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Liquid crystalline phases with a spontaneous twist-bend modulation are most commonly observed for
dimers and bimesogens with nonamethylene spacers. In order to redress this balance we devised a
simple chemical intermediate that can be used to prepare unsymmetrical bimesogens; as a proof of
concept we prepared and studied eleven novel materials with all found to exhibit the twist-bend phase
and exhibit a linear relationship between TN-I and TTB-N. A computational study of the conformational
landscape reveals the octamethyleneoxy spacer to have a broader distribution of bend-angles than the
nonamethylene equivalent, leading to reductions in the thermal stability of the TB phase. This result
indicates that a tight distribution of bend-angles should stabilise the TB phase and lead to direct TB-Iso
phase transitions, and conversely a broader distribution should destabilise the TB phase which may allow
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Introduction

Nematic to nematic transitions are a highly topical area of
liquid crystal research, largely due to the discovery of the twist-bend
phase.’™ The local structure of the twist-bend phase is a helix of
short (~10 nm) pitch.>*?**! Previously we suggested the phase be
described as ‘twist-bend’ rather than ‘twist-bend nematic’ (i.e. TB
not Np)** as the local helical structure of this phase is at odds with
the definition of a nematic phase as defined by IUPAC, sharing only
the lack of positional order of a true nematic phase. The TB phase
has to date been observed in liquid crystalline dimesogens,**°
oligomers,*'® polymers®’~*® and bent-core materials and,*® and as
with all mesophases there is an interest in elucidating which
(molecular factors if any) lead to the formation of the twist-bend
phase.***** In dimesogenic liquid crystals the twist-bend phase
has been suggested to be a product of the gross bent shape;
both theory and experiment*>*® suggest a link between the
gross molecular bend and the stability or incidence of this
phase, but this has still not been demonstrated definitively. The
experimental observation of a linear relationship between the
clearing point and the onset temperature of the twist-bend
phase found within homologous series of materials*” supports
earlier theoretical works suggesting the incidence of this
phase is a consequence of steric factors.*®*° Although several
unsymmetrical materials are also known to exhibit this phase,**"*
symmetrical methylene linked dimers with a nonamethylene
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new states of matter that are occluded by the incidence of this phase to be revealed.

spacer remain the most commonly encountered class of materials
exhibiting the twist-bend phase.*

Given the ease of preparing ethers from a phenol and alcohol
(via the Mitsunobu protocol) we considered that dimers with mixed
methylene/ether linking units could easily be constructed if an
appropriate precursor was made available. To this end we devised
4-(8-hydroxyoctyloxy)-4'-cyanobiphenyl, prepared in 3 steps (74%
yield over 3 steps) from inexpensive commercial precursors. The
difference in behaviour between the present materials containing
an octamethyleneoxy spacer and those containing nonamethylene
spacers is rationalised as being a consequence of the broader
distribution of bend-angles.

Experimental

The synthesis of the target materials 1 to 12 is shown in
Scheme 1, where ‘R’ is an appropriate mesogenic unit. Chemical
intermediates were obtained from commercial suppliers and used
without further purification, with the exception of solvents which
were dried via percolation over activated alumina prior to use.
The intermediate i-1 was prepared in one step (84% yield) from
the Pd/Cu mediated Sonogashira coupling of oct-7-yn-1-ol and
1-bromo-4-iodobenzene, and the liquid crystalline material
CB8OCB was prepared reported previously.*> Suzuki-Miyaura
coupling of i-1 with 4-hydroxyphenyl boronic acid afforded i-2
(96% yield); selective hydrogenation of the alkyne with hydro-
gen and palladium on carbon poisoned with diaminoethane
afforded i-3 (92% yield). Subsequently, i-3 was then etheri-
fied with appropriate phenols via the Mitsunobu protocol,
affording the target compounds 2-12 in high yield and purity

This journal is © The Royal Society of Chemistry 2018
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(RP-HPLC assay) following chromatographic separation and
recrystalisation. Full experimental details are given in the ESIf
to this article.

Results

Compounds 2-9 were studied by a combination of polarised
optical microscopy (POM), differential scanning calorimetry
(DSC) and - for selected examples, small angle X-ray scattering
(SAXS). Phase identification was made by POM/SAXS while
transition temperatures, presented below in Table 1, are the
average of two DSC cycles. Compound 1 was reported previously
by us in ref. 45, and we reproduce this data in Table 1.

In our previous work on compound 1 we identified two
nematic phases by SAXS; microscopy demonstrated the upper
temperature phase to be a ‘classical’ nematic, the lower tem-
perature was tentatively assigned as being a twist-bend phase
and this was confirmed via miscibility studies with CB9CB in
ref. 45. A subsequent publication also features this material
and also identified the lower temperature mesophase as being
a twist-bend phase.?® Microscopy studies reveal compounds 2-9
exhibit both nematic and twist-bend phases (Fig. 1). In all cases,
values of Trpy and Tyg are lower in 2-9 than for the parent
material 1. Lateral substitution of 1 with fluorine (2, 3) leads to
predictable reductions in Trp.y and Ty, mirroring the behaviour
of low simple rod-like materials.> Loss of the nitrile group (4) and
introduction of additional fluoro substituents (5, 6) leads to
further reductions in Trgn and Ty, as does incorporation of
the SFs group (7), mirroring the behaviour of phenyl benzoate
dimesogens.** Despite having differing terminal chain lengths the
transition temperatures of 8 and 9 are essentially identical.

The schlieren texture of the nematic phase (Fig. 1a) gives way
to the blocky texture in the twist-bend phase (Fig. 2b and c)
which becomes more complex as the sample is cooled further
(Fig. 2d and e). Further photomicrographs are given in the ESL,}
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Table 1 Transition temperatures (T, °C) and associated enthalpies

(AH, kJ mol™?) for compounds 1-9, values being the average of two runs
as measured via DSC at a heat/cool rate of 10 °C min~*

NCCanOR

No. R— MP TB-N N-Iso
1 ara T 110.6  109.9  153.3
CN
CBSOCB OO AH 33.9 <0.1 2.3
F T 130.6 87.5  126.8
2 ...CN AH 4256 <01 1.8
F T 104.8 97.5  133.0
3 CN AH 38.2 <0.1 2.8
T 104.9 749  107.8
"—F
4 Ol AH 45.1 0.2 1.5
F T 71.5 59.8 85.8
5 ...F AH 39.1 0.1 1.3
F T 97.5 35.7 57.8
6 ---F AH 41.0 <01 0.6
F
T 117.2 31.1 51.9
---.—.—SF
7 OO-s5s AH 52.7 <0.1 0.9
8 Va T 107.1 722 105.8
AH 37.8 <0.1 1.5
M~ T 111.0 70.8  104.8
9 AH 414 <0.1 1.3

sl £ o lIso.Liq © N(115°C) © TB(78°C)
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Fig. 1 Photomicrographs (x100 and crossed polarisers, a—e, scale bar in
eis 50 pm and all photos are at the same magnification) of the nematic and
TB phases of compound 3, each photomicrograph represents adjacent
areas of the same slide (see ESIt for full images); (a) 105 °C; (b) 94 °C;
(c) 92 °C; (d) 90 °C; (e) 88 °C. Plot of scattered X-ray intensity (arb.) as a
function of Q (A=Y for compound 2 in the isotropic liquid (red) nematic
(blue) and TB (black) phases.

however the optical textures obtained for the TB phase are
consistent with previous observations.’® Furthermore, the iden-
tity of the TB phase in 1 was confirmed by miscibility with
CB9CB as reported in ref. 45. In all cases the nematic to twist-
bend transition occurs with a vanishingly small associated
enthalpy; however these values are consistent with a nematic
to twist-bend phase transition in a dimer.>*>*

SAXS was performed on compound 2 to further elucidate on
the nematic-like nature of the lower temperature phase (Fig. 1f).

Soft Matter, 2018, 14, 2508-2514 | 2509
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Fig. 2 SAXS study compound 10 (EP16): (a) magnetically aligned 2D SAXS

pattern obtained in the nematic phase at 180 °C; (b) unaligned 2D SAXS

pattern obtained in the twist-bend phase at 140 °C; (c) heatmap plot of the

scattered SAXS intensity (intensity arb.) as a function of temperature (°C)

and of the scattering vector, Q (A=%). The dashed line corresponds to the
TB-N transition.

The materials in Table 1 are all monotropic and thus SAXS on
members of this series is complicated by crystallisation, in the case
of 2 the material can be successfully supercooled to ~ 60 °C without
crystallisation. Both phases exhibited diffuse scattering at small
and wide angles; the lack of Bragg scattering indicates no modula-
tion of electron density associated with lamellar or splay-bend
type organisation® and therefore supports the identification as a
twist-bend phase. In both phases we find the d-spacing of the small
angle peak is 15.1 A, roughly 1 of the molecular length (29.6 Aatthe
B3LYP/6-31G(d) level of DFT). We do not observe Bragg scattering
associated with the twist-bend periodicity. The intensity of the
wide- and small-angle peaks is roughly equal throughout the
nematic phase range; however the small-angle intensity decreases
marginally at the N-TB transition whereas the intensity of the wide-
angle peak almost doubles (see Fig. S6 in ESI{). The reduction of
small angle scattering intensity following the N-TB transition has
been reported previously,”**>” and we conjecture this is due to a
lack of lamellar (cybotactic) fluctuations in the TB phase. Materials
which exhibit transitions from the TB phase into smectic phases
would be expected to exhibit cybotactic fluctuations; and con-
sequently they do not show this reduction in scattering intensity.*®

We note that again there is an approximately linear relation-
ship between Ty and Trpy for this set of materials.>®

To develop structure-property correlations we prepared
materials featuring mesogenic units with differing aspect
ratios. Previously we demonstrated that extending the aspect
ratio of one or both arms of a liquid crystal dimer can lead to
significantly increased clearing points as well as modestly
enhanced onset temperatures for the twist-bend phase.”* We
also hypothesized that the increase in aspect ratio leads to the
formation of smectic phases,®® and therefore for certain materials
twist-bend to smectic phase transitions. Compounds 10-12 were

2510 | Soft Matter, 2018, 14, 2508-2514
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Table 2 Transition temperatures (T, °C) and associated enthalpies

(AH, kJ mol ™) for compounds 1, and 10-12, values being the average of
two runs as measured via DSC at a heat/cool rate of 10 °C min~*

N I~ cpion

No. R= MP TB-N N-I
T 110.6 109.9 153.3
--~"—CN

1 OO AH 33.9 <0.1 2.3
T 121.5 152.9 266.3

CN
10 OO~ AH 45.3 <0.1 3.2
R F T 84.9 101.2 179.6
11 Q /_\_ AH 36.1 <0.1 1.6
RF T 101.5 84.3 181.7
12 @ e AH 40.9 <0.1 1.5

studied by a combination of POM, DSC and SAXS; transition
temperatures and associated enthalpies are given in Table 2.

Compound 10 is a mixed biphenyl/terphenyl analogue of 1
and the anticipated increase in transition temperatures
although displaying only a modestly higher melt and therefore
leading to an enantiotropic twist-bend phase. The use of
mesogenic units with large transverse dipole moments affords
11 and 12, although these materials exhibit enhanced clearing
points we observed both the melting points and N-TB transition
temperatures to be suppressed somewhat.

We subjected 10 to further study by SAXS; the nematic phase
exhibited typical diffuse scattering at small- and wide-angles, in
the twist-bend phase there is a reduction in the d-spacing of the
small angle peak from an average of 17.2 A in the nematic to
just 16.1 A in the TB phase. Assuming this is the result of the
tilting of the molecules away from the heliaxis then this
corresponds to a conical angle of ~21° in the twist-bend phase.
The d-spacing of the small angle peak in both phases is on the
order of half the molecular length, calculated to be 33 A at the
DFT(B3LYP/6-31G(d)) level. There is a continual decrease in
the d-spacing of the wide-angle scattering peak (Fig. S7 in the
ESIt) from 4.55 A to 4.4 A, with the intensity of the wide-angle
peak increasing dramatically with the onset of helical organisation,
beginning with the TB-N transition (Fig. 2c). As with SAXS on 2, we
observe a significant reduction in the intensity of the small angle
peak upon entering the TB phase of 10.

The fact that only a single signal is seen at both small- and
wide-angles suggests there is no segregation of the differing
mesogenic units into biphenyl or terphenyl rich regions.

There is some evidence to point to a relationship between
the conformational landscape of bimesogens and the twist-bend
phase,*>*® and so we opted perform a comparative study of the
conformational landscape of CB8OCB/1 and CB9CB. CBICB is a
well-known standard material, and 1 is structurally analogous to
this compound. Using the AM1 method we performed fully
relaxed scans about each dihedral angle in the flexible spacers
of both materials in Gaussian G09 rev.e01,°" with each dihedral
allowed only a threefold rotation so as to give +gauche/trans/
—gauche conformers. From the final Gaussian output files
we extracted the final energy of the geometry and Cartesian
coordinates using a Matlab script. Conformers that were higher

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) The structure of CB9CB (X = -CH,-) and compound

1/CB8OCB (X = —O-), arrows denote bonds allowed to undergo threefold
rotation during the conformational search (3% = 6561 conformers each);
histogram plots showing the probability of a given intermesogen angle for
CB9CB (b) and 1/CB8OCB (c) along with Gaussian fits (solid lines) to the
major peak centred at ~105°.

in energy than that of the global energy minima by 20 k] mol™*
were discarded at this step. For the remaining conformers the
angle between the two mesogenic units for each discrete con-
former was calculated from the Cartesian coordinates. Using a
Boltzmann distribution (temperature 300 K) we obtained the
probability for a given bend-angle, as shown in the histogram
plot in Fig. 3. Additionally, we obtained probability weighted
average bend-angle for both materials. The average bend-angles
for the two materials are similar; 1 was determined to be 104°
whereas for CB9CB a bend-angle of 102° was found. However, as
shown in Fig. 3, there is a broader distribution of bend-angles for
compound 1 (CBSOCB) than for CB9CB. We quantified this by
measuring the FWHM of a Gaussian fit to the major peak as 19°
for CB9CB and 31° for compound 1. For both materials there is a
similar probability of conformers with near-linear (> 140°) geo-
metries, however 1 has a somewhat higher probability of forming
hairpin (<50°) conformers than CB9CB. The fit (and therefore
FWHM) display a sensitivity to the number of bins used in the
histogram and so the presented FWHM values are best considered
qualitatively, however, for every bin size studied we find that
materials with methylene linking groups offer a narrower distri-
bution of bend-angles than for the mixed methylene-ether
equivalent. The major contribution to the conformational land-
scape is from the central spacer, although the chemical makeup
of the mesogenic unit could also have a small impact.

As shown in Fig. 4 a linear relationship between Ti.so
and Trgy is observed which is in keeping with the nona- and
hepta-methylene systems reported previously.*>*”®* As with
our previous work these plots contains only materials where
both mesogenic units contain two cyclic units, materials with
differing aspect ratios cannot be compared in this way. While
there are no examples of oligomeric materials incorporating
the octamethyleneoxy spacer presently employed, we note that
oligomeric and polymeric materials exhibiting TB phases obey

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Plot of Tyg.n Versus Ty-iso for dimers with 2-ring mesogenic units
and a nonamethylene spacer (circles)®***°®2 and an octamethyleneoxy
spacer (squares). Linear fits to the data take the form y = 0.766x + 69.67 for
octamethyleneoxy (R? > 0.99) and y = 0.7788x + 51.27 for nonamethylene
(R? = 0.97) spacers.

this linear relationship and so we would expect a similar result
for future oligomers employing this spacer. There are signifi-
cant differences in the two intercept values; the result of this is
that for two materials with identical clearing points — one with a
nonamethylene spacer and one with octamethyleneoxy — the
di-methylene linked material will have a significantly higher
nematic to twist-bend transition temperature. Conversely, if
these two materials have identical Trg values then the clearing
point of the mixed ether/methylene material will be higher. The
slopes of the two fits are virtually identical; despite the wide range
of mesogenic units employed in both symmetric and unsym-
metrical materials (see Table 1 and ref. 30, 62), reinforcing the
idea of shape - specifically the gross molecular bend which is a
product of the flexibility and length of the central spacer - as a
driving force for the incidence of this phase as opposed to specific
molecular structural features. It has been shown that for materials
with an even parity spacer the transitions for the various phase
transitions are randomly distributed,®® making this ongoing
observation of the universality of the relationship between Tn.so
and Trgy all the more remarkable.

As discussed above, the average bend-angles of the two
materials are not especially different; however 1 (CBSOCB) exhibits
a broader distribution of bend-angles than the all methylene linked
CB9CB, and we attribute the reduced intercept value to this
broadening of the distribution of bend-angles. The paucity of
rigid bent-core materials that exhibit a TB phase implies that
some degree of flexibility is critical, given that the bent portion
of these compounds tends to be rigid or semi rigid.>® Present
results suggest that, if a material having a high value of Trpn.n
relative to Ty.so is desired — or even a twist bend phase forming
directly from the isotropic liquid®* - then a tight distribution
of bend-angles is a key molecular design feature. This hypo-
thesis provides a molecular structure-property relationship that
explains the direct isotropic to twist-bend phase transitions that
can occur in materials where the bend-angle distribution is
especially tight, such as in CB-CN3NC-CB (Fig. 5).*® This design
rationale can also be applied in reverse; Luckhurst et al. recently
suggested that the twist-bend phase may ‘block’ the occurrence
of a biaxial nematic phase, from molecular field theory.’®
By preparing materials in which the bend-angle distribution

Soft Matter, 2018, 14, 2508-2514 | 2511
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Fig. 5 The molecular structure, transition temperatures (°C) and distribution
of bend-angles for the dimer CB-CN3NC-CB.®

is broad but a gross bent shape is retained it may be possible to
realise thermotropic biaxial nematics without the intervening
twist-bend phase.

Conclusions

Expanding on the recently reported material CBSOCB we have
prepared eleven novel unsymmetrical bimesogenic liquid crystal-
line materials, all containing a octamethyleneoxy spacer group, all
exhibiting the twist-bend phase; once again demonstrating this
ubiquity of this liquid-crystalline phase. Dimers and bimesogens
with a nonamethylene spacer exhibit a linear relationship between
the clearing point (Ty.) and onset temperature of the twist-bend
phase (Trpy); not only is such a linear relationship present for
materials with mixed ether/methylene linking units but remark-
ably the slope is virtually identical to that for the purely methylene
linked dimers/bimesogens, albeit with a smaller intercept value.
This is a further demonstration that the twist-bend phase is driven
by gross molecular shape.*>*”**°® The relative transition tempera-
tures are insensitive to chemical structure provided a sufficiently
flexible bent shape is obtained, although the absolute transition
temperatures are of course dependent upon it. A computational
study of the conformational landscapes of both CB8OCB and
CB9CB shows them to have similar average bend-angles, with
the distribution of bend-angles is approximately Gaussian, with a
FWHM of 19° for CB9CB and 31° for CB8OCB. It is not only the
average bend, but also how the distribution of bend-angles which
dictates both the absolute and relative transition temperatures of
the resulting material. Given the apparent universality of the TB
phase in bent or helical materials across a range of length
scales®!#1733:36:37:43,44,66°68 e hypothesise that these same struc-
ture—property relations will hold true for equivalent oligomeric and
polymeric systems.
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