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The recently discovered ferroelectric nematic liquid-crystal material DIO exhibits an antiferroelectric 

(AF) phase, characterized by a sinusoidally modulated structure between the paraelectric (P) and 

ferroelectric (F) nematic phases. Although these sinusoidal modulated structures associated with the P–
AF–F phase sequence is commonly observed in solid ferroelectrics, their presence in soft matter systems 
is scarce. This study is aimed at examining the macroscopic properties of DIO, identifying unique 

rheological properties, such as switching between shear thinning and shear thickening behaviors at 
certain shear rate in the ferroelectric nematic phase. Additionally, a significant electroviscous effect is 
observed, with the viscosity increasing by 70 times under an ultra-low electric field of 0.15 V μm−1 at 
the AF–F transition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

A small fraction of crystals with three-dimensional (3D) long-
range order exhibits a unique incommensurate (IC) structure,
which lacks translational periodicity in at least one direction
[ 1 ]. In IC materials, internal stress may induce periodic
modulation where the ratio of the modulation period to the
fundamental lattice is an irrational number. If this ratio is
rational, the structure is classified as commensurate (C). IC
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structures often emerge through phase transitions of normal
(N)–incommensurate (IC)–commensurate (C) structures phase
transition sequence. This phenomenon occurs in a wide range of
materials, including dielectrics [ 1 , 2 ], low-dimensional conductors
[ 3 ], magnetic materials (magnetic helical structures) [ 4 ], surface
structures [ 5 ], intercalation compounds [ 6 ], nonstoichiometric
compounds [ 7 ], liquid crystals (LCs) [ 8 ], composite crystals
[ 9 ], and superconducting oxides [ 10 ]. Among these, dielectrics,
especially ferroelectrics, are the dominant IC materials, with
typical examples including sodium nitrite (NaNO2 ) [ 11 ] and
thiourea (SC(NH2 )2 ) [ 12 ]. These molecular crystals, composed
of molecules with permanent dipoles, undergo spontaneous
polarization owing to molecular rotation, resulting in the N–IC–C
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1 

Illustration of the normal (N) – incommensurate (MAF ) – commensurate (NF ) 
phase sequence in DIO. + δ and −δ denote plus and minus electrical charges 
at one end of a molecule, respectively. n , k and P denote orientation director, 
modulation wave vector and polarization director, respectively. In the MAF 
phase, the label of � and � represent an opposite direction of P in a layer 
plane (not shown in figure), respectively. For the structure of MAF phase, 
antiferroelectric smectic Z (SmZA ) and splay nematic (NS ) models are proposed. 
In the SmZA model, the electron density in green shadowed area is denser than 
that in white shadow area. 
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hase transition. In these cases, N, IC, and C correspond to the
araelectric (P), sinusoidally modulated antiferroelectric (AF), and 

erroelectric (F) phases, respectively. 
IC structures are observed not only in solid materials but also

n soft matter, such as LCs. For example, the improper ferroelectric
hiral smectic (SmC α∗) phase exhibits an IC nanoscale helical
itch [ 8 ]. In this case, the phase sequence is SmA (paraelectric,
)–SmC α∗ (ferrielectric, FI)–SmCA 

∗ (antiferroelectric, AF), i.e., P–
I–AF. A subject of our studies is a new type of antiferroelectric
iquid crystal mesophase, which was identified recently as a 

odulated, IC structure in the realm of the polar nematic phases.
ecently, ferroelectric nematic (NF ) LCs have garnered significant 
esearch interest owing to their excellent polarization properties 
i.e., high polarization density and nonlinear optical coefficient) 
 13 ] and other unique effects, such as splay elastic softening
 14 ], novel topology [ 15 ], thermo-rotation [ 16 ], self-propelled
roplets [ 17 ], polar fiber formation [ 18 ], surface instability [ 19 ],
uperscreening [ 20 ], and helicity [ 21 ]. One of the archetypal NF 

Cs, i.e., DIO [13a] exhibits the M1–M2–MP phase sequence 
pon cooling, which has been identified as a paraelectric nematic
N)–antiferroelectric smectic Z (SmZA )–ferroelectric nematic (NF ) 
equence ( Fig. 1 ) [ 22 ]. This P–AF–F sequence is similar to that
bserved in NaNO2 [ 23 ] and SC(NH2 )2 [ 24 ], as well as in recently
redicted electric-field-induced phase diagrams [ 22 ]. In the N
hase of DIO, the material exhibits truly 3D fluidity (pure
rientational order without positional order). In contrast, in 

he NF phase, the inversion symmetry of the N director ( n ) is
isrupted (i.e., n � = −n ), resulting in the formation of uniform
omains with macroscopic polarization, whose direction can 

e flipped by suitable electric fields [13e]. In addition to the
mZA structure of the AF phase, various models for modulated 

ntiferroelectric structures have been proposed. For instance, 
ertelj et al. proposed a splay nematic (NS ) structure [14a]
ith a polar-modulated nematic director field, based on splay 
eformation observed in another archetypal NF LC, i.e., RM734 

13b]. Both SmZA and NS models (referred to as antiferroelectric 
esophases (MAF ) herein), are similar in that the nematic 

irector ( n ) and polarization ( P ) vectors are oriented in the same
irection within several nanometers thick local-polar slabs, with 

lternating polarization directions in adjacent slabs, resulting 
n an antiferroelectric structure [ 22 , 25 ]. In the SmZA model,
he periodic modulation of electron density presents in along 
he modulation wave vector ( k ), which is perpendicular to n
 n ⊥ k ), with the periodicity of 8.8 nm. For the NS model, there
s a modulation period with nm size of the splay structure,
hich is biaxial and can be described by the director and the

play wave vector ks ( n ⊥ks ). Note that both SmZA and NS has
lectron density modulation as the periodically varying splays 
ead to periodically charge density ( ∇P = −�). In the SmZA 

odel, mass density variation is even considered. Nacke et al.
roposed a model in which the distribution of dipole moments
ith opposite signs increases continuously along the wave 
ector ( k ) while traversing slabs, until the polarization direction
s completely flipped [ 26 ]. This suggests that the MAF phase
xhibits a sinusoidally modulated antiferroelectric structure, 
imilar to the IC phase observed in the NaNO2 /SC(NH2 )2 

ystem. 
 

The appearance of antiferroelectric phases with sinusoidally 
odulated structures in soft matter systems is extremely rare, 

nd the macroscopic properties associated with phase transitions 
emain understudied. Here we report rheological studies of DIO 

nd find unique properties, such as switching between shear 
hinning and shear thickening behavior at certain shear rate 
n the ferroelectric nematic phase, and an order of magnitude 
arger electro-viscous effect in DIO with P–AF–F sequence than for 
M734 with P–F transition. 

 Results and discussion 

n LCs, the director rotation and flow velocity gradient are 
oupled, and the flow viscosity depends on the director ( n )
rientation. For nematic LCs, Miesowicz’s viscosity coefficients 

b ( ηc ) describe the viscosity when the director is parallel 
perpendicular) to the flow velocity and perpendicular (parallel) 
o the velocity gradient: ηb : v || n , ∇v⊥ n ; ηc : v⊥ n , ∇v || n . ηb and ηc 
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Fig. 2 

(a) Stress as a function of shear rate in the N, MAF and NF phases. Enlarged panel for N (b), MAF (c) and NF (d) phases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

correspond to the lowest and highest shear viscosity, respectively
[ 27 ]. Additionally, an intermediate viscosity, ηa , arises when the
director is perpendicular to the shear plane: ηa : v ⊥ n , ∇v⊥ n .
Films of rod-like nematic LCs exhibit shear-thinning behavior
[ 28 ], with the extent of thinning depending on the film thickness.
In general, the relationship between the shear stress and shear rate
can be described using the power-law model [ 29 ]: 

σ = κ
(
γ
)α

, (1)

where σ , κ, γ , and α denote the shear stress, flow consistency
index, shear rate, and flow behavior index, respectively. For
Newtonian fluids, α = 1, whereas shear-thinning and shear-
thickening behaviors are observed when α < 1 and α > 1,
respectively. Viscosity is defined as η = σ/ γ . Fig. 2 a displays the
dependence of shear stress ( σ ) on shear rate in the N, MAF , and NF

phases, measured under steady-shear conditions. In the N phase,
the shear stress is proportional to the shear rate (above 10–100 s-1 ),
indicating Newtonian fluid behavior ( Fig. 2 b). Similarly, Fig. 3 a
shows that the Newtonian behavior is true only for shear rate
above 10–100 s−1 , and the shear rate dependence above 100 s−1 

was relatively weak. Below these rates, shear thinning occurs.
This is because of the transition from flow-induced to surface
alignment, which is characterized by the parameter e1 describing
the thickness of the boundary layer, where the alignment changes
from the one dictated by the surface alignment to the one defined
by the flow alignment angle. [ 27 ] Thus, e1 is expressed by 

e1 =
√ 

K 

η γ
, (2)

where e1 , K, η, γ are the thickness parameter, elastic constant,
viscosity and shear rate, respectively. Thus, the value of e1 

decreases at increasing shear rate. In contrast, the NF phase
exhibits different slopes at the crossover point (γ = 20
s−1 ). Thus, n = 0 . 97 < 1 and n = 1 . 02 > 1 in Regimes I and
II, representing shear-thinning and shear-thickening behaviors,
respectively ( Fig. 2 c). As shown in Fig. 2 d, the MAF phase
exhibits σ ∝ γ

0 . 90 
and σ ∝ γ

0 . 95 
in Regimes I and II, respectively,

representing shear thinning. Fig. 3 shows the viscosity as a
function of the shear rate in the N and NF phases. In the N
phase, at 95 °C and 

γ = 5 s−1 , the viscosity is η = 12 mPa �s
( Fig. 3 a). At increasing shear rates between 100 and 5000 s−1 ,
the viscosity decreases to η = 10 . 8 mPa �s. Near the N–MAF phase
3 
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Fig. 3 

Apparent viscosity as a function of shear rate and the corresponding POM images during shearing with different shear rate in the N (a,b) and NF (c,d,e) phases. The 
POM images were taken at 95 °C (b) and 60 °C (e). (d) Highlighted profile recorded at 54 °C. 
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ransition, η increases to 39 mPa �s at low shear rates, with steady-
tate conditions attained at high shear rates. Polarized optical 
icroscopy (POM) images ( Fig. 3 b) confirm that the director

eorients along the flow direction at higher shear rate. The
rainy texture observed at low 

γ turns to homogeneous over 
ew hundred s−1 indicating the alignment by the shear. Note 
hat our experimental apparatus lacked orienting layers, and also 

ecause of the large thickness (80 μm), the initial director field was
andomly oriented in the sample plane, which is observed as the
rainy POM textures seen at low shear rates ( Figs. 3 and 4 ). Before
ach measurement, to homogenize the sample, and to avoid any
ransient behavior, we applied preshearing at 10 Pa shear stress for
0 min. After the relaxation of the preshearing, the sample became
gain unoriented as presented in the POM textures, therefore the
ffect of shear alignment has not been preserved after ceasing
he flow. Similar to the N phase, shear-thinning behavior is also
bserved at low shear rates (γ̇ < 20 s−1 ) in NF phase ( Fig. 3 c and d).
omparing to the N phase, the sequence of POM textures in the
 

F phase is similar, but shifted towards higher shear rates ( Fig. 3 e),
wing to the higher viscosity (59 mPa �s at T = 54 °C). Notably,
he viscosity increases in the range 20 s−1 ≤ γ̇ reaching a nearly 
onstant value of ∼60 mPa �s at higher shear rates. In this regime,
 uniform texture is observed ( Fig. 3 e). The Newtonian behavior
t high shear rates in the nematic phase likely corresponds to the
egligible transient alignment near the surface and the resulting 
niform alignment. The transient increase in viscosity in the NF 

hase above 20 s−1 is likely related to the director realignment 
nd generation of polar defects, a distinct characteristic of the NF 

hase. The experimental data does not provide clear evidence on 

he presence of polar defects, and their effect on the rheological
roperties. POM images, however, show larger areas or domains 
ith different brightness in the shear thickening regime of the NF 

hase (see Fig. 3 e: 36 s−1 ), which may be a polar domain structure
esponsible for increased resistance against flow leading to shear 
hickening. In the N and NF phases, at high shear rates, the texture
ppears dark ( Fig. 3 b and e), with the polarizer axis parallel to the
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Fig. 4 

(a) Apparent viscosity as a function of shear rate at different temperatures. (b) Highlighted profile recorded at 78 °C; (c) The corresponding POM images taken at 78 °C 

during shearing with different shear rate; (d) Apparent viscosity vs temperature recorded at high (5000 s−1 ) and low (2.59 s−1 ) shear rate; (e) Apparent viscosity vs 
temperature recorded at various shear stress ranging between 0.2 and 5.0 Pa. Schematic illustration of MAF phase (parallel (f ) and bookshelf (g) geometries), in which 
each molecule lies on the substrate and flow along shear direction. For the parallel and the bookshelf cases, the smectic layers are parallel (f ) and perpendicular 
(g) to the substrate, respectively. In the parallel geometry, layers cannot glide near the plate, since there are always slight inhomogeneities in the film thickness. In 
the bookshelf geometry, the plate and the layer are orthogonal, and shear along the layer is easy. In both (f ) and (g), the shear plane is in the z-x plane. 

 

 

 

 

 

 

 

 

 

flow direction. This indicates that the flow orients the director
to be in the shear plane, which is characteristic of flow-aligning
behavior in nematic LCs [ 30 ]. In the flow aligning cases of the
N and NF phase, in the high shear rate limit with no applied E -
field, the measured effective viscosity approaches the Miesowicz
viscosity ηb but being slightly higher than that due to the small
shear alignment angle (typically 5 °–15 ° [ 27 ]). 

In the MAF phase, the viscosity exceeds 100 mPa �s, which
is six and two times that in the N and NF phases, respectively
( Fig. 4 a). As shown in Figs. 2 d, 4 a–c, the MAF phase exhibits two
5 
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ypes of shear-thinning behavior: regime I and II with apparently
istinct shear rate dependence of the viscosity. This property 
ay be attributable to tumbling motion, rather than the shear

lignment observed in the N and NF phases, typically found 

n smectic LCs [ 31 ]. The temperature dependence of apparent
iscosity under constant shear rate and stress was evaluated. 
s shown in Fig. 4 d, in the N and NF phases, the apparent
iscosity increases with decreasing temperature, independent of 
he shear rate. In contrast, in the MAF region, the viscosity is
igher at low shear rate of γ = 2.59 s−1 but decreases below

he values observed for the N and NF phases at high shear rates
γ = 5000 s−1 ). This difference also arises under different stress
onditions, where the viscosity decreased with increasing stress 
rom 0.2 to 5.0 Pa. These results show that a distinct structure
xists in the MAF phase, as discussed in the introduction. This
ould correspond either to an antiferroelectric lamellar order with 

 periodicity of ∼17.5 nm, including 8.8-nm-thick layer pairs with
pposite ferroelectric polarization, or a modulated splay-nematic 
hase with ∼17.5 nm periodicity [ 22 , 25 ]. Under confinement,
he MAF phase can adopt two geometries, wherein the layers 
lign either normal (“bookshelf”) or parallel to the plates. At
ow shear rates, where the smectic structure is not completely
estroyed, the system likely selects an optimal structure for flow
uring shearing. For example, if the parallel geometry of MAF 

hase was adopted, each lamellar layer may glide along the shear
irection ( Fig. 4 f). However, this is not necessarily the optimal
eometry, as the two boundary plates are rarely perfectly parallel.
herefore, the layers near the substrates cannot glide and must
djust their thickness, which is energy-intensive. In contrast, in 

he bookshelf alignment, the boundary of the layers normal to
he substrates may exhibit any shape ( Fig. 4 g). Consequently,
he parallel alignment is associated with higher viscosity, and 

he bookshelf alignment corresponds to lower viscosity. Based 

n these findings, we propose a mechanism for the dual shear-
hinning behavior in Regimes I and II for the MAF phase. The
hear-thinning behavior in Regime I reflects the deformation of 
he lamellar layer in the parallel geometry, which corresponds 
o high viscosity. Subsequently, the geometry reorients to the 
ookshelf alignment with lower viscosity, reflecting the additional 
hear-thinning behavior in Regime II. At high shear rates and
tress in the MAF phase, the rheology exhibits two key features.
irst, in contrast to the N and NF phases, the optical texture under
rossed polarizers ( Fig. 4 c) remains bright, indicating the presence
f a significant director component perpendicular to the shear 
lane, characteristic of tumbling nematics [ 30 ]. Second, the MAF 

hase demonstrates lower effective viscosity relative to the N and

F phases at extremely high shear rates ( Fig. 4 d). Similar results
ave been obtained in the nematic phase of 8CB, where viscosity
ecreases as the system transitions from flow-aligning to tumbling 
t high shear rates [ 32 ]. 

Next, we investigated the effect of the E -field on viscosity across
he three phases. The effect of flow and E -field are conflicting
ith each other. Thus, when the shear rate is sufficiently small,

he vertical alignment of the molecules (with positive dielectric 
nisotropy) can be realized under the E -field, thereby increasing
he apparent viscosity. In the high- E -field limit, the viscosity
s expected to approach the high Miesowicz viscosity, namely 
 

c . In ferroelectric LCs, the induction of flow or deformation 

an be easily tuned owing to the coupling between spontaneous 
olarization and the E -field (i.e., P × E ). As shown in Fig. S1a, in
he N phase, the apparent viscosity under the EDC -field is smaller
han that under the EAC -field. This difference is attributable to DC
onic screening, which is negligible in EAC -fields. In contrast, in 

he MAF and NF phases, the application of EDC is more effective 
n reorienting the director (Figs S1b and S1c), attributable to the
olar interaction between the electric field and polarization of 
hese phases. Fig. 5 a and c show the dependence of apparent
iscosity on EAC - and EDC -fields under constant shear stress ( σ =
0 Pa) in the N/MAF and MAF /NF regimes, respectively. When 

 = 0 . 15 V μm-1 is applied, the viscosity in the N phase doubles
from 10 to 20 mPa �s at 90 °C), whereas in the NF phase, it
ncreases eightfold (from 30 to 240 mPa �s at 64 °C). In the MAF 

hase, although E = 0 . 15 V μm-1 is inadequate to saturate the
iscosity, the viscosity dramatically increases near the MAF –NF 

hase transition. Specifically, at 70 °C, the viscosity increases 70- 
old, from 18.6 mPa �s to 1.29 Pa �s. Fig. 6 a shows the zero-field
iscosity and E -field-induced viscosity as functions of temperature 
nder γ = 100 s−1 . The kink points of viscosity change at the N–

AF phase transition appear at the same temperature, regardless 
f E -field application. In contrast, at the MAF –NF phase transition, 
he kink point temperature under the E -field is 2 °C higher
han that under the zero field. This suggests that the MAF phase
ransforms to the NF phase upon the application of the E -field,
.e., the sufficiently large E -field induces phase transition from an
ntiferroelectric state to a ferroelectric state. The induction of the 

F phase from the isotropic phase upon EDC -field application has 
een observed for other compounds as well [ 33 ]. 

Next, we examined viscosity changes at the N–MAF and MAF –

F phase transitions under the E -field. The relative percentage 
nhancement of viscosity as a percentage is defined as 

η% 

= η( E = Es ) − η0 

η0 
× 100 , (3) 

here η(E = Es ) , and η0 denote the saturated viscosity at a high
 -field and the initial viscosity under zero field, respectively. 
umar et al. reported a significant η% 

∼ 700% at the N–NF 

hase transition in RM734 [ 35 ]. Our results closely match these
ndings ( η% 

∼ 800 %) for RM734 ( Fig. 6 d and Figs S2a and S2b).
owever, at the MAF –NF phase transition for DIO, η% 

∼ 7000 % 

 Fig. 6 c), i.e., an order of magnitude larger than that at the N–NF 

hase transition for RM734. In RM734, during the N–NF phase 
ransition, the ferroelectric domains develop rapidly resulting 
n a notable electroviscous effect [ 34 ]. Near the MAF –NF phase
ransition of DIO, the viscosity exhibits critical-like behavior in 

he presence of EDC -field as seen in Fig. 6 a. We think that in a
arrow temperature range around the MAF –NF phase transition, 

he ferroelectric and antiferroelectric phases can coexist, and 

his situation may cause a difference in the behavior compared 

o the homogeneous neat phases. One aspect to consider is 
he multiphase flow of the system. A possible scenario is that
he higher base viscosity of the MAF phase is increased by 
erroelectric clusters, inclusions, which are more sensitive to the E -
eld. A comprehensive explanation of this effect requires further 
heoretical/modeling efforts, which will be the subject of future 
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Fig. 5 

E -field dependence of the apparent viscosity measured at constant shear rate (100 s−1 ) by applying (a): 1 kHz EAC -field; (c): EDC -field in the N (blue line), MAF (green 
line), and NF (magenta line) phases. (b,d): �η/ η0 vs E2 profiles obtained from data in the panel (a) and (c), respectively. Note that during the MAF –NF phase transition, 
the light transmittance was almost zero because the director reoriented along the E -field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

studies and beyond the scope of the present work. The application
of an E -field in the MAF phase may also induce the ferroelectric
phase, effectively frustrating and hardening the material as it
transitions to the NF phase. This is consistent with the 2 °C shift
of the transition temperature when an E -field is applied ( Fig. 6 c).
Recently, precise differential scanning calorimetry measurements
have confirmed the presence of the MAF phase even in RM734
[ 35 ]. However, the dramatic electroviscous effect at the MAF –NF 

phase transition is not observed in RM734. This difference may be
attributable to various factors, specifically, the temperature range
of the MAF phase is below 1 K, the molar transition enthalpy
between MAF and NF is approximately half that of DIO, and
the intermolecular interactions before and after the transition
are weaker than those of DIO. The electro-rheological properties
of the studied material can be described using the following
phenomenological equation: 

η = η0 

(
1 + AE2 

)
, (4)
where η0 , A , and E denote the bulk viscosity, viscoelectric
coefficient, and E -field, respectively. A can be defined as 

η( E) − η0 

η0 
= �η

η0 
= AE2 . (5)

Thus, A can be calculated from the slope of the relative
viscosity ( η(E) − η0 ) /η0 vs. E2 . For our system, A in the N, MAF ,
and NF phases was estimated using Eq. (5) . The relative viscosity
vs. E2 curve is shown in Fig. 5 b and d. We derived the slope
from the linear region. The estimated values were as follows:
AN 

(95 °C) = 0.91 × 10−9 , AMAF (74 °C) = 0.16 × 10−9 , and
ANF (60 °C) = 3.0 × 10−9 V2 m−2 ( Fig. 6 b). For RM734, AN 

(150 °C) = 0.08 × 10−9 and ANF (110 °C) = 3.0 × 10−9 V2 m−2 

under the same conditions (Fig. S2c and S2d). Notably, the value
of ANF for DIO and RM734 is 5–7 orders of magnitude greater than
that exhibited by common organic polar fluids [ 36 ]. 
7 
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Fig. 6 

(a): Temperature dependence of the apparent viscosity under constant ( σ = 20 Pa) shear stress without/with E -field ( EDC = EAC = 0.15 V μm−1 , f ( EAC ) = 1 kHz); (b): 
Visco-electric constant A as a function of temperature; (c): η% 

vs T for DIO; (c): η% 

vs T for RM734 (d). 
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 Conclusion 

e investigated the rheological properties and electroviscous 
ffects of the polar fluid DIO in the N, MAF , and NF phases,
orresponding to a P–AF–F system. At high shear rates, the

F phase exhibited an increase in effective viscosity (shear 
hickening) owing to the generation of polar defects. In the

AF phase, two types of shear-thinning modes were observed at 
ow and high shear rates, and the apparent viscosity responses
o increasing shear rate and shear stress were remarkable. The
iscosity significantly decreased by this two-stage shear-thinning, 
 

hich may be attributable to two potential mechanisms: the 
ransition from the parallel arrangement of the MAF phase to the 
ookshelf arrangement, and the shift from flow orientation to 

umbling behavior. Finally, we demonstrated that an ultra-low 

 -field (0.15 V μm−1 ) induced an extremely large electroviscous 
ffect (70-fold increase) near the modulated antiferroelectric–
erroelectric phase transition. The effect was an order of 

agnitude larger than that observed in RM734 near the 
araelectric–ferroelectric phase transition. We believe that this 
nique electroviscous effect can be leveraged to develop an 
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electrical smart brake suitable for smart cities and smart mobility
solutions. 

4 Experimentals 
4.1 Materials and general measurements 
The NF LC material (DIO) was synthesized and recrystallized twice
from dichloromethane/n-hexane mixture in our laboratory. The
NF LC material (RM734) was purchased from INSTEC Inc. and
used without any purifications. The rheological properties of the
NF LCs were measured by an Anton Paar MCR502 rheometer by
using a parallel plate measuring system (PP25/DI/TI, diameter ∼25
mm and PP50/DI/TI-SN38600, diameter ca. 50 mm), as shown
in Fig. S3a. The sample thickness was fixed to be 80 μm for
all experiments. All measurements were conducted on cooling
from the isotropic phase under N2 gas stream to reduce sample
degradation. 

4.2 Measurement system #1 

The rheometer was equipped with the Anton Paar P-PTD
200/SS/DI dielectric module to investigate the electro-viscous
effect in LC phases. We turned on potential difference between
the fixed bottom and the rotating measuring system by using
the signals of a TiePie Handyscope HS3 device amplified by an
FLC F10A amplifier. The electrical contact to the rotating part
was achieved by a needle orbiting in a 3D printed circular pool
filled with 10 % aqueous NaCl solution to eliminate friction. To
avoid water evaporation from the electrolyte we applied a covering
layer of silicone oil (Wacker Silicone Fluids AK M20, viscosity: 20
mPa �s@r.t.). We confirmed that the torque from the fluid electrical
contact was too small to affect any measurement. 

4.3 Measurement system #2 

To observe polarized optical microscopic (POM) textures without
and with E -field, we used the Anton Paar rheo-microscope module
with a custom-made parallel plate measuring system made of an
indium-tin-oxide (ITO) coated glass (diameter: ca. 25 mm), and a
custom-made monochromatic LED light source (wavelength: 660
nm) for transmission mode (Fig. S3b). 
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