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Dendritic patterns from shear-enhanced anisotropy in

nematic liquid crystals

Qing Zhang'*, Shuang Zhou?*, Rui Zhang3, Irmgard Bischofberger’*

Controlling the growth morphology of fluid instabilities is challenging because of their self-amplified and non-
linear growth. The viscous fingering instability, which arises when a less viscous fluid displaces a more viscous
one, transitions from exhibiting dense-branching growth characterized by repeated tip splitting of the growing
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fingers to dendritic growth characterized by stable tips in the presence of anisotropy. We controllably induce
such a morphology transition by shear-enhancing the anisotropy of nematic liquid crystal solutions. For fast
enough flow induced by the finger growth, the intrinsic tumbling behavior of lyotropic chromonic liquid crystals
can be suppressed, which results in a flow alignment of the material. This microscopic change in the director
field occurs as the viscous torque from the shear flow becomes dominant over the elastic torque from the
nematic potential and macroscopically enhances the liquid crystal anisotropy to induce the transition to den-

dritic growth.

INTRODUCTION
Spontaneous pattern growth at an unstable interface between two
fluids is a common phenomenon in many nonequilibrium
systems (1-6). A famous example is the viscous fingering instability,
in which one fluid is displaced by another less viscous one in the
quasi two-dimensional geometry of a Hele-Shaw cell (7). In this in-
stability, fingers of the displacing fluid grow into the displaced one
and undergo successive tip splitting, which leads to ramified pat-
terns with many branches that belong to the class of dense-branch-
ing growth (8-10). The ubiquitous tip splitting can be prevented by
introducing anisotropy in the interfacial dynamics, which stabilizes
the fingertips into parabolic shapes; the resulting pattern transitions
to dendritic growth (I, 11-16). Dense-branching growth and den-
dritic growth are two essential morphologies that emerge in a
diverse range of physical phenomena, including electrochemical
deposition and the growth of bacteria colonies (3, 4, 17-19).
Given the important role of anisotropy in selecting the growth
morphology, various experimental methods have been developed
to introduce anisotropy in the viscous fingering instability (20—
25). The most well-established means is to geometrically modify
the growth environment by engraving ordered channels on one of
the plates of the Hele-Shaw cell (16, 26, 27). Another strategy is to
use a non-Newtonian fluid as one of the fluids, where the anisotropy
is an intrinsic property of the medium itself. Theoretical work and
numerical simulations have suggested that the local decrease in vis-
cosity in front of the fingertip occurring in shear-thinning visco-
elastic fluids can suppress tip splitting by introducing a preferred
growth direction (28-31). Experimentally, intrinsically anisotropic
thermotropic liquid crystals (TLCs) have been used as the displaced
fluid (32). Most TLCs in the nematic phase are flow-aligned mate-
rials (33), for which the director maintains a stable angle in the
shear plane set by the viscous torques acting on the director (34).
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The flow alignment gives rise to a smaller viscosity parallel to the
flow direction compared to that perpendicular to the flow direction
(34). This difference in viscosities leads to a direction-dependent
velocity of the interface and introduces anisotropy in the interfacial
dynamics, causing the transition from dense-branching to dendritic
growth (34). The flow alignment occurs when the viscous torque
from the shear flow becomes dominant over the Frank elastic
torque produced by the gradient in the continuum director field;
this condition is reached when the Ericksen number is larger than
unity (35).

Here, we demonstrate a different pathway to dendritic growth
that occurs at much higher Ericksen numbers deep in the flow-
dominated regime. We observe this pathway when low-viscosity sil-
icone oil displaces a solution of nematic lyotropic chromonic liquid
crystals (LCLCs). LCLCs are aqueous dispersions of organic disk-
like molecules that self-assemble into cylindrical aggregates,
which are responsible for the formation of liquid crystal phases
(36—41). In contrast to most nematic TLCs that flow-align for Erick-
sen numbers Er > 1, nematic LCLCs exhibit a flow-tumbling behav-
ior where the material does not adopt a stable director field but
experiences a nonzero viscous torque acting on the director. In
this tumbling state, defects can form in the nematic LCLC solutions
(33, 42). Because LCLC aggregates are about 100 times longer than
TLC molecules, their rotational relaxation is slow compared to the
time scales of the flow, allowing us to access the regime of Deborah
numbers close to unity that is not accessible in TLCs (33, 40). We
demonstrate how these unique characteristics lead to dendritic
growth in the viscous fingering instability by a mechanism different
from that reported for nematic TLCs and over a large range of in-
jection flow rates for different viscosities of the displacing fluid.

We reveal that the morphology transition from dense-branching
to dendritic growth necessitates an enhancement of anisotropy of
the tumbling nematic liquid crystal solution. In the tumbling
state, the viscous fingering instability adopts dense-branching
growth. We find that the tumbling behavior can be suppressed by
high enough shear leading to a flow alignment of the material,
which enhances the LCLC anisotropy and induces the transition
to dendritic growth. The shear-enhanced anisotropy is reached
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when the viscous torque induced by the shear flow becomes dom-
inant over the elastic torque from the nematic potential. This pro-
vides a quantitative criterion for the growth morphology transition
and establishes the relation between the orientation of the LCLC ag-
gregates at the microscale and the growth morphology selection at
the macroscale.

In a small region very close to the fingertip of the invading fluid,
the LCLC aggregates experience a uniaxial extensional flow induced
by the finger growth. We show how LCLC aggregates can break
when the uniaxial extensional flow dominates over simple shear
flow and how this can locally induce a phase transition of the
LCLC solution from the nematic phase to the isotropic phase.
Such flow-induced phase transition, which is tunable and reversible,
could be exploited in applications using LCLC solutions as flow
field sensors.

RESULTS

Growth morphology transition in nematic LCLC solutions
Two distinct pattern morphologies emerge as a nematic solution of
the lyotropic chromonic liquid crystal disodium cromoglycate
(DSCQ) is displaced by a lower-viscosity silicone oil in a radial
Hele-Shaw cell. Atlow volumetric flow rates, fingers grow by repeat-
ed tip splitting, which results in the generic dense-branching
growth. Above a certain volumetric flow rate, however, the finger-
tips are stabilized, and the morphology transitions to dendritic
growth, as shown in Fig. 1 (A and B). Such a morphology transition
occurs for different viscosities of the displacing silicone oils (1, =
0.83 mPa:s in Fig. 1A and n;, = 48 mPa-s in Fig. 1B). The global
features of the patterns depend on the viscosity ratio between the
inner displacing and the outer displaced fluid, n;,/Noy. In particular,

an inner circular region within which the outer fluid is fully dis-
placed appears for larger viscosity ratios (16, 43, 44). To quantify
the global features of the patterns, we consider the ratio of the
finger length Ry to the radius of the inner circular region R;, mea-
sured when the pattern has grown to an outer radius R, = 30 mm, as
shown in the inset of Fig. 1C. The ratio R¢/R; monotonically decreas-
es with increasing viscosity ratio for both dense-branching patterns
and dendritic patterns, similar to the behavior observed for two
Newtonian fluids (Fig. 1C and fig. S1). Both the dense-branching
and the dendritic patterns are characterized by a well-defined
fractal dimension that increases with n;,/Nour as shown in fig. S2.

To classify the pattern morphologies into either dense-branch-
ing or dendritic growth, we consider the temporal evolution of the
fingertip width, w, measured 300 um behind the fingertip. For
dense-branching growth, w increases until it reaches a width of
twice the most unstable wavelength set by the competition
between surface tension forces and viscous forces (7), whereupon
the tip splits and w decreases. By contrast, w remains constant for
the stabilized parabolic tips of dendritic patterns, as shown in Fig. 1
(D and E).

Growth morphology transition induced by shear-enhanced
anisotropy

To understand what governs the morphology transition from
dense-branching to dendritic growth, we measure the optical re-
tardance of the DSCG solutions that gives information about the
director field. Imaged under crossed polarizers, the interference
color is distinct for the two growth morphologies, as shown in
Fig. 2A, indicating differences in the alignment of the director
field. We determine the in-plane azimuthal angle, ¢ (Fig. 2B), by
adding a static 560-nm full-wave plate optical compensator with

L %*9 . ]
g C® E
C €y ]
\ % |
R E
103 102 10-! 100
nin/noul
2¥Vll1¥lllvlv||||vll|‘||
)
£ 1
=
0llllllllllllllllllllhlll
0 0.2 0.4 0.6 0.8 1
1t

max

Fig. 1. Morphology transition from dense-branching to dendritic growth observed as silicone oil displaces aqueous solutions of DSCG in the nematic phase. (A
and B) With increasing volumetric flow rate g, the pattern transitions from dense-branching growth (left) to dendritic growth (right). (A) Silicone oil viscosity n;, = 0.83
mPa:s and g = 0.1 ml/min (left) and g = 0.4 ml/min (right). (B) Silicone oil viscosity n;, = 48 mPa-s and g = 0.05 ml/min (left) and g = T ml/min (right). Scale bar, 5 mm. The
images are captured using a crossed polarizer, P, and analyzer, A. (C) The ratio R¢/R; when the radius of the pattern reaches R, = 30 mm. The global features of both dense-
branching () and dendritic () patterns emerging as silicone oil displaces nematic DSCG solutions are governed by the viscosity ratio, nin/nout similar to those of dense-
branching patterns observed when silicone oil displaces a Newtonian glycerol-water mixture (¢). Inset: Definition of the characteristic length scales Ry, R;, and R,. (D) The
width of the fingertip w varies with time t for dense-branching growth characterized by repeated tip splitting (top). The width w remains constant for dendritic growth
characterized by stable parabolic tips (bottom). Scale bar, 2 mm. (E) Temporal evolution of w for dense-branching growth (4) and dendritic growth () for n;, = 0.83
mPa:s. tax denotes the time when the fingers reach a length of 30 mm.
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Fig. 2. Distinct director fields for dense-branching and dendritic growth. (A)
The difference in color observed in DSCG solutions far from the fingertip denotes
distinct director fields for dense-branching growth at g = 0.05 ml/min (left) and for
dendritic growth at g = 1 ml/min (right). We define a local coordinate system where
the x axis is in the direction of the fingertip growth, the y axis is perpendicular to
the growth direction, and the z axis denotes the direction of the plate spacing. L is
the distance from the fingertip along the x direction. Scale bar, T mm. (B) Schemat-
ic of the director orientation. The in-plane azimuthal angle is denoted as ¢ and the
out-of-plane polar angle as 0. (C) The optical retardance § along the distance L for
dense-branching growth () and dendritic growth (). The data correspond to
the images in (A). The gray area at L < 0 denotes the isotropic oil phase, where the
retardance is zero. Inset: Mean optical retardance far from the fingertip averaged
over 1.5 mm < L < 4 mm, §, versus the fingertip velocity, V, for silicone oils with
viscosities n, = 9.8 mPa:s (O) and 1, = 48 mPa-s (). The dashed line marks the
transition between dense-branching and dendritic growth.

its slow axis oriented at 45° to the crossed polarizers and find that ¢
~ 0; the directors are, on average, uniformly aligned in the radial
flow direction for both dense-branching and dendritic growth
(see  Supplementary  Text). The optical retardance,
5=y | new(0) — no | dz = b | ne(8) — n,
mation about the average out-of-plane polar angle, 6, where b is
the plate spacing of the Hele-Shaw cell and 7. and 1, are the effec-
tive and ordinary refractive indices (45).

Comparing the interference color with a customized Michel-
Lévy color chart, we determine the optical retardance § along the
center line in front of a fingertip, L (see Supplementary Text and
figs. S3 and S4). In the isotropic oil phase, the retardance is close
to zero. Within a small region in front of the fingertip, § is
similar for both types of patterns, as shown in Fig. 2C. Away from
the fingertip, however, the retardance is higher for the dendritic
pattern than for the dense-branching pattern. These features are
consistently observed for different silicone oil viscosities and differ-
ent fingertip velocities, V, where V is measured at the fingertips as
they grow from a radius of R = 15 mm to R = 30 mm: Dendritic
growth occurs beyond a critical value of retardance, as shown in
the inset of Fig. 2C.

A low value of retardance in flowing DSCG solutions reflects the
tumbling character of the material that leads to a nonzero viscous
torque for any orientation of the director with a,a; < 0, where a,
and a; are the Leslie viscosity coefficients (35). As a result of the
nonzero viscous torque, twist-type topological defects spontaneous-
ly occur in the material, which leads to a low retardance (33, 42, 46).

, then provides infor-
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That the viscous fingering instability adopts dense-branching
growth in this regime indicates that the tumbling state at the micro-
scale makes the liquid behave isotropically at the macroscale, even
for a material that exhibits global nematic ordering. A high value of
retardance, by contrast, reflects a small average polar angle
(6 = 15°) indicative of a stable flow-aligned state. High shear can
thus suppress the tumbling of DSCG solutions. Our results
suggest that this transition from tumbling to the flow-aligned
state introduces a large enough shear-enhanced anisotropy that
allows for the growth morphology transition from dense-branching
growth to dendritic growth.

To test this hypothesis, we consider that the morphology transi-
tion in DSCG solutions occurs in the regime of high Ericksen
T]zgxzbz

Ky
periments, where 1), is the twist viscosity, K is the twist Frank elastic
constant, and y,, = V/b is the average shear rate in the xz plane (35,
47). In this regime, the material response is flow dominated. More-
over, given the large size of DSCG aggregates (47), the Deborah

number De = 1,/1~ 1, where 1, = 1/D, is the rotational relaxation
_ 3ksT(In(1/d)—0.8]
P

number Er = ranging from 1.7 x 10° to 9.4 x 107 in our ex-

time of the aggregates, D, = is the rotational diffusion

coefficient, [ is the length and d is the diameter of the DSCG aggre-
gate, 1, is the solvent viscosity, kg is the Boltzmann constant, T'is the
temperature, and 7 = 1/, is the characteristic time of the shear
flow (48). For Deborah numbers of order unity, the director field
cannot be considered as a continuum field and the classical Erick-
sen-Leslie theory does not apply (48). Instead, we need to consider
the dynamics of individual molecular aggregates, which is set by the
competition between the elastic torque from the nematic potential
that induces collective tumbling of the directors and the viscous
torque from shear flow that drives individual aggregates to reorient
toward the stationary angle adopted in the flow-aligned state. We
express the elastic torque acting on the aggregates as

M, = ldl;';"’ =~ lUf;;‘“, where U, is the nematic potential that we
express using the Onsager excluded-volume potential Uyey, =
2dI*CkgT, C = 4¢/nd?l is the number of aggregates per unit
volume, and ¢ is the volume fraction of DSCG in water (40, 49).
The viscous torque from the shear flow is Myjsc & MoV, (2)bP,
where n ¢ ~ %g is the effective viscosity that is related to the
drag coefficient £ ~ Im’ (49). The competition between My

M = Mise a2 0%y, (2)
My 48 kT

pression can be more rigorously obtained from the Smoluchowski
equation (see Supplementary Text). We consider almost all direc-
tors to be flow-aligned when the shear rate in the center region of
the gap reaches y,, . = %%u’ where §xz’c = % is the average crit-
ical shear rate, V" is the gap-averaged critical velocity denoting the
transition from tumbling to flow alignment, and z, = 10’43 isa
characteristic length scale denoting the center region chosen of
the order of the radius of a DSCG aggregate (~1 nm). Setting IT =

1 then yields V* ~ 82—‘}"’%

We can now probe whether V" governs the transition from
dense-branching to dendritic growth by varying the plate spacing,
b, and the length of the aggregates, I. The length of the aggregates
can be tuned by using different concentrations of DSCG in water
(40, 47). For a set of experiments at a given b and /, the growth mor-
phology transition occurs at a critical fingertip velocity V. that is

and M, can be expressed by . A similar ex-
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independent of the viscosity of the displacing silicone oil, n;;,, as
shown in Fig. 3 (A and B). Both changing b and [ systematically
shifts V.. We can rescale all data by normalizing the fingertip veloc-
ity V with V", as shown in Fig. 3C. This corroborates that the mi-
croscopic transition from tumbling to flow alignment occurring at
V" governs the macroscopic growth morphology transition.

For both nematic TLCs and nematic LCLCs, the transition from
dense-branching to dendritic growth occurs as the directors adopt a
flow-aligned state. The mechanism that governs the flow alignment,
however, is distinct for the two classes of liquid crystals. The flow
alignment in nematic TLCs is described within the framework of
the Ericksen-Leslie theory, where the dynamics of the director is
set by the competition between the Frank elastic torque produced
by the gradient of the continuum director field and the viscous
torque from the shear flow expressed by the Ericksen number
(35). Flow alignment occurs for Er >1. In a tumbling liquid
crystal, such as the nematic DSCG solution, by contrast, the flow
alignment occurs at much higher Er > 10° and at high Deborah
numbers De #1072 — 10* compared to De <10~ for TLCs. In
this Deborah number regime, the Ericksen-Leslie theory is not ap-
plicable, and instead, molecular theories considering the nematic
potential resisting the shear flow deforming individual aggregates,
as expressed by II, describe the flow alignment. Our experiments
show that dendritic growth can occur for De 21 in nematic tum-
bling LCLCs, and not only in the previously reported regime of
De < < 1 in nematic flow—aligned TLCs.

Extensional flow locally breaks DSCG aggregates at
fingertips

While the morphology selection is determined by the state of align-
ment of LCLC aggregates far from the fingertip, the invading oil
finger modifies the state of the LCLC aggregates close to the oil-
liquid crystal interface. In a small region directly in front of the fin-
gertip, we observe a dark region that denotes a substantial decrease
in retardance compared to the region away from the tip, as shown in
Fig. 4A. Such a low value of retardance could be due to three

possible effects: (i) a homeotropic alignment (6 = 90°) of the direc-
tor field, (ii) a twist deformation of the director in the gap direction,
or (iii) a decrease of the order parameter (33). To test which of these
effects is the cause of the lower retardance, we tilt the Hele-Shaw cell
by 20°. We find that the dark area remains dark upon tilting the
Hele-Shaw cell, as shown in Fig. 4A, which indicates that the
lower retardance is due to a decrease of the order parameter as
the two other possible effects would induce a change in retardance
upon tilting the cell. The decrease in retardance occurs over a
similar range L. for different volumetric flow rates, as shown
in Fig. 4B.

To understand why the order parameter is lower in the region in
front of the fingertip, we measure the two-dimensional velocity field
v(x, y, t) using tracer particles. The relative velocity of the DSCG
solution in the frame of the moving fingertip reveals a combination
of uniaxial extensional flow and simple shear flow, as shown by the
black arrows in Fig. 4C. The color map of the strain rate calculated

asy = 4 /yﬁ + \'/f shows that the maximum strain rate occurs in the

fingertip region, where ¥, = 3 (% — 8—;}) is the extensional compo-

. . A )\ .
nent of the strain rate and y, = 1 (%V; + %) is the shear component

of the strain rate. We hypothesize that the order parameter decreas-
es in the region of high strain rate as a result of the strong extension-
al flow. This might appear counterintuitive, as extensional flows
have been reported to increase the order parameter in rigid rods
suspended in a fluid by promoting the rods to align (50, 5I).
However, distinct from rigid rods, the DSCG aggregates can break
and consequently form an isotropic phase (52), which would sub-
stantially decrease the order parameter.

To test this hypothesis, we estimate the effect of the extensional
flow on the DSCG aggregates by considering (i) the energy balance
between the scission energy of aggregates, E;, which describes the
energy required to break an aggregate into two, and the energy
input from extensional flow, E.,, and (ii) the alignment of DSCG
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Fig. 3. Morphology diagrams denoting the transition from dense-branching to dendritic growth controlled by the fingertip velocity, V. (A) Experiments per-
formed at fixed plate spacing, b =25 um, for three concentrations of DSCG in water: ¢ = 14 wt % (O), ¢ = 16 wt % (/\), and ¢ = 18 wt % (). Closed symbols denote dense-
branching growth; open symbols denote dendritic growth. The dashed lines mark the transitions between dense-branching growth and dendritic growth occurring at
critical fingertip velocities V.. (B) Experiments performed at fixed concentration of DSCG in water, ¢ = 18 wt %, for three plate spacings: b =12 um (), b =25 um (>), and b
=50 um (A\). (C) Morphology diagram where V is normalized with V", the velocity denoting the balance of the elastic torques from the nematic ordering and the viscous

torques from the shear flow.
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Fig. 4. Extensional shear at the fingertip induces isotropic liquid crystal phase. (A) Zoomed image of the fingertip region for a volumetric flow rate g = 1.5 ml/min. A
dark region of length L. is seen in front of the fingertip (top), which remains dark upon tilting the Hele-Shaw cell by 20° (bottom). Scale bar, 200 um. (B) Optical retardance,
§, measured at the center line of a finger for experiments at different volumetric flow rates g (see legend to the right). Closed symbols denote n;, = 0.83 mPa s, open
symbols denote n;, = 48 mPa -s. L, indicated by the dashed line, denotes the region characterized by a low 8. (C) Map of the relative velocity (arrows) in the frame of the
moving fingertip and the strain rate  (color map) for g = 1.5 ml/min. Scale bar, 200 um. (D) Extensional component of the strain rate, v, measured at the center line of a
finger versus the distance from the fingertip, L. The blue line denotes the critical extensional component of the strain rate above which an aggregate breaks, . . Inset:

The mean shear component of the strain rate, ,, increases with increasing fingertip velocity, V. (E) Scaled master curve of ¥, /7, versus L. The dashed line indicates L.. Inset:
A DSCG aggregate aligns parallel to the uniaxial extensional flow when §, > ¥,. Strong shear can break the aggregate, which results in the isotropic liquid crystal phase.

aggregates in the extensional flow, which determines whether the
aggregates are in tension or in compression.

The scission energy is E,; & 10kgT (47). The energy from exten-
sional flow is expressed as E, = 6,A¢p ™!, where o, = —(a; + @3)7,
is the extensional stress, A ~ dI?, and ¢ is the volume fraction of
DSCG aggregates in water (see Supplementary Text). Balancing
the two energies, Ey; = E.y, yields a critical extensional strain rate
inducing breakage of the aggregates, ¥, ~ 1 s, shown as a blue
line in Fig. 4D. The measured extensional component of the strain
rate v, intersects v, ., at different distances L from the fingertip for

~
~

experiments performed at different volumetric flow rates g. This is
inconsistent with the independence of L. on q (Fig. 4B). v,
denotes the onset of aggregate breakage only for the condition
where the aggregates are in tension, which is the case when the ag-
gregates are oriented parallel to the uniaxial extensional direction
(inset of Fig. 4E). Conversely, when the aggregates are oriented per-
pendicular to the uniaxial extensional direction, they are in com-
pression, and 7, does not induce breakage. To determine the
orientation of the aggregates in the fingertip region, we consider
that the aggregates undergo a simple shear flow in the x direction
that favors alignment in the x direction and an uniaxial extensional
flow in the y direction that favors alignment in the y direction (33,
50, 51). The competition between vy, and -y, governs the aggregate
orientation. y, is almost constant in the fingertip region (see Sup-
plementary Text and fig. S5), and the mean shear component of the
strain rate, v,, systematically increases with fingertip velocity, as
shown in the inset of Fig. 4D. We thus normalize ¥, with ¥,
which rescales all data and shows that ¥,/¥, > 1 for L < L,, as dis-
played in Fig. 4E. The DSCG aggregates align in the y direction close
to the fingertip and break as y, > ¥, ., which induces the transition
from the nematic to the isotropic phase reflected in the decrease in
retardance.

DISCUSSION

We demonstrate how fast flows can suppress the tumbling behavior
of nematic LCLC solutions and induce a flow alignment of the di-
rector field. As a result of such a shear-enhanced anisotropy of the
liquid crystal, the pattern obtained in the viscous fingering
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instability transitions from dense-branching growth to dendritic
growth. We have established a quantitative criterion for this
growth morphology transition in terms of the competition
between the elastic torque from the nematic potential and the
viscous torque from shear flow, which allows us to controllably
tune the pattern growth occurring in interfacial fluid instabilities.
The resulting interfaces with distinct microscopic alignment and
complex shape could be exploited as scaffolds for transmitting an-
isotropy to surface-active components.

The self-assembled nature of LCLC solutions introduces the po-
tential of aggregate breakage. We show that the high uniaxial exten-
sional shear close to a fingertip during finger growth can break
LCLC aggregates and induce a phase transition from the nematic
to the isotropic phase. This might be exploited to design flow
field sensors with reversible phase transitions that can easily be
induced by tuning the flow rate (53, 54).

MATERIALS AND METHODS

Our experiments are performed in a radial Hele-Shaw cell consist-
ing of two 19-mm-thick circular glass plates of diameter 140 mm.
The spacing between the two plates, b, is maintained by spacers
placed around the plate perimeter and varies from 12 to 50 um.
We use silicone oils (Sigma-Aldrich and Consolidated Chemical
& Solvents LLC) with viscosities ranging from 0.83 to 48 mPa-s as
the displacing inner fluid and aqueous solutions of the LCLC DSCG
(purity >98.0%; TCI America) as the displaced outer fluid. We
prepare nematic DSCG solutions with concentrations of 14, 16,
and 18 weight % (wt%) DSCG in water at room temperature T =
23 £ 0.5°C (47). The fluids are injected through a 2-mm-diameter
hole in the center of one of the plates at a volumetric flow rate
ranging from g = 0.05 to 5.5 ml/min controlled by a syringe
pump (Harvard PHD 2000). We visualize the patterns through
crossed polarizers and record their growth with a LUMIX GH5
camera at frame rates up to 60 fps.

To investigate the director field and the flow field in the region
close to the fingertips, we use a smaller Hele-Shaw cell with plate
spacing 25 pm, consisting of two 6-mm-thick square glass plates
of size 75 mm by 75 mm. The director field is observed through
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crossed polarizers in an optical microscope (OMAX M837T) with
an objective of magnification M = 4x and numerical aperture
NA = 0.1. The flow field is quantified by tracking polystyrene mi-
crospheres (Alpha Nanotech Inc.) of diameter 2 um using the
optical microscope. The microspheres are dispersed in the DSCG
solutions at a concentration of 0.05 wt%. The director field and
the flow field are captured using a high-speed camera (Chronos
1.4) at frame rates of 1069 fps. We determine the two-dimensional
velocity field using a digital particle image velocimetry tool for
MATLAB (PIVlab) (55, 56).
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