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Various structured C3-DIO analogues were synthesized, and their structural and physical properties in
liquid crystal phases were investigated through differential scanning calorimetry, polarization optical
microscopy, dielectric relaxation, and polarization current measurements. The replacement of fluorine
atoms and substitution of other polar functional groups in the C3-DIO structures significantly affected
their phase transition behaviour and the emergence of the ferroelectric nematic phase. Among the
analogues of C3-DIO, the dipole moments and the generation of the ferroelectric nematic phase were
found to be correlated; analogs with vector-added dipole moments below 8.5 D over the whole
molecular structure show only the paraelectric nematic phase, whereas those with vector-added dipole
moments above 8.5 D over the whole molecular structure show the ferroelectric nematic phase. In
particular, the analogue bearing a cyano group gives a large dipole moment of more than 13 D and
gives rise to a dielectric constant of more than 14 000 at 100 Hz in its ferroelectric nematic state. The
introduction of electron-withdrawing groups at the 4-position of the benzene ring furthest from the
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1. Introduction

Liquid crystals (LCs) have been widely used in display
technologies,'” electrooptical devices," optical modulators,*>
and other functional materials® because LCs sensitively change
their orientation owing to small stimuli such as electric and
magnetic fields"* and their interaction with interfaces of
substrates.” Many molecules exhibit several different types of
liquid crystalline properties.">*° In particular, LCs with nematic
(N) phases are widely used in practical applications because they
respond easily to a small external electric field owing to their high
fluidity and longrange correlation length of orientational
order."®" In particular, LCs showing blue phases stabilized by
polymers, the polymer-stabilized blue phases, exhibit exceptional
electrooptical features,">"? such as a wide viewing angle, a large
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molecules with ferroelectric nematic phases.

Kerr effect," and responsivity on the submicron second

scale.">'® Thus, they could be possible candidates for future LC
display materials or fast electro-optical devices. However, these
performances require high driving voltages, which prevent their
practical use. To reduce the driving voltage, it is effective to apply
LC molecules with large dielectric anisotropy."”

Ferroelectric materials have attracted significant interest
because of their potential for a wide range of applications in
capacitors, storage devices, sensors, and optical devices."®'® In
2017, we reported that the 1,3-dioxane-based molecule, C3-DIO
(1), gave a ferroelectric nematic (Ng) phase (referred to as the
MP phase in the original paper) with an extraordinarily high
dielectric constant of more than 10000 (Fig. 1)."” Moreover,
Mandle et al. reported an unknown N phase of RM734,%° and its
ferroelectric features are confirmed lately.>* Recently, an LC
molecule showing the N phase at ambient temperature was
also reported by Manabe et al.>* In the ordinary N phase, the
dipole moments of LC molecules orient randomly to parallel
or antiparallel with respect to the director, resulting in the
reduction of macroscopic polarization. In contrast, in the Ng
phase, the dipole moments align in the same direction along
the director, which integrates the magnitude of the dipole
moment to generate macroscopic polarization.'”?*">* Although
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Fig. 1 Chemical structures of C3-DIO (1) and its analogues (2-11). The n
original structure. Group I: analogues modified at their benzoate unit. Group
which are modified at their phenolate and trifluorophenyl units.

Nr materials have been extensively studied in recent years, the
origin of ferroelectricity, including the propagation of the
microscopic orientation of molecular dipole moments to
macroscopic spontaneous polarization, is poorly understood.

To elucidate the molecular origin of ferroelectricity in detail,
it is important to synthesize analogues of LC molecules show-
ing Ny phases, such as C3-DIO and RM734, and evaluate the
relationships between their molecular structures and ferro-
electric states.>® It is observed that a decrease in the alkyl chain
length of C3-DIO increases the temperature range in which the
Nr phase forms. In addition, it has been reported that the
temperature required to form the N phases of C3-DIO can be
changed by mixing it with the geometrical isomer of C3-DIO
(cis-form).”* Conversely, there are few reports> in which the
number and position of fluorine atoms were systematically
changed and fluorine atoms were replaced with other func-
tional groups. The reduction of fluorine atoms in C3-DIO
generally decreases the dipole moments of the entire molecule,
which could impede the emergence of ferroelectric LC phases.
However, we observed that C3-DIO analogues composed of
non- or 2-fluorinated benzoate units give rise to ferroelectric
smectic A (SmAg) phases instead of Ny phases (Fig. 1).*°
Therefore, it is necessary to evaluate the effect of structural
variations on dipole moments, LC phases, and ferroelectricity
in detail. Therefore, we synthesized various structured C3-DIO
analogues, which are shown in Fig. 1, and analysed their
phase transition behaviour, dielectric properties, and ferro-
electric features through differential scanning calorimetry
(DSC), polarizing optical microscopy (POM), X-ray diffraction
(XRD), dielectric relaxation, and polarization reversal current
measurements. In addition, we herein discuss their structure-
ferroelectric property relationships based on these results and
the structural parameters obtained from quantum chemistry
calculations.
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ewly designed analogues are classified by the modification moieties of the
II: analogues modified at their trifluorophenyl unit. Group IlI: analogues of 3,

2. Experimental

2.1. Synthesis of C3-DIO analogues

The synthetic reaction schemes and molecular characterization
of compounds 4-11 are described in Section 1 in the ESL}

2.2. DSC measurement

DSC charts were recorded using a DSC 1 STARe system calori-
meter (Mettler Toledo, Switzerland) with a dedicated alumi-

nium pan at a scanning rate of 5 °C min .

2.3. POM observation

POM observation was performed using a Nikon ECLIPSE
LV100NPOL with a DS-Ri2 camera using four types of cells:
no orientation treatment, homogeneous orientation (parallel to
the substrate in one direction), planar orientation (parallel to
the substrate but with free in-plane orientation), and home-
otropic orientation (perpendicular to the substrate). The
homogeneous-orientation cells were polyimide-rubbed cells
manufactured by E.H.C. The planar orientation cells were
prepared by the spin coating method using a toluene solution
of poly(methyl methacrylate) (PMMA) on glass substrates and
successive drying at 120 °C for 2 h. Homeotropic orientation
was performed on a glass substrate by the vapor deposition
method using octadecyltrimethoxysilane (180 °C, 2 h, 1 bar).

2.4. XRD measurement

XRD measurements were performed using a Rigaku SmartLab with a Cu
Ko (0.154 nm) radiation source (45 kV and 200 mA). The samples were
mounted on an Al pan for simultaneous XRD and DSC measurement.
2.4. Dielectric relaxation measurement

Dielectric relaxation spectra were recorded in the range from
1 Hz to 10 MHz using an impedance/gain phase analyser (SI

This journal is © The Royal Society of Chemistry 2023
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1260, Solatron Metrology) at an applied voltage of 0.1 V,p,s. The
samples were injected into the homeotropically oriented cells
with an electrode area of 1 cm? and a cell thickness of 10 pm.
The indium tin oxide (ITO) electrode resistance and capaci-
tance were measured using an empty cell, which was used for
the correction of the sample impedance to obtain the sample
dielectric constants.

2.5. Polarization reversal current measurement and D-E

hysteresis loop

For polarization reversal current measurements, a waveform
generator (2411B, Toyo Technica), an analog-to-digital conver-
ter (WaveBook 516A, Toyo Technica), and a current-voltage/
charge-voltage (I-V/Q-V) converter (Model 6254C, Toyo Tech-
nica) were constructed. Samples were injected into a home-
otropically oriented ITO cell (electrode area = 1 cm” and cell
thickness = 10 pm) and the polarization reversal current was
measured using the triangular wave method. The D-E hyster-
esis loops were obtained by integrating the measured currents.
The voltage and frequency ranges of the measurements were
—20 to +20 V and 0.1-100 Hz, respectively.

2.6. SHG measurement

SHG measurements were conducted by irradiation with a
Q-switched ND:YAG laser (LS-2130, LOTIS TII, Nd:YAG laser
wavelength = 1064 nm, energy = 75 1J, pulse width = 10 ns,
pulse period = 20 Hz) to the samples injected in the home-
otropically oriented cells (electrode area = 1 cm? cell
thickness = 10 pm).

2.7. Calculation of dipole moment and structural parameters

The most stable structures and dipole moment (i) of 1-11 were
calculated using DFT with the B3LYP/6-31+G(2d,p) functional
implemented using the Gaussian09 program package.’® From
the obtained structures, the dihedral angle (0) and the angle of
the dipole moment with respect to the long axis of the mole-
cules (ff) were obtained.

3. Results and discussion

3.1. Molecular design and synthesis of C3-DIO analogues

C3-DIO analogues 4-11 were newly designed based on the C3-
DIO structure by changing the positions of fluorine atoms and
the types of functional groups to other electron-withdrawing
groups, CN or NO,. These analogues are classified into three
groups based on the variation of the three benzene units in C3-
DIO. In Group I, the number and substituent position of the F
atom were changed in the benzoate unit of C3-DIO (benzene
ring adjacent to the dioxane unit). Analogues 4 and 5 are
composed of 2,3- and 2,5-difluorinated benzoate structures,
respectively. In Group II, the F atom at the 4-position in the
3,4,5-trifluorophenyl unit (benzene ring furthest from the diox-
ane unit) was changed to another functional group. Analogues
6, 7, and 8 were modified with H, CN, and NO, groups,
respectively. In Group III, the trifluorophenyl and phenolate

This journal is © The Royal Society of Chemistry 2023
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units (benzene ring second closest to the dioxane unit) of
analogue 3 were modified. Compound 9 is an analogue in
which the F atom in the trifluorophenyl unit is shifted to the
phenolate unit. Compounds 10 and 11 are analogues of 9 and
are composed of 3- and 2-fluorinated phenolate units, respec-
tively. These analogues were synthesized by referring to the
literature procedures of 1-3."7**?° The synthetic routes of other
analogues are summarized in the ESL

3.2. Characterization of C3-DIO analogues in Group I

To evaluate the phase transition behaviour, we performed DSC
measurements and POM observations of the C3-DIO analogues
in Group I. The results are presented in Fig. S1-S3 (ESIf), and
the phase transition temperatures of the analogues are sum-
marized in Table 1. In addition, the dielectric relaxation was
measured, and the temperature dependence of the dielectric
constant is shown in Fig. S3-S5 (ESIT). These compounds show
strong endothermic peaks at approximately 125 °C and weak
peaks at 180-200 °C in the 1st heating run. During the cooling
process, the peaks appeared in the same temperature range.
From POM images, the peaks at 125 °C and 180-200 °C
were assigned to the transition of crystalline (Cryst)}-N and
N-isotropic (Iso) phases, respectively. Thus, the transition from
N to other LC phases was not observed. In fact, the dielectric
constants of 4 and 5 are ca. 10 in their N phases (Fig. S3b, ESIY),
which are significantly lower than those in the N phase of 1.

These values slightly decreased at 80-120 °C, which could be
caused by phase transition to the Cryst phase. Thus, it is clear
that the analogues do not form the Ny phase. These results
indicate that the change in substituents at the benzene ring
neighbouring the dioxane unit strongly affects the appearance
of the Nr phase.

3.3. Characterization of C3-DIO analogues in Group II

The C3-DIO analogues in Group II were investigated for the
structural effect of the trifluorophenyl moiety on the emergence
of their ferroelectric phase. The results of the thermal analysis,
XRD profiles, dielectric relaxation, polarization switching, and
second harmonic generation (SHG) measurements for 6-8 are

Table1 Phase transition behaviour of C3-DIO (1) and its analogues (2—-11)
obtained through DSC measurements, POM observation, and the relaxa-
tion of their dielectric constants

Group No. Phase transition temperature/°C*

1 Cryst 96° — — Np 69 Ny 85 N 174 Iso
2 107 SmX; 85 SmA; 106 115 207
3 129 —  — 146 SmAj 158 231
I 4 125 — - - - — — 197
5 1272 — @ — - - — — 180
il 6 74— - - - — — 132
7 121 N 58 Ny 65 Ny 130 244
8 9g? 92 96 117 184
I 9 1288 — — — — SmX 84 186
10 124> — — — — 147 185
11 1228 — - - - — — 194

“ Transition temperatures obtained from DSC profiles in the 1% cooling
run. ” Temperatures of the 1% heating run.
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shown in Fig. 2 and 3 and Fig. S6-S19 (ESIt). Their phase
transition behaviours are summarized in Table 1. Analogue 6
shows a strong endothermal peak at 65 °C and a weak
endothermal peak at 132 °C in the 1°* heating process, which
is assigned to the Cryst-LC and LC-Iso phase transitions,
respectively. In the 1% cooling process, these phase transition
peaks appeared at 132 and 27 °C with a cooling rate of
1 °C min~". The POM image of 6 at 130 °C gives a dark-field
image and shows bright textures when the temperature
decreases below 128 °C, indicating the phase transition from
the Iso to N phase. Upon cooling, the colour of the texture
continuously changed, and then the textures abruptly changed
at 28 °C, which indicates the N-Cryst phase transition.

i)135°C, N ii) 127 °C, Ny

iii) 62 °C, Ni
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Fig. 2 Characterization of 7 in the cooling process. (a) POM images.
The sample was injected into a planar orientation cell. (b) Temperature
dependences on the dielectric constant. The sample was injected into a
homeotropic orientation cell. F = 100 Hz. 0.1 V.. (c) Electric displace-
ment—electric field (D—E) hysteresis curves. The sample was injected into
a homeotropic orientation cell and the voltage was applied parallel to the
director. Voltage: 20 V. Frequency: 200 Hz.
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Fig. 3 Characterization of 8 during cooling. (a) POM images. The sample
was injected into a planar orientation cell. (b) Temperature dependences
of the dielectric constant. The sample was injected into a homeotropic
orientation cell. F = 1 kHz. 0.1 V,s. (c) D—E hysteresis curves. The sample
was injected into a homeotropic-oriented cell, and the voltage was applied
parallel to the director. Voltage: 20 V. Frequency: 200 Hz.

Consequently, a phase transition from N to the other LC phases
was not observed. The dielectric constant is ca. 10 and almost
did not change at 40-120 °C, indicating that 6 only shows the
paraelectric N phase.

Analogue 7 showed a strong endothermic peak at 122 °C and
a weak peak at 244 °C during the 1% heating process (Fig. S9,
ESIt), and these are Cryst-LC and LC-Iso phase transitions,
respectively. Conversely, in the 1° cooling process, the peak of
Iso-LC phase transition is shown at 244 °C and two weak
exothermic peaks newly appeared at 129 and 63 °C. On further
cooling, the strong peak appeared at 57 °C, which is attributed
to the LC-Cryst transition. However, the weak peak at 58 °C was
confirmed before crystallization at a cooling rate of 2 °C min™,
which would be assigned to the transition to another LC phase.

This journal is © The Royal Society of Chemistry 2023
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The POM image at 130 °C shows the Schlieren texture char-
acteristic of the N phase (Fig. 2a(i)). At 127 °C, the optical
texture changed maintaining their brush-like structures
(Fig. 2a(ii)). During further cooling to 62 °C, a region with
bright birefringence appeared in the brush areas, and the
texture began to flow spontaneously (Fig. 2b(iii)). The observed
broken Schlieren texture with fine streak regions is similar to
that observed in the Ny phase, which strongly suggests that 7
forms an Ni phase in the temperature range. Actually, 7 gives a
huge dielectric constant and a large electric displacement-
electric field (D-E) hysteresis loop at around 60 °C (vide infra).
During further cooling, the phase changed to another LC phase
(NE) at 55 °C (Fig. 2a(iv)), and then Cryst phases formed at
40 °C (Fig. 2a(vi)). The XRD profiles of 7 show a broad peak at
20° characterised by scattering arising from intermolecular
spacing in the molecular lateral direction (Fig. S10 and S11,
ESIt) at around 150 °C. Although the N-Nx phase transition is
observed by DSC and POM results, the peak remained
unchanged during cooling to 80 °C, which implies that the
order of the Nx phase is as low as that of the N phases. The
absence of sharp diffraction peaks in the small-angle region
clearly indicates the absence of long-range ordering such as the
layer structure, which characterizes the nematic phase.

On further cooling, unfortunately, XRD profiles relating to
the Ny and Nj phases were not observed because of the
crystallization of 7. The temperature dependence of the dielec-
tric constant of 7 is shown in Fig. 2b. The dielectric constant of
7 is ca. 100 at 70-240 °C. This value is slightly higher than that
of conventional LC molecules, indicating that a weak ferro-
electric phase forms partially in this temperature range. When
the temperature decreased to 60 °C, the dielectric constant
abruptly increased and reached 15000, clearly indicating the
appearance of the Nr phase. On further cooling, the dielectric
constant suddenly decreased, whereas the value gradually
decreased at 50-30 °C, and the value reached ca. 1000 at
30 °C. Considering the POM results, we speculate that the
transition from the Ny phase to another type of ferroelectric
nematic (Ni:) phase occurred at 50 °C. Below 30 °C, the value
suddenly decreased, which could be caused by crystallization.
The D-E hysteresis curves of 7 are shown in Fig. 2¢. At 140 °C,
the curve shows a paraelectric aspect (Fig. 2c(i)), which is
reasonable because 7 forms the conventional N phase. Upon
decreasing the temperature, the D-E curve with a large hyster-
esis was obtained at 70 °C (Fig. 2c(ii)). On further cooling,
the curve also showed hysteresis and at 60 °C, the largest
hysteresis curve is obtained (Fig. 2c(iii)). The D value is ca.
6 LC cm™?, which is comparable to that of other reported Ny
materials.'”*>?* Upon further cooling, the D value decreased,
whereas the hysteresis remained (Fig. 2c(iv)), which also sug-
gests the formation of another Ny (N}:) phase.

Analogue 8 shows the transition from Cryst to LC phases at
99 °C then transforms into the Iso phase at 185 °C in the
heating processes. During cooling, the Iso-LC and LC to other
types of LC phase transitions appeared at 184 and 117 °C,
respectively. Upon further cooling, two weak peaks appeared at
96 and 92 °C and finally, 8 is crystallized below 37 °C. When the

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

temperature decreased at 5 °C min ', the weak peaks appeared
at 94 and 90 °C, which are slightly lower than those confirmed
at a rate of 2 °C min~'. The POM image of 8 at 130 °C shows
Schlieren textures characteristic of the N phase (Fig. 3a(i)).
During cooling, the textures changed at 113 °C (Fig. 3a(ii))
and the coarse sand-like textures with bright birefringence
appeared (Fig. 3af(iii)), which suggests a phase transition to
another N (Nx) phase. The phase began to change at 90 °C
(Fig. 3a(iv)) and the texture characteristic of the N phase
appeared (Fig. 3a(v)). Upon further cooling, the texture sud-
denly changed below 89 °C (Fig. 3a(vi)), which would be
assigned to the transition to another Nr (Np) phase. The
temperature dependence of the XRD profiles of 8 is shown in
Fig. S15 and S16 (ESIT). The broad peaks at 20° arising from the
intermolecular spacing in the molecular lateral direction
slightly shifted to a small angle when the temperature
decreased below 110 °C. In addition, a weak peak appeared at
3.5° This change would be related to the N-Nx phase transi-
tion. On further cooling, the peak shifted to a wide angle and its
intensity abruptly increased, which suggests that the orders of
the Ny and Nj. phases are higher than those of the N and Ny
phases. The temperature dependence of the dielectric constant
is shown in Fig. 3b. When 8 formed the N phase, the value was
ca. 10. A gradual increase in the dielectric constant is observed
at 90-100 °C. At 88 °C, the value abruptly increased and reached
ca. 5000. After cooling, the value suddenly decreases and
becomes nearly constant below 80 °C. The D-E hysteresis curves
are shown in Fig. 3c. At 120 °C, 8 gave the N phase and
exhibited paraelectric behaviour (Fig. 3c(i)). When the tempera-
ture decreased to 90 °C, the curve showed a slight hysteresis
loop (Fig. 3c(iii)). At 85 °C, a curve with a large hysteresis was
observed (Fig. 3c(iv)). The SHG profiles of 8 are shown in Fig.
S19 (ESIT). Although the SHG intensity was quite small at 90-
120 °C, it abruptly increased below 90 °C. This means that 8 is
SHG active below 90 °C, which is roughly consistent with the
results of dielectric relaxation and polarization reversal current
measurements. These results clearly indicate the presence of
the Ng phase at 8.

For the analogues in Group II, the substituents significantly
affected the emergence of the Ny phases. The introduction of
electron-withdrawing groups leads to the generation of Ng
phases probably owing to an increase in the molecular dipole
moments. During cooling, Ng-Nx phase transition appears at
63 °C for 7 and 85 °C for 8, respectively, implying that the NO,
group efficiently makes Nr phases more stable than the CN
group. In addition, the melting points of 7 and 8 are 121 and
98 °C, respectively, which implies that 8 sustains potentially Ng
at lower temperatures. Conversely, the dielectric constant of 7
reached 14 000 at 100 Hz, which is almost three times larger
than the maximum value of 8 (4500 at 1 kHz). Therefore, we
conclude that the CN substituent is effective for enhancing the
dielectric constants, and the NO, substituent is preferential for
the stabilization of the N phases over wide temperature
ranges. In contrast, for RM734 analogues, the modification
with CN instead of NO, gave no Ny phases.?’ In contrast to the
RM734 system, the C3-DIO system is less affected by the

J. Mater. Chem. C, 2023, 11, 6183-6190 | 6187
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substituent species at the end of the mesogen unit, which is
advantageous for tuning the N phases. Consequently, by
changing the functional group at the 4-position in the
phenyl group furthest from the dioxane unit, the emergence
of the N phase can be controlled. The introduction of electron-
withdrawing groups into the position enhances the total
dipole moment of the molecule, which could provide prefer-
ential effects on the formation of molecular alignment with
ferroelectricity.

3.4. Characterization of C3-DIO analogues in Group III

The C3-DIO analogues in Group III were characterized for their
thermal and dielectric properties by DSC measurements, POM
observations, and dielectric relaxation spectroscopy. The phase
transition properties are summarized in Table 1, and the DSC
curves, POM observations, dielectric relaxation behaviour, and
temperature dependence of the dielectric constant are shown
in Fig. S20-S27 (ESIt). The DSC curves of 9-11 show strong
endothermic peaks at approximately 125 °C and weak
endothermic peaks at 185-195 °C in the 1°* heating run (Fig.
S20-S22, ESIt), which are assigned to the Cryst-LC and LC-Iso
phase transitions, respectively. Although 11 shows only these
peaks in the cooling run, 9 and 10 show weak peaks at 84 and
148 °C, respectively. These peaks could be assigned to the
transition from LC to other LC phases. The POM images of
9-11 show a dark field image at 182-190 °C and bright textures
with birefringence, which are conventional in the N phase at
170-180 °C (Fig. S23, ESIY), indicating that Iso-N phase transi-
tions occur at 185-195 °C. Although 11 shows N-Cryst phase
transition at approximately 90 °C, textual changes were
observed at 84 °C for 9 and 147 °C for 10 before crystallization.
This would be an N-SmX phase transition. The dielectric
relaxation of 9-11 was measured at different frequencies, and
the temperature dependences of the dielectric constant of 9-11
are plotted (Fig. S24-S27, ESIT). Their dielectric constants were
below 40 and were almost constant in the LC phases. The
partial decrease in their dielectric constants could be owing to
the transition to the Cryst phase. From the results, it is clear
that 9-11 did not exhibit N phases.

3.5. Quantum chemical calculation of the stabilization
structures of C3-DIO analogues

To understand the emergence of the N phases, we performed
the quantum chemical calculations of C3-DIO analogues and
evaluated the relationships between their structural parameters
and the emergence of Ny phases. The most stable geometries
and dipole moments of these molecules were calculated using
density functional theory (DFT) calculation with B3LYP/
6-31+G(2d,p) basic functions as previously reported,”®*” and
their structural parameters and dipole moment are summar-
ized in Table 2.

The dihedral angles between the hydrogen atom of the
acetal position of the dioxane unit and the adjacent benzene
ring, ie., benzoate structure, were 36.7 and 37.5° for the
analogues in group I, which means that the dioxane unit is
tilted approximately 53° with respect to the adjacent benzene
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Table 2 Structural parameters and dipole moments obtained using

quantum chemistry calculations and the relationships between these
parameters and the emergence of ferroelectricity

Dihedral u/D along the  Ferroelectric
Group No. angle/** p/D® f/°°  molecular axis? phase’
1 88.9 9.51 9.42  9.38 Y
2 86.0 9.36 3.99 9.34 Y
3 89.5 8.69 10.61 8.54 Y
I 4 37.5 8.37 7.28 8.31 N
5 36.7 8.23 13.7 8.13 N
I 6 88.9 8.00 11.2 7.84 N
7 89.0 13.4 6.50 13.3 Y
8 89.1 13.0 6.66 12.9 Y
II1 9 89.7 6.86 25.9 6.17 N
10 89.5 7.18 12.9 7.00 N
11  89.8 5.92 22.7 5.46 N

¢ Dihedral angle between the H atom of the acetal position in the
dioxane unit and the adjacent benzene ring. ? Denotes the total dipole
moments of the entire molecules. ¢ Indicates the angles between u and
the long axis of the molecules. ¢ Denotes the dipole moments along the
long axis of the molecule. ¢ Distinction between the emergence of
ferroelectric phases. Y and N denote yes and no, respectively. Calcula-
tions were performed using density functional theory with the B3LYP/6-
31+G(2d,p) basis function. The unit of m is Debye (D), which is defined
as a1 x 10~ '® statcoulomb-centimetre.

ring. This is probably due to the steric hindrance arising from
the fluorine atom at the 3-position in the benzoate structure.
Meanwhile, analogues including those showing ferroelectric
phases have dihedral angles of 86.0-89.9°, indicating that the
dioxane unit is horizontal to the adjacent benzene ring. Thus,
the higher planarity between the dioxane unit and the adjacent
benzene ring might be preferable for the expression of the
ferroelectric LC phases.

The total dipole moment and dipole moment along mole-
cular long axes are strongly affected by the number of fluorine
atoms and their positions in the molecular structures. The
dipole moments of 3, 6, and 9, which have fewer fluorine atoms
in their structures, were smaller than that of 1. In particular,
the whole dipole moment of 6 is 8.00, which is significantly
smaller than that of the other C3-DIO analogues. This suggests
that the substituents at the 4-position in the phenyl unit
furthest from the dioxane unit significantly affect the strength
of the dipole moment. Conversely, analogues with fluorine
atoms positioned against the dipole moments of whole mole-
cules show smaller dipole moments. In particular, the dipole
moments of 10 and 11, which have a hydrogen atom position 4
in the phenyl group furthest from the dioxane unit and fluorine
atoms positioned against the whole dipole moments, are
significantly small. The dipole moments of analogues forming
Ni phases are 8.69-13.4 D, whereas those forming no N phases
are 5.92-8.37 D in our reports. Thus, a dipole moment of
approximately 8.5 D is a boundary for the presence or absence
of the Nr phases.

Dipole moments are strongly affected by the changes in
molecular conformation. We investigated the effect of the
conformation on the value of dipole moments of 3 and 4
showing a dipole moment close to 8.5 D. Analog 3 gives 8.44-
9.18 D (Fig. S28, ESIt). In particular, the conformation in which

This journal is © The Royal Society of Chemistry 2023
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the COO unit is horizontal with respect to the phenolate
structure shows the minimum and maximum values. Mean-
while, 4 shows 8.21-8.75 D (Fig. S29, ESIt). When 4 exhibits a
dipole moment above 8.5 D, it adopts the conformation in
which the oxygen atoms of the dioxane unit are closer to the
fluorine atom of the adjacent benzene ring, which is energeti-
cally unstable compared to other conformational changes.
These calculation results support that the boundary of the
emergence of ferroelectric phases is approximately 8.5 D. How-
ever, the analogues of 8 in which the biphenyl mesogen unit is
simply converted to 4-nitrophenyl or 3-methoxy-4-nitrophenyl
units, and does not exhibit Nr phases despite their dipole
moments above 10 D.>* This implies that the molecular length
is also a crucial factor for the emergence of the Ny phases.**

Angle f of analogues showing Ny phases is within 4.0-10.6°.
Conversely, analogues without ferroelectricity give a  of 7.3—-
25.9°. Thus, we speculate that the whole dipole moments closer
to the dipole moments along the molecular axis are preferential
for the emergence of ferroelectricity. From these results, we
conclude that the introduction of electron-withdrawing groups
at position 4 of the phenyl ring furthest from the dioxane unit is
quite effective for designing analogues with Ny phases.

Conclusions

To deeply understand the molecular origin of the ferroelectric
nematic phases, we systematically synthesized C3-DIO analo-
gues and investigated their structure-ferroelectric property
relationships. In this study, C3-DIO analogues in which fluor-
ine atoms in three species of benzene rings were modified were
newly designed and analysed their phase transition behaviour
and ferroelectric properties through DSC, POM, dielectric
relaxation, and polarization reversal current measurements.
The arrangement of fluorine atoms at the benzoate unit
strongly affects the formation of Ny phases; non- and 2-
fluorinated analogues show ferroelectric smectic phases,
whereas 2,3- and 2,5-fluorinated analogues show only para-
electric nematic phases. The arrangement of fluorine atoms in
phenolate and 3,4,5-trifluorophenyl units also affects ferroelec-
tricity. The shift of the fluorine atom at the 4-position in the
trifluorophenyl unit to other positions led to the disappearance
of the N phases. Consequently, these arrangements of fluorine
atoms decrease the dipole moments of whole molecules, which
could be unfavourable for the emergence of ferroelectricity. In
contrast, the introduction of electron-withdrawing groups into
the 4-position of the 3,4,5-trifluorophenyl unit enhances the
dipole moments of the whole molecule and yields N phases. In
our systems, analogues showing non-ferroelectric N phases give
a dipole moment of 5.92-8.37 D, whereas analogues showing
Ny phases give a dipole moment of 8.69-13.4 D. Therefore, a
dipole moment of around 8.5 D would be a boundary of the
emergence of N phases in C3-DIO analogues. In addition, we
conclude that the introduction of electron-withdrawing groups
into the 4-position of the benzene ring furthest from the
dioxane unit is effective for the emergence of N phases.

This journal is © The Royal Society of Chemistry 2023
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