton
Paar MCR702 TwinDrive rotational rheometer in a separate motor-
transducer (strain-controlled) configuration. Parallel plate geometries of
25 mm in diameter were used for all the experiments with the exception
of the oscillatory tests in the hexagonal liquid crystal where parallel plates
of 7 and 15 mm were used. Oscillatory and steady shear measurements
were carried out for both samples. Strain sweep tests were performed
at 1.0 rad s for a shear strain amplitude range from 0.02% to 200%.
Frequency sweep test were performed at angular frequencies ranging from
1 to 50 rad s7', with a constant strain amplitude of 0.01% in the linear
viscoelastic range, as determined from the strain-sweep tests. The steady
shear tests were performed at a shear rate from 9.0 X 107 t0 30 s7".

The approximate shear rate in the microchannels was calculated using
Son’s model.’? It used the width (W), height (H), and flow rate (Q), and
it was applicable to micellar systems!®¥l in geometries when velocity was
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not independent of the lateral dimensions (W = H). This model calculated
the apparent shear rate (y,) in Equation 3 and the wall shear rate (y,),
in Equation 4, where f* was a tabulated function dependent of the ratio
height/width and n was the shear thinning index. This calculation gave an
apparent shear rate in the order of magnitude of 10' s7.

(e

7=t ] Fo+ ;%) @
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