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Synthesis and Properties of Liquid Crystalline Terphenyls containing a

Difluorophenoxymethyl Moiety

The synthesis of a series of liquid crystals based on a p-terphenyl core,
substituted with an aliphatic ester at one terminus (with tail length varying from
one to eleven repeat units) and a dilfuorophenoxymethyl moiety on the other, is
reported. All materials in the series display an enantiotropic nematic phase, and
for aliphatic tails of two or more repeat units also exhibit an enantiotropic
smectic C phase. Both the nematic and smectic phase stability decrease with
increasing tail length. There is also evidence for the presence of multiple soft
crystal phases upon cooling in several of the materials. The optical properties of
the materials are reported, with all materials showing maximum absorption
wavelengths in the region of 334-337 nm, together with modest average

refractive indices (n.y = 1.55) and birefringence values of around 0.28.

Keywords: liquid crystals; terphenyls; Difluorophenoxymethyl; synthesis; optical
properties.

Introduction

Liquid crystalline materials have become a staple of everyday life, owing to their
unique combination of properties which has made them excellent candidates for
technologies such as displays|[1,2]. For several of these technologies, the development
of liquid crystal mixtures with desirable properties has been essential, to achieve
performance not possible with single component materials[2]. Within these multi-
component systems, p-terphenyls have found application, owing to properties such as
the potential to have large dielectric anisotropy[3] and moderate-to-high optical
birefringence[3,4] due to their large polarizability[5]. In particular, the incorporation of
fluorinated p-terphenyls into liquid crystal mixtures has become commonplace[6—9].
Mixtures containing fluorinated p-terphenyls have been shown to have promise for
application in optical devices[6] and terahertz technologies[7-9], to name a few. Thus,

the development of novel fluorinated terphenyl structures attracts research



interest[3,10-12], and could provide opportunity to enhance the development of new
liquid crystal mixtures.

The incorporation of the difluorooxymethylene bridge as a linking group in
mesogenic compounds has been investigated over the last three decades[13], for
example for the use in photonic devices with low response times[14]. In 2021, Manabe
et al reported the synthesis and properties of a liquid crystal known as UUQU-4N,
which contains a substituted difluorophenoxymethyl motif.[15] The reporting of
UUQU-4N was significant as it was an early example of a material which displays the,
then recently discovered, ferroelectric nematic (Nr) phase at low temperature (below
19.6 °C).[15] UUQU-4N is now considered to be one of the archetypal materials of the
Nr phase type[16], with its low phase transition temperatures (particularly melting
point) attributed to the twisted conformation adopted by the difluorophenoxymethyl
moiety.[17] As such, difluorophenoxymethyl motifs with varying substituents have
become increasingly popular in liquid crystal chemistry in recent years[16—24], and
have been implicated in the discovery of further liquid crystal phases[19,21,24]. Whilst
an array of molecules have been explored both in academic[16-24] and patent
literature[25-29], thus far, the incorporation of the difluorophenoxymethyl motif into p-
terphenyl structures has been overlooked academically.

In this work, we report the synthesis of a series of liquid crystalline compounds
based on a p-terphenyl core, which are substituted with the difluorophenoxymethyl
moiety on one terminus, and an aliphatic ester tail on the other. Their liquid crystal
phase behaviour is reported, and the effect of tail length on liquid crystal phase stability
is discussed. We also examine the optical properties of the novel liquid crystalline

terphenyls.



Materials and Methods

Materials

All chemical materials were used as purchased without further purification, and were
obtained from either Apollo Scientific (Manchester UK), Fluorochem (Glossop, UK), or
Merck (Gillingham, UK). Solvents were purchased from Merck (Gillingham, UK) and

were used as received.

Material Synthesis

Scheme 1 shows the synthetic pathway employed to yield the desired products Pn
(where n represents the number of repeat units in the aliphatic tail). A generalised
procedure for the synthesis of products Pn is given below. The synthetic procedure for
the intermediates I1 and 12, and spectral data for each product are given in the

supplementary information.

Generalised Esterification Procedure for Synthesis of Products (Pn)

4-Hydroxy-(3’,5’-difluoro-4’-(difluoro(3,4,5-trifluorophenoxy)methyl))-[1,1°:4°,1°]-
Terphenyl (0.48 g, 1 mmol), N,N'-dicyclohexylcarbodiimide 0.25 g, 1.2 mmol),
4-dimethylaminopyridine (12 mg, 0.1 mmol) and the appropriate carboxylic acid (1.2
mmol) were dissolved in tetrahydrofuran (10 mL) and stirred at room temperature
overnight (>16h). The resulting mixture was diluted with chloroform (50 mL) and
washed sequentially with water (50 mL), an aqueous solution of acetic acid (5%, 50
mL), brine (50 mL), before drying the organic phase over anhydrous magnesium
sulphate. The crude material was then purified by flash column chromatography using a
gradient of hexane to dichloromethane as eluent. The resulting solid was recrystallized

from 2-propanol, to yield the product as colourless crystals.



Flash Chromatography

Flash chromatography was performed on a Combiflash NextGen 300+ system
(Teledyne Isco) using silica as a stationary phase (RediSep Silver; Teledyne Isco), an
appropriate mobile phase as specified in the experimental procedure, and detection in

the 200-800 nm wavelength range.

Structural Confirmation

Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker AVANCE III
(400 MHz) NMR spectrometer (Bruker UK Ltd., Coventry, UK) at 298 K and
referenced to TMS. NMR spectra were viewed and analysed using MNova NMR
software.

Accurate Mass spectra were acquired on a Bruker Impact I1 QqTOF
spectrometer using atmospheric pressure chemical ionisation (APCI). Samples were
introduced using an HTC PAL autosampler and Bruker Elute Pump. HPLC columns
were heated to 40 °C unless otherwise stated. Samples passed through a Bruker Diode
array UV-detector before entering the mass spectrometer. Calibration was performed
by infusion of 5 mM sodium formate solution at the end of each acquisition. Samples
were submitted as solutions in acetonitrile at 10 pg/mL concentration, and data were

collected in positive mode.

Thermal Analysis

Differential scanning calorimetry (DSC) measurements were performed using a TA
Instruments Q2000 DSC instrument (TA Instruments, Wilmslow UK), equipped with a
RCS90 Refrigerated cooling system (TA Instruments, Wilmslow UK). The instrument
was calibrated against an Indium standard, and data were processed using TA

Instruments Universal Analysis Software. Samples were analysed under a nitrogen



atmosphere, in hermetically sealed aluminium TZero crucibles (TA Instruments,
Wilmslow, UK) and subjected to three analysis cycles. For the analysis of the
synthesised monomers (and intermediates) each cycle consisted of: a heating phase
from 0-230 °C at a heating rate of 10 °C/min, an isothermal phase at 230 °C for 2
minutes, a cooling phase from 230-0 °C at 10 °C/min, and an isothermal phase at 0 °C
for 2 minutes. All phase transitions are reported as peak values on the first heating

cycle.

Optical Microscopy

Polarised light optical microscopy (POM) was performed using a Leica DM2700P
polarised light microscope (Leica Microsystems (UK) Ltd., Milton Keynes, UK),
equipped with 10x objective, and a rotatable stage. A Linkam LTS 350 heating stage
(Linkam Scientific Instruments Ltd., Redhill, UK) equipped with a TMS 93 temperature
controller (Linkam Scientific Instruments Ltd., Redhill, UK) was used for temperature
variation. Images were recorded using a XIMEA UI-306x CP-C Camera (XIMEA
GmbH, Miinster, Germany) using IDS uEye Camera Software (IDS Imaging
Development Systems Ltd, Farnham, UK). Samples were analysed sandwiched between

untreated glass substrates, unless otherwise specified.

X-ray Scattering Measurements

2D Small angle (SAXS) and wide angle (WAXS) X-ray scattering experiments were
performed on an Anton Paar SAXSpoint 5.0 system (K-a Cu source, A=1.5418 A) with
a Dectris EIGER2 R 1M (1028 pixel x 1062 pixel array). Measurements were
performed at the appropriate temperature, with the samples contained in QGCT 1.0
quartz capillaries (1.0 mm diameter; Capillary Tube Supplies Ltd., Cornwall, UK),

averaging 3 frames with exposure times of 5 minutes each. A 2 mm beam size was



used. A background scan was performed for both the SAXS and WAXS detector
position which was subtracted from the measurements to minimise contributions from
intrinsic background scattering and the Mylar protective film in front of the detector. 2D
data reduction was performed by radially integrating the 2D patterns whilst masking the
central contribution related to the non-scattered X-ray beam. The instrument is
calibrated against Silver Behenate, however due to the size of the capillary holder used,
there is some flexibility in the position of the capillaries. which may give rise to some
uncertainty in absolute g-values reported. This uncertainty may give rise to some
uncertainty in absolute g-values reported, the extent of which depends on the sample-to-
detector distance at which the experiments are conducted; however, in this work we
focus on relative positions, not strictly absolute values, thus do not believe any potential

errors influence our results or conclusions.

Absorption Spectra

Absorption spectra were recorded using an Edinburgh Instruments FL1000 Fluorimeter
(Edinburgh, UK) in Transmission mode. Samples were dissolved in acetonitrile at a
concentration of 5 uM, and contained within quartz cuvettes. Spectra were acquired
with a 0.1 s dwell time at each wavelength (1 nm increments), over the range of 200-

800 nm, with the final spectra being averaged over three acquisitions.

Liquid Crystal Cells

Liquid crystal alignment cells were obtained from Instec Inc (Boulder, CO, USA). For
visualisation of liquid crystal textures and birefringence measurements, the cells used
were treated to produce planar alignment and had nominal cell gaps of 2 pm and 4 pm
respectively. For current reversal measurements, the cells used contain no alignment

layer and have a nominal cell thickness of 10 pm.



Results and Discussion

Phase Transition Analysis

The phase transition temperatures observed for the products are displayed graphically in
Figure 1, and detailed in Table S1. In general, the materials reported herein have
relatively high melting points, as high as 182.5 °C for P1, owing to the terphenyl nature
of the materials. Increasing tail length (n) leads to reductions in melting point, with a
melting point plateau in the region of 85-95 °C for n > 8. The materials all exhibit a
reasonable degree of supercooling, with as much as a 30.2 K difference in melting and

crystallisation temperatures (P4) at a heating/cooling rate of 10 °C/min.

Nematic Phase

Regardless of the length of the tail, all samples exhibit an enantiotropic nematic phase,
with P2 exhibiting the widest nematic phase range, from 158.6 °C to 218.6 °C. In the
case of P1, the nematic phase is the only mesophase observed, attributed to the acetyl
terminal chain giving little scope for lipophilic interactions and thereby supressing layer
formation. In general, as the length of the tail is increased, nematic phase stability
decreases, with a plateau being approached for n>8 where the effect of tail length on
molecular anisotropy is diminished. There is also evidence of weak-odd even effects for
2 <n < 8§, which are attributed to the odd numbered terminal tails effectively extending
molecular anisotropy, compared to even numbered tails effectively reducing the
anisotropy.

The assignment of the nematic phase throughout the series was determined
based on POM and X-ray observations. When examined between untreated substrates,
upon cooling from the isotropic phase into the nematic phase, a schlieren texture is

observed immediately at the phase transition (Figure 2b)). This texture quickly



transitions into largely optically isotropic appearance (Figure 2c¢)), with localised
regions of schlieren texture showing low birefringence colours. These observations
suggest that in the nematic phase, the materials of these series preferentially align
homeotropically when untreated substrates are employed in sample preparation. When
examined in cells treated to yield antiparallel planar alignment (Figure 2d)), all samples
display uniform alignment throughout, as is typical for aligned nematic materials. When
examined via wide-angle x-ray scattering (WAXS), all samples exhibit scattering
patterns characteristic of the nematic phase, with diffuse lobes at high q indicating a
preferential orientation (Figure 2a and Figure S1-S11), and no significant small angle

features, as confirmed by radial integration (Figure S13).

Smectic C Phase

For n > 2, all members of the series present an enantiotropic smectic C phase. Upon
cooling from the homeotropic nematic phase, the emergence of a schlieren texture
showing birefringence colours is observed (Figure 3b)). The emergence of higher order
birefringence colours suggests a transition from a near homeotropically aligned state to
tilted alignment, consistent with a smectic C phase. When examined in cells treated to
yield antiparallel planar alignment, the smectic C phase shows a characteristic domain
texture (Figure 3c), of domains of alternating tilt angles. Further to the POM images,
WAXS scattering patterns display sharp Bragg reflections in the small angle region
(Figure S14) and diffuse lobes at higher q values, which are not orthogonal to each
other (Figure 3a)). This suggests a tilt of the director relative to the layer normal and is
characteristic of the smectic C phase.

The potential of a tilted structure is further evidenced by a change in the q
position of small angle scattering features, which shift to higher values upon entering

the smectic C phase. Using the weak SAXS features observed in the nematic phase as a



measure of the end-to-end molecular length, which will be of the order of the average
molecular length, the shift to higher q values in the smectic phase represents a reduction
in the length scale (Figure S15). A tilt of the director would therefore be needed to
accommodate such a change in spacing, and in the case of the samples analysed in
Figure S15, this tilt is in the region of 23-30°. This angle is in agreement with estimates
from qualitative examination of the X-ray scattering figures.

To further probe this tilt angle, molecular lengths were computed for a range of
low energy conformers of molecules P1-P11 generated using the GOAT algorithm[30]
in ORCA 6.1[31] using the r2scan-3c composite DFT method[32]. Boltzmann
weighting using the SCF energy of each conformer gives the average molecular length,
which are reported in Table S2. Comparing these molecular lengths to the real-space
position of the small angle Bragg peak supports the assignment of a tilted structure, as
the average molecular lengths are larger than the observed layer spacings in all cases.
The tilt angles based on the calculated molecular lengths are in the region of 43-50°,
larger than that reported based on the small angle nematic scattering feature. It is of note
that the average end-to-end molecular lengths are computed in the gas phase using a
single molecule in isolation. As the alkyl tail length increases, there is a greater
probability of a single gauche conformation being adopted, which in turn can be
stabilised due to favourable tail-tail interactions through back-bending. This leads to the
non-monotonic increase in molecular lengths observed in Table S2, and will influence
the tilt angle calculated.

Whilst there are differences in the tilt angle depending on the method used, the
presence of a tilted orientation of mesogens in these compounds is clear, supporting the
assignment of a smectic C phase. It is of note that tilt angles reported in the smectic C

phase are often in the region of 10-30°[33], and are dependent on several factors. In



particular, the nature of the tilt in smectic C systems is strongly influenced by the phase
transition sequence prior to the transition to the smectic C phase[33,34]. Compounds
that exhibit a direct isotropic or nematic to smectic C transition are often found to have
larger tilt angles[34], which show minimal temperature related variation[33]. In
contrast, if the transition into the smectic C phase is second order, for example from a
smectic A phase, there is significant temperature dependence[33,35]. Given that P2-P11
all show direct nematic to smectic C transitions, the lack of temperature dependence on
tilt angle/layer spacings observed in this work (Figure S15) are in agreement with
previous literature findings.

As n is increased, the smectic C phase stability generally decreases, albeit to a
much lesser extent than is observed for the nematic phase and melting point, with Tsmc-
~ falling from 158.6 °C for P2, to 135.6 °C for P11. It is generally expected that longer
terminal tails promote lipophilic interactions and thereby promote smectic layer
formation. Thus, the decrease in smectic phase stability observed is surprising. We
hypothesise that the observed decrease in smectic C phase stability may be the result of
increased steric hinderance imparted by the increasingly long tails. Such hindrance may
limit the ability of neighbouring molecules to approach sufficiently closely to promote
layer formation. Thus, lower temperatures, at which the chains have slightly less
conformational freedom, are required to allow the formation of layers, hence a
reduction in Tsmc-N.

As is observed for the nematic phase, there is also some weak evidence of odd-
even effects for 3 <n <8 in smectic C phase stability. Given the prevalence of polar
liquid crystal phases in compounds containing the difluorooxymethylene bridge, we felt

it prudent to confirm the apolar nature of the smectic C (and nematic) phase in these



materials through current reversal measurements. In all cases, no evidence of polar

order was observed, with an example of the current response shown in Figure S16.

Further Observations

On cooling, several of the materials in this series exhibit multiple exothermic transitions
during DSC analysis (Figure S1-S11 panel a)), often in relatively quick succession,
notably in P2, P3 and P7-P11. In all but one case, these transitions are all significant
exothermic events, suggesting multiple crystallisation events, and thus the presence of
soft crystal phases. POM evidence also supports the presence of multiple crystal phases
(Figure S12), with transitions between mosaic textures and more conventional crystal
appearance observed. Based on the textures, these appear to be some combination of
soft crystal G/H phases, however without the ability to undertake X-ray studies on well
aligned samples, identification of the nature of these soft crystal phases is not feasible.
In the case of P10, at 68.0 °C, a small exothermic event is observed in the DSC
(Figure S10a)), suggesting the presence of another liquid crystal phase. However, POM
investigations show the development of a mosaic texture, reminiscent of the soft crystal
textures observed for other samples. These observations suggest that this other possible
liquid crystal phase is a product of supercooling that could not be reproduced under
microscopy conditions. Given that this phase forms from a smectic C phase, it is likely

that the phase would be either a smectic I or smectic F.

Optical Properties

Terphenyl structures have often found use in liquid crystal mixtures for device
applications, both due to their ability to form liquid crystal phases, as well as their
interesting optical and photo-physical properties[1,3,6,9]. As a representative group for

this novel series of materials, the birefringence (An) of P2, Ps, P7 and P9 was examined



on cooling using a Berek compensator, with the results displayed in Figure 4.

In all cases, subsequent to the transition from the isotropic phase to the nematic
phase, the birefringence is seen to increase sharply, followed by a steady increase in the
nematic phase as temperature decreases. Upon the transition to the smectic C phase, the
birefringence generally undergoes a step change, at which point a plateau is seen in An.
The step change observed upon the transition from N to SmC is attributed to the
increase in orientational order and packing density associated with the formation of
lamellar structures within the material.[17] This step change is indicative of a first order
phase transition, in agreement with the nature of the SmC to N transition observed via
DSC. It is of note that the step change in birefringence is less pronounced upon entering
the smectic C phase in P> than in the other materials. This is attributed to the nematic-
to-smectic C transition in P2 being more second-order like (i.e. having lower enthalpy
and occurring over a broader temperature range) than for the other materials examined
(see Table S1 and Figure S2a). This thus explains the more continuous behaviour of the
optical properties, like birefringence than in the other materials.

For each of the materials examined in Figure 4, the maximum recorded
birefringence plateaus in the region of 0.26-0.29 in the smectic C phase. Whilst there
are small differences between samples, the birefringence of these materials is consistent
irrespective of tail length, as expected given the optical properties of liquid crystalline
materials are dominated by the mesogenic core, which remains unchanged. It has
previously been reported that the presence of the -CF2-O- group lowers birefringence, as
it disrupts conjugation and thus polarizability along the length of the molecule, as well
as adopting a distorted conformation that reduces packing density.[17] Thus, the modest
An values observed for the materials in this series are in agreement with observations

reported in previous literature.



With the birefringence of the materials characterised, attempts to quantify the
refractive indices of P2 were undertaken, utilising a guest-host method and extrapolating
the values of the ordinary and extraordinary refractive indices (n, and n. respectively).
Mixtures of varying quantities of P2 in E7 were made, and their refractive indices
measured as a function of temperature using an Abbé refractometer. The refractive
index values used for extrapolation were recorded at the same reduced temperature
relative to the nematic to isotropic transition (7¢) of the sample. This reduced
temperature is 0.913 x T¢, based on recording the refractive index values of E7 at 30 °C
(303.15 K) and the Tc of E7 being 59 °C (332.15 K). The extrapolated plot is given in
Figure S21.

The extrapolated values for P, suggest that at 176 °C (the appropriate reduced
temperature relative to the clearing temperature of P> at which the E7 mixtures were
analysed), P> has an n. of 1.67 and an n, of 1.48, corresponding to an average refractive
index (nav) of 1.55 and a birefringence of 0.19. This is comparable to the An value
obtained from Berek compensator measurements, in which the An observed at 176 °C is
0.23. These results therefore suggest that as well as modest birefringence values, P> and
likely the entire series, has modest refractive indices.

In addition to the measurement of birefringence and refractive indices,
absorption spectra were run for each of the products (Figure S22-S32). As is typical of
terphenyl structures, in all cases, the materials show a strong absorbance in the UV
region, with Amax vales in the region of 334-337 nm. Furthermore, all samples show no
noticeable absorbance in the visible region of the spectrum, consistent with their

colourless appearance.

Conclusions

This work has reported the synthesis of a novel series of substituted [1,17:4°,1°’]-



Terphenyls, containing a difluorophenoxymethyl substituent, and varying in the length
of their terminal tail. In all cases, the materials display enantiotropic liquid crystallinity,
with nematic and smectic C phases for all materials containing two or more repeat units
in their terminal tail, and only a nematic phase when the terminal tail consists of a single
methyl group. Surprisingly, not only does increasing terminal tail length decrease
melting point and nematic phase stability, but also leads to a decrease in smectic C
phase stability, contrary to typical observations.

Regardless of terminal tail length, the birefringence of the materials appears to
plateau in the region of 0.28 in the smectic C phase. Abbe refractometry measurements
using a guest host method support the birefringence values recorded, and suggest the
materials have modest refractive indices, with an average refractive index in the nematic
phase of 1.55. We hypothesise that, whilst no polar phases are observed in this series,
the addition of further fluorine substituents in the terphenyl unit could provide the

necessary electron density profile to promote polar ordering.

Supporting Materials

The following are available as supporting materials: Synthetic procedure for synthesis
of 3,5-difluoro-4-(difluoro(3,4,5-trifluorophenoxy)methyl)phenylboronoic acid pinacol
ester; synthetic procedure for the synthesis of 4-Hydroxy-(3"’,5 ’-difluoro-4’-
(difluoro(3,4,5-trifluorophenoxy)methyl))-[1,1°:4°,1°’]-Terphenyl; structural
characterisation of all products (Pn); phase confirmation for all final products; polarised
light optical microscopy confirmation of the presence of multiple crystal phases; layer
spacings as a function of temperature; average molecular end-to-end lengths for all
products; representative current reversal measurements; refractive index measurements

for P»; absorption spectra for all products.
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Scheme 1 — The synthetic route employed in the synthesis of the final compounds in

this work. (The final products are denoted P, where n denotes the number of methylene

units on the alkyl tail, represented in as R in the scheme).
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Figure 1 — The phase transition temperatures of the product series as a function of alkyl

chain length (n), illustrated in the chemical structure atop the figure. The graph depicts

the temperature ranges over which each phase is observed, recorded via DSC at a

heating/cooling rate of 10 °C/min, with hashed areas denoting temperatures over which

the phase is observed due to supercooling.
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Figure 2 — a) an example of the 2D WAXS scattering pattern obtained in the nematic
phase of P, showing anisotropic lobes in the wide angle region; b) the schlieren texture
observed for P; between untreated glass substrates immediately upon transitioning into
the nematic phase at 227 °C from the isotropic phase and c) the optically isotropic
appearance observed for the same sample in the nematic phase with homeotropic
alignment after cooling away from the transition temperature at 225 °C (in both cases
the scale bar denotes 250 um); d) a sample of P> in the nematic phase at 190 °C in a cell

treated to yield antiparallel planar alignment (scale bar denotes 500 pm).
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Figure 3 — a) an example of the 2D WAXS scattering pattern obtained in the smectic C
phase, in this case recorded for P at 125 °C, showing sharp Bragg reflections in the
small angle region and anisotropic lobes in the wide angle region; the SAXS and
WAXS features are not orthogonal, suggesting a tilted smectic structure; b) An example
of the schlieren texture typical of a smectic C phase, observed for Ps at 133 °C when
viewed between untreated glass slides (scale bar denoted 250 pm); c) An example of the
domain texture observed in the smectic C phase of P> at 150 °C when in a cell treated

for antiparallel planar alignment (scale bar denotes 500 um).
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Figure 4 — The birefringence (An) as a function of temperature observed for P>, Ps, P7

and P9 upon cooling from the isotropic phase. The transition from isotropic to the

nematic phase is marked by the orange dashed line, and the transition from the nematic

to smectic C phase is marked by the blue dashed line. The area marked by the grey

shaded box denotes crystallisation of the sample.



