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Lehmann rotation of twisted bipolar cholesteric droplets: role of Leslie,
Akopyan and Zel’dovich thermomechanical coupling terms of nematodynamics
P. Oswalda, G. Poya and A. Dequidtb,c

aLaboratoire de Physique, Univ Lyon, Ens de Lyon, Univ Claude Bernard, CNRS, Lyon, France; bInstitut de Chimie de Clermont-Ferrand,
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ABSTRACT
We show that the Leslie and texture-dependent Akopyan and Zel’dovich thermomechanical
coupling terms of nematodynamics cannot explain the thermal Lehmann rotation of the twisted
bipolar droplets observed in the coexistence region between a cholesteric phase and the
isotropic liquid. On the other hand, these terms are pertinent below the transition temperature
and can be determined by measuring the director rotation velocity in two different molecular
configurations. In addition, a complete characterisation of the liquid crystal used (CCN-37) is also
given.
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1. Introduction

A cholesteric phase is a nematic phase twisted in a
single direction of the space [1]. It is characterised by
the cholesteric pitch P which is the distance over which
the director ~n rotates by 2π. The cholesteric-to-isotro-
pic phase transition being first order, it is possible to
observe cholesteric droplets in coexistence with the
isotropic liquid. In 1900, Otto Lehmann observed that
the internal texture of the droplets rotates constantly
when a temperature gradient is applied, a phenomenon
known as the Lehmann effect [2]. This thermomecha-
nical effect, which was reobserved recently in

cholesteric liquid crystals (LCs) [3–6], was shown to
also exist in a nematic chromonic LC featuring twisted
bipolar droplets [7]. This observation is surprising
because it was so far accepted that the Lehmann effect
could only be observed in a chiral phase (made of
chiral molecules in the case of a cholesteric phase).
This result is important because it shows that the
Lehmann rotation is due to the macroscopic twist of
the director field inside the droplets and not directly to
the chirality of the phase. Note that in the experiments
with the chromonic LC the director field is twisted at
equilibrium because of the giant elastic anisotropy of
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the phase, the twist constant K2 being orders of mag-
nitude smaller than the splay and bend constants K1

and K3 [8]. In addition, the director field inside the
droplets can be indifferently twisted to the right or to
the left because the nematic phase is not chiral. For this
reason, the same proportion of droplets rotating clock-
wise and counterclockwise was observed.

In order to explain the Lehmann rotation of the
twisted bipolar droplets in the chromonic nematic
phase, we used a model similar to the Leslie model
based on the existence in a distorted nematic phase of
a thermomechanical torque proportional to the tem-
perature gradient. This texture-dependent torque was
first given by Akopyan and Zel’dovich [9] and was
recalculated more rigorously by Pleiner and Brand
[10]. It reads [11]

~ΓTM ¼~n�~fTM; (1)

where ~fTM is a thermomechanical force of general
expression:

~fTM ¼ ��1ð~� �~nÞ~Gþ ��2ð~n � ~��~nÞð~n�~GÞ
þ ��3ð~n �~GÞ�ð~��~nÞ �~n

�
� ��4~� � ð~G�~n�~G �~nIÞ:

(2)

In this form, the splay, twist and bend contributions to
the director field distortions are easily recognisable.
Note that I is the identity matrix and � denotes the

dyadic product of two vectors (with ð~a�~bÞij ¼ aibjÞ
and the ��i are linear combinations of the original
Akopyan and Zel’dovich �i coefficients or Pleiner and
Brand �i coefficients.

1 This formula considerably sim-
plifies (up to an additive term proportional to ~n which
gives a zero contribution to the thermomechanical
torque) under the assumption, which we will use
here, that all the ��i are equal to ��:

~fTM ¼ �� ~G � ~�
� �

~n: (3)

This model allowed us to explain the observations
and led to a value of 80 pN K–1 for the constant ��. This
value is surprisingly large in comparison with the value
of 10 fN K–1 given by Akopyan and Zel’dovich in their
paper [9].

The aim of this paper is to test the validity of this
model for the bipolar droplets by measuring separately
the average constant �� by using a more direct and
reliable method. As we have shown recently [11], this
is theoretically possible by measuring the rotation velo-
city of the director in the cholesteric phase in two
different geometries, below the transition temperature.
This method requires us to prepare well-oriented

samples with surfaces treated for tangential sliding or
homeotropic anchoring.

Unfortunately, we do not know how to achieve home-
otropic anchoring with the chromonic LC. For this rea-
son, we used instead a thermotropic LC for which
adequate surface treatments are available. We also chose
a LC that gives a tangential anchoring at the nematic–
isotropic interface. This is essential to obtain bipolar
droplets in the coexistence region with the isotropic
liquid. On the other hand, we did not find a thermotropic
LC in which the constant K2 is much smaller than K1 and
K3. For this reason, the bipolar droplets do not sponta-
neously twist in the nematic phase and the only way to
obtain twisted bipolar droplets is to dope the LC with a
small amount of a chiral impurity.

The paper is structured as follows. In Section 2,
we recall the theoretical background of the general-
ised thermomechanical model and give the formulas
for the rotation velocity of the textures. In Section 3,
we present the materials and methods used experi-
mentally. In Section 4, we show our experimental
results obtained below the phase transition with
two different textures and give the experimental
values of the Leslie and Akopyan and Zel’dovich
thermomechanical constants. Section 5 is devoted to
the twisted bipolar droplets with special emphasis on
the thickness effects and the flow detection by photo-
bleaching around the droplets. Our conclusions on
the role in the Lehmann effect of the thermomecha-
nical coupling terms of Leslie, Akopyan and
Zel’dovich are drawn in Section 5.

2. A survey of previous theoretical results

We recalled in the introduction that the director
experiences a torque when the LC is subjected to a
temperature gradient ~G. In a cholesteric phase, this
torque reads

~ΓTM ¼~n� ðν~n�~Gþ~fTMÞ; (4)

where the force ~fTM is given in Equation (2). The
coefficient v is the well-known thermomechanical
Leslie coefficient [12]. This term vanishes in a nematic

phase by symmetry. The other contribution in ~n�~fTM
contains the texture-dependent terms [9,10] and exists
both in nematic and cholesteric LCs. All these terms
may lead to a continuous rotation of the director and,
thus, of the texture observed in the microscope.
Nevertheless, two conditions are required to observe a
rotation: the total free energy of the system must
remain constant in time and the director must be free
to rotate azimuthally at the surfaces limiting the
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cholesteric domain. In the following, we will assume
that all the ��i

’s are equal by using the simplified expres-

sion (3) of ~fTM and we will neglect the surface
dissipation.

The translationally invariant configurations (TICs)
provide the simplest examples of rotating textures. In
practice, they develop below the transition tempera-
ture, when the cholesteric phase is confined between
two parallel glass plates. The temperature gradient is
applied along the normal to the plates (z-axis). The
texture of a TIC depends on the anchoring conditions
on the glass. Two types of anchoring can be used, the
tangential sliding anchoring and the homeotropic one.

When the two plates are treated for tangential slid-
ing anchoring, the rotation velocity of the director in
the linear regime (small G) reads [11]

ωp ¼ �Ĝ
κg
κ?

�ν

γ1
; (5)

where �ν ¼ ν� ��q0 is the thermomechanical coefficient
measured in this geometry – and that we actually mea-
sured in all of our previous experiments [3,13]. In this

expression, q0 ¼ 2π
P is the equilibrium twist, Ĝ ¼ ΔT

4e is
the imposed temperature gradient by denoting by e the
thickness of the glass plates (2 for the sample + 1 in each
oven see Figure A5 in the Appendix) and by ΔT the
temperature difference between the top and bottom
ovens, κg is the thermal conductivity of the glass, κ? is
the thermal conductivity of the LC perpendicular to the
director and γ1 is the rotational viscosity. Note that the

actual temperature gradient inside the LC is G ¼ Ĝ κg
κ?
.

When one plate is treated for homeotropic anchor-
ing and the other for tangential sliding anchoring
(mixed anchoring), the rotation velocity becomes [11]

ωm ¼ �Ĝ
κg
κk

�ν Iν þ ��q0 I�
γ1 Iγ

; (6)

where the dimensionless integrals are defined as

Iν ¼ 1
d

ðd
0

sin2 α

1� � sin2 α
dz; (7)

I� ¼ 1
q0d

ðd
0

ðq0 � ϕ;zÞ sin2 α
1� � sin2 α

dz; (8)

Iγ ¼ 1
d

ðd
0
sin2 αdz: (9)

Here, the bottom (top) surface is at z ¼ 0 (z ¼ d) and
� ¼ 1� κ?=κk is the relative anisotropy of thermal
conductivity, by denoting by κ? (κk) the LC thermal
conductivity perpendicular (parallel) to the director.
The director components are

~n0 ¼
sin α cos ϕ
sin α sin ϕ
cos α

0
@

1
A; (10)

where angles α and ϕ only depend on z (with the z-axis
oriented upwards). These integrals can be calculated
numerically with Mathematica once the two differen-

tial equations δf
δα ¼ 0 and δf

δϕ ¼ 0 (where f is the Frank

elastic energy [1]) that give α and ϕ are solved. This
requires us to know the elastic constants K1, K2 and K3

(see Appendix).
These results show that measuring ωp and ωm allows

us to calculate �ν and �� by using the following formulas:

�ν

γ1
¼ �ωp

Ĝ

κ?
κg

; (11)

��q0
γ1

¼ ωp

Ĝ

κ?
κg

Iν
I�
� ωm

Ĝ

κk
κg

Iγ
I�
: (12)

For the Lehmann droplets, the calculation shows
that the thermomechanical coupling terms leads to a
rotation at velocity [7,11]:

ω ¼ G
�νLν þ ��q0L�

γ1Lγ
; (13)

where the dimensionless integrals Lγ, Lν and L� are
defined as

Lγ ¼ 1
V

ð
V

D~n0
DΦ

� �2

dV; (14)

Lν ¼ 1
V

ð
V
~n0 �~ezð Þ � D~n0

DΦ
dV; (15)

L� ¼ 1
q0V

ð
V

~ez � ~�
� �

~n0 � q0~ez �~n0
h i

� D~n0
DΦ

dV:

(16)

Here, Φ represents the angle of rotation of the internal

texture of the droplets. It can be shown that D~n0
DΦ ¼~ez �

~n0 � @~n0
@# [3] by denoting by # the polar angle in cylind-

rical coordinates and by ~ez the unit vector in the
z-direction. These integrals can be calculated numeri-
cally providing that the director field inside the dro-
plets is known. We recall that this formula was
obtained by assuming that there is no flow (as observed
experimentally, see Section 4 and Ref. [14]), and the
temperature gradient inside the droplets is constant,

given by G ¼ Ĝ κg
�κ where �κ is an average heat conduc-

tivity of the LC of the order of
κkþ2κ?

3 .
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3. Materials and methods

The LC chosen is CCN-37 (or 4α,4'α-propylheptyl-
1α,1'α-bicyclohexyl-4β-carbonitrile from Nematel,
Germany). This LC has a nematic phase of negative
dielectric anisotropy and very small birefringence [15]
between 22.5°C and 54.1°C. More interesting – and
rather rare – the anchoring is tangential at the
nematic–isotropic interface, as confirmed by dielectric
measurements (see Appendix). For this reason, the
nematic droplets observed in the coexistence region
with the isotropic liquid have a bipolar texture. The
droplets are not spontaneously twisted because the
twist constant K2 is comparable with the splay and
bend constants K1 and K3 (see Appendix and Table 1
in which the values of the material constants at the
transition temperature are given). This is expected
from the theory [16]. For this reason, the nematic
droplets of pure CCN37 do not rotate under the tem-
perature gradient [7]. To twist the director field inside
the droplets and observe the Lehmann rotation, the
nematic phase was made cholesteric by doping the
CCN37 with a small amount of CC (cholesteryl chlor-
ide from Sigma-Aldrich, Germany) or R811 (R-
(+)-octan-2-yl 4-((4-(hexyloxy)benzoyl)oxy) benzoate
from Merck, Germany). The helical twist power
(HTP; defined as HTP = 1/(PC), where P is the cho-
lesteric pitch and C is the mass fraction of chiral
dopant) of these two chiral dopants is very different
as can be seen in Appendix and Table 1.

The samples were prepared between two parallel glass
plates, and nickel wires of calibrated diameter were used
as a spacer. The sample thickness was systematically
measured before filling with a spectrometer. All the
samples with more than three interference fringes over
the whole surface area were systematically rejected. The
sliding tangential anchoring was obtained by spin-coat-
ing at 800 rpm for 15 s a thin layer of a polymercaptan
(hardener of the epoxy glue Structuralit7 from Eleco)
dissolved in 2-butanone with a concentration of 5% by
weight. The polymercaptan layer was then baked at 60°C
during 10 min under vacuum (0.1 Pa) to evaporate the
solvent. After baking, the polymercaptan layer is 200 nm
thick [17]. It must be noted that the polymercaptan is
very little soluble in the CCN37. This could explain why
the anchoring remains perfectly sliding during several
days even when the director does not rotate. This
absence of memorisation of the anchoring direction

(contrary to what is observed with usual nematic mate-
rials [17]) is remarkable and made easier the measure-
ments of the thermomechanical coefficients. Polyimide
Nissan 0626 was used to achieve strong homeotropic
anchoring. It was dissolved in solvent 26 from Nissan
(3% by weight) and deposited by spin-coating at
3000 rpm for 90 s. The layer was then dried for 1 min
at 80°C and baked at 180°C for 30 min. Polyimide
Nissan 0825 was used to achieve planar anchoring. It
was dissolved in solvent 25 from Nissan (5% by weight)
and deposited by spin-coating at 3000 rpm for 90 s.
The layer was then dried for 1 min at 80°C and baked
at 280°C for 30 min. Unidirectional anchoring was
obtained by rubbing the surface with a felt cloth. All
the samples were filled by capillarity and sealed on the
sides with UV glue NOA 81 (Norland Optical adhesive).
The ovens used to impose a temperature gradient and
the fluorescence recovery after photobleaching (FRAP)
set-up used to detect a possible flow around the droplets
are described in Refs. [3] and [14], respectively. In the
following, we shall need the values of the elastic con-
stants, the rotational viscosity, the thermal conductivities
and the HTP of the chiral dopants. The values of these
constants at the transition temperature are given in
Table 1. To obtain these constants, we need to measure
additional quantities such as the dielectric constants and
the birefringence. The details of these measurements are
given in Appendix. Note that for completeness we mea-
sured these constants in a large range of temperature,
with a special emphasis on their pretransitional beha-
viour and their values at the transition temperature.

4. Experimental determination of the
constants ν and �� from the TICs rotation

In Section 2, we have seen that measuring the rotation
velocity of the director in two TICs with different
orientations allows the determination of both the
Leslie coefficient v and the nematic-like thermomecha-
nical constant �� (assuming that all the ��i are equal). We
performed these measurements with two cholesteric
mixtures CCN-37 + 3 wt% CC and CCN-37 + 0.166%
R811. The concentrations of CC and R811 were chosen
in order that the equilibrium twist is the same in the
two mixtures at the transition temperature, namely
q0 � 105m–1 which corresponds to a cholesteric pitch
P � 60 μm (Appendix). The rotation velocity of the

Table 1. Values at the transition temperature of the main physical constants of CCN-37.

Constants
K1
(pN)

K2
(pN)

K3
(pN)

κg
κk

κg
κ?

γ1
(Pa s)

HTPCC
(μm–1)

HTPR811
(μm–1)

Values at TChI 0.96 0.84 1.37 5.1 7.4 0.0069 0.56 9.3
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director is measured by recording the transmitted
intensity between crossed polarisers in a region where
the director rotates regularly.

In samples treated for tangential sliding anchoring on
both surfaces (simply called planar sliding samples in the
following), � 1=2 disclination lines are usually observed.
Figure 1 shows a –1/2 defect in a sample of thickness 10.6
μm and a recording of the transmitted intensity when a
temperature difference ΔT ¼ 40�C is imposed. The corre-
sponding video S1 is shown in the supplemental material.
Let Θ be the period of the optical signal. Because the
intensity passes through aminimum each time the director
rotates by π=2, the angular rotation velocity of the director
is given in absolute value by ωj j ¼ π=ð2ΘÞ. The sign of ω
is given by observing the sense of rotation of the extinction
branches of the defects, knowing that the molecules rotate
in the same direction as the branches of the negative
defects [18]. For instance, in Figure 1, the branches of the
−1/2 defect rotate clockwise, meaning that ω < 0 when
G > 0 by taking the z axis pointing towards the reader.

In samples with the bottom surface treated for home-
otropic anchoring and the upper surface treated for sliding
tangential anchoring (called mixed sample in the follow-
ing), the texture remains stable with respect to the forma-
tion of periodic cholesteric fingers on the condition that
the confinement ratioC ¼ d=P is smaller than typically 0.5

[19]. This condition is fulfilled in all of our experiments in
which C<0:2. Because of the mixed anchoring, the only
possible defects are ±1 defects as can be seen in Figure 2(a).
In this case, the period must be measured far from the ±1
defect because its branches rotate irregularly in its immedi-
ate vicinity as can be seen in the video S2 of the supple-
mental material. This effect is due to the elastic anisotropy
of the cholesteric phase – the circular configuration of a +1
defect costing more elastic energy than its radial config-
uration since K3 > K1 (Appendix). The intensity mea-
sured at ΔT ¼ 40�C close to the –1 defect where the
rotation is regular is shown in Figure 2(b).

Finally, the rotation velocity ω measured in the planar
sliding and mixed samples as a function of the average
temperature of the sample is shown in Figure 3 for the
mixture CCN-37 +3% CC when ΔT ¼ 40�C. This graph
shows that, for the same imposed ΔT, the texture rotates
more slowly in mixed samples than in planar sliding sam-
ples whatever the temperature. For instance, we measured
at the transition temperatureω ¼ ωCC

p � �0:0125 rad/s in

the planar sliding samples andω ¼ ωCC
m � �0:00714 rad/s

in the mixed samples. The rotation velocity also decreases
in all sampleswhen the temperature decreases. This effect is
mainly due to the increase of the rotational viscosity γ1
when the temperature decreases (Appendix) [13].

−1/2
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→
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Figure 1. (a) −1/2 disclination line observed between crossed polarisers just below the transition temperature
(δT ¼ T � TChI � �0:05�C, by denoting by T the LC temperature at the interface with the hot glass plate and by TChI the solidus
temperature) in a planar sliding sample of the mixture CCN-37 +3%CC. d ¼ 10:6 μm and ΔT ¼ 40�C. The bar represents 50 μm. (b)
Intensity recorded inside the white square shown in the photo as a function of time.
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From these data, we calculated v and �� at the transi-
tion temperature TChI at which we measured the con-
ductivity ratios κk=κg and κ?=κg (see Appendix and
Table 1). With the values of the elastic constants
given in Table 1, we solved numerically the differential

equations δf
δα ¼ 0 and δf

δϕ ¼ 0 given αðzÞ and θðzÞ in the

mixed samples and calculated numerically the integrals
given in Equations (7)–(9): Iν ¼ 0:66, I� ¼ 0:59 and
Iγ ¼ 0:50. From these values and the values of the

material constants given in Table 1 we found, by
using Equations (11) and (12), �νðCCÞ ¼ 1:13�
0:1 10�9 Nm–1 K–1 and �� ¼ �0:44� 0:23 10�14 NK–1,
or equivalently knowing that q0 ¼ 105m–1:

�ν=q0ðCCÞ ¼ 11:3� 1 fNK�1;

�� ¼ �4:4� 2:3 fNK�1;

where the error bars have been calculated by taking
into account only the errors on ωp and ωm. This value

1.2x10-2

1.0

0.8

0.6

0.4

− 
ω

 (r
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/s
)

-10 -8 -6 -4 -2 0

δT (°C)

 planar samples
 mixed samples

typical error

Figure 3. (Colour online) Angular rotation velocity ω as a function of the temperature difference δT when ΔT ¼ 40�C. Mixture CCN-
37 +3% CC. Note that ω is negative (for a positive temperature gradient) in planar sliding and mixed samples.
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Figure 2. (a) Pair of � 1 disclination lines observed between crossed polarisers just below the transition temperature
(δT � �0:05�C in a mixed sample of the mixture CCN-37 +3%CC. d ¼ 10:8 μm and ΔT ¼ 40�C. The bar represents 100 μm.
(b) Intensity recorded inside the white square shown in the photo as a function of time.
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of �ν=q0 is comparable to that obtained with other
diluted cholesteric mixtures [13].

For completeness, we performed similar measure-
ments with a second mixture CCN-37 +0.166% R811 at
the transition temperature. With this mixture, we found
in the planar sliding samples ωR811

p ¼ �0:0032 rad/s. In
the mixed samples, the rotation velocity was impossible
to measure in spite of repeated attempts, suggesting that
ωR811
m ,0 rad/s. Because q0 is the same as in the previous

mixture, the integrals Iν, I� and Iγ remain unchanged.
From Equations (11) and (12), we calculate at the transi-
tion temperature �νðR811Þ ¼ 0:3� 0:09 10�9N m�1K�1

and �� ¼ �0:32� 0:23 10�14N K–1, or equivalently
knowing that q0 ¼ 105m–1:

�ν=q0ðR811Þ ¼ 3� 0:9 fNK�1

�� ¼ �3:2� 2:3 fNK�1:

These measurements show that the value of the
measured Leslie coefficient �ν (or of the ratio �ν=q0)
depends on the chiral molecules, whereas the value of
�� is the same for the two mixtures within the experi-
mental errors. This is expected because �� is a nematic-
like thermomechanical coefficient that should essen-
tially depend on the LC used, here the CCN-37. It
must be emphasised that �ν is only 3.8 times smaller
in the mixture with R811 than in the mixture with the
CC, although the concentration of R811 is 18 times
smaller than that of CC. This means that the Leslie
effect is 18/3.8 = 4.7 times stronger with the R811 than
with the CC at equal concentrations. In other words,
the Leslie rotatory power (defined to be LRP =�ν=ð2πCÞ
in Ref. [13]) of the R811 is 4.7 times larger than the
LRP of the CC, although the HTP of the R811 is 18
times larger than that of the CC. This shows that the
HTP and the LRP have not the same origin, the former
corresponding to an equilibrium property whereas the
second one is dynamic in nature.

Another point to mention here is that our velocity
measurements are compatible with the anisotropic ther-
momechanical model in which the constants ��i are all
different. Indeed, Equation (5) remains unchanged in the
general case (on condition to take �ν ¼ ν� ��2q0) while, in
Equation (6), the term ��q0I� must be replaced by a sumP4

1
��iq0Ii where the dimensionless integrals Ii only

depend on the director field ~n0. If q0 is the same in all
the samples (here, q0 ¼ 105m–1), these formulas show
that one must have

δωCC ¼ δωR811; (17)

by setting δω ¼ ωm � κ?
κk

Iν
Iγ
ωp. To test this relation, we

calculated δωCC and δωR811 with the values of the

rotation velocities given above. This gives δωCC ¼
0:0037� 0:0024 rad/s and δωR811 ¼ 0:0028� 0:0019
rad/s. As expected, these two values are equal to each
other to within the experimental errors, confirming
that the Akopyan and Zel’dovich terms are well
responsible for the velocity difference measured
between planar sliding and mixed samples of the
same mixture.

Another remarkable fact is that the value of �� is
almost four orders of magnitude smaller than that
measured in the chromonic nematic LC from the
Lehmann rotation of the twisted bipolar droplets
(�� � 80 pN K–1 [7]). A priori �� must be of the same
order of magnitude in all the LCs. This result suggests
that the Lehmann rotation observed in the chromonic
LC is not due to the thermomechanical coupling of
Akopyan and Zel’dovich. In order to confirm this
point, we measured the rotation velocity of the twisted
bipolar droplets in the mixtures CCN-37+CC and
CCN-37+R811 used in this study.

5. Experimental determination of the
constants v and �� from the droplets rotation

We have shown in Appendix that the anchoring is
tangential at the nematic–isotropic interface of the
CCN-37 LC. From a theoretical point of view, this
anchoring must favour the formation of bipolar
nematic droplets in the region of coexistence with the
isotropic liquid [16]. This is indeed what we observed
experimentally under the microscope. We also
observed that the droplets do not rotate when a tem-
perature gradient is imposed, which clearly indicates
that they are not twisted in the nematic phase. This is
expected because the twist constant is of the same
order of magnitude as the bend and splay constants
in CCN-37 (Appendix and Table 1). To twist the
director field inside the droplets, we doped the LC
with small amounts of CC or R811. With these choles-
teric mixtures, we observed that all the droplets
oriented with the bipole axis perpendicular to the tem-
perature gradient were rotating in the same direction
(Figure 4 and video S3 of the supplemental material).
In addition, ω and G were of opposite sign in all
mixtures.

Before quantitatively studying this rotation, we tracked
the presence of a flow inside the droplets by using the
photobleaching experiment described in Ref. [14]. This
point is important because our model assumes that the
texture – and not the droplet itself – rotates, implying that
there is no flow. The experiment was performed with a
21-μm-thick sample of themixture CCN-37 +5.9 wt%CC
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doped with 0.05 wt% of the fluorescent dye NBD C6-
ceramide ((N-[2-hydroxy-1-(hydroxymethyl)-3-heptade-
cenyl]-6-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino],
Interchim, France). To limit the heating effects and avoid
that the droplet melts during the laser shot, the sample
was sandwiched between two 1-mm-thick sapphire plates
treated for tangential sliding anchoring. With these
plates, the temperature gradient inside the sample is
about twice as large – for the same ΔT – as with ordinary
glass plates. Figure 5 shows the example of a shot on the
outer side of a droplet of radius 35 μm and the results of

the fit with the Gaussian function s0ðtÞ þ
ΔsðtÞ exp � ½x�x0ðtÞ	

2σðtÞ2
n o

of the fluorescence signal ŝðx; tÞ
corrected for the non-uniformity of the lighting and for
the natural photobleaching of the dye during the acquisi-
tion (for details, see Ref. [14]). This example shows that
the centre of the bleached spot (marked with a white dot
in the top images of Figure 5) does not move during the
rotation of the droplet within the experimental noise (see
also video S4 of the supplemental material). This indi-
cates that there is no visible flow in the plane of the

(a) (b) (c)

Figure 5. Fluorescence signal after photobleaching (top images) and images in reflexion between crossed polarisers of the droplet
under white light illumination (bottom images) at times t ¼ 0:5s (a), t ¼ 10:17s (b) and t ¼ 19:84s. The horizontal black bar
represents 10 μm. The black circle represents the outer contour of the droplet. The tilted black line gives the orientation of the
bipole. The white dot represents the centre x0ðtÞ of the fitted Gaussian function, and the white circle represents the circle of
equation x � x0ðtÞ ¼ σ=2. In this experiment, ΔT ¼ 2:5�C. Sample of CCN-37 +5.9% CC, d =21 μm.

Figure 4. Bright field microscopy images of twisted bipolar droplets in a sample of CCN-37 +5.9%CC. They all rotate clockwise as
can be seen in the video S3 of the supplemental material. The bar represents 50 μm. ΔT ¼ 1:25�C and d ¼ 50 μm.
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sample and that the droplet does not rotate as a rigid
body. The same conclusion was already reached for the
banded droplets observed in usual cholesteric mixtures
[14]. Note that we fitted the whole spot in this experi-
ment. This was possible because the droplet is almost
invisible in fluorescence microscopy, the optical indices
of the isotropic liquid and of the nematic phase being
almost equal in the coexistence region where the birefrin-
gence is of the order of 0.0165 (Appendix). Note also that
the spot remains circular in time to a very good approx-
imation. This comes from the fact that the director orien-
tation changes within the bleached spot and that the
average diffusion coefficient of the dye in the nematic
phase ðDk þ 2D?Þ=3 is very close to the diffusion coeffi-
cient of the dye in the isotropic liquid DI (Appendix).

To study quantitatively the rotation, we prepared
mixtures of CCN-37+CC and CCN37+R811 and sys-
tematically measured the period of rotation Θ of the
droplets as a function of their radius R for different ΔT
and concentrations of chiral dopants. In these experi-
ments, all the samples were treated for tangential slid-
ing anchoring on the two plates and only the droplets
with the bipole parallel to the glass plates were
measured.

Figure 4 shows several droplets rotating in the
same direction under the action of a temperature
gradient ΔT ¼ 5�C in a 50-μm-thick sample of
CCN-37 +5.9 wt% CC. A first set of results obtained
with this sample is shown in Figure 6. Only droplets of
diameter smaller than the sample thickness were con-
sidered here. This graph shows that the period of rota-
tion is inversely proportional to the temperature
gradient and increases when the radius R of the dro-
plets increases. This tendency was already observed
with the twisted bipolar droplets of the chromonic LC

[7]. On the other hand, if the curves ΘðRÞ are still
linear, they no longer pass through the origin as it
was observed in the chromonic LC.

We then checked if these results depend on the
sample thickness. This is important because velocity
variations versus thickness of almost two orders of
magnitude were already observed for droplets of simi-
lar size oriented by an electric field when the thickness
was changed from 10 to 70 μm [20]. With this aim, we
prepared new samples with the mixture CCN-
37 +5.9 wt% CC of thicknesses 20.8, 40.6, 49.2 and
70.9 μm and systematically measured the product
ΘΔT as a function of R. Our data are reported in
Figure 7 where two sets of points are visible. The first
one (filled symbols) corresponds to all the droplets of
diameter smaller than the sample thickness. These dro-
plets are not confined and are expected to have a
spherical shape as the banded droplets observed in
the same conditions [6]. For these droplets, the rota-
tion velocity does not depend on the sample thickness
to within a factor of 2, which is within the reproduci-
bility of the measurements. This is much less than the
two orders of magnitude mentioned above and quite
comparable with what was observed with the banded
droplets of the usual LC when no electric field is
applied [20]. The second set of points (hollow symbols)
corresponds to confined droplets for which the dia-
meter is larger than the sample thickness. These dro-
plets are necessarily flattened in the centre and clearly
slow down when 2R=d 
 1:5. We also note that for a
given confinement 2R=d this effect is more important
in the thick samples than in the thin ones. This is
certainly due to a change of the internal texture of
the droplets as we can see in photos (c) and (d) of
Figure 8.

400

300
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100

0

Θ
  (

s)

2520151050

R (μm)

5°C

0.63°C
1.25°C
2.5°C

Figure 6. (Colour online) Period of rotation Θ of the droplets as a function of the radius R for different ΔT . CCN-37 +5.9% CC,
d ¼ 50 μm.
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Finally, we performed similar measurements at other
concentrations of CC and with the R811. To avoid the
confinement effects, only the droplets of diameter smal-
ler than the thickness were considered. All our results
obtained with 50-μm-thick samples are shown in

Figure 9, where we plotted the product Θq0ΔT as a
function of the dimensionless radius q0R. In this way, all
the data (including the ones obtained with the R811)
collapse on the same master curve although Θ varies by
two orders of magnitude, from 2 to 2000 s typically.

Figure 8. Bright field microscopy images of four confined droplets. (a) d ¼ 20:8 μm and 2R=d ¼ 2:79; (b) d ¼ 40:6 μm and
2R=d ¼ 2:82; (c) d ¼ 49:2 μm and 2R=d ¼ 1:66; (c) d ¼ 70:9 μm and 2R=d ¼ 1:46. All the samples have been prepared with the
mixture CCN-37 +5.9% CC. ΔT ¼ 2:5�C except in (d) where ΔT ¼ 1:5�C. The white bar represents 25 μm. Note the textural change
in (c) and (d), although the two poles are still clearly visible.

800

600

400

200

0

12010080604020

 d = 20.8 μm
 d = 40.6 μm 
 d = 49.2 μm
 d = 70.9 μm

Figure 7. (Colour online) Product ΘΔT as a function of the droplet diameter 2 R for different thicknesses. The filled (hollow) symbols
correspond to non-confined (confined) droplets. All the samples have been prepared with the mixture CCN-37 +5.9% CC.
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This scaling is predicted for a given chiral molecule
by the thermomechanical model proposed in Section 2.
Indeed, rewriting Equation (13) in the form

Θq0ΔT ¼ 8πe
γ1

κg=κI

Lγ
ð�ν=q0ÞLν þ ��L�

; (18)

shows that Θq0ΔT is inversely proportional to
ð�ν=q0ÞðLν=LγÞ þ ��ðL�=LγÞ. In diluted mixtures, we
found that �ν is proportional to the concentration of
chiral molecules [17]. As q0 is also proportional to the
concentration of chiral molecules, the ratio �ν=q0 must
be constant in all diluted mixtures prepared with the
same chiral molecule. The integrals Lν, L� and Lγ
depend on the director field ~n0 and thus are functions
of the droplet radius R, the spontaneous twist q0 and
the Frank elastic constants Ki (i ¼ 1 . . . 4) (including
the saddle-splay constant K4 which we define as in Ref.
[1]). We assume here that the tangential anchoring is
very strong at the nematic–isotropic interface, which is
equivalent to assume that the anchoring extrapolation
length La ¼ Wa=K1 is much smaller than the other
lengths of the problem, namely the droplet radius R
and the cholesteric pitch P. Under this assumption, the
dimensionless integrals Iν, Iγ and I� only depend on the
dimensionless quantities Ki1 ¼ Ki=K1 (i ¼ 2 . . . 4) and
q0R. As the ratios Ki1 only depend on the LC chosen
(here CCN-37), we conclude that for all the mixtures
obtained by mixing CCN-37 with the same chiral
molecule (CC or R811), the product Θq0ΔT must be
an unique function of the product q0R, whatever the
concentration of chiral molecules. This is well what we

observe experimentally in the mixtures CCN-37+CC
and CCN-37+R811.

On the other hand, the thermomechanical model
predicts that this function of q0R must be different
with the CC and with the R811 since the ratios �ν=q0
measured with these two dopants below the transition
temperature are very different, of the order of 11.3 fN
K–1 for CC and 3 fN K–1 for R811. This is not observed.
This result is the first indication that the thermomecha-
nical model does not work because it cannot explain
why the Lehmann effect does not depend on the chiral
molecule chosen, but only on the value of q0.

To further confirm this point, we fitted the data of
Figure 9 with Equation 18 of the thermomechanical
model by taking �ν=q0 and �� as free parameters. The
director field~n0 was obtained numerically with a finite
elements code using the deal.II library [21] by taking
K4 ¼ � K1þK2

2 [22]. The ratios Lν=Lγ and L�=Lγ were
calculated numerically as a function of q0R and are
shown in Figure 10. The best fit of the experimental
data shown in Figure 9 gives �ν=q0 ¼ 1:96 pN K–1 and
�� ¼ �1:24 pN K–1. These values are much larger, by a
factor of 1000 typically, than that we measured from
the rotation of the TICs (pN here, instead of fN). This
difference of order of magnitude confirms that the
Leslie, Akopyan and Zel’dovich thermomechanical
model cannot explain the Lehmann effect. We already
reached the same conclusion before by studying the
banded droplets in the simplified framework of the
Leslie model [20,23,24]. Our conclusion here is more
general because it includes the Akopyan and Zel’dovich
terms which we neglected in our previous analysis.
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CCN37 + 5.9%CC
CCN37 + 0.166%R811

Figure 9. (Colour online) Product Θq0ΔT as a function of the dimensionless radius q0R. The data have been obtained with different
concentrations of CC and R811 for different ΔT . All the samples were 50 μm thick. The solid line is the best fit with the
thermomechanical model.
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6. Conclusion

We have shown that the Akopyan and Zel’dovich terms
exist and are pertinent to explain the variations of the
rotation velocity of the different TICs.

On the other hand, these terms are much too small
– as the experimental Leslie coefficient �ν – to explain
the rotation velocity of the twisted bipolar droplets.

These new results confirm that the Leslie paradigm,
according to which the Lehmann effect is due to the
thermomechanical terms, is wrong.

Another experimental evidence that the thermome-
chanical model cannot explain the Lehmann rotation
was given while trying to observe the rotation of dro-
plets suspended in another isotropic liquid than the
isotropic phase of the LC. Indeed, according to the
thermomechanical model, the droplets should rotate
in any isotropic liquid. To test this idea, we prepared
emulsions of the SSY chromonic nematic phase and of
the CCN-37 doped with a chiral molecule in different
isotropic liquids (water, hexadecane [25] or fluorinated
oil [26]) but did never observe droplet rotation. This
negative result works against the thermomechanical
model.

In the future, it would be crucial to understand the
role of the phase transition and to test the new model
that we proposed in Ref. [11]. This model without the
thermomechanical terms is based on the existence of
an orthoradial component of the temperature gradient.
This component comes from the anisotropy of the
thermal conductivity of the LC and was neglected so
far. The other ingredient of this model is the existence
of a temperature variation of the elastic-free energy.
Because of this variation, the droplet would ‘surf’ on a
circular temperature wave that it would create itself.
We are now working on this model in order to

investigate whether it can explain quantitatively the
Lehmann effect.
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Appendix. Physical properties of the CCN-37

In this Appendix, the main physical properties of the liquid
crystal CCN-37 are brought together. Several properties of
this compound were already reported in Ref. [15].
Unfortunately, the authors of this paper did not pay much
attention to the critical behaviour of the physical constants
close to the transition to the isotropic liquid. This Appendix
seeks to fill this gap with a special emphasis on the values of
the constants at the transition temperature.

A.1 Dielectric constants

In order to measure the dielectric constants, we prepared
5–7-μm-thick samples of CCN-37 between two indium
tin oxide (ITO) electrodes. The electrodes were treated
for homeotropic (planar, resp.) anchoring by spin coating
a thin layer of the polyimide compound Nissan 0626
(Nissan 0825, resp.). The layer was dried for 1 min at
80°C and then annealed at 180°C (280°C, resp.) for
30 min. The unidirectional planar anchoring was
achieved by rubbing the surface with a soft felt cloth.
The sample was placed into a homemade oven in which
the temperature is constant and homogeneous to within
±0.01°C. The dielectric constants εk and ε? were obtained
by measuring with a HP 4284A LCR meter the capaci-
tance of the cell before and after filling with the LC. A 10
kHz sinusoidal voltage of amplitude 0.3–0.5 Vrms (which
is well below the onset of Fréedericksz instability in
homeotropic samples) was used for these measurements.
Our results are shown in Figure A1, where theMerck data
are also reported for comparison.

In addition, we measured the capacitance of a planar
sample partly melted by imposing a vertical tempera-
ture gradient. In these conditions, the cholesteric layer
was oriented for planar anchoring at the cold plate and

was separated from the hot plate by a thin layer of
isotropic liquid. We observed no capacitance variation
as a function of the applied voltage up to 20 Vrms. The
measurement was done at 1 kHz in order to minimise
the heating by Joule effect in the ITO layers [27]. This
is important because the thickness of the cholesteric
layer must remain constant during all the measure-
ments. The absence of capacitance variation with the
applied voltage indicates that the anchoring is tangen-
tial at the nematic–isotropic interface. This was con-
firmed by direct observations of the sample under the
microscope between crossed polarisers.

A.2 Birefringence

Two methods were used for this measurement.
First, we made a sample between two parallel glass

plates treated for unidirectional planar anchoring. The
sample thickness was measured to within � 0:1 μm
with an USB-650 Red Tide spectrometer (Ocean
Optics). Special care was taken to the parallelism
between the glass plates which is here better than
10–4 rad. The birefringence was obtained by measur-
ing the optical path difference between the ordinary
and extraordinary rays with a 0� 5λ tilting compen-
sator Leitz 0989 M. All the measurements were done
with green light (λ ¼ 546 nm). In this experiment, the
temperature was controlled to within ±0.01°C by pla-
cing the sample in a homemade oven regulated in
temperature with the aid of a temperature controller
ATNE ATSR100.

Second, we made a wedge sample by using as
spacers two wires of diameters 20 and 60 μm. The
two wires were parallel and spaced 2.5 cm apart. The
thickness profile was determined with the spectrometer
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Figure A1. Dielectric constants as a function of temperature. The agreement with the Merck data (stars [15]) is good. The solid lines
are guides for the eye.
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by measuring the sample thickness every 0.5 mm. The
glass plates were treated for unidirectional planar
anchoring and the director was parallel to the wires.
The sample was placed in a special oven equipped with
a long and narrow observation window allowing us to
measure the transmitted intensity between crossed
polarisers at 45° to the director, along a direction
perpendicular to the wires. The oven was moved
under the microscope with two micrometric translation
stages and its temperature was regulated to within
±0.02°C thanks to a temperature controller ATNE
ATSR100. The temperature inside this oven is homo-
geneous to within ±0.02°C. The birefringence was
obtained by determining the sample thickness at the
location of the black fringes where the ordinary and
extraordinary rays interfere destructively. All measure-
ments were performed with green light (λ ¼ 546 nm).

The results obtained by these two methods are
shown and compared to the Merck data in Figure A2.
The solid curve is a global fit of the whole data (includ-
ing the Merck data) to a law of type
aþ bxþ cx2 þ d=ðx0 � xÞn. In the following, the
value of birefringence calculated from this fit will be
used, when necessary.

A.3 Elastic constants

The elastic constants K3 (bend) and K1 (splay) were
obtained by measuring the capacitance of a homeotro-
pic sample as a function of the applied voltage V (10
kHz sinusoidal voltage). A typical curve is shown in
Figure A3. This curve shows the existence of a
Frédericksz instability above a critical voltage Vc of
expression [1]:

Vc ¼ π

ffiffiffiffiffiffiffiffiffiffiffiffi
K3

��0εa

r
; (A1)

where ε0 is the vacuum permittivity and εa ¼ εk � ε? is
the dielectric anisotropy of the LC (here negative). The
bend constant K3 was obtained from this formula and
the experimental value of the critical voltage. The con-
stant K1 was obtained by numerically fitting the curve
CðVÞ with the parametric equations [28]:

V
Vc

¼ 2
π

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ γη

p ðπ=2
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ κη sin2 ϕ

ð1þ γη sin2 ϕÞð1� η sin2 ϕÞ

s
dϕ

(A2)

C
Ck

¼
�

π=2

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þγη sin2ϕÞð1þκη sin2ϕÞ

1�ηsin2ϕ

q
dϕ

�
π=2

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þκη sin2ϕ

ð1þγη sin2ϕÞð1�η sin2ϕÞ

q
dϕ

; (A3)

according to the procedure described in Ref [29]. In
these equations, Ck is the capacitance measured below
the onset of instability and γ ¼ ε?

εk
� 1 and κ ¼ K1

K3
� 1.

The constant K2 was obtained by preparing a cho-
lesteric mixture CCN-37+1%R811. With this mixture,
the pitch is close to 11.5 μm (see Figure A8). We
prepared a homeotropic sample between two ITO elec-
trodes of thickness d ¼ 8 μm, corresponding to a con-
finement ratio C ¼ d=P � 0:7. At this confinement
ratio, the cholesteric phase is unwound. By applying a
10 kHz AC voltage between the electrodes, the sample
destabilises above a critical voltage Vc by forming per-
iodic cholesteric fingers. The transition is second order
at this value of the confinement ratio, which means
that we are between the tricritical point and the triple
point of the phase diagram ‘homeotropic nematic–

3.5x10-2
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2.0

1.5
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-25 -20 -15 -10 -5 0
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   Merck data
   global fit

Figure A2. Birefringence (λ ¼ 546nm) as a function of temperature. The agreement with the Merck data (crosses [15]) is
satisfactory. The solid line represents the best fit of all the data. The best fit parameters are a ¼ �0:032; b ¼ 9:910�5; c ¼
4:910�6; d ¼ 0:05; x0 ¼ 0:524 and n ¼ �0:082.
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cholesteric phase’ observed in the parameter plane
ðV;CÞ (for details, see Ref. [1]). In this case, the critical
voltage reads

Vc ¼ π

ffiffiffiffiffiffiffiffiffiffiffiffi
K3

�ε0εa

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

C2

K2
32

s
; (A4)

where K32 ¼ K3=K2. This formula shows that the cri-
tical voltage decreases in the cholesteric phase when the
confinement ratio increases. Measuring Vc in the
nematic phase and in the cholesteric phase gives the
ratio C=K32 from which K2 can be deduced knowing C
and K3. In practice, the onset of instability was detected
by locally measuring the transmitted intensity between
crossed polarisers, at a place where the thickness was
measured accurately with the spectrometer before fill-
ing with the LC. This technique is better than a global
measurement of the cell capacitance because it is not

sensitive to an always possible lack of parallelism
between the two electrodes.

Our measurements of K1, K2 and K3 are shown in
Figure A4.

A.4 Thermal conductivities

In order to measure the ratios of thermal conductivities
κrk ¼ κk=κg and κr? ¼ κ?=κg in the CCN-37, we prepared
a planar sample and a mixed sample of the pure com-
pound (for the latter, the bottom plate was treated for
homeotropic anchoring and the top plate for unidirec-
tional planar anchoring). The first one was 25.6 μm thick
and the second one was 21.4 μm thick. Each sample was
placed in the experimental set-up allowing to impose a
temperature gradient and schematically represented in
Figure A5. The temperature gradient was imposed by
setting the temperatures Tt and Tb of the top and bottom

 / 
C

//

V (Vrms)

Figure A3. Normalised capacitance C=Ck as a function of the applied voltage V . d ¼ 7μm, δT ¼ �24�C. The solid line is the best fit
obtained from the parametric equations (A2) and (A3).
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Figure A4. Splay, twist and bend constants as a function of temperature. The agreement with the Merck data (empty diamonds for
K1 and filled diamonds for K3 [15]) is good. The solid lines are guides for the eye.
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ovens. The temperature difference ΔT ¼ Tt � Tb was
maintained constant, equal to 40°C, during all the mea-
surements. At the beginning, the temperatures were cho-
sen in order that the sample was completely nematic. The
experiment then consisted of measuring for each sample

at which temperature Tð1Þ
b the nematic phase started to

melt and at which temperature Tð2Þ
b the complete melting

was achieved. Note that in both samples there is no
discontinuity of the director orientation at the tempera-

ture Tð1Þ
b when the nematic phase starts to melt because

the anchoring is planar at the top surface and remains
planar (tangential) at the nematic–isotropic interface.
This is important to avoid hysteresis effects during the

measurements of Tð1Þ
b , and this is the reason why we used

a mixed sample instead of a homeotropic sample. In
order to well detect these two temperatures, a high-reso-
lution digital camera (Hamamatsu, model C4742-95)
mounted on a Leitz Laborlux 12 Pol S polarising micro-
scope was used. Let δT? (δTm) be the temperature dif-

ference Tð2Þ
b � Tð1Þ

b measured experimentally with the
planar (mixed) sample. The ratios κrk ¼ κk=κg, κr? ¼
κ?=κg and κrI ¼ κI=κg (where κI is the thermal conduc-
tivity of the isotropic liquid) are obtained by solving
numerically the following equations:

δT? ¼ d? 2eðκrI þ κr?Þ þ d?
	 


ð4eκrI þ d?Þð4eκ? þ d?ÞΔT (A5)

δTm ¼
dm 2eðκrI þ

ffiffiffiffiffiffiffiffiffiffi
κrkκ

r
?

q
Þ þ dm

� �

4eκrI þ dmð Þ 4e
ffiffiffiffiffiffiffiffiffiffi
κrkκ

r
?

q
þ dm

� �ΔT (A6)

κrI ¼
1
3

κrk þ 2κr?
� �

; (A7)

where d? (dm) is the thickness of the planar (mixed)
sample. These equations were obtained (1) by expres-
sing that the heat flux across the four glass plates (each

of thickness e), the layer of nematic phase (of thickness
δ, see Figure A5) and the layer of isotropic liquid (of
thickness d � δ) is conserved in the stationary regime

and (2) by writing that δ ¼ d at Tb ¼ Tð1Þ
b and δ ¼ 0 at

Tb ¼ Tð2Þ
b . Note that in this calculation we neglected

the influence of the two very thin layers of glycerol
used to ensure a good thermal contact between the
glass plates of the sample and of the ovens. In addition,
we assumed that the LC was pure. This is almost the
case for our CCN-37 LC for which we measured a
coexistence range of the order of 0.02°C at the melting
temperature (which is negligible with respect to the
measured δT). Finally, we assumed that in the mixed
sample the angle between the director and the normal
to the plates changes linearly from 0 to π=2 as a func-
tion of z inside the nematic layer. This is an excellent
approximation. In this limit, the nematic layer behaves
exactly like a layer of thermal conductivity ffiffiffiffiffiffiffiffiffiffi

κkκ?
p .

Experimentally, we measured δTm ¼ 1:31� 0:02�C
for dk ¼ 21:45 μm and δT? ¼ 1:72� 0:02�C for
d? ¼ 25:6 μm. By taking e ¼ 1 mm, the calculation
gives

κk
κg
¼ 0:200� 0:015 and κ?

κg
¼ 0:132� 0:004

and κI
κg
¼ 0:155� 0:002:

As expected, these values are very close to typical
values measured in cyanobiphenyls [30].

A.5 Rotational viscosity

The rotational viscosity of the CCN-37 LC was
obtained by measuring the relaxation dynamics of a
homeotropic sample of thickness d ¼ 70:5 μm initially
destabilised by the application of a 1 kHz AC voltage V
slightly larger than the critical voltage Vc (here,
V ¼ 1:05Vc). In practice, the sample is destabilised
under a 1 T magnetic field parallel to the electrodes
in order that the director tilts everywhere in the same
plane (here perpendicular to the magnetic field since
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Figure A5. Schematic representation of the experimental set-up.
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the magnetic anisotropy of the CCN-37 is negative
[15]). A Halbach magnet is used to produce the mag-
netic field. The sample is then removed from the mag-
net and the voltage is switched off. In this way, the
sample relaxes to its initial homeotropic configuration.
The relaxation time τ is obtained by measuring the
transmitted intensity between crossed polarisers at 45°
to the distortion plane. More precisely, the intensity is
fitted to the exponential law I ¼ I0 expð�2t=τÞ where
τ ¼ γ?1d

2=K3π2. Note that the rotational viscosity mea-
sured in this way is an effective viscosity (slightly
smaller than γ1) that takes into account the backflow
effect [31]. Our results for the effective viscosity γ?1 are
shown in Figure A6. In this paper, we are especially
interested by the value of γ1 at the phase transition
temperature. At this temperature, the backflow correc-
tion is expected to be small and can be calculated
analytically in this limit. A straightforward calculation

shows that γ?1
γ1
¼ 1� 1� 8

π2

� � ηc�ν3
ηc

where ηc is the third

Miesowicz viscosity [1] and ν3 a smaller viscosity first
introduced by Martin, Parodi, and Pershan [32].
Recently, we have shown how to measure these two
viscosities with a piezoelectric rheometer [33]. By using
this technique, we measured ηc ¼ 0:039Pa s [34] and
ν3 ¼ 0:026 Pa s at the transition temperature in the
CCN-37. With these values, we calculate at the transi-
tion temperature γ1 ¼ 0:0069 Pa s knowing that γ?1 ¼
0:0074 Pa s. As we can see, the backflow effect is small
(of the order of 6%), justifying a posteriori the validity
of the formula given above.

A.6 HTP of R811 and CC

Let C be the concentration by weight of chiral dopant
added to the CCN-37 LC. The HTP is defined to be the
ratio 1=ðPCÞ, where P is the cholesteric pitch. The
cholesteric pitch (or the equilibrium twist q0 ¼ 2π=P)
was measured by using the Cano-wedge method [1]. In
practice, the cholesteric phase was placed between two
glass plates treated for unidirectional planar anchoring
(rubbed polyimide) and making a small angle. The
rubbing direction was chosen parallel to the two nickel
wires of diameters 15 and 68 μm used as spacers and
placed 25 mm apart. The thickness profile was deter-
mined by measuring the local thickness every 0.5 mm
with the spectrometer. The sample temperature was
controlled with the same homemade oven as the one
used to measure the birefringence with the wedge
sample. By noting the position of the κ-disclination
lines, the absolute value of the pitch was determined.

In order to determine the sign of the pitch, the cho-
lesteric mixture was placed between two parallel glass
plates. The bottom glass plate was treated for unidirec-
tional planar anchoring (rubbed polyimide) and the top
glass plate for tangential sliding anchoring (polymercap-
tan). Once inside the oven, the sample was observed
under the polarising microscope with green light
(λ ¼ 546nm). The measurement consisted of recording
the transmitted intensity Itr as a function of the angle ϕ
between the analyser and the polariser while maintaining
the polariser parallel to the rubbing direction. A typical
curve is shown in Figure A7. This curve passes through a
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Figure A6. Effective rotational viscosity of the CCN-37 LC as a function of temperature. The solid line is a guide for the eye.
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minimum at ϕ ¼ ϕmin obtained from a fit to a sine func-
tion. An important point to note here is that the value of
ϕmin measured at a given temperature δT was indepen-
dent of the thermal history of the sample. This shows
once again that the polymercaptan treatment is perfectly
sliding throughout the duration of the experiment. The
value (and the sign) of the pitch was then calculated by
using the Ong formula [35]:

ItrðϕÞ ¼ cos2ðθ� ϕÞ

� cos½2ðθ� ϕÞ	sin2½θ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u2

p 	
1þ u2

þ sin½2ðθ� ϕÞ	 sin½2θ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u2

p 	
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u2

p (A8)

where θ ¼ q0d ¼ 2πd
P is the angle of rotation of the

director across the sample thickness and u ¼ πdΔn
θλ .

More exactly, θ was calculated numerically with
Mathematica by assuming that the function ItrðϕÞ
passes through a minimum at ϕ ¼ ϕmin.

The result of our measurements with these two meth-
ods are shown in Figure A8 for the mixture CCN-37
+0.166% R811 and the mixture CCN-37+3% CC. In the
case of the R811 dopant, we observe, as expected, that the
HTP is positive (right-handed cholesteric) and changes
very little with the temperature: HTP � 9μm–1 which is
slightly smaller than in usual LCs where typical values
between 9.5 and 13 μm–1 are found [36]. On the other
hand, the behaviour of the mixture CCN-37+3% CC is
very surprising for two reasons: first, because the choles-
teric phase is right-handed at the transition temperature,
and second, because this mixture has a compensation
point about 16° below the transition temperature.
Indeed, in usual LCs such as biphenyls or MBBA, the
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Figure A7. Two curves of transmitted intensity Itr measured in green light (λ ¼ 546nm) at two different δT as a function of angle ϕ
between the analyser and the polariser. Mixture CCN-37+3% CC, d ¼ 7:32 μm. The best fit to a sine function (solid line) gives
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CC gives left-handed cholesterics at low concentration
[13] and a compensation point is only observed at large
concentrations of CC (40% or more) [18,23,37]. Another
point to emphasise is that the mixture CCN-37+3% CC is
a rare example (to our knowledge) of compensated mix-
ture with a negative dielectric anisotropy.

A.7 Diffusion coefficients of the fluorescent dye

We measured by FRAP the diffusion coefficients of the
fluorescent dye NBD C6-ceramide in the nematic and
isotropic phases of the CCN-37 LC. For this experi-
ment, we prepared a 21-μm-thick sample of the mix-
ture CCN-37+0.05wt% NBD C6-ceramide. The two

glass plates were treated for unidirectional planar
anchoring along the direction x (rubbing direction).
The fluorescence signal was measured as in Ref. [14]

and was fitted by a Gaussian function of type sðtÞ þ

ΔsðtÞ exp � x2

2σ2k
� y2

2σ2?

� �
in the nematic phase and of type

sðtÞ þ ΔsðtÞ exp � x2þy2

2σ2I

h i
in the isotropic liquid. The

diffusion coefficients are deduced from a fit of σ2ðtÞ �
σ2ð0Þ with a straight line of slope 2D. Our results are
shown in Figure A9. From these data, we calculate at
the transition temperature ðDk þ 2D?Þ=3 � 4:7 10�11

m2/s, which is indeed very close to DI � 4:8 10�11m2/s.

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5
D

 (1
0-1

1  m
2 /s

)
-8 -6 -4 -2 0 2 4

δT (°C)

 D I

 D//
 D

 (D// +2D )/3⊥
⊥

Figure A9. Diffusion coefficients of the fluorescent dye NBD C6-ceramide in the nematic and isotropic phases of the CCN-37 LC
measured by FRAP. The solid and dashed lines are guides for the eye.
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