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ABSTRACT

Most of the current highly polar rod-shaped molecules that form ferroelectric nematic (Ng) phase
do so only at elevated temperatures and multicomponent mixtures are generally needed to obtain
a broad and room temperature range Ng phase. In this work, we describe the synthesis, phase
characterisation and measurement of various physical properties of a new ferroelectric nematic
compound 4-[(4-nitrophenoxy)carbonyl]phenyl 2-isopropoxy-4-methoxybenzoate (RT11165). The
molecular structure of RT11165 with a 2-isopropoxy group differs only by a substitution of the
2-methoxy group found in the prototype ferroelectric nematic material 4-[(4-nitrophenoxy)carbo-
nyllphenyl 2,4-dimethoxybenzoate (RM734). This small structure change produces a rather dra-
matic change in phase behaviour leading to an Nr phase from 63°C down to room temperature.
Below about 45°C the rotational viscosity of RT11165 increases critically and the temperature
dependence indicates a glass transition at ~19°C. The transparent and polar glassy state of
RT11165, which should be also piezoelectric, is a good candidate for energy storage, piezoecata-
lysis, data storage and other applications.
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1. Introduction observed only a few vyears ago, requires large
(|4]) > 9Debye) molecular dipoles that spontaneously
align parallel to each other. This results in

(E)pNa :5[79%

a macroscopic polarisation P = =3

is the mass density, Ny =~ 6 -10% is the Avogadro
number, M is the molar mass and S <1 is the dipolar
order parameter. Assuming perfect dipolar
order (S=1) and using typical values, such as
¢ = 10Debye ~ 3.3 -107°Cm,  p = 1.3-10°kg/m’,

Most contemporary liquid crystal-based flat panel TV's
[1] use nematic liquid crystals that are 3D anisotropic
fluids in which the optical properties can be reversibly
switched without breaking the long-range orientational
order. Since the discovery of liquid crystals in 1888 [2],
in addition to the uniaxial non-polar nematic liquid
crystals used in displays, there have been several other
nematic liquid crystal phases predicted and experimen-

, where p

tally observed, such as the chiral nematic (N*) [2],
biaxial nematic (Ny) [3] bent-core nematic (Ny.) [4],
twist-bend [5-9] and ferroelectric nematic (Ng) [10-15]
phases. The N phase that has been experimentally

M = 0.4kg, we find that P = 6.4 - 10>C/m? is in accor-
dance with experimental observations [13,15,16].

Most of the currently known highly polar rod-shaped
molecules possess an N phase only at elevated
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temperatures, and multicomponent mixtures [17-20]
are generally needed to provide a broad and room
temperature range N phase. Only a few single compo-
nent materials show an Ny phase below or at room
temperature [21-23].

In this work, we describe the design, synthesis, and
characterisation of various physical properties of
a new ferroelectric nematic compound 4-[(4-nitrophe-
noxy)carbonyl]phenyl 2-isopropoxy-4-methoxybenzo-
ate (RT11165). The molecular structure of RT11165
differs from the prototypical ferroelectric nematic
compound 4-[(4-nitrophenoxy)carbonyl]phenyl
2,4-dimethoxybenzoate (RM734) [12,24] only by
a replacement of the 2-methoxy group with
a 2-isopropoxy group. We will show that this small
structural change [25-27] produces a rather dramatic
change in the N range permitting ferroelectric
switching at room temperature upon application of
a DC voltage while the material flow is hindered.

2. Material and methods

The goal to identify a substance with a particular
physical property optimised at room temperature is

certainly not unique to the field of liquid crystals.
A specific earlier relevant example involved the need
to produce an organic photorefractive material that
functioned at room temperature. In that case one
solution involved the design of a composition con-
taining a glass forming chromophore by modification
of a substituent of a methylene-dihydropyridine
molecule [28]. The same sort of strategy has been
applied here by the substitution of a methoxy group
in RM734 that has an I — 187°C - N - 133 °C - N
phase sequence, with an isopropoxy group in
RT11165 (4-[(4-nitrophenoxy) carbonyl] phenyl
2-isopropoxy-4-methoxybenzoate that leads to an
I - 73°C - 63°C - Ng phase sequence. This structure,
which involves a change from a primary to
a secondary substituent, is not unique. For example,
derivatives of RM734, which have such

a substructure made from chiral 2-butanol and
2-octanol, have been described [29]. The molecular
structure of RT11165 is shown at the top of Figure 1.
The steps of chemical synthesis, chemical character-
isation, and the DSC scans in the first and second
heating-cooling cycles of RT11165 are provided in
the Supporting Information (SI).

Figure 1. (Colour online) Molecular structure of RT11165 (top) and polarising optical microscopy (POM) images at different
temperatures of RT11165 during cooling at 1°C/min rate. (a) Isotropic phase; (b) Nematic phase; (c) Ferroelectric nematic after the
transition from nematic; (d) Ferroelectric nematic phase at room temperature.



Polarised optical microscopy (POM) studies were car-
ried out on a L = 11.3um thick sandwich cell placed in
an Instec HS200 heat stage equipped with an STC200D
controller, using an Olympus B x 60 microscope. The
substrates of the RT11165 sample were treated for uni-
form planar alignment using a polyimide PI2555 coating
and rubbed unidirectionally parallel to each other.
Beneath the PI2555 coating the bottom plate has two
3mm wide conducting indium tin oxide (ITO) strips
separated by a 0.5mm gap, while the top plate has no
ITO layer. The cells were assembled using NOA68 glue
mixed with 10 pm spacers to achieve uniform thickness.
An HP 33120A 15 MHz function/arbitrary waveform
generator was used to generate voltage and amplified by
a Model BOP 500 M 50X Kepco Bipolar Operational
amplifier to obtain the desired applied AC voltages.

Ferroelectric polarisation measurements were
carried out by applying 35-70 Hz triangular wave-
form voltages between the in-plane electrodes.
To measure the polarisation current Ip = Qp,
a Princeton Applied Research Model 181 current
preamplifier with sensitivity £ =10"* was used.
The value of the ferroelectric polarisation P was
calculated from the area Qp =] Qpdt of the polar-
isation current peak Qp measured between the in-
plane electrodes, assuming the polarisation charge
accumulated at the in-plane electrodes is Qp =P - A
[13], where A =d x [ is the cross sectional area
normal to the polarisation vector with [ being the
length of the ITO strips and d is the film thickness.
In our case A = 8.5mm x 11.3um = 9.605 x 10~ 8m?.
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The frequency-dependent complex dielectric permit-
tivity e(w) = ¢/(w) — i€’ (w) was measured between
22°C and 77°C with an HP 4284A LCR metre by apply-
ing 30 mV amplitude sinusoidal AC voltage in the fre-
quency range of 100 Hz — 1 MHz between patterned
ITO coated glass plates of a sandwich cell with planar
alignment (cell gap: d = 12.2um, cell area: A = 1cm?).

Electro-optical measurements were carried out using
cells of various thickness between 3.5um — 10.7um
under square wave AC voltages applied by a HP
33120A 15 MHz function/arbitrary waveform generator
and DC Voltage using a HP Harrison 6110A DC power
supply to study the switching of the samples from 25°C
to 65°C.

Switching times were determined at various tempera-
tures from the time dependences of the polarisation
current under 450V, 40Hz rectangular wave voltages
applied across the 0.5 mm gap between in-plane electro-
des. The rise time 7 (the time for the polarisation current
to reach 90% of its maximum) as found by Chen et al.
[13] is proportional to the polarisation reversal time At
obtained from the full width at half maxima (FWHM) of
the polarisation current peak (see inset to Figure 3).

3. Results and discussion

POM images of a 11.5um thick film with antiparallel
rubbed planar alignment coating at various tempera-
tures during cooling at 2°C/min rate in the isotropic,
nematic and ferroelectric nematic phases are shown in
Figure 2. While in the N phase the texture is uniform, in
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Figure 2. (Colour online) Temperature dependence of the spontaneous polarisation of RT11165. Inset: time dependence of the applied
voltage plotted against the right axis and the measured current on the left axis at 58°C.
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Figure 3. (Colour online) Summary of the switching time measurement of RT11165. Main panel: switching time versus 1000/T, where
T is the temperature in Kelvin scale. Solid red line shows the range corresponding to Arrhenius behavior, whereas the dotted red line is
the fit using Vogel-Fulcher-Tammann (VFT) equation valid for viscous materials with a glass transition. Top-left inset: Time
dependence of the electric current under 450 V, 40 Hz rectangular wave voltages applied across 0.5 mm gap between in-plane
electrodes. Bottom-right inset: switching time versus applied voltage at 60°C and 50°C. Fits correspond to At oc U~ function.

the Ny phase there are domains separated by defects
with slightly different birefringence colors. These are
due to coexistence of left and right-handed twisted
domains related to the antiparallel rubbing of the sub-
strates [30].

The temperature dependence of the spontaneous
polarisation of RT'11165 with an inset of the time depen-
dence of the measured polarisation current and applied
voltage, is shown in Figure 2. The polarisation could be
measured only down to 46°C as at lower temperatures
U>500V is required to fully switch the polarisation, so
its value could be calculated from the area of the current
curve above the dotted line shown in the inset to
Figure 2. To obtain this, we not only had to increase
the voltage, but also had to decrease the frequency,
indicating that the viscosity of the material strongly
increases on cooling. One can see that the polarisation
increases from P~3.6uC/cm at 63°C to
P = 6.7uC/cm?* at 46°C. The increase of the measured
polarisation between 50°C and 46°C could be due to an
increasing number of ions pushed through the electro-
des at high voltages, or due to field-induced increase of
the polar order parameter.

To measure the temperature dependence of the
rotational viscosity of the material, we have measured

the temperature and voltage dependences of the
switching time, At determined as the full width at
half maxima of the polarisation current peak as
shown in the top left inset to Figure 3. It is found
that the switching time is about 2.5 times larger than
of the rise time 7. The switching time as a function of
1000/ T, where T is the temperature at Kelvin scale, is
shown in the main panel of Figure 3. Between
1000/T ~ 3.0 (60°C) and 1000/T = 3.1(49°C) the
dependence corresponds to an Arrhenius behavior

keal
mol *

Below about 46°C the dependence can be fitted only
by the Vogel-Fulcher-Tammann (VFT) equation:

Ea
At = At, - es("-Tvrr) where kg is the Boltzmann con-

stant. The VFT equation is used to describe the visc-
osity (which is basically proportional to the switching
time at constant field) of liquids in supercooled regime
approaching the glass transition, where Typr typically
is about 50°C below the glass transition temperature
Tg. From the fit value of Tyrr ~ 242K we deduce that
the RT11165 becomes glassy at Tg~292K~19°C, i.e.
close to room temperature.

As seen in the bottom-right inset to Figure 3, the
applied voltage (U) dependence of the switching time is

Ea
At = At, - €T with activation energy E, ~9




found to be proportional to the inverse voltage
(At oc U™1), which is expected from the relation
between the switching time and the rotational viscosity

¥, as AL From this, we can estimate the temperature
dependence of the rotational viscosity by multiplying
the temperature dependent switching time, the tem-
perature dependent polarisation values (see Figure 2)
and the applied field. We find that the rotational visc-
osity increases from about 30Pa.s at 57°C to 220Pa - s
at 41°C.

To estimate the switching time and the rotational
viscosity closer to the glass transition, we carried out
electro-optical measurements at 25°C in a d = 3.5um
thick antiparallel rubbed film with planar alignment
by applying an E = 0.2V /um DC field between in-
plane electrodes separated by L = 0.5mm distance. At
the instant the field is applied (0s, Figure 4(a)) the
director is parallel to the rubbing direction (purple
arrow) and the polarisation is opposite to the rub-
bing direction [31] making 45° with the crossed
polarisers resulting in a light 1% order green color
with optical path difference An-d ~ 770nm. With
d = 3.5um it indicates An =~ 0.22. After 15 seconds,
the green birefringence color becomes darker, indi-
cating the angle ¢ between the director and the
electric field decreases due to rotation of the ferro-

electric polarisation, as shown in Figure 4(b). After
24 seconds, the texture further darkens, indicating
¢~45°, that is, the director is almost along one of
time, the

the polariser axes. At the same
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birefringence color changes from green to red corre-
sponding to a decrease of the optical path difference
to An-d = 550nm. This indicates a tilt 6 of the
polarisation away from the in-plane direction (indi-
cated by a white arrow with a nail) by 0~40°. After
35seconds, the texture becomes brighter (¢ <45°),
and the dominating birefringence color becomes
orange (An-d~450 nm) indicating 6~55° tilt. At
55s after field reversal, the texture becomes inhomo-
geneous with coexisting dark red and green colors
showing inhomogeneous director structure. The red
and green colors indicate 0~40° and 6~0° tilt,
respectively. After 70s, the texture resembles the
initial texture, showing that the director has rotated
to parallel to the electric field (¢~0°) This shows
that the switching time at 25°C is At~70s, which
assuming P~7-1072C/m? and with E = 0.2V /um,
gives y,~At-P-E~10°Pa s, i.e. 4 orders of magni-
tude larger than values above 40°C. This, and the fact
that we could not see any switching at T <20°C,
supports our previous suggestion of a glass transition
at Tg~19°C, where y, >10"Pa - s. While the rotation
of the azimuthal angle ¢ is expected and agrees with
previous electro-optical observations [15,16,30-34],
the transient polar tilt away from the in-plane direc-
tion is unexpected. Although more studies are
needed to explain this, we think it may be related
to the viscoelastic nature of the director rotation due
to the glass transition a few degrees below. Such
a situation has been discussed previously [35] for

Figure 4. (Colour online) Electro-optical switching measurements of RT11165 at room temperature using DC voltage with rubbing direction
parallel to the electrodes and perpendicular to the applied electric field. The cell is placed so that the electrodes are at 45° with respect to the
polariser and analyser. At various time periods of the applied DC voltage: (a) 0s, (b) 155, (c) 24 s, (d) 35's, (€) 55 s and (f) 70 s. ¢ represents
the direction of the in-plane polarisation with respect to the applied electric field. Nails at the end of the polarisation vector illustrate tilt

away from the plane of the substrates.
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Figure 5. (Colour online) Summary of the dielectric measurements of RT11165 in ain 12.2 um thick planar aligned sandwich cell using
45 nm thick rubbed PI2555 and 30 mV applied voltage. (a) 3D plot of € versus temperature between 22°C and 77°C and frequency
between 100 Hz and 1 MHz. (b) Temperature dependence of the susceptibility and relaxation time between 30°C and 80°C.

a low molecular weight ferroelectric smectic liquid
crystal.

To see how the glass transition affects the director
relaxation time, we have carried out dielectric measure-
ments in d = 12.2um thick planar aligned sandwich cell
using 45nm thick rubbed PI2555 and 30mV applied
voltage. The 3D plot (¢ versus temperature between
22°C and 77°C, and frequency between 100Hz and
1MHz) and the temperature dependences of the relaxa-
tion time and susceptibility are shown in Figure 5. The
apparent dielectric constant increases almost linearly in
the N phase from 48.8 at the N — Itransition up to ~310
upon the transition to the N phase. On further cooling,
it decreases slowly to about 300 at 45°C, then it
decreases strongly, reaching 37.9 at 22°C. The tempera-
ture dependence of the susceptibility and relaxation
time are shown in Figure 5(b) only above 30°C, because
at lower temperatures ¢ does not reach maximum above
100Hz, therefore neither the susceptibility nor the
relaxation  frequency could be  determined.
Nevertheless, it can be seen that the relaxation time
increases strongly below 45°C, another sign of the glassy
transition at lower temperatures. Note, the relaxation
time (although it also shows critical increase on cooling)
is orders of magnitude smaller than the switching time.
This is because the relaxation time represents only small
oscillations around the short axis of the director and not
a full flipping as in case of the switching time. Another
noteworthy observation is that the magnitude of the
susceptibility that was determined from twice the height
of the peak value of ¢, is slightly lower than the largest
value of ¢ (250 instead of ~300), indicating an ionic
contribution to ¢ at low frequencies.

In addition, we have measured the parallel (g) and
perpendicular (e;) components of the dielectric

permittivity in the nematic phase at 1kHz, 5kHz and
10kHz frequencies using 7um cell with homeotropic
and planar alignment coatings, respectively. The tem-
perature dependence of the dielectric anisotropy
(Ae = g — &) in the N phase is shown in Figure 6.
The dielectric anisotropy is particularly elusive in the
Nr phase, because homeotropic alignment is not
achievable with standard surface treatments. These
data demonstrate that the susceptibility to dielectric
torque depends strongly both on the frequency and
the distance from the N phase. Intriguingly, at higher
(5kHz and 10kHz) frequencies the dielectric aniso-
tropy exhibits a maximum at intermediate tempera-
tures in the N phase. The behavior at 1kHz is similar
to the temperature dependence of the susceptibility
measured at the relaxation frequencies which drop
below 1kHz in the Ng phase (see Figure 5(b)).

Finally, we note that recently Clark et al. [36] have
argued that the measured large dielectric constant of the
ferroelectric nematic liquid crystals is an artefact and
what actually has been measured is not the capacitance
of the liquid crystal, but of the non-ferroelectric, nanos-
cale interfacial insulating layer at the LC/electrode sur-
face. This is due to the large polarisation P of the Ng
material, which acts as conductor that charges up the
insulating interfacial layer (called polarisation-
capacitance-Goldstone (PCG) mode), resulting in an
apparent static dielectric constant,

£A<0) = Sld/dj, (1)

where ¢ and d; are the dielectric constant and thickness
of the insulating layer and d is the thickness of the liquid
crystal film. Furthermore, the characteristic relaxation
time in the N phase was predicted as
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Figure 6. (Colour online) Temperature dependence of the dielectric anisotropy in the N phase at different frequencies.
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where y, is the rotational viscosity of the N director.
In fact, very recently Erkoreka et al. [37] found that
both the measured dielectric constant and the relaxa-
tion time are indeed proportional to the sample thick-
ness, in accordance with the Clark et al. prediction.
However, they argue that this could be also explained
by the electrode polarisation (EP) effect, which is well-
known for highly ionic fluids. Although we have not
measured the dielectric spectra for different thick-
nesses, knowing all the parameters (d = 12.2um,
d;/2 = 45+ 5nm, and & = 3.5 - ¢, [38]) in the expres-
sion for the relaxation time derived by Clark et al., we
can test the validity of Equations (1 and 2). For exam-

ple, at 41°C, P = 6.7 - 1€, y, = 220Pa - s we would

m2

get for the relaxation time that 7, ~ 0.43ms. Within
the measurement errors of y, and d; this agrees well
with the measured 7, ~ 0.7ms (see Figure 5(b)).
Additionally, Equation (1) predicts that the apparent

dielectric constant should be
€a(0) = 3.5.1200mm 470 This again represents
a fairly good agreement with the measured

€4(100Hz)~300. The difference could be due to the
fact that a measurement at 100 Hz does not accurately
represent the static dielectric constant e4(0Hz), as
there is a further increase of &4 below 100 Hz, as
indeed seen in Figure 5(a).

4. Conclusions

In this paper we have described the synthesis, phase
sequence and measurements of the temperature
dependence of the ferroelectric polarisation and of
rotational viscosity of a new ferroelectric nematic com-
pound, 4-[(4-nitrophenoxy)carbonyl]phenyl 2-isopro-
poxy-4-methoxybenzoate (RT11165). We showed that
although the molecular structure of RT11165 differs
from the prototype ferroelectric nematic 4-[(4-nitro-
phenoxy)carbonyl]phenyl  2,4-dimethoxybenzoate
(RM734) only by a substitution of the 2-methoxy
group in the benzoic acid with a 2-isopropoxy group,
there is a rather dramatic change in phase behaviour.
While RM734 exhibits an N phase between 133°C and
90°C with a rotational viscosity well below 1Pa - s, the
Ng phase in RT11165 extends from 63°C down to room
temperature with rotational viscosity increasing to
10%Pa - s at 23°C. This agrees with the temperature
dependence of the switching time that indicates
a glass transition at ~19°C. Analysis of our dielectric
measurements combined with the material parameters
seem to agree well with the polarisation-capacitance-
Goldstone (PCG) mode of Clark et al. [36].

The glassy state found in RT11165 has also been
observed in a number of related materials which differ
in the exact identity of the 2-alkoxy group. Ferroelectric
and piezoelectric glasses are promising materials for
energy storage [39] and wastewater treatment by piezo
catalysis [40]. The transparent and polar glassy state of
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RT11165, which should be also piezoelectric [41], may
therefore be a good candidate for these applications and
potentially for data storage [42] as well.
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