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Reversal in Thermally Driven Rotation of Chiral Liquid Crystal Droplets
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For chiral liquid crystals that express topologically protected defects and thermally driven mechan-
ical rotation, the size- and temperature-driven reversal of the rotational direction of their droplets
was demonstrated even under a fixed temperature gradient. This unconventional reversal indicates
the dependence of thermomechanical coupling on the molecular orientational order, this dependence
is justified through an examination of the size, temperature, and molecular structure as well as by
phenomenological arguments on the order parameter.

Chirality is an abundant frontier for the emergence of
topological structures and transport dynamics in con-
densed matter. In liquid crystals (LCs), chirality al-
lows a pseudoscalar (Lifshitz invariant) n -V x n =
ni€jkVing (i,j,k = 1,2,3) to be nonzero [1, 2], where
n is the director, a locally defined unit vector along
which LC molecules tend to orient. The pseudoscalar
stabilizes a spontaneous helical director field, similar to
Dzyaloshinsky-Moriya interaction in magnets [3, 4]. The
helical field is utilized for displays, thermometers, and
asymmetric reactions for helical polymerization [5, 6].

When chiral nematic (N*) LCs are confined in a spher-
ical droplet, the periodic layers of the helical director
field deform into concentric shells under degenerate pla-
nar anchoring (Fig. 1). Through these concentrically lay-
ered shells, a line-like topological defect stretches from
the center to the surface of the droplet due to geomet-
rical frustration prohibiting the director from continu-
ously covering the entire sphere. The defect has a wind-
ing number (or the topological charge) of 42, equal to
the Euler characteristic of the sphere [7]. This orienta-
tional structure is known as the radial spherical struc-
ture (RSS) and displays distinct textures, namely con-
centric circles with a radial line and a double spiral [see
Figs. 1(a) and (b), respectively] [8-12]. Within the de-
fect, the molecular orientational order is more violated
than in the surroundings, but the loss of free energy is
restricted, thus providing a net stabilization of the sys-
tem. Some models of the director field have been pro-
posed to suppress the reduction of the order in the de-
fect [13, 14]. Skyrmions, vortex-like structures formed in
blue phases [15, 16] and in confined spaces [17], have been
noted to contribute to the stabilization of the defect [12].
Also, in defects appearing as vortices in superfluid and in
Type II superconductors, the amplitude of the order pa-
rameter (OP) representing the density of Bose-Einstein
condensates decreases and usually reaches zero [18, 19].
The vortices in superfluid *He capturing solid nanoparti-
cles have been optically visualized [20], and superconduc-
tors permit the magnetic field to penetrate only through
the latticed vortices [21, 22]. In LCs, defects are con-
sidered to be analogues to Dirac magnetic monopoles [7]
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FIG. 1. RSS is distinct orientational structure composed of
concentrically layered shells and a single radial topological
defect line (filament). (a) and (b) Micrographs of spherical
droplets of N* LCs in glycerol, which were taken in absence
of temperature gradients by detaching chamber from temper-
ature controllers. (¢) and (d) Drawings of textures when ob-
served from two different orthogonal angles. (e)—(h) Director
field under Ansatz that constrains director at droplet surface
to tangent plane, derived in Ref. [11]. Directors are visualized
as cylinders. Red region represents filament. (e) Concentric
director field near plane where filament lies. (f) Spiral direc-
tor field on sections orthogonal to filament. (g) Cylindrical
region around the filament. (h) Pyramid region opposite fila-
ment across center of the droplet. Helical director field forms
layers with their normal along radial axis.

and cosmic strings [23].

The chirality of LCs induces their dynamical rotation
under temperature gradients [24-35]. This rotation is at-
tributed to the coupling between translation and rotation
by the helical director field [32] or the conversion of ther-
mal energy into torque by thermomechanical (thermo-
hydrodynamic) coupling [25, 33, 36]. Thermomechanical
coupling is characterized by a pseudoscalar coupling con-
stant v, which is nonzero if and only if the LC is locally
chiral. Recently, the role of topology has been discussed
for rotations caused by the coupling of translation and
rotation [31, 35] or by chemomechanical (chemohydrody-



namic) coupling [37]. Nevertheless, topological involve-
ment in thermomechanical coupling is still unclear due
to the experimental difficulties.

Here, we investigate the role of topological defects in
thermomechanical coupling by focusing on RSS. Here-
inafter, we refer to the defect as a filament to remind
the reader of its finite thickness. A recently developed
method [34] enables weak thermomechanical coupling to
be detected.

Ezperimental system.—N* LC mixtures nCB(X)
were prepared by mixing nematic LCs 4'-alkyl-
4-cyanobiphenyls nCB (n = 5,6,7), with chiral
dopants (X)-2-octyl 4-[4-(hexyloxy)benzoyloxy]benzoate
(X=R,S) at a concentration of approximately
1.5% w/w. nCB(X) was dispersed as spherical droplets
with a non-uniform radius in immiscible glycerol, where
Marangoni convection and mass diffusion fluxes are
effectively suppressed [31, 32|, and then introduced into
a glass chamber. A temperature gradient was applied to
the nCB(X) droplets vertically upward (defined as the
z-axis) by heating the top and cooling the bottom of
the chamber, and Rayleigh-Bénard convection, in which
heated fluid floats [38, 39], was prevented. Details on the
methods are available in the Supplemental Material [40].

Reversal with radius.—Figure 2(a) shows the rota-
tional motion of 7CB(R) droplets under a steady tem-
perature gradient. As the clean chamber prevented the
cyanobipheyl LCs from adhering to the walls, the rota-
tional motion of the LC droplets was successfully demon-
strated [40]. Remarkably, the rotational direction of the
droplets reversed depending on their radii. Figure 2(c)
shows the temporal change in the rotational angle of
a large droplet o (with radius of 13.0 pm) and a small
droplet S (with radius of 9.1 pm). Droplets « and 3 ro-
tated in the opposite directions due to the difference in
their radii. As conventionally known, inverting the chi-
rality of sample or the direction of the temperature gradi-
ent causes the reversal of rotational direction [26, 34, 56].
However, the present reversal with size (droplet radius)
was not predicted and is presented in this Letter for the
first time.

The reversal of the rotational direction is attributed to
the reversal of torque exerting on the droplet. A droplet
with RSS comprises two orientational structures (Fig. 1):
concentric shells consisting of the periodic layers of a he-
lical director field and the radial filament of a topologi-
cal defect [7], each of which has a different dimension in
terms of extensive property.

Figure 3(a) schematically shows the dimension of these
structures in RSS. The shells and the filament are three-
and quasi-one-dimensional with the volume increasing in
proportion to the cubic radius R? and to the radius R!,
respectively. Thermomechanical torques must occur in
opposite directions between them; torques in nCB(R)
are induced anticlockwise and clockwise in the shells and
the filament, respectively. The torques proportional to

[\)

Os 2400 s 4800 s 7200 s

(c) 300 ' ' ]
a )
ol (] © ey
e
S 100} oot :
(@)] .’.—.’
S .28
~ O F-@a® p
< -100 | °
[ )
..O..~.~....
= @ Hopy
-300 | \* e
0 2000 4000 6000
Time (s)

FIG. 2. Rotation of droplets. (a) and (b) Micrographs of
rotating droplets of different sizes, a and S, under temper-
ature gradient V.7 = +1.00 x 10*Km™"' (target symbol
in (b) is perpendicular to this figure in the direction of the
reader). Filament is oriented parallel to optical axis. Initial
and current directions of droplets are represented by colored
and white circles, respectively. See also Supplemental Mate-
rial, Movie S4 [40]. (c) Rotation angle of droplets a (blue)
and (3 (red) against time. Positive in angle axis represents
anticlockwise rotation. Measured rotation angles from ini-
tial position are plotted with regression lines. Shaded areas
indicate uncertainties of doubled standard deviations due to
thermal fluctuations. For smaller droplets, violation of angle
was more significant due to thermal fluctuations. The con-
trast of the images was adjusted.

each volume compete with each other inside the droplet,
and the sum of conflicting torques determines the rota-
tional direction of the droplet. A droplet with a radius
large enough, in which the shells are volumetrically dom-
inant, experiences a net anticlockwise torque, whereas a
droplet whose radius is so small that the filament tran-
scends the shells experiences a net clockwise torque. Note
that, heat is converted into torque differently depending
on the microscopic orientational order of the molecules
in each structure.

The torque competition between these two types of
structures in the droplets is formulated by the dimen-
sional analysis below. A minimal expression of the dissi-
pation function ® up to numerical factors is a quadratic
form of the variables of angular velocity wy and temper-
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FIG. 3. (a) Schematic diagram of torque in constituent struc-
tures. Blue and red lines represent torque induced in shells
(shaded in blue) and filament (shaded in red), respectively.
Each torque is proportional to volume and opposite to each
other. Rotational direction of droplets shifts at switching ra-
dius R* where torques are in equilibrium. (b) Angular veloc-
ity against radius. Angular velocity wo is scaled by viscosity
of glycerol p. Plots are measured values and curves are regres-
sion lines obeying pwo = az — a1 R~2, complementing Eq. (2)
with temperature-dependent factors as and a;. Color of each
plot and curve indicates the temperature and corresponds to
color bar above.

ature gradient V., T, as

& =—2v(R®— ¢’ R") wo V. T+uR*wi+kT ' R*(V.T)>.

(1)
The first term represents the energy converted per unit
time through thermomechanical coupling. The coeffi-
cients with dimensions of volume R?® and q; 2R! describe
the contributions of the three-dimensional shells and the
quasi-one-dimensional filament, respectively. Adopting
Omnsager’s variational principle [57], we obtain the angu-
lar velocity in the steady state,

om= (1 mp) 5

which minimizes the dissipation function in Eq. (1) un-
der a fixed temperature gradient V,T. The contribution
of the filament, represented by the factor (qoR) ™2, is re-
sponsible for the radial dependence and reversal of the
droplets’ rotation. Eq. (2) derives a switching radius R*
that is almost equal to the period of the helical direc-
tor field |go|~! ~ 10pm. As shown in Fig. 3(b), Eq. (2)
describes the dependence of the angular velocity on the
radius with the reversal of the rotational direction well.

Molecular order—In the analysis above, we assumed
that the molecular order leads to a difference in the di-
rection of the induced torque [Fig. 3(a)], which is natural
because thermomechanical coupling would relate to cer-
tain intermolecular correlations as an analogy to viscos-
ity [5]. The intermolecular correlation is represented by
the director n and the scalar OP S, where the latter is the
height of molecular order and reaches zero in isotropic (1)

; (2)

4 ACW

FIG. 4. Dependence of coupling constant v on scalar OP S
and temperature T. (left to right) Gradation from highly
ordered state (high S, low T') with positive v and torque of
anticlockwise (ACW) rotation to poorly ordered state (low
S, high T') with negative v and torque of clockwise (CW)
rotation.

phase. The significance of .S in physical properties of LCs
is widely recognized. In particular, the variation of S ex-
plains the temperature dependence of birefringence [58],
the elastic constants [48, 59], and Leslie viscosity coeffi-
cients [52].

Figure 4 schematically shows the relationship between
S and the coupling constant v. In nCB(R), v becomes
positive and negative when S is high and low, respec-
tively. Since S is reduced in the filament similar to the
amplitudes of the macroscopic wavefunction at vortices
of superconductors, v is negative in the filament and, in
contrast, positive in the shells with higher S. In nCB(S),
the mirrored counterpart, v has the opposite sign.

Reversal with temperature.—As temperature rises, S
declines due to thermal fluctuation, and v changes ac-
cordingly; thus, the reversal of the rotational direc-
tion with temperature is also expected (Fig. 4). Fig-
ures 5(a)—(d) show the rotational direction of droplets at
different temperatures, clearly demonstrating the above-
mentioned reversal. For instance, droplets of 7CB(R)
with a radius of approximately 10 pm rotated anticlock-
wise at 33.1°C but clockwise at temperatures above
35.5°C [Fig. 5(a)]. The switching radius R* observed
near 10 pm coincides with the dimensional analysis in
Eq. (2). The shift of R* with temperature indicates that
the coupling constant v tends to be negative due to the
decrease in S at high temperatures and, in contrast, at a
sufficiently low temperature, all droplets rotate anticlock-
wise since v is positive thanks to the higher molecular
order even in the filament. The spiral texture (namely,
period and sense of helix) was identical at high and low
temperatures. This is consistent with the independence
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FIG. 5. (a)—(d) Temperature dependence of rotational direction of droplets of 7CB(R), 7CB(S), 6CB(R), and 5CB(R). All
of them showed reversal of rotational direction with temperature. Anticlockwise (ACW) and clockwise (CW) rotations are
plotted in blue and red, respectively. Shaded areas indicate violin plots, showing the frequency distribution of radius across
rotational direction and temperature determined by kernel density estimation. Since temperature is treated as a categorical
variable, its original scaling is not displayed. Black solid and dotted lines show switching radius R* and its confidence interval
with doubled standard deviations, respectively. (e) and (f) Switching radius against temperature 7' and relative temperature
T — T*, respectively. Error bars indicate confidence interval as shown in (a)—(d).

of the helical field and thermomechanical coupling [27].

This reversal with temperature was also confirmed in
7CB(S). Droplets with a radius of approximately 10 pm
rotated clockwise and anticlockwise at 33.1°C and above
35.5°C, respectively [Fig. 5(b)]. The rotational direc-
tion at a given temperature and radius was opposite for
7CB(R) and 7CB(S). Similar reversal of the rotational
direction was observed for all the alkyl chain lengths con-
sidered, including n = 5 and 6 [Figs. 5(c) and (d)].

Figures 5(e) and (f) show the switching radius against
the temperature. The temperature dependence of R*
varied for every alkyl chain length n [Fig. 5(e)]. Notably,
however, a common dependence was found among n on
the relative temperature T' — T*, where T™* is the N*-T
transition temperature, indicating that the reversal with
temperature was driven by S (rather than T itself).

A theoretical insight.—We recast the theory of thermo-
mechanical coupling conventionally formulated with the
director n. Omitting the contributions of the electro-
magnetic field, hydrodynamic flow and elastic distortion,

the evolution of the director, which is purely driven by
thermomechanical coupling, is [36]

’fli = fyeijknijT, (3)

where v is the coupling constant renormalized by divi-
sion by the viscosity against the background flow. The
director n specifies only the mean orientation direction
of the molecules, and n ignores the degree of molecu-
lar orientation, which is represented by the scalar OP S.
The complete OP for describing the microscopic molec-
ular order is a second-order symmetric traceless tensor
(the Q-tensor)

3 1
Qij = 55 (nmj - 3%‘) ; (4)

whose non-degenerate eigenvalue is equal to S and its
eigenvector is n [48]. The evolution of the orientational
order is re-described by replacing n with ). Consistent
with the existing theory shown in Eq. (3), assume that



the evolution of @) is proportional to the temperature
gradient VT

Qij = —Lijs Vi T, (5)

where L;jp, is a third-order tensor coeflicient being in-
variant with respect to ¢ <> j, inheriting the symme-
try of Qz] Since L has the same symmetry as the N*
phase, it must be a function of Q). Since elastic distor-
tion [48] and anisotropic viscosity [52] are successfully
described by tensorial arguments, an analogy of them,
L is expanded by terms of the powers of @ [40]. These
considerations on the symmetry derive the S-dependent
coupling constant

v(S) =11 + 128, (6)

where v and s are pseudoscalars hardly varying with
temperature. Eq. (6) indicates that the strength and
the direction of thermomechanical torque are influenced
by the molecular order parametrized by S. As reported
for chiral ferroelectric LCs, spontaneous polarization re-
verses its direction with temperature because of a shift in
molecular order, especially conformation [60, 61]. Thus,
the sign reversal of v is probably induced by changes
in molecular order due to temperature or frustrations.
Though the sign reversal of v indicates the opposites
signs between v; and rv,, its necessity is not derived
within the present phenomenological argument. Instead,
molecular simulations [62] or statistical mechanics would
be valid for estimating vy and v5. The present recon-
struction adopting @, a suitable OP for expressing the
microscopic molecular orientational order, will support
the future elucidation of the molecular mechanisms of
thermomechanical coupling.

Conclusion.—We have found that droplets of chiral
LCs with topological defects show reversal of rotational
motion under a temperature gradient. This nontrivial
reversal depending on size and temperature has not yet
been expected but is ascribed to the dependence of ther-
momechanical coupling on the degree of molecular orien-
tational order, which is justified by our phenomenological
argument. In the context of topology of materials, the
phase or direction components of the order parameter is
usually taken up [63]. We propose, however, that the
amplitude component is also noteworthy for emergence
of distinct properties. Future studies will explore super-
conductors and magnets, as well as LCs, for analogous
behaviors.
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