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Abstract: The synthesis and characterisation of two series of
low molar mass mesogens, the (4-nitrophenyl) 2-alkoxy-4-(4-
methoxybenzoyl)oxybenzoates (NT3.m) and the (3-fluoro-4-
nitrophenyl) 2-alkoxy-4-(4-methoxybenzoyl)oxybenzoates
(NT3F.m), are reported in order to investigate the effect of
changing the position of a lateral alkoxy chain from the
methoxy-substituted terminal ring to the central phenyl ring
in these two series of materials based on RM734. All members
of the NT3.m series exhibited a conventional nematic phase,
N, which preceded the ferroelectric nematic phase, NF,
whereas all the members of the NT3F.m series exhibited
direct NF-I transitions except for NT3F.1 which also exhibited
an N phase. These materials cannot be described as wedge-
shaped, yet their values of the ferroelectric nematic-nematic
transition temperature, TNFN, exceed those of the correspond-
ing materials with the lateral alkoxy chain located on the

methoxy-substituted terminal ring. In part, this may be
attributed to the effect that changing the position of the
lateral alkoxy chain has on the electronic properties of these
materials, specifically on the electron density associated with
the methoxy-substituted terminal aromatic ring. The value of
TNI decreased with the addition of a fluorine atom ortho to
the nitro group in NT3F.1, however, the opposite behaviour
was found when the transition temperatures of the NF phase
were compared which are higher for the NT3F.m series. This
may reflect a change in the polarity and polarizability of the
NT3F.m series compared to the NT3.m series. Therefore, it is
suggested that, rather than simply promoting a tapered
shape, the role of the lateral chain in inhibiting anti-parallel
associations and its effect on the electronic properties of the
molecules are the key factors in driving the formation of the
NF phase.

Introduction

The conventional uniaxial nematic phase, N, although the least
ordered liquid crystalline phase, is at the heart of one of the
most successful optoelectronic technologies, namely liquid
crystal displays.[1] Within the nematic phase, the constituent
molecules align along a common direction known as the
director, n, whereas their centres of mass are randomly
arranged. The director has inversion symmetry such that n=

� n, and hence the phase is non-polar. Over 100 years ago,
however, Born suggested that if molecules had a sufficiently
large molecular dipole then the interactions between them

could drive the formation of the nematic phase, providing those
interactions were strong enough to withstand thermal fluctua-
tions and that this phase would be ferroelectric in nature.[2] The
first reported experimental observations of a polar ferroelectric
nematic phase, NF, were reported in 2017 for RM734,[3,4] and
DIO,[5] Figure 1. In the NF phase there is a spontaneous align-
ment of the molecular dipoles and the inversion symmetry
present in the N phase is lost, i.e. n¼6 � n, and the phase is
polar.

The overwhelming majority of the materials known to
exhibit the NF phase are low molar mass compounds with a
large dipole along the long axis of the molecule,[6–18] although a
small number of polymers have also been shown to exhibit the
NF phase.[7,19,20] To date there have been around 200 molecules
which have been shown to exhibit the NF phase and these may
broadly be categorised into three general structures, based on
either RM734,[3] DIO[5] or UUQU-4-N,[8] Figure 1. Exceptions to
this classification exist such as the highly rigid fluorinated
mesogens reported by Song et al.[21] The three archetypal
structures of RM734, DIO and UUQU-4-N appear somewhat
chemically different, but similarities between them are evident
and these may be crucial for the rational design of new
materials. Specifically, the molecules that show the NF phase
possess a large longitudinal molecular dipole, and it has been
suggested that this needs to be at least 9 D.[7] In addition, the
molecular shape incorporates an element of lateral bulk and
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this may arise from fluorination of the aromatic rings or from
lateral alkoxy chains. These empirical observations are in accord
with the computer simulations reported by Berardi et al.,[22] who
modelled tapered molecules using a generalised Gay-Berne
type of attractive-repulsive potential and found that a combina-
tion of a non-centrosymmetric shape with strong attractive
forces arising from a large dipole moment showed the ferro-
electric nematic phase.

The NF phase has rapidly become the hottest topic in the
field of liquid crystals not only because of its fundamental
importance but also because of its true application potential.
This application potential arises for a number of reasons
including that the NF phase is uniaxial and so the polarization is
along the director unlike in the more conventional ferroelectric
smectic materials;[23] it is easy to align;[24] it has a high non-linear
optical response;[25,26] switching occurs for very low electric
fields[5,13,18,27–29] and the phase maintains the fluidity of the
nematic phase.[30]

To enhance our understanding of the NF phase and to
exploit its application potential, new ferroelectric nematogens
are required with improved temperature working ranges. To
enable the rational design of these materials requires a better
understanding of structure-property relationships associated
with the NF phase but these remain at a very early stage. It is,
therefore, critical that we now explore the effects that different
structural modifications have on the stability of the NF phase.
Indeed, Mandle[31] has recently reported hydrogen-bonded

supramolecular complexes that show the NF phase and
surprisingly, these have molecular dipole moments far smaller
than the value of 9 D described earlier. Such studies will also
provide further examples of the direct NF-I transition which has
only been observed for a rather limited number of
molecules.[6,8,11,15,16,20] With these goals in mind, here we report
the synthesis and characterisation of two series of ferroelectric
nematogens that are structurally analogous to the 5-m and 6-m
series, Figure 2, that we recently reported,[16] the (4-nitrophenyl)
2-alkoxy-4-(4-methoxybenzoyl)oxybenzoates (NT3.m) and the
(3-fluoro-4-nitrophenyl) 2-alkoxy-4-(4-methoxybenzoyl)oxy-
benzoates (NT3F.m), Figure 3. The key difference between the
5-m and the 6-m series, and the NT3.m and NT3F.m series is
that the lateral alkoxy chain is now attached to the central
phenyl ring and this is expected to have a significant effect on
the molecular shape. The NT3.m and NT3F.m series differ by a
fluorine atom ortho to the terminal nitro group, and this allows
the effects of molecular polarity and polarizability on the NF

phase to also be evaluated. We note that of the fourteen
materials reported, three have been described previously.7

Results and Discussion

The transitional properties of the NT3.m series are reported in
Table 1. The transition temperatures of m=1–3 have been
reported previously,[7] and the data listed in Table 1 are in

Figure 1. Molecular structures of RM734 (left), DIO (middle) and UUQU-4-N (right).

Figure 2. The structures of the 5-m and 6-m series where m refers to the number of carbon atoms in the lateral alkoxy chain.16

Figure 3. The structures of the NT3.m and NT3F.m series where m refers to the number of carbon atoms in the lateral alkoxy chain.
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reasonable agreement with those in the literature. The value of
TNFN reported for NT3.3 is some 12 °C lower but, as we will see,
this lower value perfectly fits the overall behaviour for the
series. All the members of the NT3.m series showed a ferro-
electric nematic phase preceded by a conventional monotropic
nematic phase.

The nematic phase was assigned by polarised optical
microscopy based on the observation of characteristic schlieren
textures which contained two and four-point brush defects,
together with the optical flickering associated with director
fluctuations, Figure 4(a). Cooling the nematic phase saw a clear
change in the birefringence of the sample along with the
emergence of additional defect lines which acted as domain
boundaries, Figure 4(b). These domains contained areas of
differing birefringence and the boundary lines marked the
division of regions where the director changed orientation and
hence polarization. These domain walls have been described as
“soft”,[13] due to their ability to deform upon the application of a
small electric field or to change position somewhat over time.
In planar aligned cells, a uniform texture characteristic of the
nematic phase, Figure 4(c), was followed by an increase in
birefringence and the formation of a banded texture, character-
istic of the ferroelectric nematic phase, Figure 4(d). The
formation of these domains is thought to be driven by director
twist deformations which are necessary to connect opposite
polarization vectors on the lower and upper cell surfaces.[15] The
entropy changes associated with the nematic to isotropic
transitions are lower than might be expected for low molar
mass calamitic systems, but they are similar to those found for
the 5-m series.[16] The small values of ΔSNI/R found here for the
NT3.m series have been attributed to the enhanced molecular
biaxiality arising from the lateral alkoxy chain that reduces the

Table 1. Transition temperatures and associated scaled entropy changes
for the NT3.m series.

m TCrI/°C TNFN/°C TNI/°C ~SCrI/R ~SNFN/R ~SNI/R

1
192 – – 12.5 – –
- 126[a] 189[a] - 0.032[a] 0.21[a]

2 164 – – 12.9 – –
– 104[a] 137[a] - - 0.25[a]

3
130 – – 12.4 – –
– 93[b] 105[a] – – 0.25[a]

4 120 – – 8.80 – –
– 76[b] 82[a] – – 0.13[a]

5
102 63 68 13.0 0.31 0.16
– 61[a] 66[a] – 0.30[a] 0.18[a]

6 94 55 58 12.9 –[c] –[c]

– 53[a] 57[a] – 0.37[a] 0.13[a]

7
72 52 55 10.6 0.30 0.071
– 51[a] 54[a] – 0.36[a] 0.10[a]

[a] Values extracted from DSC cooling trace. [b] Measured using polarized
optical microscopy. [c] Crystallisation precluded measurement of the
entropy.

Figure 4. Polarized optical microscope textures observed for NT3.5: (a) Nematic schlieren texture between untreated glass slides (T=66 °C); (b) highly
birefringent striped texture with boundaries in the NF phase between untreated glass slides (T=61 °C); (c) uniform texture of the N phase in a planar aligned
cell (T=66 °C); (d) banded texture of the NF phase in a planar aligned cell (T=61 °C). The arrow shows the alignment direction.
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orientational order of the nematic phase and hence, decreases
ΔSNI/R.

[34,35]

The transitional properties of the NT3F.m series are reported
in Table 2. All the members of the NT3F.m series exhibited
direct NF to isotropic transitions, except for m=1 which showed
a N phase preceding the NF phase. The N and NF phases seen
for m=1, were assigned based on the observation of similar

textures to those described for the NT3.m series, Figures 5(a–b).
In the other members of the series the ferroelectric nematic
phase developed directly from the isotropic liquid and in cells
with planar anchoring this transition was marked by the
emergence of spherical droplets which coalesced to give a
banded texture with large domains, Figure 5(c–d). The scaled
entropy changes associated with the NF-I transitions for the
NT3F.m series, Table 2, are on average six times larger than the
scaled entropy changes associated with the N� I transitions for
the NT3.m series, Table 1. This presumably reflects the addi-
tional entropic contribution associated with the ordering of the
dipoles in the NF phase compared to the conventional N phase
and we have reported similar observations for other ferro-
electric nematogens.[6,15,16]

Dielectric measurements were performed using NT3F.7. In
the NF phase a strong dielectrically active relaxation process
was detected with dielectric strength reaching 13000 and
relaxation frequency of the order of 100 Hz, Figures 6 and S1.
This behaviour agrees well with that reported for other ferro-
electric nematogens;[6,8,11,14,15,20] the strong dielectric mode might
be attributed to the collective movement of the polarization
direction, phason mode.[36] The polar character of the NF phase
was also confirmed by the observation of electric switching.
Thus, when an AC voltage was applied to the cell, a single
current peak per half cycle was registered and this is associated
with the reversal of the spontaneous electric polarization,

Table 2. Transition temperatures and associated scaled entropy changes
for the NT3F.m series.

m TCrI/°C TNFN/°C
*TNF I/°C

TNI/°C ~SCrI/R ~SNFN/R
*~SNFI/R

~SNI/R

1 180 142 157 13.7 0.34 0.28
– 141[a] 156[a] – 0.34[a] 0.29[a]

2 179 - – 13.8 – –
– 118[b]* – – – –

3 135 - – 12.0 – –
– 92[a]* – – 0.91[a]* –

4 124 - – 16.9 – –
– 79[a]* – – 1.52[a]* –

5 104 70* – 8.28 0.89* –
– 68[a]* – – 0.91[a]* –

6 80 60* – 12.6 –[c]* –
– 58[a]* – – 0.97[a]* –

7
73 57* – 12.9 0.93* –
– 55[a]* – – 0.96[a]* –

[a] Values extracted from DSC cooling trace. [b] Measured using polarized
optical microscopy. [c] Crystallisation precluded measurement of the
entropy.

Figure 5. Polarized optical microscope textures: (a) Nematic schlieren texture of NT3F.1 between untreated glass slides (T=156 °C); (b) highly birefringent
striped texture of NT3F.1 with boundaries in the NF phase between untreated glass slides (T=141 °C); (c) highly birefringent texture with boundaries in the NF

phase of NT3F.5 between untreated glass slides (T=67 °C); (d) banded texture of the NF phase for NT3F.5 in a planar aligned cell (T=67 °C). The arrow shows
the alignment direction.
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Figure 7. The Ps value for this material was found to be as high
as 4.5 μCcm� 2.

In Figure 8, the transition temperatures shown by the
NT3.m series are compared to those of the corresponding series
in which the lateral alkoxy chain is attached to the methoxy-
terminated terminal ring, 5-m.[16] As the length of the lateral
alkoxy chain in the NT3.m series is increased, the melting points
decrease reflecting the disruption of the interactions between
the molecules by the lateral substituent that also inhibits the

packing of the molecules in the crystalline phase. These effects
become more pronounced as the chain length is increased. The
members with shorter lateral chains are more prone to
crystallisation than those with longer terminal chains. The
highest values of both TNI and TNFN were found for m=1 and
these values decreased as the length of the alkoxy chain
increased, reaching limiting values for the longest homologues.
Similar behaviour in terms of TNI was first reported for low molar
mass mesogens containing a lateral chain by Weissflog and

Figure 6. Complex dielectric permittivity measured for NT3F.7 at 52 °C in a 9.7-μm-thick cell with ITO electrodes and no alignment layer: the & represents the
measured real part of the dielectric permittivity, the * represents the imaginary part and the lines represent the fitting of the dispersion to the Cole-Cole
formula, where Δɛ=12860, fr =256 Hz, and α=0.04.

Figure 7. The switching current (black line) associated with polarization reversal under applied triangular wave voltage (blue line) for NT3F.7. Measurements
were performed in a 9.7-μm-thick cell with ITO electrodes and no alignment layer.
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Demus.[37,38] It was suggested that the alkyl chain adopts
conformations that allow it to lie along the molecular long axis
and thus the shape anisotropy, for a given range of chain
lengths, does not change and TNI is effectively constant. Such an
assumption is not, however, necessarily required to account for
such behaviour.[39] TNI falls more quickly than TNFN, on increasing
the alkoxy chain length and the temperature range of the N
phase narrows. The dependence of the transition temperatures
on chain length of the NT3.m series is similar to that seen for
the 5-m series.

The NT3.m series exhibits higher values of TNI than the
corresponding members of the 5-m series, although this differ-
ence was particularly small for m=1. This suggests that
changing the position of the lateral chain from a terminal ring
in the 5-m series to the middle ring in the NT3.m series
enhances the structural anisotropy, albeit marginally. The values
of TNFN for the shortest lateral chains, m=1,2, are higher for the
5-m series, but on increasing m the NT3.m series showed higher
values. This suggests that the stability of the NF phase is a more
subtle balance of shape and electronic effects and that these
differ on increasing chain length. Figure 9 shows the ball-and-
stick models, space-filling models and associated electrostatic
potential surfaces for NT3.5 and 5-5. Changing the position of
the alkoxy chain clearly has a marked effect on molecular
shape, and although 5-5 may be considered to have a tapered
shape, NT3.5 cannot. The average molecular dipole moment of
the NT3.m series is 11.67 D and this is around 0.45 D larger than
for the corresponding members of the 5-m series. For example,
for 5-5 the molecular dipole moment is 11.18 D compared to
11.72 D for NT3.5, the angle between the molecular axis and
the molecular dipole is 13.3 ° for 5-5 and 19.2 ° for NT3.5. This
increase in the angle between the dipole moment and the long
molecular axis may be attributed to the increase in the dipole
vector component along the y-axis arising from the change in
electron density on changing the position of the lateral chain
from the methoxy-substituted terminal ring in 5-5 to the middle
ring in NT3.5. The angle found for 5-5 is smaller than that
reported for RM734[40] and this suggests that the extension of
the lateral alkoxy chain contributes to this difference. It is
important to note that although these calculations were under-
taken with a different basis set than that used by Mandle

et al.,[40] we report an identical dipole moment for RM734 using
the B3LYP/6-31G(d) level of theory.[15] Furthermore, the angle
between the molecular dipole and the molecular axis was 15.8 °
using the B3LYP/6-31G(d) level of theory, which is in good
agreement with that found by Mandle et al.[40] The molecular
dipole moments of each member of the NT3.m series are given
in Table SI7. It is apparent from the electrostatic potential
surfaces that the ester linkages are isolating regions of electron
density such that electronic conjugation does not extend along
the molecular axis, Figure 9, and it has been suggested that
such a distribution drives the formation of the NF phase.[31] In
the framework of a molecular model developed by Madhusuda-
na to describe the NF phase, the calamitic molecules are
considered to possess longitudinal surface charge density
waves and these interact inhibiting the formation of antiparallel
structures.[41] This model also suggests that the parallel align-
ment of the molecules is enhanced by minimising the
amplitude of the charge density wave at either end of the
molecule. It is noteworthy that changing the position of the
lateral alkoxy chain changes the electron distribution of the
aromatic rings. In the case of 5-5, Figure 9, the lateral chain
donates electrons into the terminal aromatic ring, increasing
the amplitude of the charge density wave at the molecular
terminus compared to that seen for NT3.5, and destabilises the
ferroelectric nematic phase in accord with the predictions of
the model proposed by Madhusudana.[41]

In Figure 10, the transition temperatures shown by the
NT3F.m and 6-m series are compared.[16] As with the NT3.m
series, on increasing the length of the lateral alkoxy chain for
the NT3F.m series, the melting points show a general decrease
in temperature. As we discussed earlier, only NT3F.1 shows a
conventional nematic phase. For this series the value of TNI

must fall sharply on increasing m and the remaining members
show a NF-I transition. This implies an increase in the stability of
the NF phase relative to that of the N phase on increasing m.
The values of TNI fall on increasing m reaching a limiting value
for the longest homologues. The values of both TNI and TNFI are
higher for the NT3F.m series than for the corresponding
members of the 6-m series.[16] This also suggests that having the
lateral chain attached to the middle aromatic ring is more
favourable for the stability of the ferroelectric nematic phase

Figure 8. Dependence of the transition temperatures with respect to the number of carbon atoms in the lateral alkoxy chain, m, of the 5-m (purple symbols)
and NT3.m (green symbols) series where ··· represents TCr-,* represents TNI, and& TNFN.
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than if it is located on the terminal ring as in the 6-m series.
Again, this may be attributed to the difference in electron
density in the methoxy-substituted terminal ring arising from
changing the position of the lateral alkoxy chain, as described
earlier for the 5-m and NT3.m series. The average molecular

dipole moment of the NT3F.m series is 12.75 D and this is
around 0.55 D larger than for the corresponding members of
the 6-m series. For example, for 6-4 the molecular dipole
moment is 12.24 D compared to 12.79 D for NT3F.4, and the
angle between the long molecular axis and the molecular

Figure 9. Ball-and-stick models (top), space-filling models (middle) and electrostatic potential surfaces (bottom) of (a) NT3.5 and (b) 5-5, calculated at the
B3LYP/6-31(d) level of theory. The arrow indicates the positive direction of the calculated dipole moment.

Figure 10. Dependence of the transition temperatures with respect to the number of carbon atoms in the lateral alkoxy chain, m, of the 6-m (orange symbols)
and NT3F.m (blue symbols) series where ··· represents TCr-,* TNI,& TNFN, and & TNFI .

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202300073

Chem. Eur. J. 2023, 29, e202300073 (7 of 11) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 11.05.2023

2328 / 295167 [S. 123/127] 1

 15213765, 2023, 28, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202300073 by U

niversity O
f A

berdeen T
he U

ni, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



dipole is 14.0 ° for 6-4 and 19.0 ° for NT3F.4. The difference in
these angles is slightly smaller than that seen for 5-5 and NT3.5.

The molecular dipole moments of each member of the NT3F.m
series are given in Table SI7.

A comparison of the transition temperatures of the NT3.m
and NT3F.m series is shown in Figure 11. The striking difference
between the two series is the loss of the conventional N phase
in the NT3F.m series, except for m=1, whereas all members of
the NT3.m series show the nematic phase. The fluorine atom
ortho to the nitro group in NT3F.1 reduces TNI by 35 °C
compared to that of NT3.1. This reduction may be attributed to
the decrease in shape anisotropy associated with replacing the
smaller hydrogen atom by a larger fluorine atom in a lateral
position, Figure 12. The size of this reduction of TNI is very much
in line with the values reported for similar materials.[3,16] It is
interesting to note that applying a similar value for the decrease
in TNI for the remaining members of the NT3F.m series, sees the
predicted values fall well below the experimentally observed
values of TNFI.

The values of TNFN for the NT3.m and TNFI for the NT3F.m
series show a similar dependence on increasing the length of
the lateral alkoxy chain, Figure 11. Whereas TNI decreased with
the addition of a fluorine atom, the opposite behaviour is found

Figure 11. Dependence of the transition temperatures with respect to the
number of carbon atoms in the lateral alkoxy chain, m, of the NT3.m (green
symbols) and NT3F.m (blue symbols) series where* represents TNI,& TNFN,
and & TNF I.

Figure 12. Ball-and-stick models (top), space-filling models (middle) and electrostatic potential surfaces (bottom) of (a) NT3.4 and (b) NT3F.4, calculated at the
B3LYP/6-31(d) level of theory. The arrow indicates the positive direction of the calculated dipole moment.
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comparing the transition temperatures of the NF phase which
are higher for the NT3F.m series. Similar behaviour was reported
for the 5-m and 6-m series, and for materials based on similar
structures.[3] The increase in the stability of the ferroelectric
nematic phase associated with the addition of the fluorine
atom ortho to the terminal nitro group may be attributed to the
change in polarity and polarizability of the molecule along with
the change in shape.

The ball-and-stick models, space-filling models, and electro-
static potential surfaces of NT3.4 and NT3F.4, are shown in
Figure 12. Again, it is apparent that these materials cannot be
described as being wedge-shaped, and there is a clear differ-
ence in the electron density distribution in the aromatic ring
containing the nitro group between the two molecules. This
difference causes the average molecular dipole moment for the
members of the NT3F.m series to be around 1.08 D higher than
the NT3.m series. For example, the molecular dipole moments
of NT3.4 and NT3F.4 are 11.69 D and 12.79 D, respectively, and
the angles between the long molecular axis and the dipoles is
19.5 ° and 19.0 °, respectively. The addition of the fluorine atom
ortho to the terminal nitro group, removes electron density
from the nitro group and spreads the charge helping to
stabilise the ferroelectric nematic phase, Figure 12, in accord
with the model proposed by Madhusudana,[41] and described
earlier.

By comparing the behaviour of the 5-m and 6-m series with
that of the NT3.m and NT3F.m series, respectively, it is clear that
the change in the position of the alkoxy chain also contributed
to the enhanced stability of the NF phase. It is not clear,
however, whether this is a steric effect, an electronic effect or as
is perhaps more likely, a combination of both.

Conclusions

We have reported the effects of changing the position of a
lateral alkoxy chain from the methoxy-substituted terminal ring
to the central phenyl ring in two series of materials based on
RM734. These materials cannot be described as being tapered
and yet their values of TNFN exceed those of the corresponding
materials with the lateral alkoxy chain in the terminal ring.
Indeed, this structural change is accompanied by both an
absolute increase in TNFN and a relative increase in TNFN/TNI. In
part, this may be attributed to electronic changes. Specifically,
for the NT3.m series, the lateral alkoxy chain no longer donates
electrons into the methoxy-substituted terminal ring. This
reduces the amplitude of the charge density wave compared to
the corresponding members of the 5-m series, stabilising the
ferroelectric nematic phase. It is possible, however, that for the
design of new ferroelectric nematogens, the conventional
approach of using a wedge-shaped molecule is limiting, and
rather than the shape, it is the role of the lateral chain in
inhibiting anti-parallel associations that is key. We clearly have a
great deal more to learn about the structure-property relation-
ships in the remarkable NF phase.

Experimental Section
Synthesis: The synthetic route used to prepare the NT3.m and
NT3F.m series is shown in Scheme 1. A detailed description of the
preparation of both series, including the structural characterisation
data for all intermediates and final products, is provided in the
Supporting Information.

Optical studies: Phase characterisation was performed by polarised
light microscopy, using an Olympus BH2 polarising light micro-
scope equipped with a Linkam TMS 92 hot stage. The untreated
glass slides were 0.17 mm thickness while the planar aligned cells
were purchased from INSTEC with a cell thickness between 2.9–
3.5 μm, and an ITO conducting layer.

Differential scanning calorimetry: The phase behaviour of the
materials was studied by differential scanning calorimetry per-
formed using Mettler Toledo DSC1 or DSC3 differential scanning
calorimeters equipped with TSO 801RO sample robots and
calibrated using indium and zinc standards. Heating and cooling
rates were 10 °C min� 1, with a 3-min isotherm between either
heating or cooling, and all samples were measured under a
nitrogen atmosphere. Transition temperatures and associated
enthalpy changes were extracted from the heating traces unless
otherwise noted. For monotropic transitions, the sample was
cooled to around 10 °C below the transition, held in a 3-min
isotherm, reheated and if crystallisation did not occur during either
the cooling or isothermal segment, the transitional properties were
extracted from the heating segment. The entropy changes
associated with the transition temperatures were scaled with the
universal gas constant, R, using a value of 8.314 JK� 1mol� 1.

Molecular modelling: The geometric parameters of the NT3.m and
NT3F.m series were obtained using quantum mechanical DFT
calculations with Gaussian09 software.[32] Optimisation of the
molecular structures was carried out at the B3LYP/6-31G(d) level of
theory. A frequency check was used to confirm that the minimum
energy conformation found was an energetic minimum. Visual-
isations of electronic surfaces and ball-and-stick models were
generated from the optimised geometries using the GaussView 5
software. The electronic surfaces were found with the cubegen
utility in GaussView by generating a total density cube using a SCF
density matrix and course grid, overlayed by an ESP surface map.
Visualisations of the space-filling models were produced post-
optimisation using the QuteMol package.[33]

Spontaneous electric polarization measurements: Values of the
spontaneous electric polarization were obtained from the current
peaks recorded during Ps switching upon applying triangular
voltage at a frequency of 2 Hz. The 9.7 μm-thick cells with ITO
electrodes and no polymer aligning layers were used and the
switching current was determined by recording the voltage drop at
the resistivity of 50 kOhm in serial connection with the sample. The
current peak was integrated over time to calculate the surface
electric charge and evaluate polarization value.

Dielectric spectroscopy: The complex dielectric permittivity, ɛ*, was
studied using a Solatron 1260 impedance analyzer, measurements
were conducted in 1 Hz–1 MHz frequency (f) range, with the probe
voltage of 20 mV, and it was checked by optical observations that
such a voltage is below the Fredericks transition threshold. The
material was placed in 9.7 μm-thick glass cells with ITO electrodes
and no polymer aligning layers. Lack of a surfactant layer resulted
in the random configuration of the director in the LC phases,
microscopic observations of optical textures suggested dominant
planar orientation without preferable direction of long molecular
axis. The relaxation frequency, fr, and dielectric strength of the
mode, Δɛ, were evaluated by fitting the complex dielectric
permittivity to the Cole-Cole formula:
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X De

1þ if
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� �1� a
þ i

d

2pe0f

� �

where e∞ is the high frequency dielectric constant, α is the
distribution parameter of the mode and δ is the low frequency
conductivity, respectively.

Acknowledgements

C. T. I. and J. M. D. S. acknowledge the financial support of the
Engineering and Physical Sciences Research Council [EP/
V048775/1]. D. P. gratefully thanks the National Science Centre
(Poland) under the grant no. 2021/43/B/ST5/00240.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: ferroelectric nematic phase · fluorine · lateral alkoxy
chain · liquid crystal · nematic phase

[1] J. C. Jones in Handbook of Optoelectronics: Enabling Technologies. Series
in Optics and Optoelectronics, (eds. J. P. Dakin, R. G. W. Brown), CRC
Press, Boca Raton, 2017, pp. 137–224.

[2] M. Born, Ann. Phys. 1918, 360, 177–240.
[3] R. J. Mandle, S. J. Cowling, J. W. Goodby, Chem. Eur. J. 2017, 23, 14554–

14562.
[4] R. J. Mandle, S. J. Cowling, J. W. Goodby, Phys. Chem. Chem. Phys. 2017,

19, 11429–11435.
[5] H. Nishikawa, K. Shiroshita, H. Higuchi, Y. Okumura, Y. Haseba, S. I.

Yamamoto, K. Sago, H. Kikuchi, Adv. Mater. 2017, 29, 1702354.
[6] D. Pociecha, R. Walker, E. Cruickshank, J. Szydlowska, P. Rybak, A. Makal,

J. Matraszek, J. M. Wolska, J. M. D. Storey, C. T. Imrie, E. Gorecka, J. Mol.
Liq. 2021, 361, 119532.

[7] J. Li, H. Nishikawa, J. Kougo, J. Zhou, S. Dai, W. Tang, X. Zhao, Y. Hisai, M.
Huang, S. Aya, Sci. Adv. 2021, 7, eabf5047.

[8] A. Manabe, M. Bremer, M. Kraska, Liq. Cryst. 2021, 48, 1079–1086.
[9] R. J. Mandle, Soft Matter. 2022, 18, 5014–5020.

[10] N. Sebastián, M. Čopič, A. Mertelj, Phys. Rev. E. 2022, 106, 021001.
[11] J. Li, Z. Wang, M. Deng, Y. Zhu, X. Zhang, R. Xia, Y. Song, Y. Hisai, S. Aya,

M. Huang, Giant. 2022, 11, 100109.

Scheme 1. Overall synthetic route used to synthesise the (4-nitrophenyl) 2-alkoxy-4-(4-methoxybenzoyl)oxybenzoates, NT3.m series and (3-fluoro-4-
nitrophenyl) 2-alkoxy-4-(4-methoxybenzoyl)oxybenzoates, NT3F.m series.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202300073

Chem. Eur. J. 2023, 29, e202300073 (10 of 11) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 11.05.2023

2328 / 295167 [S. 126/127] 1

 15213765, 2023, 28, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202300073 by U

niversity O
f A

berdeen T
he U

ni, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/andp.19183600302
https://doi.org/10.1002/chem.201702742
https://doi.org/10.1002/chem.201702742
https://doi.org/10.1039/C7CP00456G
https://doi.org/10.1039/C7CP00456G
https://doi.org/10.1002/adma.201702354
https://doi.org/10.1080/02678292.2021.1921867
https://doi.org/10.1039/D2SM00543C
https://doi.org/10.1016/j.giant.2022.100109


[12] J. Zhou, R. Xia, M. Huang, S. Aya, J. Mater. Chem. C. 2022, 10, 8762–8766.
[13] N. Sebastián, R. J. Mandle, A. Petelin, A. Eremin, A. Mertelj, Liq. Cryst.

2021, 48, 2055–2071.
[14] R. Saha, P. Nepal, C. Feng, M. S. Hossain, M. Fukuto, R. Li, J. T. Gleeson, S.

Sprunt, R. J. Twieg, A. Jákli, Liq. Cryst. 2022, 49, 1784–1796.
[15] S. Brown, E. Cruickshank, J. M. D. Storey, C. T. Imrie, D. Pociecha, M.

Majewska, A. Makal, E. Gorecka, ChemPhysChem. 2021, 22, 2506–2510.
[16] E. Cruickshank, R. Walker, J. M. D. Storey, C. T. Imrie, RSC Adv. 2022, 12,

29482–29490.
[17] H. Kikuchi, H. Matsukizono, K. Iwamatsu, S. Endo, S. Anan, Y. Okumura,

Adv. Sci. 2022, 9, 2202048.
[18] Y. Song, M. Deng, Z. Wang, J. Li, H. Lei, Z. Wan, R. Xia, S. Aya, M. Huang,

J. Phys. Chem. Lett. 2022, 13, 9983–9990.
[19] S. Dai, J. Li, J. Kougo, H. Lei, S. Aya, M. Huang, Macromolecules. 2021, 54,

6045–6051.
[20] J. Li, R. Xia, H. Xu, J. Yang, X. Zhang, J. Kougo, H. Lei, S. Dai, H. Huang, G.

Zhang, F. Cen, Y. Jiang, S. Aya, M. Huang, J. Am. Chem. Soc. 2021, 143,
46.

[21] Y. Song, J. Li, R. Xia, H. Xu, X. Zhang, H. Lei, W. Peng, S. Dai, S. Aya, M.
Huang, Phys. Chem. Chem. Phys. 2022, 24, 11536–11543.

[22] R. Berardi, M. Ricci, C. Zannoni, ChemPhysChem 2001, 2, 443–447.
[23] Y. Zhang, J. Ortega, U. Baumeister, C. L. Folcia, G. Sanz-Enguita, C.

Walker, S. Rodriguez-Conde, J. Etxebarria, M. J. O’Callaghan, K. More, J.
Am. Chem. Soc. 2012, 134, 16298–16306.

[24] F. Caimi, G. Nava, R. Barboza, N. A. Clark, E. Korblova, D. M. Walba, T.
Bellini, L. Lucchetti, Soft Matter. 2021, 17, 8130–8139.

[25] N. Sebastián, L. Cmok, R. J. Mandle, M. R. De La Fuente, I. Drevenšek O-
lenik, M. Čopič, A. Mertelj, Phys. Rev. Lett. 2020, 124, 037801.

[26] C. L. Folcia, J. Ortega, R. Vidal, T. Sierra, J. Etxebarria, Liq. Cryst. 2022, 49,
899–906.

[27] X. Chen, E. Korblova, D. Dong, X. Wei, R. Shao, L. Radzihovsky, M. A.
Glaser, J. E. Maclennan, D. Bedrov, D. M. Walba, N. A. Clark, Proc. Natl.
Acad. Sci. 2020, 117, 14021–14031.

[28] H. Nishikawa, F. Araoka, Adv. Mater. 2021, 33, 2101305.
[29] X. Chen, Z. Zhu, M. J. Magrini, E. Korblova, C. S. Park, M. A. Glaser, J. E.

Maclennan, D. M. Walba, N. A. Clark, Liq. Cryst. 2022, 49, 1531–1544.

[30] M. T. Máthé, Á. Buka, A. Jákli, P. Salamon, Phys. Rev. E. 2022, 105,
L052701.

[31] R. J. Mandle, Liq. Cryst. 2022, 49, 2019–2026.
[32] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H.
Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G.
Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
J. A. Montgomery, J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E.
Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi,
N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D.
Daniels, Farkas, J. B. Foresman, J. V Ortiz, J. Cioslowski, D. J. Fox,
Gaussian 09, Revision B.01, Gaussian, Inc., Wallingford CT, 2010.

[33] M. Tarini, P. Cignoni, C. Montani, IEEE Trans. Vis. Comput. Graph. 2006,
12, 1237–1244.

[34] T. Donaldson, H. Staesche, Z. B. Lu, P. A. Henderson, M. F. Achard, C. T.
Imrie, Liq. Cryst. 2010, 37, 1097–1110.

[35] C. T. Imrie, G. R. Luckhurst, J. Mater. Chem. 1998, 8, 1339–1343.
[36] N. Vaupotič, D. Pociecha, P. Rybak, J. Matraszek, M. Čepič, J. M. Wolska,

E. Gorecka, Liq. Cryst. 2023, DOI: 10.1080/02678292.2023.2180099.
[37] W. Weissflog, D. Demus, Cryst. Res. Technol. 1983, 18, K21–K24.
[38] W. Weissflog, D. Demus, Cryst. Res. Technol. 1984, 19, 55–64.
[39] C. T. Imrie, L. Taylor, Liq. Cryst. 1989, 6, 1–10.
[40] R. J. Mandle, N. Sebastián, J. Martinez-Perdiguero, A. Mertelj, Nat.

Commun. 2021, 12, 4962.
[41] N. V. Madhusudana, Phys. Rev. E. 2021, 104, 014704.

Manuscript received: January 9, 2023
Accepted manuscript online: February 20, 2023
Version of record online: March 31, 2023

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202300073

Chem. Eur. J. 2023, 29, e202300073 (11 of 11) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 11.05.2023

2328 / 295167 [S. 127/127] 1

 15213765, 2023, 28, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202300073 by U

niversity O
f A

berdeen T
he U

ni, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1039/D2TC00862A
https://doi.org/10.1080/02678292.2021.1955417
https://doi.org/10.1080/02678292.2021.1955417
https://doi.org/10.1080/02678292.2022.2069297
https://doi.org/10.1002/cphc.202100644
https://doi.org/10.1039/D2RA05628C
https://doi.org/10.1039/D2RA05628C
https://doi.org/10.1002/advs.202202048
https://doi.org/10.1021/acs.jpclett.2c02846
https://doi.org/10.1021/acs.macromol.1c00864
https://doi.org/10.1021/acs.macromol.1c00864
https://doi.org/10.1039/D2CP01110G
https://doi.org/10.1002/1439-7641(20010716)2:7%3C443::AID-CPHC443%3E3.0.CO;2-J
https://doi.org/10.1021/ja3062826
https://doi.org/10.1021/ja3062826
https://doi.org/10.1039/D1SM00734C
https://doi.org/10.1080/02678292.2022.2056927
https://doi.org/10.1080/02678292.2022.2056927
https://doi.org/10.1073/pnas.2002290117
https://doi.org/10.1073/pnas.2002290117
https://doi.org/10.1002/adma.202101305
https://doi.org/10.1080/02678292.2022.2058101
https://doi.org/10.1080/02678292.2022.2145380
https://doi.org/10.1080/02678292.2010.494412
https://doi.org/10.1039/a801128a
https://doi.org/10.1080/02678292.2023.2180099
https://doi.org/10.1002/crat.2170180127
https://doi.org/10.1002/crat.2170190112
https://doi.org/10.1080/02678298908027317

