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ABSTRACT: A series of liquid crystal (LC) materials are reported, which
form a variety of ferroelectric nematic and smectic phases. The relationship
between the number and position of lateral fluorine substituents and the
formation of ferroelectric LC phases is investigated. While the addition of
fluorine substituents increases the temperature at which ferroelectric order
appears, the relationship between fluorination and the LC phase sequence is
more complicated. Introducing lateral fluorine substituents can either
suppress or promote the formation of ferroelectric smectic phases, depending
on their position within the molecule, and the interplay between these trends

allows for more exotic ferroelectric phases to appear.

B INTRODUCTION

The recent discovery of the ferroelectric nematic (Np)
phase' ™ has sparked a new era of research into fluid
ferroelectric materials. The N phase is a nematic liquid
crystal phase in which there is no positional order of molecules,
but where they tend to align with their long axes pointing in
the same average direction, known as the director, n. In the Ng,
phase, and in contrast to the conventional paraelectric nematic
phase, N, inversion symmetry is lost such that n # —n, making
the phase polar (Figure la).

While polar liquid crystal phases of chiral and bent-core

materials have been studied for several decades, these were

Figure 1. Schematic drawing of the structure of (a) paraelectric (N)
and ferroelectric (Np) nematic phases, (b) orthogonal (SmAg) and
tilted (SmCp) ferroelectric phases, and (c) heliconical ferroelectric
nematic phase, Nygp. P is the electric polarization vector resulting
from the parallel orientation of strongly dipolar molecules.
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examples of improper ferroelectrics, and indeed, for many
years, it was believed that thermal fluctuations in a liquid phase
would prevent the observation of proper ferroelectricity. The
discovery of the Np phase proved this assumption incorrect,
however, and now hundreds of ferroelectric nematogens have
been reported, although in general, the majority of these are
variations on three molecular archetypes, known as DIO,*
RM734," and UUQU-4N.*

In the past few years, the field of ferroelectric liquid crystals
has been expanded by the reports of more complex
terroelectric LC phases, including orthogonal smectic A
(SmAg) and tilted smectic C (SmCp) ferroelectric phases,”™"*
as well as heliconical ferroelectric nematic (Npgp)'® and
smectic C (SmCpH)'® phases (Figure 1). The ferroelectric
SmAg and SmCp phases are characterized by lamellar order, as
for conventional SmA and SmC phases, with the addition of
polar order, and the direction of spontaneous electric
polarization is along the director. In the helical phases
(nematic and smectic), the director is tilted with respect to
the helix axis, and the precession of the electric polarization
around this axis means the polarization is partially
compensated. However, these polar phases are still rare and
not yet well-understood.
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Figure 2. Structures of the materials reported here and their codes. M-0-1 has been reported previously."*
Table 1. Transition Temperatures (in °C) and Phase Sequences for the Compounds in This Series
M-0-0 MP 147 SmCy 84 SmAg 146 Ng 152 N 267 Iso
M-0-1¢ MP 141 SmC; 115 SmAg 167 Ng 185 N 263 Iso
M-0-2 MP 138 SmCg 164 SmAg 185 Ng 220 N 252 Iso
M-1-0 MP 165 SmC; 72b SmAg 134 N; 156° Ny 159¢ N 262 Iso
M-1-1 MP 139 SmCy 108" SmAg 1307 Ng 191 N 253 Iso
M-1-2 MP 141 SmCy 143 Nogs 151° Ng 224 N 247 Iso
M-2-0 MP 169 Nk 155° Nx 156° N 238 Iso
M-2-1 MP 163 Ng 185 N 233 Iso
M-2-2 MP 158 Nk 214 N 231 Iso

“Taken from birefringence measurement. bTaken from SAXS measurements. “Determined from dielectric spectroscopy measurements. “Taken

from ref 14. MP stands for melting point.
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Figure 3. Compound M-0-2: (a) optical birefringence measured with green light (4 = 532 nm), red line representing enlarged dependence close to
the SmA;—SmC;p phase transition (right axis), (b) layer spacing, d, and the diffraction signal width, fwhm, vs temperature, (c—f) optical textures of
SmCp, SmAg, Ng, and N phases taken in a 1.7-um-thick cell treated for planar alignment, with parallel rubbing on both surfaces. Scale bar

corresponds to 100 ym.

We have recently reported a fluorinated mesogenic
compound which forms a sequence of ferroelectric nematic
and smectic phases below the paraelectric nematic phase.'*
This is a rare example of a mesogen forming an uninterrupted
series of ferroelectric LC phases with increasing positional
order. Another unusual feature of this material is the formation
of two smectic phases, despite the molecule not containing any
alkyl chains. Typically, the formation of conventional smectic
LC phases is driven by self-segregation between mesogenic

units and terminal chains, and this difference highlights the
different relationships between the molecular structure and the
formation of these new polar phases. We hypothesized that the
formation of the ferroelectric smectic phases in this material is
driven by a different type of molecular self-segregation,
between fluorinated and nonfluorinated regions of the
molecule, as the structure contains several lateral fluorine
substituents, as do, to the best of our knowledge, all other
examples of liquid crystals forming ferroelectric smectic or

https://doi.org/10.1021/jacs.4c16802
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.4c16802?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16802?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16802?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16802?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16802?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16802?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16802?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16802?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c16802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(@
8000
6000
T (?
4000 S ///,//l//,//
\‘\'\‘\‘\\\\7["’/”//////
20001 ““ﬁzﬁab
o \\\\\\\\\\\ 7
102 “\“\“\\\‘\\\\\\\‘\\ \\‘ \\\\\\‘\‘\\\\‘\‘\\\‘\\\‘\\\‘\‘\\\‘\\\\\\\n\‘\‘\\
2 \‘\‘\\\‘\‘\\\\\\\\\\\ \\“\\\\\\\\\\m‘
[o2 \ \\\\\

160

200

* '\‘\\ |
1,4:, "

m%%%
”W%M"
II/IIII//[”/ ”,III, II,, }

il /I/IIIII
.

n ,,’III‘I ”
I
; Wbty ”lll' '
Il

4241y
lm
lu, :,,ln, ':'

III

i
\\\‘ﬂmfrf"
St N

\\\\\\\\\\\\\\\\ jipal
“\\“\\\\\\\\\\\\w\\)m“\w

N
W
\\ i “\\\\\“:}l‘
\

R \i\\
N AR
(i ‘Q&\R“&\\\\\\\\\\\\\\\\\\\\\\

11°C

Figure 4. Real (¢') and imaginary (&”) parts of apparent dielectric permittivity of (a) M-0-2 and (b) M-0-0 compounds, measured in a S-um-thick

cells with gold electrodes.

heliconical ferroelectric nematic phases.””'* While this clearly
indicates the importance of fluorine substituents in forming
polar smectic phases, at first glance, there are no obvious
trends linking the number and/or position of fluorine
substituents and the phase behavior. The unique properties
of fluorine substituents have played an important part in the
development of many different liquid crystal phases;'’
however, studies of these new polar phases have mainly
focused on varying terminal chain length, the nature of linking
groups, and the number of aromatic rings present, and there
has not been a systematic study of the effects of fluorine
substitution on the formation of these more ordered polar
phases.

In this study, we have investigated the effect of varying the
number and position of lateral fluorine substituents on the
formation of ferroelectric LC phases, and the structures of
these materials are given in Figure 2. A description of the
organic synthetic procedures and analytical characterization of
the compounds is given in the Supporting Information. The
materials have been given a code M-X-Y, with X and Y
representing the number of fluorine atoms (0, 1, or 2) on rings
2 and 3, respectively. The phase behavior of the new materials
is given in Table 1.

B RESULTS

Assignment of LC Phases. Preliminary assignment of LC
phases was carried out using polarized light optical microscopy
(Figure 3). The nematic phase in thin cells with planar

anchoring and parallel rubbing on both surfaces produced a
uniform texture. Identification of the Ny (also referred to as
SmZ,'®) phase was based on the observation of characteristic
chevron defects (Figure S17a). The ferroelectric nematic, N,
phase produced a uniform texture in thin cells with
characteristic conical defects anchored to glass pillars that
serve as cell spacers.19 The Nrgp phase is characterized by a
striped texture (Figure S17b), with the periodicity of the
stripes reflecting the helical pitch.'> The SmA, phase showed a
uniform or a mosaic-like optical texture in thin cells with planar
anchoring and parallel rubbing (Figure 3d). In the SmCp
phase, the mosaic texture usually breaks into small striped
domains (Figure 3c); in other cases, a noncharacteristic and
strongly scattering texture was observed.

X-ray diffraction measurements confirmed the assignment of
the observed LC phases. In all of the nematic phases, only
diffused signals were registered, showing a lack of positional
order. On approaching the smectic phase, the low-angle
diffraction signal narrows, and in the smectic phases, it reaches
machine resolution (Figure 3b). The transition from
orthogonal SmA; to tilted SmCg phase is marked by a
decrease of layer thickness due to an increasing tilt angle
(Figure S18).

The polar properties of the phases were confirmed by the
observation of optical switching upon application of an electric
field, which was accompanied by a switching current. The
polarization calculated from the switching current peak is of
the order of 4—S uC cm™, typical for proper ferroelectric
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Figure S. Real (a) and imaginary (b) parts of the apparent dielectric permittivity of M-1-0 measured in a S-um-thick cell with gold electrodes.

liquid crystals, with no marked changes at the SmA;—SmCy
phase transition, showing the similar order of dipole moments
in both smectic phases (Figure S19). Switching under a
modified triangular-wave voltage (two subsequent voltage
pulses of the same polarity are applied) clearly shows the
ferroelectric nature of the ground state of the smectic phases.
The first pulse induced a ferroelectric state that is preserved
when the field is switched off, so the second pulse of the same
polarity of electric field has no effect on the polar state of the
sample and thus does not produce a switching current peak
(Figure S19). In sufficiently high electric fields, in all polar
phases, including the tilted SmCy phase, the planar texture
transforms to a homeotropic one, as the polarization is
reoriented along the electric field (Figure S20). Moreover, in
polar phases, a strong dielectric response at the low frequency
of the applied field was detected by dielectric spectroscopy;
such response served as an indication of the polar nature of the
phase, although the exact interpretation of results of the
dielectric spectroscopy data in strongly polar soft matter is still
under debate.”’™**

Phase Behavior of Group | (M-0-Y). The materials with
no fluorine substituents on ring 2 all formed a series of nematic
and smectic liquid crystalline phases. All three M-0-Y materials
exhibit N, Ng, SmAg, and SmCy phases. Measurement of the
optical birefringence of M-0-2 (Figure 3a) shows a continuous
increase of An in the nematic phase, following a critical, power
law dependence of the orientational order parameter (S) of the
molecules. This trend continues into the Ng phase, although
there is a pronounced dip at the N—Np, phase transition. Such
a dip has been observed previously for other materials with the
N—Np. phase sequence,” and it indicates that the transition to
the polar phase is accompanied by strong fluctuations in the
orientational order, believed to be due to splay deformations.
The Ng—SmA; transition is accompanied by a step-like jump
in An, which is typical for a weakly first-order transition and
indicates that, similar to nonpolar systems, the formation of
lamellar order is accompanied by a small increase in
orientational order.”* In contrast, at the SmAz—SmCg
transition, a continuous decrease in An is seen, which may
be ascribed to the distortion of the uniform texture by the
formation of tilted domains. Such a temperature dependence
of the optical birefringence seems to be general and was
observed for all of the compounds studied here (Figure S21).
The X-ray diffraction experiments performed for the smectic
phases of M-0-2 (Figure 3b) show that the layer spacing is

essentially constant in the SmAy phase and corresponds to the
length of the molecule, while it continuously decreases on
cooling through the SmC; phase, consistent with the
assumption that molecules tilt in the layers. Dielectric
spectroscopy studies of M-0-2 are consistent with the polar
phase assignments (Figure 4a). They revealed a strong
dielectric response in the N and SmCy phases due to the
strong fluctuations related to the easy reorientation of the
polarization vector. In the SmA;, phase, the response is weaker,
as any fluctuation of the polarization vector in this phase is
coupled to the smectic layer reorientation and thus is
energetically costly.

This behavior observed for M-0-2 is essentially identical to
that previously reported for M-0-1,"* although the transition
temperatures of the polar phases of M-0-2 are markedly higher
than those of M-0-1. The behavior of M-0-0 is also very
similar; however, both Tygy and Typ.smar are lower, and the
temperature range of the SmAg phase is considerably increased
in comparison with M-0-2. The broad temperature range of
the orthogonal SmA; phase allowed the development of
polarization fluctuations to be followed on approaching the
tilted smectic phase. On cooling, the relaxation frequency of
the mode decreases, while its strength increases, and it appears
that this soft mode is related to instantaneous tilt fluctuations
(Figure 4b).

Phase Behavior of Group Il (M-1-Y). The next group of
materials has one fluorine substituent on ring 2. The first two
of these, M-1-0 and M-1-1, show very similar phase behavior
to their analogues in group I, M-0-0 and M-0-1, respectively.
In addition to forming N, Ny SmAg, and SmCy phases, M-1-0
also forms an Ny phase in a narrow temperature range, and the
phase could be easily identified in microscopic studies by the
formation of characteristic chevron defects (Figure S17).
Dielectric spectroscopy studies for this compound (Figure 5)
show a mode beginning to develop in the nematic phase, which
rapidly decreases in intensity at the transition to the Ny phase,
before strongly increasing on entering the Np phase. The
behavior across the Np and SmAp phases matches that
previously described for materials in group M-0-Y. On cooling
through the SmA; phase, a mode related to tilt fluctuations
begins to develop; however, M-1-0 often easily crystallizes
before reaching the SmCp phase. M-1-1 shows the same phase
sequence as the analogous M-0-1, with similar transition
temperatures, except for a pronounced decrease in the Ng—
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SmApg transition temperature, which is over 30 K lower for M-
1-1.

The final compound in this group, M-1-2, also forms
paraelectric and ferroelectric nematic phases, but uniquely
among the materials discussed here, it also forms a heliconical
ferroelectric nematic phase, Npgp, in which the molecules
become tilted and make the precession on the tilt cone,
forming a helix. The properties of this phase were very similar
to that reported for the first observed Nygz material."> The
formation of the heliconical structure of the Ny phase causes
a decrease in the optical birefringence (Figure S21), as the
inclination of molecules from the helix axis lowers the
extraordinary refractive index and simultaneously increases
the ordinary one. Formation of the helix, which has a pitch of
the order of micron, is responsible for striped optical textures
(Figure S17) and also gives rise to diffraction patterns
observed when the sample is illuminated with laser light.
The pitch length, measured in light diffraction experiments
with one-surface-free or film samples, increases on approaching
the transition to the Ny phase but also to the smectic Cy phase,
suggesting that the helix unwinds at both transitions (Figure
6). In thin cells, where the influence of surfaces is strong, the
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Figure 6. Temperature dependence of the helical pitch (circles) in the
Nrgr phase of M-1-2 on cooling measured by diffraction of laser light
from a one-surface-free sample; line is a guide-for-eye. In the inset,
optical texture of the one-surface-free sample prepared on a glass plate
without surface treatment. The stripes are clearly visible which give
rise to light diffraction. Scale bar corresponds to 20 ym.

helix was less temperature-dependent. Whether the SmCg
phase has a helical structure is ambiguous, as strong optical
scattering prevents clear diffraction measurements. Since the
helix in the Nrgp phase tends to unwind on approaching the
transition to the smectic phase, it is reasonable to assume that
the phase is nonhelical. A similar unwinding of the helix was
reported in the "°NF phase reported by Nishikawa et al,
approaching the transition to a nonhelical smectic phase.''
The dielectric spectroscopy measurements of M-1-2 show
some decrease of permittivity in the Npgp phase compared to
the Ng phase (Figure S22).

Phase Behavior of Group Il (M-2-Y). The materials of
group III, M-2-Y, show a more limited range of liquid
crystalline phases. All three form N and Ny phases, while M-2-
0 also forms an Ny phase, as seen in the analogous material M-
1-0. Dielectric spectroscopy revealed a strong relaxation mode
in the temperature range of the Ng phase (Figure S23).

Although the N—Np phase transition temperatures for these
compounds are comparable to those of analogous compounds
of groups I and II, no additional LC phases were seen below
the Ng phase. While these materials did have a higher melting
point than many of the others reported here, they could be
supercooled well below this, in some cases reaching below 70
°C, so the lack of smectic or other LC phase behavior does not
appear to be simply due to crystallization preventing their
observation. In order to estimate the possible onset of smectic
behavior in M-2-2, a binary mixture with M-0-2 (the material
with the widest range of smectic phases) was studied. By the
extrapolation of the trends visible in the constructed phase
diagram (Figure 7), it can be estimated that the smectic phase

mPO—0-og ke, o
D-O\Q-O—OLO/O\%
200 b
O
13 ~ Ne
\
= ~OSmAD~
T OQ6~8\Q\ |

N

i o N
100 SmC: N

Q

0 20 40 60 80 100
M-0-2 Wt % M-2-2

Figure 7. Phase diagram for binary mixtures of M-0-2 and M-2-2.

in M-2-2 should be formed below 70 °C. Interestingly, for
mixtures with a concentration of M-2-2 above 50%, the phase
sequence changes, and Nrgz was observed, which did not
appear in either of the two pure components.

B DISCUSSION

Trends in Phase Sequences and Transition Temper-
atures. The simplest factor to consider when comparing the
LC properties of materials is molecular shape anisotropy,
which here is primarily affected by the number of fluorine
substituents in the molecular core. However, it is apparent that
such a simplification does not represent the complex
relationship between molecular structure and LC phase
formation present in the series of mesogens studied here. In
addition, the typical structural feature driving the formation of
smectic phases is the nanosegregation between different parts
of the molecule, particularly between alkyl chains and aromatic
cores. However, this also does not apply to the molecules
studied here that have no terminal or lateral alkyl chains. It is
clear, therefore, that other factors must be at play in these
materials. To investigate the possibilities, we will first consider
the effects of adding fluorine substituents on ring 3 for
materials with the same substitution pattern on ring 2 (Figure
8a).

For groups I and II, increasing the number of fluorine
substituents leads to a decrease of the clearing point, reflecting
the lowering of molecular shape anisotropy. On the other
hand, the addition of fluorine atoms strongly increases the
temperature at which the ferroelectric nematic phase appears,
by ~30 K per additional fluorine atom, which can be ascribed
to the increase in the molecular dipole moment (Table 2). For
the compounds of group I, having no fluorine atoms on ring 2
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Figure 8. Phase sequences formed by the nine compounds reported. They are ordered into groups by (a) number of fluorine atoms on ring 2 or
(b) number of fluorine atoms on ring 3. The black bars represent the Ny phase, and white hashed lines indicate the melting point.

Table 2. Molecular Dipole Moments Calculated at the
B3LYP-GD3BJ/cc-pVTZ Level of DFT

M-0-0 12.30 D
M-0-1 1329 D
M-0-2 13.71 D
M-1-0 13.00 D
M-1-1 13.99 D
M-1-2 1448 D
M-2-0 13.35 D
M-2-1 14.38 D
M-2-2 14.80 D

(M-0-0, M-0-1, and M-0-2), there is also a clear trend
regarding SmAr—Np and SmCp—SmA; phase transition
temperatures, which increase considerably on additional
fluorination. For the materials of group II, having one fluorine
substituent on ring 2, the effect of the addition of fluorine
substituents on ring 3 is more complicated. Unlike in group I,
different sequences of LC phases are observed for the three
materials: M-1-0, M-1-1, and M-1-2. The mesogen M-1-0
forms an additional Ny phase between the N and Ny phases,
although it has a very short temperature range. The difference
in smectic behavior is more significant. The addition of one
fluorine atom (M-1-1) actually decreases the SmAp—Np
transition temperature by 4 K, while in M-1-2, with two
fluorine atoms on ring 3, the SmAg phase is not observed, and
instead, an Npgp phase is formed. The temperature of the
transition to the SmCy phase is increased by the addition of
fluorine substituents on ring 3, as was observed for group I,
although these are lower than those for the corresponding
materials in group L

Next to consider is the effect of adding fluorine substituents
on ring 2, which can be seen by comparing materials with the
same substituents on ring 3, i.e., the three sets M-X-0, M-X-1,
and M-X-2 (Figure 8b).

In all three sets, adding one fluorine on ring 2 decreases Ty,
only slightly, while the addition of a second fluorine atom leads
to a decrease of ca. 20 K. The Ny—N transition temperature is
much less sensitive to fluorination on ring 2 than on ring 3,
with the addition of the first fluorine substituent leading to an
increase of only around 5 K, while the addition of a second
fluorine atom actually leads to a decrease of ca. 10 K compared
to the analogous materials with a single fluorine substituent on
ring 2. The formation of an antiferroelectric nematic, Ny, phase
is observed for compounds M-1-0 and M-2-0, and it appears
that the formation of this phase requires at least one fluorine
substituent on ring 2 and no fluorine substituents on ring 3.
The addition of fluorine substituents on ring 2 appears to
suppress the formation of ferroelectric smectic phases, with the
addition of one fluorine substituent decreasing both the
SmA;—Ng and SmCp—SmA; transition temperatures, and the
addition of a second fluorine leading to a loss of all smectic
behavior. The negative effect caused by fluorination of ring 2
on the formation of the SmAp phase appears to be
strengthened by the presence of fluorine substituents on ring
3. Comparing M-0-0 and M-1-0, the SmA;—Ny, transition of
the latter is 12 K lower; for M-0-1 and M-1-1, it is 37 K lower;
while in M-1-2, the SmA, phase is lost entirely, and the N
phase is revealed.

To summarize these observations, it is apparent that the
addition of fluorine substituents on ring 3 has relatively little
effect on the N-Iso transition, while increasing the temperature
onset of polar order by ca. 30 K per fluorine substituent.
Fluorination of ring 2 has a much smaller effect on the Nz—N
transition but appears to suppress the tendency for smectic
ordering.

Relationships between Molecular Structure and
Liquid Crystallinity. Since the first reports of the Ny phase,
a great deal of importance has been placed on the need for
large molecular dipole moments.”> While more recently
reported materials have shown that this is not the sole feature
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driving the formation of ferroelectric LC phases, it is still an
important factor. The dipole moments of molecules studied
here were calculated using DFT at the B3LYP-GD3BJ/cc-
pVTZ level, and the results are given in Table 2. All the
materials have strong dipole moments of a similar magnitude
to those reported for other molecules forming Ng, N, and
ferroelectric smectic phases. In general, the addition of a
fluorine substituent increases the strength of the molecular
dipole, but the scale of this increase depends on the position of
the F atom in the mesogenic core and the overall number of
fluorine substituents per molecule. The addition of the first
fluorine atom to ring 3 leads to an increase in the dipole
moment of ca. 1 D, while the second fluorine atom only
produces an increase of ca. 0.5 D. Moreover, when the fluorine
atoms are added to ring 2, the corresponding increase in dipole
moment is smaller, ca. 0.7 and 0.4 D, for the first and second
substituents, respectively. This difference has also been
reported in dipole moments calculated for other ferronema-
togens.”® However, it is clear that the change of the dipole
moment is not solely responsible for different phases formed
by these materials; one should also consider changes in the
distribution of electron density within the molecule caused by
changing the number and position of the lateral fluorine
substituents.

Perhaps the simplest approach to gain some experimental
insight into electron density distribution is to compare the
changes seen in the 'H NMR spectra, (Figure 9), as the
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Figure 9. Aromatic region of the 'H solution phase NMR spectra
measured in CDCl; of the materials reported here.

chemical shift (5) of the protons in a molecule depends on the
electron distribution. The largest changes in shift are seen for
protons on the ring to which a fluorine substituent is added, as
expected for the addition of a nearby, highly electronegative
atom (Table 3). The effects of introducing fluorine
substituents are not localized to an individual aromatic ring,
although the effect on a neighboring ring is an order of
magnitude smaller. When a fluorine atom is added to ring 3,
the chemical shift of protons on ring 2 is also affected,
suggesting that there is an increase in electron density at
position S and a decrease at position 4. In addition, Hy is also
affected when two fluorine substituents are added to ring 3,
although this presumably includes through-space effects due to
the shorter separation of the rings in a biphenyl group, in
addition to changes of the electronic distribution within the
molecule. In contrast, when a fluorine atom is added to ring 2,

Table 3. Change in the 'H Chemical Shift after Addition of
Fluorine Substituents®

Ad/ppm
ring proton +1F ring 2 +2F ring 2 +1F ring 3 +2F ring 3
1 H;, —0.02 -0.05 0 0
2 H, -0.2 —-0.4 0.01 0.02
2 H; —0.1 —0.01 -0.03
3 H¢ 0.01 0.03 -0.2 —0.36
3 H, 0 0 -0.14
4 Hg 0 0 0 —0.04

“Values given are an average of the shift difference for the three sets of
molecules and were measured in a dilute CDCl; solution. Negative
values correspond to shielding of the 'H nuclei.

protons on rings 1 and 3 are affected. Hy experiences a
deshielding effect, indicating a decrease in the surrounding
electron density, while in contrast, H; is shielded. In
combination, these observations show that, as well as the
large local increase in electron density at the position of the
fluorine substituent, more subtle changes in the electron
distribution are seen across the whole molecule.

To better visualize the electron distribution in these
molecules, the electrostatic potential energy surfaces were
calculated for the DFT-optimized geometries. In order to
compare the effect of structural modifications, one-dimensional
electrostatic potential (ESP) profiles were generated by radially
averaging the electrostatic potential along the Z-axis (long axis)
of the molecules for a fixed value of the electron density,
according to previously reported methods.'”*’

The addition of fluorine substituents has a clear effect on the
electrostatic potential, with the greatest difference seen close to
the position of the substituents, as would be expected.
Considering first the effect of adding fluorine to ring 3, the
same trends are seen in all three groups. Examining the 1D
ESP profile for M-0-0, a series of alternating minima and
maxima are seen (Figure 10), with the deepest minima (the
regions of greatest electron density) corresponding to the
fluorinated rings 4 and 5, with contributions from the
fluoroether link. Two additional minima are seen, correspond-
ing to the ester groups. A maximum in the ESP is centered
around the biphenyl unit. Adding a fluorine substituent to ring
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Figure 10. 1D representations of the electrostatic potential along the
long axis of the molecules in group I: M-0-0 (black), M-0-1 (dark
gray), and M-0-2 (light gray). The methoxyphenyl ring 1 has been
omitted for clarity.
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3 (M-0-1) decreases the height of this maximum and
introduces a slight shoulder while the addition of the second
fluorine atom (M-0-2) produces a distinct, though small,
minimum and leads to an almost sinusoidal variation in the
ESP across the biphenyl unit. In addition, the presence of
fluorine substituents on ring 3 shifts the ESP around ring 2 to
more positive values. These trends are also seen for the
materials with 1 and 2 fluorine substituents on ring 2 (Figure
S24).

Next, we can consider the effect of adding fluorine
substituents to ring 2 (Figure 11). This appears to have a
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Figure 11. 1D representations of the electrostatic potential along the
long axis of the molecules with no fluorine substituents on ring 3: M-
0-0 (black), M-1-0 (blue), and M-2-0 (green). The methoxyphenyl
ring 1 is omitted for clarity.

more localized effect on the ESP, with no notable changes seen
in the regions of rings 3, 4, or 5. It appears that the additional
electron density introduced by the fluorine atom “combines”
with the ester group linking rings 2 and 3, leading to an
increase in the depth and breadth of the corresponding
minimum in the ESP, and resulting in a smoother variation in
the ESP profile between the two ester groups.

Combining these observations with the trends seen in the
LC behavior of these materials, a few patterns can be noticed.
First, materials with two fluorine substituents on ring 3 have a
smoother variation of ESP and similar heights of the maxima
(across rings 2—S5) (Figure S24f) and have the highest onset
temperatures of polar LC phases (M-0-2, M-1-2, and M-2-2).
Second, the materials with two fluorine substituents on ring 2
(M-2-0, M-2-1, and M-2-2) do not form any smectic phases.
Compared to the other materials, these have the largest ESP
minima around the ester group linking rings 2 and 3, and it is
of a comparable strength to the minima centered around the
fluoroether group (Figure S24c). This may indicate that, while
alternating regions of positive and negative charge are required
for the formation of polar phases, differences in the relative
intensities of charge densities at different ends of the molecule
could help drive the formation of polar smectic phases. The
antiferroelectric nematic (Ny) phase was only seen for M-1-0
and M-2-0, both of which have a clear maximum in the ESP
near the center of the molecule, (Figure S24d), which may
indicate that this interferes somewhat with the parallel
alignment of molecules required to form the Ng phase,
allowing an intermediate Ny phase to be observed below the
paraelectric nematic phase.

The electron density distribution is expected to be most
uneven for compound M-0-2, and indeed it shows the broadest
range of smectic phases, while the most even electron density
distribution seen for M-2-2 seems to be responsible for the
suppression of smectic behavior and the formation of only
nematic phases. In an intermediate case, for compound M-1-2,
the helical Npgr phase is found, and this behavior is
reproduced also for the mixtures of M-2-2 and M-0-2: an
island of Nppp phase is observed between N and smectic
phases in the middle of the binary phase diagram.

B CONCLUSIONS

We have synthesized a series of polar liquid crystals to
investigate the influence of lateral fluorination on the
formation of ferroelectric LC phases. In general, the addition
of fluorine substituents increases the temperature at which
ferroelectric phases appear, but the sequence of the LC phases
formed is highly sensitive to both the number and position of
the fluorine substituents. For materials M-0-0, M-0-1, and M-
0-2, the addition of fluorine substituents on ring 3 (part of the
biphenyl unit) promotes the formation of ferroelectric smectic
phases. In contrast, the addition of the F atom to ring 2
(between the ester links) in M-0-0, M-1-0, and M-2-0 has the
opposite effect. The appearance of smectic phases in molecules
lacking terminal chains is somewhat surprising, as the self-
segregation of alkyl terminal groups and aromatic cores is
typically the primary mechanism behind layer formation. We
speculate that, for the studied materials, strong interactions
between specific molecular fragments with differing electron
densities may serve as an alternative mechanism facilitating the
formation of layers. Such a mechanism is expected to be
stronger upon the addition of fluorine substituents on ring 3
than on ring 2, as this increases the discrepancy between the
magnitude of the variation of electron density at the two ends
of the molecule, that is, the regions of increased electron
density toward the fluoroether region are more pronounced
than those at the methoxyphenyl end of the molecule. This
drives the formation of polar smectic phases. In contrast,
fluorination on ring 2 leads to a more uniform variation in
electron density along the length of the molecule and favors
the formation of the Ny phase. Unexpectedly, the interplay
between competing effects allows for the observation of
spontaneously heliconical polar nematic, the N phase in M-
1-2, with fluorine substituents on both rings 2 and 3. These
results highlight the crucial importance of molecular structure
for the formation of polar liquid crystals and the highly
sensitive relationship between fluorination patterns and the
type of LC phase produced.
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