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Abstract. We present a systematic study of the Lehmann rotation of cholesteric droplets subjected to a

temperature gradient when the concentration of chiral molecules is changed. The liquid crystal chosen

is an eutectic mixture of 8CB and 80CB doped with a small amount of the chiral molecule R811. The

angular velocity of the droplets strongly depend on their size and on the concentration of chiral molecules.

The Lehmann coefficient is estimated by using three different methods. Our results are consistent with

a Lehmann coefficient proportional to the concentration of chiral molecules. We additionally show the

existence of a critical size of the droplets below which they change texture and stop rotating.

PACS. 61.30.-v Liquid crystals — 65.40.De Thermal expansion; thermomechanical effects — 05.70.Ln

Nonequilibrium and irreversible thermodynamics

1 Introduction

Recently, we reproduced the original Lehmann experiment
[1,2] on the continuous rotation of cholesteric droplets sub-
jected to a temperature gradient [3]. We used for that
experiment a cholesteric mixture composed of 50% (by
weight) of the liquid crystal 80CB (4-n-octyloxy-4’ cyano

biphenyl) and of 50% of the chiral molecule CC (cholesteryl

? e-mail: patrick.oswald@ens-lyon.fr

chloride). In this particular system, the twist vanishes and
changes sign with the temperature a few degrees below
the clearing temperature (compensated mixture). For this
reason, one might expect that the value found for the
Lehmann coefficient in this mixture was not characteris-
tic of usual cholesteric liquid crystals. To check this point,

we performed new experiments with a common cholesteric
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mixture and studied the role of the concentration of chiral
molecules.

The plan of the article is the following. In Section 2,
we present the new cholesteric mixture and we show how
to simply estimate at the clearing temperature the helix
twist power (HTP) of the chiral molecule chosen. In Sec-
tion 3, we report systematic measurements of the period
of rotation of the cholesteric droplets as a function of their
diameter, the temperature gradient and the concentration
of chiral molecules. A first estimate of the Lehmann coef-
ficient is given. In Section 4, we describe the action of an
electric field. This yields a second estimate of the Lehmann
coefficient. In Section 5, we show the existence of a critical
radius below which the droplets change texture and stop
rotating. From this observation, we deduce a third esti-
mate of the Lehmann coefficient. Finally, we draw conclu-

sions in Section 6.

2 The cholesteric mixture: phase diagram and
HTP of the chiral molecule at the clearing

temperature

The nematic liquid crystal chosen is an eutectic mixture
(EM) of 8CB (4-n-octy-4’ cyanobiphenyl from Frinton Lab-
oratories, Inc) and of 80CB (4-n-octyloxy-4’ cyanobiphe-
nyl from Synton Chemicals GmbH & Co) in the mass pro-
portion of 57 : 43 [4]. This mixture has the advantage of
melting at a convenient temperature allowing us to im-
pose a large temperature gradient and of crystallizing at

low temperature (5 °C). This liquid crystal is doped with

the chiral molecule R811 (from Merck Ltd). The phase
diagram of the mixture EM/R811 is shown in Fig. 1. It
is worth to mention that the freezing range is close to
0.7 °C and changes little with the concentration of chiral

molecules.

In order to measure the HTP of the chiral molecule
R811 at the clearing temperature, we must measure the
helical pitch P of the cholesteric phase as a function of
the mass concentration C' of chiral molecules. We recall
that, by definition, HT'P = 1/(C x P). In principle, the
HTP is constant at low C' [5]. The Cano-wedge method is
usually used to measure the pitch. It consists of measur-
ing the positions of disclination lines in a wedge sample
treated for planar and parallel anchoring. In practice, this
method is delicate to carry out, in particular when the
pitch is very small, because the sample thickness profile
must be known very precisely [6]. For this reason, and
because we are mainly interested in a possible variation
of the HTP with the concentration of chiral molecules
C, we used another method easier to carry out. More
precisely, we prepared homeotropic samples at concentra-
tions C' = 2.11,4.38,5.88 and 7.9 wt.% between transpar-
ent electrodes (glass plates covered with an ITO layer)
and measured for each sample the spinodal voltages (at
10 kHz) V; (resp. V3) below which (resp. above which)
the homeotropic “nematic” phase (resp. the cholesteric
phase) become completely unstable [7,8]. Our results are
reported in Fig. 2 for samples of thickness d = 10 pm. We
observe that V; and V3 are proportional to C' which indi-

cates that the HTP does not depend on the concentration
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of chiral molecules up to 10%. Indeed, we know from the
theory that in the limit d > P [7,8]

Ky

=2 —_— HTP 1
Vo=2m K32€o€ad X x C (1)
and
K
Vs =n%/ —=dx HTP x C (2)
E0€a

where ¢ is the permittivity of the vacuum, ¢, the di-
electric anisotropy, Ko and K3 the twist and the bend
constants, respectively, and K3y = K3/Ks. From the ra-
tio of the slopes of the two lines in Fig. 2 we find that
K35 ~ 2.3. As for the HTP of the chiral material R811
at the clearing temperature, it can be estimated by tak-
ing Ky = 1.4 x 1072 N and ¢, = 4.6 (knowing that,
at the clearing temperature, Ky ~ 1.2 x 1072 N [9] and
€, ~ 5 [10] in 8CB and Ky ~ 1.6 x 1072 N [9] and ¢, = 4
[11]) in 8OCB). This yields HTP ~ 17 um~! (with a plus
sign as we know from Merck that R811 is right-handed).
This value is close to that found by Baudry by using the
Cano-wedge method in 8CB at the clearing temperature:
HTP ~ 16 pum~"! [12]. The important result, here, is that

the HTP is constant and is independent of the concentra-

tion of chiral molecules (up to 9% by weight).

3 Period of rotation of the cholesteric
droplets: experimental data and first

estimate of the Lehmann coefficient

In this section, we present our experimental results after a
short description of the experiment. The data are then ex-
plained within a simple model from which a first estimate

of the Lehmann coefficient is deduced.
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Fig. 1. Phase diagram of the mixture 8CB/80CB/R811. The

grey region is a two-phase region.
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Fig. 2. Spinodal voltages for the homeotropic nematic phase
and the cholesteric phase measured at 10 kHz at the solidus
temperature as a function of the concentration of R811. d =

10 pm.

3.1 Experimental procedure

All our experiments were performed using 20 pm-thick
samples with the top glass plates treated for planar and
sliding anchoring. Such anchoring was obtained by de-
positing by spin coating a thin layer of the polymercap-
tan hardener of an epoxy resin (Stucturalit 7) (for more
details, see Ref. [13]). The temperature gradient was im-
posed by sandwiching the sample between two transparent

ovens. The setup is described in Ref. [3]. In the following,
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Fig. 3. Droplets observed in natural light rotating anticlock-
wise under the action of a temperature gradient. The time
1.14%,

interval between the two photographs is 4 s; C' =

AT =10 °C.

0.258 %

Fig. 4. Droplets observed in natural light for different con-
centrations. The bands are only visible at small concentration.
Note the presence of droplets with three walls starting from

the center at large concentration.

we shall denote by AT the difference T, — Ty between the
temperatures of the bottom and top ovens. Experimen-
tally, the oven temperatures are chosen in order that the
sample temperature is close to the liquidus temperature of

the cholesteric mixture ((T,+73)/2 ~ T;). In addition, AT

is taken positive in order that the cholesteric droplets form
on the top glass plate treated for sliding anchoring. Fig. 3
shows typical droplets observed in natural light in a di-
lute mixture (C' = 0.6%). As in our previous experiments
with the compensated mixture, the droplets are circular
and present a banded texture which rotates at constant
angular velocity under the action of the temperature gra-
dient. As expected the band wavelength decreases when
the concentration of chiral molecules increases and is no
longer resolved by the microscope when the concentration
is higher than typically 2.5% (Fig 4). Nevertheless, the
droplet rotation can still be detected by adding a polar-
izer. In such a condition, the droplets appear alternately
dark and white in time, which allowed us to measure their
period of rotation. We also observed at large concentration
droplets with three walls starting from their centers (see
the photograph in Fig 4 at C' = 4.38%). These droplets
rotate more slowly than the droplets without defects and
rapidly transform into the latter. For this reason, we did

not study them systematically.

3.2 Experimental results

As in the compensated mixture, the period of rotation
© increases when the droplet diameter D increases and
decreases when the temperature gradient (or the temper-
ature difference AT') increases. Fig. 5 shows systematic
measurements of the period of rotation measured in a con-
centrated mixture (C' = 7.9%) as a function of the droplet
diameter at four different AT. The symbols are the exper-

imental results and the solid lines are polynomial fits to
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Fig. 5. Period of rotation © as a function of the droplet di-
ameter D measured at four different temperature gradients;
C = 7.9%. All points lie on the same curve when we plot © AT

as a function of D.

the data of the type a+bD?+cD* (this choice will be justi-
fied in Section 3.3). We checked that, within experimental
error, the period of rotation is inversely proportional to
the temperature gradient for each droplet diameter. This
can be shown by plotting ©AT as a function of D: now
all points fall on the same curve as we can see in the inset

of Fig. 5.

We also performed similar measurements at different
concentrations of chiral molecules (and different AT"). All
our results (normalized to AT = 40 °C) are collected in
Fig. 6. Again the symbols are the experimental results
while the solid lines are polynomial fits to the data. A
surprising point is that for a given radius, the period of
rotation is a complicated function of the concentration of
chiral molecules. This can be seen in Fig.7 where we plot-
ted the period of rotation measured (or extrapolated from
the fit at C' = 0.258%) at diameter D = 5 ym as a function

of the concentration. We observe that the period of rota-

20
X 7.90% R811
A 5.88% R811
15 - e 4.38% R811
o 3.48% R811
m 2.11% R811
O 1.14% R811
+ 0.60% R811
o 0.26% R811
= 10 -
@
54
0 T T T T T
0 10 20 30 40 50
D (um)

Fig. 6. Period of rotation © as a function of the droplet diam-
eter D measured at AT = 40 °C (G = 70 °C/mm) for different

concentrations of chiral molecules.

I I I I
0 2 4 6 8

C (wt. %)
Fig. 7. Period of rotation © as a function of the concentration
of chiral molecules C for droplets of diameter D = 5 um. The

solid line is just a guide for eyes.

tion successively decreases, passes through a minimum,
increases, passes through a maximum to finally decrease
again when the concentration of chiral molecules increases.
This behavior is discussed within a simple model in the

next subsection.
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3.3 Theoretical model and first estimate of the

Lehmann coefficient

In Ref. [3] we proposed a simplified model neglecting back-
flow for explaining the droplet rotation. This model was
based on the Leslie theory and consisted of solving the

torque equation [14]:

0
fyla—ltl:h+1/n><G (3)

where G = VT is the temperature gradient, h = —% is
the molecular field (with f, being the usual Frank elastic
energy), v1 the rotational viscosity and v is the Lehmann
coefficient. From this equation, we were able to show that
the internal texture of the droplets rotate at an angular

frequency w = 27 /6 given by

fffdroplet |:ez ’ % Xn+ (87191)2:| dgr

fffdroplet |:ez ’ % Xxn+1-— (ez ’ n)2:| d3r
(4)

According to this equation, w is proportional to G,

vG

T w

in agreement with experiments, and has the form w =
—AvG /v, where A is a dimensionless (and positive) coef-
ficient which depends on the director field and on the drop
geometry. Because the anchoring is planar at the solid sur-
face and rather homeotropic at the cholesteric-isotropic
interface, we then proposed that the director field inside
the droplets was similar to a modulated TIC. We recall
that the TIC is the translationally invariant configuration
satisfying the boundary conditions on the two limiting sur-
faces. Let k = 2w /X be the wave vector of the modulation
(with A the band wavelength). According to this model,

the angular frequency is expressed by a formula of the

type

vG 1
— = =14 —k%2D?> + O(k*<*D? 5
’_Ylw + 16 € + ( € ) ( )

where the angle £ (supposed to be small) represents the
amplitude of the modulation. This formula suggests to
fit the measured period of rotation © as a function of
the droplet diameter D with a polynomial of the form
a+bD?+cD*. Note here that in our experiments, w and G
are of opposite signs (the germs rotate anticlockwise when
the temperature gradient points downwards, see Fig. 3),
which shows that the Lehmann coefficient is positive. Eq. 5
also shows that the value of a deduced from the fits allows,
in principle, a direct measurement of the ratio v/, and,
thus, of the Lehmann coefficient v providing that v, is
known. It turns out that, in practice, a is very small and al-
most impossible to determine except for the experimental
curve obtained at the smallest concentration C' = 0.258%.

In this case, we find that a ~ 1.9 s (see Fig. 6). According

to Eq. 5, % = g—g where G is the temperature gradient
explicitly given by G = :L‘; %, denoting the thickness of

the glass plates (one for each oven and two for the sample)
by e and the conductivity of the glass (resp. of the liquid

crystal) by kg (resp. krc). In practice, e = 1 mm and

Kg
RLC

~ 7 [3]. From these values and the value of a given
above we can estimate the value of v/+; for the more
dilute mixture £ (C = 0.258%) ~5107° s=' K~' m. Un-
fortunately, it was impossible to do the same thing for the
larger concentrations because the experimental points are
too much dispersed. On the other hand, we can reason-
ably assume that, at small concentrations, the Lehmann

coefficient is proportional to C. Doing this, we can fit all
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the other experimental curves of Fig. 6 by fixing a, which
is calculated by assuming that it is proportional to C and
equal to 1.9 s at C' = 0.258%. This procedure allows us to
fit all the curves quite well, but this just shows that the
assumption v o< C' is not incompatible with our experi-
mental data.

Another point concerns the behavior of the period of
rotation as a function of the concentration at a given ra-
dius (see Fig. 7 plotted for R = 5 pm). From Eq. 5, we

can predict that

1 2 4
@aw (6)

where « and [ are two constants by assuming that v o« C
and k « ¢ « C (the HTP is constant). According to
this equation, the period of rotation must rapidly decrease
from infinity when C' = 0 (the germs stop rotating when
there is no chiral molecules), pass through a minimum and
then increase again when the concentration increases. This
behavior is indeed observed experimentally at low concen-
trations (C < 4% typically) and explains easily in terms
of a competition between the Lehmann torque (x C) and
the viscous torque (independent of C' when A > D and
proportional to C? when A\ < D, with A the band wave-
length). On the other hand, this model fails to explain
the saturation and the subsequent decrease of @ observed
at large C. One explanation could be that ¢, and conse-
quently the dissipation, saturate when C' increases (above
5%) while the Lehmann torque continues to increase, but
we have shown in Section 2 that the HTP is constant in
the whole range of concentration investigated. So this ex-

planation must be rejected. Another explanation comes

from the choice of the director field used in Ref. [3] to
calculate the integrals in Eq. 4. Indeed, we explicitly as-
sumed in this model that the TIC was modulated over the
whole thickness of the droplet. Such an assumption is true
if the cholesteric pitch is comparable to the droplet thick-
ness. By contrast, this assumption is wrong if the pitch
is smaller than the drop thickness, which should arise at
large concentration. In this limit, the TIC only deforms
and modulates close to the surface in contact with the
isotropic liquid (this result was already shown in Ref. [15]).
As a result the Lehmann torque increases faster than the
viscous torque when the concentration increases, which
qualitatively explains why the droplets accelerate again
(their period of rotation decreases) at large concentrations

of chiral molecules.

To conclude this section, let us give a first estimate of
the Lehmann coefficient at concentration C' = 0.6% (two
other estimates of this coefficient, at this concentration,
will be given in the next two sections). According to the
literature, ;1 is of the order of 0.02 Pa s in both 8CB and
80CB at the transition temperature [16]. Assuming v < C
and using the value of v/~; given above for C' = 0.258%,

we calculate by taking v; = 0.02 Pa s:

v(C =0.6%) ~2x1076 kg K152

In the next Section, we show another method to esti-

mate this coefficient.
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Fig. 8. Droplets subjected to an electric field. At zero or small
electric field, they are randomly oriented because they rotate.
At FEst0p and above, the droplets are immobile and are all ori-
ented in the same way with respect to the electric field (par-
allel to the long side of the pictures). C' = 0.6%, AT = 10 °C

(G =175 °C/mm).

0 2 4 6 8 10 12 14

1.2x10° —

0.8 - |3

0.6 —
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0.2 —
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(&)

10 15 20 25
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Fig. 9. Square of the critical voltage as a function of the tem-

perature difference (proportional to G).

4 Action of an electric field: second estimate

of the Lehmann coefficient

In Ref. [3], we showed that it was possible to stop the
droplet rotation by applying a horizontal electric field.
We conducted a similar experiment by applying an AC

electric field (10 kHz) between two parallel metallic wires

stretched across the sample. The wires, also used as spac-
ers between the two glass plates, were 20um in diameter
and separated by a gap of 2.4 mm. Our experiment was
performed with the mixture of concentration C' = 0.6%.
We observed that above some critical electric field Eg0p
all the droplets stop rotating. At this voltage the bands
are oriented at about 45° with respect to the electric field
(Fig. 8). This angle results from a competition between the
electric torque which tends to orient the bands perpen-
dicularly to the electric field and the thermomechanical
Lehmann torque. In Ref. [3], we gave without demonstra-
tion:

2 2Gv

Estop ~

(7)

€0€q

This result can be obtained by equilibrating the torques
acting on the director. Indeed, let us denote by 6 and ¢
the azimuthal and zenithal angles of the director with re-
spect to the z and x axes, respectively (the temperature
gradient is supposed to be parallel to z and the electric
field parallel to y). The director experiences three torques:
an elastic torque of general expression n X h where h is
the elastic molecular field, the electric torque of expres-
sion gpgo(n X E)n - E; and the Lehmann torque of ex-
pression vn x (n x G). Without temperature gradient and
electric field, the director field inside the droplets is such
that n x h = 0. Experimentally, the Lehmann and electric
torques are small and do not visibly deform the director
field inside the droplets. We can thus assume, as a first
approximation, that the director field remains unchanged
when the electric field and the temperature gradient are

applied. This is justified as the applied voltage is always
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much smaller than that V3 required to unwind the helical
structure (of the order of 2 x 10> V/m at this concentra-
tion). Doing this assumption, the torque equation reduces
to equilibrating the Lehmann and electric torques. This
yields %E%oea sin? # sin 2¢ = vG sin® . This equation im-
mediately shows that the smallest value of the electric field
Egiop for which equilibrium is possible, is well given by
Eq. 7, irrespective of the value of angle 6, when ¢ = 45°
in average and in agreement with experiment (see Fig. 8).

According to Eq. 7, E?

stop Must be proportional to G.

We checked this point experimentally as we can see in
Fig. 9. From the slope of this curve and the previous equa-

tion, we calculate
v(C =0.6%) ~1x 1076 kgK 52

by taking e = 4.6.
This value is twice as small as that given in the previ-

ous section, but it is of the same order of magnitude.

5 Textural change of cholesteric droplets:

third estimate of the Lehmann coefficient

We observed that, in dilute samples (C' = 0.258% and
C = 0.6%), the droplets change texture below some crit-
ical diameter and do not rotate anymore. This is visible
in Fig. 10 where we can see the two types of droplets.
While the banded one rotates, any of the others show
visible rotation, even when one adds a polarizer. Obser-
vations between crossed polarizers of these new droplets
show Maltese crosses which rotate in the same direction

as the polarizers when the latter are rotated (Fig. 11).

Fig. 10. Two types of droplets coexisting in the same sample
(observation in natural light). All the droplets, the radii of
which are very close to Ryqqz, are immobile except the central
banded one which is rotating; C' = 0.258%, AT =5 °C (G =

8.7 °C/mm).

Fig. 11. Static droplets observed between crossed polarizers;

C =0.258%, AT =5 °C (G = 8.7 °C/mm).

This indicates that their director field is invariant by ro-
tation about an axis perpendicular to the glass plates and
has the topology of a S = +1 disclination line. Another
important observation is that the Maltese crosses do not
rotate inside the droplets when the sample is subjected to

a temperature gradient. This means that the director field
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is frozen inside the droplets in spite of the presence of a
Lehmann torque. This observation is easily understand-
able. Indeed, let us assume that the director rotates. In
this case, the disclination would successively pass from a
circular configuration to a radial one. In practice, these
two configurations are not energetically equivalent, the
radial configuration being less energetic than the circu-
lar one because of the elastic anisotropy (K3 is usually
larger than K; [9]). As a consequence, the rotation is only
possible if the Lehmann torque can perform a work equal
to the energy difference between the two configurations
when the director rotates by 7/2. Let R be the radius of
the droplet and A its thickness. According to this criterion,
the texture can rotate only if the following inequality is

satisfied:

VG g TR2h > 7(Ks — K)ln ™ b (8)

Te

This defines a maximum radius R,,., below which the
droplet texture can no longer rotate (the texture is pinned

in its radial and less energetic configuration):

2K3— K R
Rmaa: = \/7T 3VG'11n<’I“> (9)

where 7, is a core radius of molecular size (typically 100 /01).

We measured R, for different temperature gradients
(or AT') and concentrations (C' = 0.258% and C' = 0.6%).

Our results are given in the table below.

Rpoe G C
114 5  0.258
6.3 15 0.258
5.2 10 0.6
3.8 15 0.6
2.8 30 0.6

From these measurements, we can check that the prod-

uct R?

max

ATC is approximately constant as stated by
Eq. 8 under the assumption that v is proportional to C':
R2

max

ATC = 150420 pm?K wt.%. This average value and
Eq. 8 allow us to calculate a new estimate of the Lehmann
coefficient knowing that in both 8CB and 8OCB, K3 — K3
is of the order of 2x 107 '3 N at the transition temperature

[9]:
v(C =0.6%) ~2x 1076 kgK 's2

This value is in agreement with the two previous esti-

mates.

6 Conclusion

In conclusion, we evidenced experimentally the Lehmann
rotation of cholesteric droplets in a dilute cholesteric solu-
tion of the chiral molecule R811 dissolved in a nematic eu-
tectic mixture of 8CB and 8OCB. Droplets are observed at
the coexistence temperature between the cholesteric phase
and the isotropic liquid. As in previous experiments [3], we
observed that the angular velocity was strongly dependent
on the director field configuration inside the droplets and

showed that the droplet rotation can be stopped by apply-
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ing an AC electric field. We additionally evidenced a crit-
ical radius below which the droplets change their configu-
ration (from a banded texture to a rotationally invariant
one) and stop rotating. We estimated the Lehmann coeffi-
cient in three different ways and obtained the values of the
order of 1076 kgK~'s~2 for a concentration of 0.6%. We
emphasize that this value is comparable with that found
previously at the clearing temperature in the compensated
mixture (80CB doped with 50% by weight of CC). This
result could seem surprising as the concentration of chiral
molecules is almost 100 times larger in the compensated
mixture than in the present mixture (50% against 0.6%).
On the other hand, the pitches of the two mixtures are
similar as P ~ 10 ym in the 8CB/80CB/R811 mixture at
C = 0.6% while P =~ 6 ym in the compensated mixture at
the clearing temperature (value obtained by extrapolating
the curve ¢(T') given in Ref. [17] to this temperature). This
result shows that the equilibrium twist ¢ and the Lehmann
coefficient v are strongly correlated even if they are not
strictly proportional to each other at large concentrations
of chiral molecules (indeed, we have shown previously that
in the 80CB/CC mixture v # 0 at the compensation tem-
perature at which ¢ = 0). On the other hand, our present
data suggest that, as expected, v is proportional to ¢ in

the limit of dilute mixtures.

The next step is now to measure the Lehmann coef-
ficient below the clearing temperature. This can be done
as in Ref. [18] by observing directly the rotation of the
director in samples treated on both glass plates for planar

and sliding anchoring. We already performed this experi-

ment just below the solidus temperature with the mixture
at the concentration of 0.6%. As expected, we observed
the Lehmann rotation and found that, as in the compen-
sated mixture, the Lehmann coefficient seems to rapidly
decrease in the close vicinity of the phase transition when
the temperature decreases, contrary to the equilibrium
twist. On the other hand, our measurements are still too
much dispersed to be published. We are currently working
on this problem.
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