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Electric-Field-Induced Chirality Flipping in Smectic Liquid Crystals:
The Role of Anisotropic Viscosity
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We demonstrate the homogeneous and permanent reversal of the chirality of a condensed phase by an
applied electric field. Tilted chiral smectic layers exhibit a coupled polarization density and molecular
orientation fields which reorient about the layer normal as couple of fixed handedness in response to small
applied electric fields. Experiments on some bent-core smectics show that above a threshold field the
induced rotation can occur instead about the molecular long axis and that, as a result, the handedness of
the phase can be flipped. The effect is quantitatively described by a nonequilibrium dissipative model of
chiral smectic dynamics with anisotropic rotational viscosities.
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The chirality of materials originates in arrangements of
atoms that lack reflection symmetry. For any such chiral
organization there exists another, obtained by mirror re-
flection, which, apart from the weak interaction, has the
same energy. Thus in order to make a material of fixed
handedness these mirror reflection states must be separated
by some sort of energy barrier. This barrier can be intra-
molecular, i.e., covalent in nature as in organic molecules
synthesized to be chiral, or can be collective, as in sponta-
neously chiral crystals [1] or liquid crystals [2,3], which
can form from otherwise achiral molecules. In this Letter
we show how it is possible to use an applied electric field to
flip the collective handedness of a spontaneously chiral
material, homogeneously pushing a fluid chiral smectic of
achiral bent-core molecules over an energy barrier sepa-
rating mirror reflection states [the positive (+) chirality
versus negative (—) chirality in Figs. 1(a) and 1(b)].

Tilted chiral fluid smectic phases are characterized by
translational organization into planar fluid layers, coherent
tilt of the mean molecular long axis, given by the director
n, through an angle 6 away from the layer normal, z, and
in-layer polar ordering, generating a macroscopic polar-
ization density P = Pyn X z, parallel to the layer plane.
The resulting layer structure is monoclinic, of C, symme-
try, with one of the principal optic axes along P, the C,
axis, and the other two in the n, z (tilt) plane. In the
calamitic chiral Sm-C* phase, the polarization P appears
[4] with the sign of P, determined by covalent molecular
chirality, which breaks the reflection symmetry about the
tilt plane. In the bent-core B, (Sm-CP) phases, the polar-
ization arises because of a spontaneous broken symmetry
[3], with energetically degenerate domains of both signs of
P appearing. In either case the equilibrium local molecular
orientation [tilt = § and 8 = 0, Fig. 1(d)] is enforced by
collective torques 7. (gradients of a generalized potential
energy surface) stabilizing a free energy minimum. This
minimum is degenerate in energy with respect to uniform
reorientation of the tilt plane, its azimuth ¢ acting as a
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Goldstone variable. The portion of the energy surface
relevant to chirality reversal, U,(8), a path corresponding
to reorientation about the molecular long axis, exhibits in
the Sm-CP phase degenerate minima at the two mirror
reflection states (8 = 0, 8 = m) separated by a barrier of
height U, at 8 = 7/2 and 37/2 [see Fig. 1(e)]. In the
Sm-C phase the 0-7 degeneracy is lifted by the molecular
chirality but a barrier can still exist.

We consider in detail the dynamics of ¢(z) and B(z),
which respond to an applied in-plane electric field E to
minimize the electrostatic energy U = —P e E. In the
limit of small E, the azimuthal reorientation of n is slow
and 6 is nearly constant. The polarization P maintains its
orientation tangent to the tilt cone [8 = 0, Fig. 1(d)], and
thus the chirality of the phase is maintained. The reorien-
tation rates about the molecular long and short axes, ¢; and
i, [see Fig. 1(c)2], respectively, are constrained by
i,/ = tan@. Such low-field-induced reorientations are
thus typically visualized as motion of the n-P couple, n
moving around the tilt cone of constant § with P always
normal to the tilt plane. This field-induced motion is typi-
cally limited by viscosity, with the molecular reorienta-
tion reaching its “‘terminal’’ angular velocity after an un-
observably short inertial response [5]. In the limit of large
E, the field-induced torques overwhelm the collective tor-
ques 7.. The dynamic behavior is then determined solely
by the balance of electric and viscous torques, and the
dynamics become particularly simple: the molecules reor-
ient primarily about their long axes, i.e., in ¢, the coor-
dinate of minimum viscous drag. In the case of the Sm-CP
phase the resulting response to high field reversal is the
reorientation of molecules in B, giving a reversal of P
through the tilt plane barrier (8 = 7/2) and, remark-
ably, a homogeneous and permanent reversal of the chi-
rality of the phase. We demonstrate such chirality flipping
experimentally in the bent-core LC H91 and develop a
nonequilibrium dynamic model that successfully describes
the effect, showing the key role of viscous anisotropy
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FIG. 1 (color online). Two modes of response to field reversal
in fluid tilted smectic phases of (a) achiral bent-core molecules
and (b) chiral rodlike molecules. From the center state to the left
state, molecules rotate around the tilt cone (¢ rotation, viscosity
71,) as the polarization reverses, maintaining the handedness of
the layer. On the other hand, from the center state to the right
state, each molecule rotates around its long axis n (8 rotation,
viscosity 774) and the handedness of the layer reverses [between
( + ) layer and ( — ) layer] as the polarization reverses. In a bent-
shaped molecular coordinates (c1), three independent rotation
modes are defined. In simplified generalized rod-shape molecu-
lar coordinates (c), two rotation modes ¢ and B resolve into two
independent rotations, respectively, about the molecular short
axis s, (viscosity 7,) and about the molecular long axis s,
(viscosity 7;). (d) shows the molecule in the layer coordinate
frame of the tilted smectic. (e) Free energy U,, vs the B-rotation
angle for achiral molecules (solid line) and chiral molecules
(dotted lines). The bent-core system exhibits equivalent energy
minima for states of opposite handedness, separated by an
energy barrier in between. These states are not equivalent for
covalently chiral molecules. (f) H91, the achiral bent-core
molecule used in the experiment, with phase transition tempera-
tures in °C [4].

Mg /My, the ratio of effective viscosities for 8 and ¢
rotations, discussed below.

Shown in Fig. 1(f) is the molecular structure and phase
behavior of H91, the bent-core material studied [6,7]. The
Sm-CP phase is monotropic, but stable on cooling. H91

exhibits a Sm-A phase and hence alignment was quite
uniform in test cells consisting of two glass plates with
transparent conductive layers (ITO) and rubbed polyimide
surfaces. Neither the Sm-A or Sm-C phase responds to
applied electric field, indicating that these phases are non-
polar, even though LC H91 is a bent-core LC. This sug-
gests that in its Sm-CP phase U, may be relatively weak,
making H91 a good candidate for chirality flipping. Since
@ is practically the same in the Sm-C and Sm-CP phases, it
can be taken to be unchanged under field application and
fixed in the modeling, which deals only with field-induced
changes in ¢ and 3.

In the Sm-CP phase of H91, the ground state structure is
chiral Sm-C, P, which has molecules anticlinic and anti-
polar in neighboring layers. With application of a field, the
antiferroelectric Sm-Cy P4 switches to the chiral ferroelec-
tric Sm-CgPp (synclinic and ferroelectric in neighboring
layers) for Ey, > ~10 V/um, and in the case of a trian-
gular wave this Sm-C, P4, — Sm-CgP transition always
occurs without change of the phase chirality. However, as
shown in Fig. 2, in a square wave field, chirality reversal
was observed above a second threshold, E,, given in the
dynamic phase diagram of Fig. 3. The chiral coupling of
optic axis orientation to polarization, characteristic of tilted
chiral smectics, makes this polarization/chirality reversal
unambiguous. As shown in Fig. 2, near the threshold some
areas of the cell exhibit chirality flipping, while others
retain their chirality. Above the threshold for chirality
reversal, no optical texture change is observed but the
spontaneous polarization does reverse as evidenced by a
polarization reversal current peak. Similar observations
were reported in the Sm-CP phase of bent-core mesogens
structurally similar to H91 [8—10], in the two-dimensional
modulated columnar phase (B;; phase) [11], and in the
Sm-CPG bilayer phase [12].

We have formulated a model of the field-induced re-
sponse of ¢(r) and B(r), exploring the conditions for
chirality reversal under the assumption that the reorienta-
tion is spatially uniform, which will be the case in the high
field limit. Molecular reorientation dynamics are governed
by a biaxial tensorial viscosity 1), which is modeled by the
viscous drag on a rod, bent at the middle through an angle
v, reorienting about its center of mass in a viscous fluid.
Such a calculation shows that n is diagonal with elements
n;, Mg, M, in the (I, s, t) frame [Fig. 1(c)1], and for the
shape of H91 (y ~ 60°), 7, ~ 1.3n, and n, ~ 2.57,, so
that n is close to being uniaxial. Consequently, in order to
reduce the model to its essential elements, we take ) to be
uniaxial, so that all rotations of the long molecular axes
have the same rotational viscosity, with diagonal (I, s, 1)
elements given by 7;, n,, n, with n, = n,. We character-
ize molecular reorientation by the two independent rota-
tions ; = ¢ cosf + B and ¥, = ¢ sinf [around I and s
respectively, as shown in Figs. 1(c)2 and 1(e)]. The electro-
static energy is Ug(B, ¢, 8) = —PyE(cos¢ cosB — sing X
sinBcosf) and the internal barrier energy taken to be
Up(B) = Upax(sin? B + kcosB), where the first term in
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FIG. 2 (color online). Polarized optical microscope images of
the electrooptic response of H91 in the Sm-CP phase under
application of a square wave electric field. From (a) to (b), E <
E. everywhere and the molecules in both regions (solid box and
dashed box) switch around the tilt cone (¢ rotation). From (c) to
(d) is near the threshold for chirality flipping, the field reversals
with E > E, for the area in the dashed box, but E < E,. for the
area in solid box. As a result, the handedness of layers in the
dashed box flips but remains fixed in the solid box. On the other
hand, the chirality of the layers is maintained under application
of a low frequency triangular electric field (less than few hundred
Hz). Upon reducing the initially positive field to £ ~ 0 [(e) to
(f)] the antiferroelectric Sm-C4 P, state appears. Upon driving
the field negative to —E < —E. < —Ey, the Sm-CgP state
reappears without changing the layer chirality, as shown in (f)
to (g). The same switching process is observed upon increasing
the field strength.

U, gives, for U,,,x > 0, the spontaneous symmetry break-
ing to degenerate chiral states (the case for a Sm-CP phase
of achiral molecules), and the second term is present (k #
0) if the system contains chiral molecules, making the
energy different for a molecule with 8 =0 or 7 [the
Sm-C* case, Fig. 1(e)]. In either case only the lowest order
terms in the harmonic expansion of U,(8) are kept.

To obtain the equations of motion, the rate of energy
conversion to heat by change of ¢ or 3 is obtained from the
Rayleigh dissipation function

D= %{771'71"12 + 0,2}
= Ini(¢ cosh + B)> + 1n (¢ sind)?, (1

where 7); and 7, are the orientational viscosities for rota-
tion around / and s, respectively. ¢ and S are effectively
terminal angular velocities, and we ignore inertial effects
assumed to be fast on the time scale of molecular reorien-
tation. D can be equated to the rate of internal energy
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FIG. 3 (color online). Measured threshold fields Ey, and E,. as
a function of temperature in for the antiferroelectric Sm-C4 P4 to
field-induced ferroelectric Sm-CgP transition (@) and for the
transition between normal switching ¢ rotation and chirality
flipping B rotation (O) H91.

released by changes in ¢ or 3, as follows
_dUg _ aD _dUg dU, _ oD
I  9¢’ B aB  ap’
from which we obtain the coupled equations of motion for
the terminal angular velocities ¢ and 3, using rotational

viscosities for the ¢ rotation and (3 rotation given by n, =
7,8in*0 + 7,cos?0 and ng = n,, respectively,

de _ PyEsing cosBsin’g + (dU,/d ) cosf

2
dt M, — MpCcos*f (22)
dB  PyE(cosesinf + sing cosB cosd) — (dU,/dp)
dt nﬁ
d
— d—f cosé. (2b)

Numerical solutions to these differential equations were
obtained by the Euler-Cauchy method.

Key results of the model are shown in Fig. 4, for the case
of the response of a spontaneously chiral Sm-CP phase
(k = 01n U,) responding to a field step E at t = 0. At low
field, polarization reversal via a 7r rotation of ¢ is induced,
with a transient pulse in 8 that peaks when the torque on P
is the largest. The magnitude of the transient pulse in-
creases with increasing E. At the flipping threshold field
E., both ¢(¢) and B(r) have evolved into nearly identical
/2 steps, and above the threshold, reversal via a
rotation in B occurs, with a transient pulselike response
now in ¢. Figure 4(e) presents the field dependence calcu-
lated from the model of the 10%—90% reorientation time
for ¢(r) when E < E_ and for 8(t) when E > E_, indicat-
ing a 1/E dependence, continuous through E.. Measure-
ment of the 10%—90% electro-optical response time in the
Sm-CP phase of H91, plotted in Fig. 4(f), shows 1/E
behavior in the field dependence, through the transition
from nonflipping to flipping response. Figure 5 gives the
calculated dependence of E,. on barrier height U,,,,, and on
viscosity anisotropy 7s/7,. The flipping threshold E,
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FIG. 4 (color online). Switching dynamics under field reversal:
(a) to (e) Model results for nﬁ/mp = 0.96, P =400, 6 = 15°,
and U,,,, = 10000, with (a)—(d) showing ¢(¢) (dashed line) and
B(¢) (solid line) for fields of increasing amplitude. (a), (b) For
E < E_, the molecules rotate through 7 around the tilt cone (¢
rotation), which maintains the layer chirality. (d) For E > E, the
molecules rotate around their long axis (8 rotation), flipping the
handedness of the layer chirality. (e) The model gives a switch-
ing time 7 o« 1/E, continuous through the chirality reversal
transition, a prediction that matches the experimental H91
data well. (f) Measured 10%—90% reorientation times of H91
at T = 75 °C (open triangles), T = 80 °C (closed triangles), and
T = 85 °C (closed circles).

depends linearly on U,,,, but diverges rapidly as viscous
isotropy is approached at 15/7, = 0.95. Thus the reason
why the chirality flipping (8 rotation) has not been ob-
served often is that the chiral Sm-C or achiral Sm-CP
system usually has either high Uy, or 15/7, close to 1.

Spontaneous polarization reversal of tilted polar smectic
phases under application of an electric field typically oc-
curs by rotation around the tilt cone (¢ rotation). This
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FIG. 5 (color online). Calculated critical field E. vs the an-
isotropy in the rotational viscosities 1, and 7mg, and vs the
barrier height Up,y.

process is well understood both experimentally and theo-
retically. However, as we have demonstrated, anisotropy of
the rotational viscosity changes the molecular reorientation
process from ¢ rotation, which keeps the layer handedness,
to B rotation, which flips the layer handedness at high field.
This leads us to speculate that calamitic chiral Sm-C
phases will respond initially to high field steps in a fashion
similar to H91, i.e., exhibit a transient chirality reversal at
fixed ¢ via 3 reorientation about the long molecular axis,
followed by a readjustment of both 8 and ¢ to end up, in
the usual way, with the handedness of the initial state but
with ¢ = 7. This effect could occur, for example, in the
calamitic Sm-C phase of bent-core molecules. Such be-
havior would be manifested by polarization reversal cur-
rent bumps in the absence of optic axis reorientation. We
believe that in bent-core materials the existence of the
Sm-A or Sm-C phases is indicative of a relatively small
U nax and thus of the potential to exhibit chirality flipping
in the Sm-CP phase [8—10]. Also, our model should be
applicable to the switching dynamics in the By, phase [11]
by taking into account the interaction of the director with
the column domain boundaries.
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