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We show experimentally and theoretically that the Lehmann effect recently observed by Yoshioka and
Araoka (Nat. Commun., 2018, 9, 432) in emulsified cholesteric liquid crystal droplets under temperature
gradients is due to Marangoni flows rather than to the thermomechanical or chemomechanical
couplings often invoked to explain the phenomenon. Using colloidal tracers we visualize convection
rolls surrounding stationary cholesteric droplets in vertical temperature gradients, while a shift in
the position of internal point defects reveals the corresponding inner convection in nematic droplets
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thermomigrating in a horizontal temperature gradient. We attribute these phenomena to the
temperature dependence of the surface tension at the interface between these partially-miscible liquids,
and justify their absence in the usual case of purely lyophobic emulsions. We perform a theoretical
analysis to help validate this hypothesis, demonstrating the strong dependence of the precession
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1 Introduction

The rotation under a temperature gradient of cholesteric droplets
was discovered by Lehmann in 1900" and re-observed recently by
several authors.>™* We recall that a cholesteric phase is a chiral
nematic phase twisted in a single direction at equilibrium.” In all
the recent experiments,”* the cholesteric droplets coexist with
their isotropic liquid at the transition temperature between the
two phases. An alternative way of dispersing cholesteric droplets
is emulsifying the cholesteric phase in an immiscible isotropic
liquid, such as water or glycerol. This strategy, however, has failed
to result in Lehmann rotation when the droplets are subjected to
a temperature gradient. The situation has recently changed when
experiments by Yoshioka and Araoka® have shown rotation of
cholesteric droplets dispersed in a partially-miscible isotropic
liquid. Just as in the original Lehmann experiment, rotation
occurs when a temperature gradient is applied, but it is much
faster than in droplets coexisting with their isotropic phase,
and it can be observed at all temperatures below the clearing
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velocity on the configuration of the cholesteric director field.

transition. The possibility to achieve this thermomechanical
rotation in an emulsion, rather than in the phase coexistence
region is relevant, as it offers the required temperature versatility
to employ such phenomenon in integrated lab-on-a-chip devices.
It is, therefore, relevant to understand whether the rotation
mechanism is the same in this experiment (which resembles
that of Lehmann’s when the latter dispersed the cholesteric
phase in rosin or mineral oils) and the recent experiments
performed in the coexistence region.

To answer this question, we recently analyzed the different
mechanisms that could cause the Lehmann rotation of cholesteric
droplets in either the coexistence region or in the emulsions.”

We immediately eliminated the explanation based on the
existence of Leslie, Akopyan and Zel’dovich thermomechanical
torques.®*° These torques exist' ™ but are too small to explain
the observed phenomena.'**® In addition they do not always
predict the good sense of rotation of the droplets.'* Another
explanation suggested by a recent work by Bono et al.’” - but
not confirmed experimentally” - lies on the existence of a flux
of dissolved impurities (solute) across the droplets that would
be responsible for a chemo-mechanical torque analog to the
thermomechanical one. This torque, first predicted by de Gennes,'®
has already been observed in Langmuir monolayers,'*>" free-
standing films of smectic C liquid crystals® and cholesteric
phases.” The reason for eliminating this mechanism as the main
explanation for the Lehmann effect observed in the coexistence
region is that the rotation velocity of the droplets is independent
of the chemical nature and the concentration of the impurities
present in the samples. On the other hand, it is not excluded that
this mechanism played a role in the experiment of Bono et al."” on
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the reversal of the sense of rotation of the droplets under strong
UV illumination.

Another possibility is that the cholesteric material inside the
droplets moves along the temperature gradient. Since the
droplets are fixed in the temperature gradient, this mechanism
implies that they should melt on their hot side and recrystallize
on their opposite cold side. Such mechanism would indeed
lead to the observation of rotating textures through the micro-
scope on condition that the director field is twisted along
the direction of observation. Such melting-recrystallization
process, possible in the coexistence region between the cholesteric
phase and its own isotropic liquid, becomes impossible when
the droplets are dispersed in a liquid in which they are not, or
poorly, soluble.

For this reason, we suggested in ref. 7 that another mecha-
nism based on a Marangoni effect might be responsible for the
rotation of the droplets when they are dispersed in a liquid
different from the LC itself. In this paper, we show experimen-
tally the existence of a strong Marangoni effect at the interface
between the LC droplets and the dispersing isotropic liquid,
and demonstrate that the associated flows are responsible
for the observed rotation of the LC textures. Incidentally, we
would like to emphasize here that this explanation was already
mentioned by Lehmann himself as a footnote in his paper
dating from 1900."

The structure of the paper is as follows. In Section 2, we
describe the experimental system. In Section 3, we report our
main experimental observations, including the textures of
the droplets and their rotation velocity under a temperature
gradient, and the evidence for the existence of convective rolls
around the droplets, suggesting a Marangoni effect. Finally, in
Section 4 we propose a model to interpret the rotation of the
droplets. In the appendix, we include the exhaustive characteriza-
tion of material parameters relevant for a quantitative analysis of
the phenomenon.

2 Experimental system

The cholesteric phase was obtained by doping the liquid crystal
7CB (4-cyano-4’-n-heptylbiphenyl from Frinton Laboratories,
USA) with 1.27% w/w of the chiral molecule R811 (R-(+)-octan-
2yl 4-((4-(hexyloxy)benzoyl)oxy)benzoate from Merck, Germany).
The cholesteric emulsion was obtained by dispersing 15 to 17%
w/w of the cholesteric mixture in the fluorinated polyether
polymer PolyFox-PF656 (PF, from Omnova Solutions, France).
The chemical structure of PF is given in ref. 24. The emulsion
was prepared by adding the required amount of the cholesteric
mixture into PF, which is liquid in all the range of used
temperatures, followed by mechanical shaking in a vortex stirrer
until complete emulsification. For test experiments, we also
dispersed the cholesteric liquid crystal in glycerol (Sigma-Aldrich,
with a nominal purity of 99.7%), which was used as received.
For flow visualization, hydrophilic polystyrene tracer particles
1.7 um in diameter (Micromod micromer-M, PEG-COOH surface
functionalization) were dispersed in PF. Briefly, 10-30 pl of a
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1:100 dilution of the stock particle solution was dried on a clean
glass slide. 100 pl of PF was added and the particles were
redispersed by stirring with a pipette tip. A few minutes in an
ultrasonic bath was used to properly disperse the particles prior
to emulsification of the liquid crystal.

Using the above protocol, a large fraction of the cholesteric
phase dissolves in PF, in accordance with the phase diagram
shown in Fig. 17. The emulsion was introduced by capillarity in
the gap between two parallel glass plates previously cleaned
with sulfochromic acid. Nylon wires of diameter 70 pm were
used as a spacer. The vertical temperature gradient was imposed
by sandwiching the sample between two ovens regulated at
different temperatures. We refer to ref. 2 for a detailed descrip-
tion of the used setup. In the following, we shall note AT
the temperature difference between the top and bottom ovens:
AT = Typ — Tgown. By assuming that the thermal conductivity of
PF is close to that of the liquid crystal, we estimate the tempera-
ture gradient inside the sample to be G (K cm ') &~ 17AT.
In some experiments, we imposed a horizontal temperature
gradient to our sample. In that case, the sample was drawn
across two ovens separated by a small gap (for a description of
the corresponding setup, see ref. 25). The temperature gradient
inside the sample was locally measured with a thermocouple
and reads G (K em™") = 1.292AT, where AT denotes here the
temperature difference between the right and left ovens. All
observations were performed by using a Laborlux 12POL micro-
scope connected to a digital camera (Hamamatsu C4742-95) and
a computer equipped with LabView for image acquisition.

3 Results

3.1 Lehmann rotation of cholesteric droplets: basic
observations

In agreement with the observations of Yoshioka and Araoka,®
we found that the cholesteric droplets dispersed in a saturated
solution of PF rotate much faster than droplets of similar sizes
observed in coexistence with the isotropic liquid phase when
they are submitted to a temperature gradient perpendicular to
the glass plates.

Four main types of droplets were observed in our samples
(Fig. 1). The first ones, by far the most frequent, are the spiraling
droplets, in reference to their spiraling texture observed in natural
light (Fig. 1a). The second ones have a texture with a quadrupolar
symmetry (Fig. 1b) and will be called quadrupolar droplets for this
reason. The third ones are the classical banded droplets (Fig. 1c)
and the fourth ones are the concentric circles droplets (Fig. 1d),
again in reference to their aspect in natural light. As the latter are
axisymmetric, they do not rotate (more precisely, their texture
does not rotate), contrary to the other types which rotate clockwise
(anti-clockwise) when the temperature gradient points upwards
(downwards). Note that the sense of rotation is the same here as
in the classical Lehmann effect and corresponds to a positive
Lehmann Rotatory Power (as defined in ref. 31). Each type of
droplets exists in a well-defined range of radius R. More precisely,
10 pm < R < 20 pm for the spiraling droplets, 8 um < R < 11 um

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The four main types of droplets observed in the sample (Toe =
27.5°C, AT = 5°C). (a) Spiraling droplet; (b) quadrupolar droplet; (c) banded
droplet; (d) concentric circles droplets. The bar is 10 um long. All the
photos were taken in natural light without polarizers.

for the quadrupolar droplets, 11 pm < R < 15 pm for the banded
droplets and R < 10 um for the concentric circles droplets.

The same droplet can also display different textures
over time. This is the case for the large spiraling droplets
(R > 15 pum) that spontaneously change winding direction
when the temperature gradient is reversed. This is visible in
Fig. 2 showing the same droplet under a positive and negative
temperature gradient. This indicates that the spiraling droplets
of this size turn back on themselves when the temperature
gradient is reversed. This process is shown in Video S1 of
the ESI.f However, the same process is not observed for the
spiraling droplets of small size (R < 15 pum). In that case, two
behaviors may be observed depending on the value of the
temperature gradient after it has changed sign. If the latter is
not too large (typically |AT| < 1.5 °C) the droplets remain
unchanged and just rotate in the opposite direction. By con-
trast, they transform systematically into banded droplets if the
temperature gradient is further increased (in absolute value) as
can be seen in Video S2 of the ESI.{ The reverse process, namely
the transformation of a banded droplet into a spiraling one, is
also systematically observed when the temperature gradient is
reversed. This is the reason why it was impossible to observe
the two senses of rotation with the same banded droplet

(b) ——

Fig. 2 A single spiraling droplet photographed when the temperature
gradient points upwards (a): AT = 5 °C and downwards (b): AT = =5 °C. In
these experiments, T,y = 27.5 °C. The bar is 10 um long.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Rotation velocity of the droplets at T, = 27.5 °C as a function
of the temperature difference between the top and bottom ovens. The
curve (a) has been measured with the same spiraling droplet of radius
R = 16.1 um. In this example, the spiral has changed winding direction
when the temperature gradient was reversed. The curve (b) has been
measured with the same quadrupolar droplet of radius R = 9.9 um. The
curve (c) has been measured with two different banded droplets of radii
R =127 pum (G > 0) and R = 13.0 um (G < 0). This could explain why the
linear fit does not pass through the origin.

(see curve (c) in Fig. 3). By contrast, the quadrupolar droplets
and the concentric circle droplets remain unchanged when the
temperature gradient is reversed. This is shown in Video S3 of the
ESIt showing a quadrupolar droplet changing sense of rotation —
but not texture — after a reversal of the temperature gradient.

We also systematically measured the rotation velocity of the
different types of droplets as a function of the temperature
gradient (Fig. 3), the average temperature of the sample (Fig. 4)
and the radius of the droplets (Fig. 5). In all cases the rotation
velocity is proportional to the temperature gradient and increases
when the temperature increases (Fig. 3). The dependence on the
average temperature is also the same for all the droplets - whatever
their type — as can be seen in Fig. 4b. Finally, the rotation velocity
of the banded droplets (respectively, of the spiraling droplets)
decreases (respectively, increases) when their radius increases,
while that of the quadrupolar droplet is independent of their
radius within the experimental dispersion.

Soft Matter, 2019, 15, 2591-2604 | 2593
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Fig. 4 (a) Rotation velocity as a function of the average temperature of
the sample under a constant temperature difference AT = —5 °C. Each
curve has been measured with the same droplet by increasing the
temperature. Curve (1): spiraling droplet; curve (2) quadrupolar droplet;
curve (3) banded droplet; (b) the same curves normalized with the rotation
velocity measured at T, = 27.5 °C. The solid lines are just guides for the
eye. During the experiments the radius of each droplet slightly decreased
because of the slow dissolution of the cholesteric phase in PF. The initial
(final) radii of the three droplets were 15(13.4) um (curve 1), 9.9(8) um
(curve 2) and 14(11.9) um (curve 3).

0.25 -

0.20 —

0.15 —

|w| (rad/s)

0.10 —

0.05 —

0.00

T T T T T T
10 12 14 16 18 20
R (um)

Fig. 5 Rotation velocity (in absolute value) measured at an average
temperature of 27.5 °C as a function of the radius of the droplets. Square:
spiraling droplets; circles: quadrupolar droplets; triangles: banded droplets.
The filled (open) symbols have been measured at AT = 5 °C (AT = -5 °C).

Last but not least, it must be noted that the texture of the
spiraling droplets may change when the temperature gradient
is increased. This effect is particularly visible on the spiraling
droplets as can be seen in Fig. 6. There is also, for each type of
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Fig. 6 The same spiraling droplet at four different temperature gradients:
(@) AT =1°C; (b) AT = 3°C; (c) AT = 5 °C and (d): AT = 9 °C, for the same
average temperature of 27.5 °C. At the larger temperature gradient, the
contrast has changed significantly, meaning that the texture was distorted.
The black bar is 10 pm long.

droplet, a maximum temperature gradient above which droplets
destabilize. An example is seen in Video S4 of the ESI, showing
the spiraling texture of a “large” droplet that destabilizes
periodically in time. Note that a very similar behavior was
described by Lehmann in his paper dating from 1900." We
did not study the limit of stability of the droplets, nor their non-
stationary regimes. By contrast, in this work we focussed our
attention on the convective flows associated with the rotation of
the droplets in the stationary regime.

3.2 Experimental evidence of Marangoni convection. Vertical
temperature gradients

To put into evidence convective flows, we dispersed spherical
colloidal particles of diameter 1.5 pm in the continuous phase.
Fig. 7 shows the motion of one particle in the vicinity of a
rotating spiraling droplet (see also Video S5 of the ESIt). From
¢t = 0 s until ¢ = 35 s, the particle approaches the droplet while,
after ¢ = 45 s, the particle departs from the droplet. During this
motion the contrast of the particle changes, which means that
the particle also moves in the vertical direction (the particle
appears dark when approaching the observer and bright when
departing from the observer). Fig. 8(a) shows how the distance
of this particle to the droplet changes in time. From this graph
the radial velocity of the particle was deduced (Fig. 8b). The
periodic character of this motion shows that the particle has a
convective motion in the vicinity of the droplet. This motion is
still better visible in Video S6 of the ESIt showing a droplet
surrounded by many particles. In that case, all the particles
follow closed trajectories in vertical planes passing though the
center of the droplets. Note that this experiment was performed
with pure 7CB, in the nematic phase, which explains why the
droplet does not rotate. This observation confirms the existence
of a strong convective motion across the sample thickness.
From these data, we measured the period of revolution of the

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c8sm02574f

Published on 22 February 2019. Downloaded by RITSUMEIKAN UNIVERSITY on 5/9/2019 5:16:31 AM.

Soft Matter

° 1

° 1

p°

l353° t=115s
%

Fig. 7 Experimental evidence of the convective motion of a colloidal
particle in the vicinity of a rotating spiraling droplet. The time is indicated
on each micrograph. The arrows indicate the sense of displacement of the
colloidal particle. The average temperature is T, = 32 °C and AT = 5 °C.
The black bar is 10 pm long.
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Fig. 8 (a) Distance between the particle and the droplet center as a
function of time; (b) corresponding radial velocity as a function of time.

particles as a function of the major axis of their trajectory
(namely half the horizontal distance they travel during a period
of revolution). The results are collected in Fig. 9 and show
clearly that the period of revolution increases when the major
axis increases. The sense of rotation of the particles on their
trajectories reverses when the temperature gradient changes
sign as shown in Video S7 of the ESI,{ suggesting that these

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Period of rotation of the colloidal particles as a function of the
major axis of their trajectory. The solid line is just a guide for the eye.

rolls are indeed due to a Marangoni effect at the surface of the
droplets. As the velocity must be continuous at the surface of
the droplets, similar convective rolls must also exist inside the
droplets. However, these rolls are difficult to put into experi-
mental evidence, since the colloidal particles are rejected from
the cholesteric phase. Nevertheless there is no doubt that they
exist and we propose that they are responsible for the observed
Lehmann effect. This will be theoretically justified in Section 4.
Before that, we looked for additional evidence of a strong
Marangoni effect.

3.3 Experimental evidence of Marangoni convection.
Horizontal temperature gradients

It is well known that the Marangoni effect can cause the
thermomigration of the droplets provided that the latter are
free to migrate (for a review, see for instance ref. 32). This is the
case if the temperature gradient is applied parallel to the glass
plates. To check this expectation, we used an emulsion of pure
7CB (16 wt%) in PF. Note that, for simplicity, this experiment
was done in the nematic phase. Fig. 10(a) shows a typical droplet
photographed between crossed polarizers. The presence of a
Maltese cross indicates that the director field is radial inside the
droplet, an evidence that the anchoring is homeotropic at the
interface with PF and the droplet contains a point defect of
topological charge +1 at its center. This sample was then placed
in the directional growth apparatus described in ref. 25, which
imposes a constant temperature gradient parallel to the glass
plates. We observed that all the droplets spontaneously migrate

Fig. 10 Nematic droplet observed between crossed polarizers. (a) Droplet
at rest (AT = 0); (b) droplet moving from the left to the right under the
action of a horizontal temperature gradient (AT = 20 °C). The right shift of
the central defect reveals the existence of a flow inside the droplet
represented by the two dashed lines. The white bar is 20 pm long.
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Fig. 11 (a) Drift velocity of the droplet normalized to the temperature
gradient as a function of the radius. The measurements were performed
at T = 30 °C for different temperature gradients. (b) Thickness of the
lubrication layer calculated from egn (20) and the values of 7’ and v
measured experimentally at T = 30 °C (see Fig. 20 and 21). The solid line
is a parabolic fit of the data. The solid line in graph (a) has been calculated
from this fit and egn (20).

from the cold to the hot side of the sample. We systematically
measured their migration velocity as a function of their radius
for different temperature gradients (AT = 5, 10, 20, 30 °C). All
measurements were performed at T, = 30 °C. Fig. 11(a) shows
that the drift velocity is proportional to the temperature gradient
and increases almost linearly with the droplet radius as long as
the droplet diameter is less than the sample thickness. In
addition, we observed that the central point defect shifts from
the center of the droplet towards the hot side by a distance dx
(Fig. 10(b)). This shift, which increases with the radius of the
droplet and is proportional to the temperature gradient (see
Fig. 12), is clearly due to a flow inside the droplet, schematically

5%/ AT (um/K)

I T I T I I
0 10 20 30 40 50
R (um)

Fig. 12 Normalized shift of the defect as a function of the droplet radius.
The solid line is just a guide for the eye.
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represented by the dashed lines in Fig. 10(b). Note that a
similar phenomenon was already observed in previous experi-
ments on active emulsion of nematic droplets obtained by
dispersing the liquid crystal in a surfactant solution.*¢™®
Obviously, the convection flows we have put into evidence in
this horizontal oven configuration will also be present for the
vertical arrangement. They will actually be of similar ampli-
tude, since the applied vertical temperature gradients are of the
same order of magnitude as their horizontal counterparts.

All these observations on the thermomigration of the droplets
are compatible with a strong Marangoni effect and suggest that
the surface tension between PF and 7CB, 7, changes significantly
with temperature, which we have confirmed experimentally
(Section A.5). We find that y strongly decreases with temperature,

du
with a coefficient )’ = d—} ~ —0.08 dyn cm~! K~! in the used

temperature range (Fig. 22(b)). These measurements allow
to compare our measured velocities with those predicted for
the Marangoni thermomigration of a droplet in an infinite
medium,*®
/
V. = 23GRy K (1)
W+ 3 2k + 1’

where G is the temperature gradient far from the droplet, u (1)
is the viscosity of PF (7CB) and « (k') is the thermal conductivity
of PF (7CB). In our experiments the droplets are confined
between two glass plates so that eqn (1) is not directly applicable.
For this situation, approximate expressions were proposed for
confined droplets moving at large distances (with respect to their
radius) from the surface of the glass plates.’® This is not
the case in our experiments where 7CB droplets move in the
close vicinity of the upper plate because of the buoyancy force.
For such a situation, a semi-empirical formula for the droplet
velocity V was proposed®” in the form

1
H-—i7 (2)
Anth

V="V

where 7 is the typical thickness of the lubrication layer that forms
between the droplet and the glass plate. We used this formula to
fit our data by assuming that the thermal conductivities of the two
liquids were the same. Doing this, we calculated from the data of
Fig. 11(a) and eqn (2) the thickness # of the lubrication layer. The
results are shown in Fig. 11(b). As expected, the typical thickness
h of the lubrication layer lies in the pm-range. An interesting point
is that this thickness increases when the radius - and conse-
quently the velocity - of the droplets increase. More precisely 4 is
of the order of R/10 which means that the measured velocity V is
typically two times smaller that the velocity calculated in an
infinite medium because of the friction on the glass plate.

4 Modeling the Lehmann effect driven
by Marangoni convection

In this section, we show that the coupling between an internal
flow - in the present experiment driven by a Marangoni stress

This journal is © The Royal Society of Chemistry 2019
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due to the temperature gradient — and the director field can lead
to a texture rotation provided that the director field is chiral.
Firstly, we will establish an exact integral relation between the
rotation velocity o of the texture and the flow and director fields
inside the droplet. Secondly, we will calculate w by taking
simplified expressions for the flow and director fields. The sole
purpose of the latter semi-quantitative analysis is to show that the
proposed mechanism should indeed produce texture-dependent
rotation velocities that are compatible with the experiments in
sign and in order of magnitude. Note that a similar hydrodynamic
coupling was already used to explain the drift of cholesteric
fingers®® and the rotation of cholesteric droplets®® when they
are submitted to an electric field. In those cases, the flows were
due to electrohydrodynamic effects induced by Carr-Helfrich
charge separation or flexoelectric charge generation.

4.1 General expression for the rotation velocity

In this section, we assume that the internal texture of the
droplet rotates at constant velocity and remains unchanged
during the rotation. This is the stationary regime observed
experimentally at small temperature gradients. In this regime,
the total free energy of the droplet, which includes the bulk
elastic energy and the surface anchoring energy, must remain
constant. As a result,

allll o L ey =0 o

where f(n;n; ;) denotes the elastic Frank energy density’ and
W(n;) the anchoring energy at the surface of the droplet. This
gives, after one integration by parts,

~ O Sw on
b3 ° _cw) Zarr=o0 4
JJJdrop 8t I+derop(6ﬁ gl/) al g ’ ( )

where /= 72—]]; is the molecular field of components
;= i of - a—f, C the elastic surface torque tensor of com-
dx,- 81’1,',_/' Gn,»

0 - .
ponents C;; = a—f and v the unit vector normal to the surface
i j

of the droplet. Taking into account the torque balance equation
at the surface of the droplet,

74 -
W—QV—O, ()

on . S oL, .
and the fact that 518 perpendicular to 7 since 7 is a unit vector,

~ O
hy -—d*F=0, 6
JJJdrop - ot ( )

where &, is the component of h orthogonal to 7.

On the other hand, the bulk torque equation couples 7 to the
velocity field v. It reads, by omitting the thermomechanical
terms of Leslie, Akopyan and Zel’dovich,

on

»
/lal

we get:

=iy — pydit — 3, (V- V)it + 9,9 x ii. 7)
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ot
Multiplying this equation by 8—’; and integrating over the whole
droplet gives, by using eqn (6),

... G -

. . oit
m (=92 59+, @) S
drop t

(8)

. = 1o . . .
In these equations, Q:EV %V is the local rotation rate, A is the

. . 1
symmetric strain rate tensor of component A;==(v;;+V;;)

5(
and y; = a3 — o, and y, = a3 + o, are two viscosities of the
cholesteric phase (with o, and o3 two of the five Leslie viscosity
coefficients®).

Because the texture rotates as a rigid body, one must have®

on

o on
ot

o0’

—

=wé, Xil—w

©)

where ¢, is the unit vector along the z-axis and 6 the polar angle

—

in cylindrical coordinates (r,0,z). By replacing % by its expres-

5ii o
sion (9) in eqn (8) and by setting S_Z _on_ €. x ii, we obtain:

00

w

37
— . (10)

I arop? (@) a7

This expression can be simplified if the velocity field (and,
consequently 4) does not depend on 6, which we will assume in
the following. In this case, the integral

L O 5,
L= JJ[ A - @d 7 (11)

dropi

vanishes for symmetry reasons (see Appendix B) and o takes
the simplified form:

T
:jjjdrop[(v'V)n—Qx ]@dr

Man(5) €7 "

w

where y; and y, do no longer appear explicitly.

This equation establishes a direct relationship between the
angular velocity of the texture and the director and velocity
fields. Of course this analysis does not fully resolve the problem
because the director and velocity fields are unknown and
must be determined by solving simultaneously the torque,
momentum and heat equations. This is a formidable task that
can be done only numerically. However, eqn (12) can be useful
to estimate the rotation velocity provided adequate director
and velocity fields are given. This is what we propose to do in
the next two sections by choosing two simple ansatzes for
the textures.
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4.2 Application to a simple helix texture

Here we assume that the droplet texture consists of a simple
helix whose axis is oriented at an angle « with the vertical z axis.
This is the simplest cholesteric texture we can imagine.
Although this texture does not satisfy the homeotropic anchor-
ing conditions, it allows to check that, indeed, coupling of a
chiral texture with Marangoni flows can lead to texture rotation.

The director field for a simple helix can be written in
the form

7 = cos(qu + ), + sin(qu + ), (13)

where  is an arbitrary phase, u = (ré, + zé,)-€, is the coordinate
along the helical axis parallel to the unit vector ¢, = cos(x)e, +
sin(x)éy, €, = é, and e, = é,, x €, For the velocity field, we
suppose that the flow inside the droplet is not very different
from the one calculated in an infinite medium and we assume
that the cholesteric phase behaves as an isotropic liquid of
viscosity i’ &~ 4. In this limit the flow corresponds to the so-
called Hill vortex and reads, in polar coordinates (r,0,2):*°

vV, = —frz
vp=20 (14)

v. = p(z2 + 2 = R?),
3Gy K
(Qu+3W)R2Kk + K
so that eqn (10) can be directly used. With this director
field and this velocity field the integrals in eqn (10) can be
calculated analytically (we do it using Mathematica). This
calculation gives:

where ff = -. Note that v is independent of 0

ABRsin’
o = APRs (15)
1+ Bsin“ o
with
y _ 32¢° R+ 15cos(2y) [6g Reos(2gR) +(—3+4¢> R?)sin(2qR)]
- 64¢* R*
B*qZRZ 1 3cos(2y/)(—2¢Rcos(2¢R) +sin(2¢R))
52 16¢3 R
(16)

In our experiments 4 < gR < 16. In this range of gR the terms
in Y in the expressions of A and B are completely negligible.
This leads to the simple formula:

o — 5qRsin’ o Gy’
10 + (2¢>R? — 5) sin® o 20 + 34/

(17)

by taking « = x’. This formula shows that w is proportional to G
and is odd in g as observed experimentally. It predicts the
good sense of rotation since w and G are of opposite signs when
g > 0andy’ < 0. The calculated velocity also changes as a function
of R and T,y as the experimental velocity does (see Fig. 13). It must
be noted that in this simplified model the rotation velocity vanishes
when the helix is parallel to the temperature gradient. This may
appear counterintuitive because one might imagine that the helix
rotates like a turbine when matter flows parallel to the helix, or
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Fig. 13 Comparison between the calculated velocity for a horizontal
simple helix (¢ = ©/2) and the measured velocity for the banded droplets.
(a) Rotation velocity as a function of the dimensionless product gR (AT =
5°C and T, = 27.5 °C). (b) Rotation velocity as a function of the average
temperature (R = 14 pm and AT = 5 °C).

equivalently perpendicularly to the cholesteric layers (the so-called
permeative flow). This picture is nevertheless not correct as was
shown by Helfrich.*® The situation is different when the helix is
perpendicular to the temperature gradient (o = 7/2). In that case
the velocity does no longer vanish and may be compared to the
rotation velocity of the banded droplets, in which the helix is
perpendicular to the bands. In this case, our calculated velocity is
typically three times larger than our measured velocity for these
droplets. Several factors can explain this quantitative discrepancy
between the theory and the experiment. One of them is that the
experimental flow is likely to be different from the one used in the
calculation, since a Hill vortex is only expected for an infinite
medium and with isotropic liquids. In particular, our droplets are
in contact with a glass plate, which should reduce the velocity by
at least a factor of 2 if one refers to the reduction of velocity
observed in the experiment on the thermomigration of the
droplets (see the discussion at the end of Section 3.3). Another
factor, perhaps more crucial, is that the texture considered in this
calculation does not satisfy the homeotropic boundary conditions
at the surface of the droplet. This could lead to profound changes
in both the texture and the associated rotation velocity. This point
is analyzed in the next paragraph.

4.3 Application to a texture with a single point defect

In order to account for the homeotropic anchoring at the surface
of the droplet, we propose another ansatz for the director field,
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which is a combination of the director field of a simple helix
and the one of a radial hedgehog defect:

S (p)iiy + [1 = f(p)]iin

7w+ )] 19
with
iy = cos(qu)é, + sin(qu)é,, (helix)
L e+ ze. (19)

i, = ——= (radial hedgehog)

The switch function f(p) (where p = v/r?2 + 22 is the distance
from the center of the drop) varies from 0 to 1 when p varies

from 0 to R. It will be taken in the form f(p) = %ek%fl) , where

k is a positive number to determine.

This texture satisfies by construction the homeotropic
anchoring on the surface of the droplet and contains a point
defect of charge +1 which is situated on the é, axis at a distance
pq from the center given by f(pq) = 1/2. Note that a similar
texture was already proposed in ref. 41 and 42 but others exist
in which the point defect is replaced by loops of disclination
lines.**** However, these textures are unnecessarily complex
for the purpose of this study, which explains our choice of
keeping the texture with a single point defect. On the point
defect, 7 is not defined (7 = 0/0). The axes &,, é, and é,, are
defined as in the previous paragraph. Close to the center of the
droplet the director field is shaped like an helix with its helical
axis in the (x,z) plane inclined by an angle « with respect to the
z axis. The corresponding director field is shown in Fig. 14
when o = 0 and gR = 7. The parameter k was determined by
minimizing with Mathematica the total elastic energy of the
droplet. The calculation was simplified by assuming isotropic
elasticity (K = K; = K, = K3). The result is shown in Fig. 15 where
we also show how the distance of the point defect to the drop
surface changes with gR. This graph shows that there is a
critical value of gR of the order of 4.6 below which k vanishes
and pgq — 0.5. This value of gR certainly marks the passage
towards another type of texture (quadrupolar droplets or con-
centric circle droplets). In this case the description given in
eqn (19) is no longer pertinent.

We then calculated the rotation velocity when the helical
axis in the center of the droplet is parallel (x = 0) and
perpendicular (« = m/2) to the temperature gradient. The
calculations were performed numerically with Mathematica
by using eqn (12) and the velocity field given in eqn (14). In
order to compare with the previous calculation, we plotted the
dimensionless velocity w/fR as a function of gR in Fig. 16 for
the two orientations of the helix and the two types of droplets.
As we can see the results for the two ansatzes are very different,
in particular when the helical axis is parallel to the temperature
gradient. Indeed the calculation gives w = 0 for a simple helix
and a large rotation velocity when a point defect is introduced
in the equatorial plane to satisfy the homeotropic anchoring at
the surface of the droplet. This shows that the rotation velocity
crucially depends on the texture and its orientation with respect
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Fig. 14 Director field corresponding to the ansatz proposed in Section
4.2 in three orthogonal planes passing through the center of the droplet
when o = 0 (see text). The black dot marks the position of the point defect
of charge +1 on the x axis. The director field was calculated by taking
gR =7 and the value of k that minimizes the elastic energy (here k = 2.306).
The classical “nail” representation of the director field was used.

0.7 — 8
Transition

(R-pg) /R

Fig. 15 Parameter k which minimizes the elastic energy and dimensionless
distance between the defect and the surface of the droplet (R — pg)/R as a
function of gR. The value gR = 4.5 marks a transition towards another texture.

to the temperature gradient. It must be emphasized that the
rotation velocity found for the texture with the point defect is
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Fig. 16 Dimensionless rotation velocity w/fR as a function of gR. The blue
curves have been calculated with a simple helix. The red curves have been
calculated by introducing a point defect of charge +1 to satisfy the
homeotropic anchoring at the surface of the droplet. The presence of a
point defect radically changes the rotation velocity when the helix is
vertical. For comparison, we have reported on this graph the experimental
points corresponding to the banded (triangles) and spiraling (squares)
droplets (same data as in Fig. 5).

typically 5 to 8 times larger when the helix is vertical than when
it is horizontal.

For comparison, we reported in Fig. 16 the experimental
points measured for the banded droplets (triangles) and for the
spiraling droplets (squares) (see Fig. 5). To account for the friction
on the glass plate, f was divided by a factor of 2 according to the
remark made in the previous paragraph. As we can see the rotation
velocities predicted by our simplified model are compatible in
order of magnitude with the velocities measured experimentally.

5 Conclusions

We have shown the existence of Marangoni flows around
cholesteric droplets emulsified in the fluorinated solvent
PolyFox-PF656, when they are submitted to a temperature
gradient. We have also demonstrated that these flows are due
to the temperature dependence of the surface tension between
the liquid crystal and PF. Marangoni flows are put into experi-
mental evidence with the thermomigration of the droplets when
the temperature gradient is parallel to the glass plates limiting
the sample. When the gradient is applied perpendicularly to the
glass plates, droplets can no longer migrate but their inner
textures rotate because of the coupling between the director
field and the flow. This rotation, which is only observed in the
cholesteric phase and for a chiral director field, is similar to the
classical Lehmann effect observed in the coexistence region
between the cholesteric phase and its isotropic liquid. We have
verified that neither Lehmann rotation nor Marangoni convec-
tion is observed when the cholesteric droplets are dispersed
in glycerol, where the temperature variation of the interfacial
tension is very low (Fig. 23). We, therefore, conclude that
Lehmann rotation in emulsified cholesteric droplets is insepar-
able from the existence of Marangoni flows. We have also found
that the speed of rotation of the textures in the cholesteric
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droplets is often much faster that the speed of rotation of
the convection rolls. This is particularly true for the spiraling
droplets. However we did not detect any systematic flow in the
plane of the sample, in agreement with the observations of
Yoshioka and Araoka.® This puts into evidence that, similarly
to our own observations of the usual Lehmann effect,*>** here
there is no rigid body rotation of the suspended droplets.

In order to support our conclusions, we have formulated a
general relationship between the rotation velocity, the director
field (or the texture) and the velocity field inside the droplet.
With this analysis, we have estimated the rotation velocity of
different textures and have found a good qualitative agreement
with experiments. In the future, it would be important to better
determine the internal texture of the droplets by analyzing their
microscopy images. This is a difficult task because of the strong
deviations of the light rays across the droplets. The next step,
once the textures have been characterized, would be to numeri-
cally solve the equations of nematodynamics in the temperature
gradient for each texture. Finally, we emphasize that the mecha-
nism proposed here explains both the Lehmann rotation
recently reported by Yohioka and Araoka of cholesteric droplets
dispersed in PF® and also the rotation of cholesteric droplets
observed in the experiments of Yamamoto and Sano during
their self-propulsion in an aqueous surfactant solution.>® How-
ever this model cannot explain the standard Lehmann effect
observed in the coexistence region between the cholesteric phase
and its isotropic liquid. In the latter case, another explanation
based on a mechanism of melting-recrystallization appears to be
more appropriate, in particular to explain the fast rotation
velocity of the droplets with the helix parallel to the temperature
gradient.” In other words and to conclude this paper, we think
that the Lehmann effect is not universal and can arise from
different mechanisms depending on the system studied.
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Appendix A: physical properties of the
used materials
A1 Phase diagram of the mixture of PolyFox-PF656 and 7CB

The phase diagram of the mixture between PF and 7CB is
shown in Fig. 17. In practice, 10 mixtures with different con-
centrations were prepared and homogenized at high tempera-
ture (typically 90 °C in order that the 7CB dissolves completely
in the PF). Each mixture was then introduced by capillarity
between two parallel glass plates separated by 70 pm spacers.
The filling was done in an oven heated to a temperature of
90 °C in order that the PF and the 7CB do not separate. The
samples were then quickly transferred into a Mettler hot stage
FP82. The phase transition temperatures were detected under
the microscope by observing the samples between crossed
polarizers. A particular care was taken to ensure that the
samples equilibrated each time the temperature was changed
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Fig. 17 Phase diagram of the mixture 7CB + PF PF656.

(the kinetics of nucleation and growth of the droplets are very
slow). This was very important, in particular to precisely
measure the upper temperature at which the droplets dis-
appear. The reader will also note that the transition line
between the N + I and I + I zones is not horizontal, as it
should be for a true binary mixture. This is due to the fact that
the PF is not pure but polydisperse with respect to molecular
weight. This also explains why we observe the coexistence of
three phases (nematic and isotropic droplets coexisting with
an isotropic liquid) in a narrow temperature band of about
0.2 °C around this limit. This band is too narrow to be shown
in the phase diagram. Note also that the PF dissolves very little
in the 7CB as we already noted in ref. 7. In practice the
concentration of PF inside the 7CB droplets is always less
than 0.5% by weight.

A.2 Pitch of the cholesteric mixture

The pitch of the cholesteric mixture of 7CB + 1.27% w/w of
R811, saturated in PF, was measured by first separating the
cholesteric phase emulsified in PF by centrifugation once
material equilibrium had been reached in the emulsion. A Cano
wedge method was used.’ The pitch - close to 8 um - changes
little with temperature as shown in Fig. 18. This value is larger
than that found for the cholesteric phase before saturation
with PF (about 6 pm). This is likely due to a difference in the
miscibility of 7CB and R811 in PF.

8.10

8.05

8.00

795

pitch (um)

7.90
7.85

7.80

T T T T T
22 24 26 28 30
temperature (°C)

Fig. 18 Pitch of the cholesteric phase once dispersed in the PF PF656.
The solid line is just a guide for the eye.
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A.3 Density measurements

The density of pure PF and PF with 10 wt% 7CB was measured
using a commercial density meter using a U-shaped vibrating-
tube (model DMA 5000M from Anton Paar). The calibration of
the equipment was verified with air and distilled water before
and after each measurement. The estimated uncertainties of
this equipment are 0.0001 ¢ cm ™~ and 0.01 K for density and
temperature, respectively. The density curves of the pure PF and
of the mixture PF + 10 wt% 7CB are shown in Fig. 19. From
these two curves, we extrapolated the density of the PF satu-
rated in 7CB as a function of temperature (solid line in Fig. 19).
Note that a linear extrapolation was used by taking for each
temperature the value of the concentration at saturation given
by the phase diagram of Fig. 17.

A.4 Viscosity measurements

The viscosity of pure PF and PF with 10 wt% 7CB was measured
with different rheometers. We successively measured with a
home-made piezoelectric rheometer (for a description see
ref. 29 and 30) the viscosity of the pure PF and that of the
mixture PF + 10 wt% 7CB and we then extrapolated these results
to find the viscosity of PF saturated in 7CB. The corresponding
curves are shown in Fig. 20(a). Note that the viscosity we have
found for the pure PF is 30% smaller than that given by Omnova
Solutions in their documentation. For this reason, we measured
again the viscosity of the pure PF with two different commercial
rotating rheometers (Haake and TA Instruments DHR-2). The
results obtained with these two rheometers are in good agree-
ment with our measurements as shown in Fig. 20(a). Finally, we
measured the viscosity of the cholesteric phase with our piezo-
electric rheometer (Fig. 20(b)). In this experiment, the cholesteric
phase was not aligned, so this viscosity represents a typical
average viscosity.

A.5 Surface tension measurements

For the surface tension measurement, a droplet of 7CB was
injected at the end of a hollow stainless steel tube in a reservoir
(a VWR disposable cuvette in optical polystyrene of dimension
10 x 10 x 45 mm) filled with PF saturated in 7CB. The tube was

1.28 - e
1.26
1.24

1.22

density (g/cms)

1,20+

1:18~

T T T T T T
20 25 30 35 40 45
temperature (°C)

Fig. 19 Density of the pure PF (circles) and of the isotropic mixture PF +
10 wt% 7CB (squares) as a function of temperature. The solid line shows
the density of the PF saturated in 7CB obtained from a linear extrapolation
of the previous data.
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Fig. 20 (a) Viscosity of the pure PF (circles) and of the isotropic mixture PF
+ 10 wt% 7CB (squares) as a function of temperature. The open circles
have been measured with the piezoelectric rheometer and the filled circles
and squares with the two rotating rheometers. The dashed line is a global
exponential fit of all the data obtained with the pure PF. The dotted line is
an exponential fit of the data for the mixture PF + 10 wt% 7CB. The solid
line is a linear extrapolation from the two previous fits of the viscosity of
the PF saturated in 7CB. (b) Average viscosity of the cholesteric phase
saturated in PF measured with the piezoelectric rheometer as a function
of temperature.

linked to a syringe filled with 7CB. The internal (external)
diameter of the tube was 0.8 (1.2) mm. The reservoir was placed
inside an oven regulated in temperature to within £0.05 °C.
The temperature was measured with a thermocouple that dips
into the PF and was placed at less than 1 mm from the drop.
The drop was visualized through a macroscope Leica M420
horizontally fixed on an optical table. Because of the difference
of density between the two liquids, the drop elongates and
shifts from a spherical shape when its size becomes compar-
able to the gravitational capillary length. An example is shown
in Fig. 21. The surface tension was deduced from an analysis of
the shape of the drop at equilibrium. In practice two lengths
were measured: the equatorial diameter d. and the diameter d;
at a distance d. down from the top of the droplet. From this
measurement, the shape-dependent quantity S = dy/d. was
calculated. The surface tension was obtained from the formula:

Apgds
y=—

“ (20)

where g is the gravity constant, Ap = ppr — p,cp is the density
difference and 1/H is a quantity that has been precisely

2602 | Soft Matter, 2019, 15, 2591-2604

View Article Online

Soft Matter

PolyFox

Fig. 21 Drop of 7CB immersed in a bath of PF saturated in 7CB. On the
right image, the contrast has been increased with ImageJ to measure the
two lengths de and ds. The white bar is 250 um long. T = 30 °C.

tabulated versus the measured quantity S (see for instance
Table II-7 in ref. 33). For ppr we used the values extrapolated
from our measurements (solid line in Fig. 19) and for p,cg we
used the values given in ref. 34. The surface tension obtained in
this way is shown in Fig. 22(a). From a 7th order polynomial fit
of this curve, we deduced the temperature coefficient of the

d
surface tension y’ = % (Fig. 22(b)).

We performed similar measurements with glycerol as con-
tinuous phase. Our results are shown in Fig. 23. In this case we
used the density values of the glycerol/water mixtures given in
the website*® by taken a fraction of glycerol by volume of 99.7%.
We also took care that the glycerol did not hydrate during the
experiment by sealing the reservoir with a Teflon stopper.

y (dyn/cm)

-0.02— !
-0.04—
-0.06

-0.08—

dy/dT (dyn/cm/K)

-0.10—

Y

-0.12+

0.14-

22 24 26 28 30 32 34 36 38
T(°C)

Fig. 22 (a) Surface tension of the 7CB-PF interface as a function of
temperature. The solid lines are polynomial and linear fits of the data in
the nematic and isotropic phases, respectively; (b) temperature parameter
of the surface tension in the nematic phase as a function of temperature
calculated from the polynomial fit of the surface tension.
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Fig. 23 Surface tension of the 7CB-glycerol interface as a function of
temperature. The surface tension is constant within our experimental
errors. Note that the surface tension is about 10 times larger than that
measured with PF whereas 7’ is at least 10 times smaller. We attribute these
differences to the difference in solubility of 7CB in these two liquids.

B: Proof of the vanishing of the
integral in y, when the strain rate
tensor is independent of 6

. Y78 an, (()]19
To sh thatI, =0 t first te that — = e, -+ ——¢
0 show that /1, , we must 11rst note tha 50 20 e, + 20 &y +

in cylindrical coordinates. By integrating I, by parts

e =

00 00
in cylindrical coordinates and by using the fact that 6 is periodic,

we obtain
o(4n) _ 5.,
I :—”J =" . ad’F.
? J JJdrop a0

on @'

Note that the possible presence of point or line defects in the
droplet does not change the result because the boundary term
(An)-n is bounded and integrated over an area of vanishing
measure around the defect.

As A does not depend on 6,

on
L=- A— - iid*F.
: JJ‘.“dropiaH

Knowing that A = AT by definition, it comes

Sit
L= —”J At - P = 1,
J J Jdrop 0

so that I, = 0.
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