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Abstract

The synthesis and characterisation of the 4-[{[4-({6-[4-(4-
methoxyphenyl)phenyl]hexyl}oxy)phenyl]methylidene}amino] phenyl 4-alkyloxybenzoates
is reported. These are referred to using the acronym MeOB60OIBeOm in which m denotes the

number of carbon atoms in the terminal alkyloxy chain and is varied from one to ten. All ten

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

members exhibit an enantiotropic conventional nematic (N) phase. In addition, for m=1-9, the

twist-bend nematic (Ntg) phase was observed on cooling the N phase. The N-isotropic (I) and
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Nrg-N transition temperatures decrease on increasing the length of the terminal chain and this

(ec)

is more pronounced for the former. This supports the view that the Np-N transition is
predominantly shape driven and this depends largely on the length and parity of the flexible
spacer. The transitional behaviour of the MeOB60OIBeOm series is compared with that of the
corresponding dimers based instead on a cyanobiphenyl fragment, the CB60OIBeOm series.
The rich smectic polymorphism exhibited by the CB60IBeOm series is extinguished for the
MeOB60IBeOm series. The CB60IBeOm series shows higher values of the N-I transition
temperature than the corresponding members of the MeOB60OIBeOm series whereas the values
of the Nrg-N transition temperatures are rather similar for corresponding members of the two
series. This again suggests that the Ntg-N transition is largely shape driven whereas the mixed

core interaction plays a more distinct role in driving N phase formation. The promotion of
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smectic behaviour in the CB60IBeOm series is attributed to the strong tendgncy ,of tHES oo

cyanobiphenyl fragment to adopt anti-parallel associations.

Keywords:

Liquid crystal dimers; nematic phase; twist-bend nematic phase; twist-bend smectic phase;

intercalated; methoxybiphenyl; cyanobiphenyl.

Introduction

Reports of spontaneous chiral symmetry breaking in soft matter systems composed of
achiral molecules always garner significant attention among the scientific community. The
twist-bend nematic (N1g) phase provided the first example of such behaviour in a fluid with no
positional order!->3. First predicted by Meyer* and later independently by Dozov® a decade
before its experimental discovery, in the Ntg phase the director adopts a heliconical structure
in which it is tilted at arbitrary angle with respect to the helical axis (Fig. 1(a)). Chirality
emerges spontaneously giving doubly degenerate domains of opposite handedness. Molecular
chirality removes this degeneracy, and the chiral twist-bend nematic phase is obtained®”-%°. A
striking feature of the Ntg phase is that the pitch length of the helix is very short and just a few
molecular lengths. At the core of Dozov’s prediction was the assumption that bent molecules
have a strong natural tendency to pack into bent structures. Such arrangements, however,
cannot fill space and so bend must be accompanied by a second deformation, namely twist in
the case of the Nyg phase. The requirement for a bent molecular structure was realised by using
odd-membered liquid crystal dimers and these now constitute the overwhelming majority of
the twist-bend nematogens reported to date!'®-1®. A liquid crystal dimer consists of molecules
containing two semi-rigid mesogenic units, the interactions between which drive the formation
of liquid crystal phases, separated by a flexible spacer, most commonly an alkyl chain. The

parity of this spacer determines whether the molecules is on average linear or bent!”.
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N, SmC
(a) (b)

Fig. 1. Sketches of the molecular arrangement in (a) the twist-bend nematic phase (Ntp)

B

and (b) in the twist-bend smectic phase (SmCrg).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

In his seminal paper Dozov also predicted the existence of twist-bend smectic phases®
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and these have now also been found, again by studying odd-membered liquid crystal dimers!8.
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These have been termed the twist-bend smectic C (SmCrg) phases in which the director again
forms a heliconical structure having a very short pitch length (Fig. 1(b))!'8. Several structural
variants of the SmCrg phase have been discovered!® although this new class of liquid crystal
phase has been observed for rather few molecules, all having similar molecular architectures?’-
23

The SmCrp phase was first observed in the CB60IBeOm series'® in which two differing
mesogenic units are attached via the spacer and this class of materials are referred to as non-

symmetric liquid crystal dimers. The CB60IBeOm series contains cyanobiphenyl (CB) and
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benzylideneaniline benzoate (IBeO) mesogenic units linked via a hexyloxy spacer, (6Q) atid 5,050
represents the number of carbon atoms in the terminal alkyloxy chain (Fig. 2(a)). The
CB601BeOm series displays fascinating liquid crystalline behaviour that depends on the length
of the terminal chain (m). For terminal chains shorter than the length of the spacer, the Ntg
phase was observed below the conventional nematic (N) phase. If the terminal chain exceeded
the length of the spacer, the Nrg phase was extinguished and replaced by a rich smectic
polymorphism including the smectic A (SmA), biaxial smectic A (SmA;) and SmCrg_, phases.
Recent studies have further highlighted the importance of the relative lengths of the spacer and
terminal chain in determining phase behaviour in this class of materials?*. We have also shown
that the molecular bend angle plays a critical role in determining phase behaviour®.
Empirically, albeit based on a rather small collection of molecules having similar structures, it
appears that the Nt phase is extinguished if the terminal chain length exceeds that of the spacer

and twist-bend smectic phases are instead observed.
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Cyanobiphenyl moiety Benzylideneaniline benzoate moiety DOI: 10.1039/D4CP04076G
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Fig. 2. The general structures of (a) the CB60IBeOm series'® in which the cyanobiphenyl
mesogenic unit is highlighted in blue and the benzylideneaniline benzoate moiety in red, and
(b) the CBOnO[Im series?® in which the benzylideneaniline mesogenic unit is highlighted in

green.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The driving force for the formation of the smectic phases observed in these materials

has recently been suggested to be anti-parallel associations between the benzylideneaniline

Open Access Article. Published on 06 January 2025. Downloaded on 1/13/2025 10:42:59 AM.

benzoate mesogenic units and the structure further stabilised by anti-parallel associations

(ec)

between the cyanobiphenyl moieties**. In consequence, the smectic mesophases exhibited by
these dimers show layer periodicities comparable to full molecular length, d~I1. This contrasts
with the behaviour reported for cyanobiphenyl-based non-symmetric dimers containing
benzylideneaniline-based units for which the relative lengths of the spacer and terminal chain
controls the ability of the mesogenic units to interact leading to smectic phases with differing
local packing arrangements. For example, for the CBOnO.m series (Fig. 2(b)) when the
terminal chain (m) is shorter than the spacer (n) favourable interactions between the unlike

mesogenic groups promote the formation of intercalated structures in which the layer
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periodicity is approximately half the molecular length, d~1/226-2728. This structure is.only stib
if the terminal chain can be accommodated in the structural volume determined by the length
of the spacer. Increasing the terminal chain destabilises the intercalated arrangements and
instead the molecules pack into interdigitated structures. These have bilayer periodicities with
d~2[ and are stabilised by the antiparallel association of the cyanobiphenyl units that serve to
minimise dipolar energy while the smectic behaviour is driven by molecular
inhomogeneity?6-27-2%,

We have seen that the cyanobiphenyl unit is thought to play an important role in
determining the quite different liquid crystal behaviour of the CB60IBeOm (Fig. 2(a)) '® and
CBOnO.m series (Fig. 2(b))%*. Of particular significance is the strong tendency of the
cyanobiphenyl group to form anti-parallel associations®®. To test these suggestions, here we
report a series of non-symmetric dimers containing the benzylideneaniline benzoate mesogenic
unit but replace the cyanobiphenyl moiety with the methoxybiphenyl mesogenic unit (Fig. 3).
We refer to this series using the acronym MeOB60OIBeOm series in which MeOB refers to
methoxybiphenyl. We selected the methoxybiphenyl unit because it is less polar and
polarizable than the cyanobiphenyl moiety and also reduces the structural anisotropy of the
molecule. These differences manifest in lower transition temperatures compared to the
corresponding  cyanobiphenyl-based dimers®'233,  Critically for this study, the
methoxybiphenyl moiety does not show a tendency to exhibit anti-parallel dimers and this
should significantly effect the ability of these dimers to exhibit the fascinating smectic phase
behaviour seen for the CB60IBeOm series. In terms of molecular design, a hexyloxy spacer
was selected to provide the requisite molecular bend for twist-bend phases to be
observed?®27?°, We compare the transitional properties of the MeOB60OIBeOm and
CB60IBeOm'® in order to further understand the role played by molecular structure in

determining the fascinating twist-bend phase behaviour.
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Methoxybiphenyl moiety DOI: 10.1039/D4CP04076G
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Fig. 3. The general molecular structure of the MeOB60OIBeOm, where m= 1-10. The
methoxybiphenyl mesogenic unit is highlighted in purple.

[

Experimental

The synthesis of the MeOB60IBeOm series is shown in Scheme 1. The synthesis begins with
a Friedel-Crafts acylation reaction between 6-bromohexanoyl chloride and 4-methoxybiphenyl
forming 6-bromo-1-(4'-methoxy-[1,1'-biphenyl]-4-yl)hexan-1-one (1).3* The ketone functional
group is reduced through treatment with triethyl silane (TEA) and trifluoracetic acid (TFA)
forming 4-(6-bromohexyl)-4'-methoxy-1,1"-biphenyl (2).3> A standard Williamson ether
synthesis is performed using 4-hydroxybenzaldehyde, generating 4-((6-(4'-methoxy-[1,1'-
biphenyl]-4-yl)hexyl)oxy)benzaldehyde (3) .3* (3) is coupled with the appropriate 4-
aminophenyl-4’-alkoxy benzoate ester (5)!%2* using a standard Schiff-base synthesis forming
the 4-[ {[4-({6-[4-(4-methoxyphenyl)phenyl]hexyl}oxy)phenyl]methylidene}amino] phenyl 4-

alkylbenzoates. Complete synthetic details, along with structural, and purity analysis for final

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

products and their intermediates are provided in the accompanying ESI.
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Scheme 1. The synthetic scheme for the synthesis of the MeOB60IBeOm series (m= 1-10).
Results and Discussion

The transitional properties of the MeOB60OIBeOm series are listed in Table 1. All ten
members exhibit an enantiotropic nematic phase identified by the observation of schlieren
optical textures containing both 2- and 4-point brush singularities and which flashed when
subjected to mechanical stress (Fig. 4(a)). On cooling the N phase for m = 1-9, a blocky, rope-
like texture was obtained, characteristic of the Ntg phase. The Nt phase was enantiotropic in
nature for m = 1-6 and monotropic for 7 — 9. Representative DSC traces obtained on heating
and cooling for MeOB60OIBeO7 are shown in Fig. 4(b). On heating, a strong endotherm

associated with the Cr-N transition and a weaker endotherm associated with the N-I transition
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are observed. The corresponding exotherms are observed in the cooling trace. The NypslNs: oo
transition is not detected using DSC given that the Ntg—N phase transition becomes weakly

first order as the temperature range of the preceding nematic increases’® and the
MeOB60IBeOm series shows wide temperature range nematic phases. Fig. 4(c) shows the
temperature dependence of the optical birefringence (An) measured for MeOB60IBeOS8 and a
continuous increase in the order parameter is seen on cooling the N phase. At the Ntg-N
transition a characteristic decrease is observed in An due to the averaging of optical anisotropy
resulting from the formation of the short-pitched helix37-38.

Table 1. Transition temperatures (°C) and associated scaled entropy changes, in brackets, for

the MeOB60OIBeOm series.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

m.p. NTB-N N-1
m
1/°c | 85/ | Tiec | AS/p | Troc | A5/p
1| 1363 | 177 | 14007 2602 | 044
2 | 1233 | 157 | 1385 2622 | 0.54
3 | 1338 | 158 | 13550 2486 | 038
4 | 1314 ] 161 | 1350 2430 | 038

Open Access Article. Published on 06 January 2025. Downloaded on 1/13/2025 10:42:59 AM.

5 | 131.0 | 14.1 133.07 ~0 | 2365 | 0.35

B
6 | 1284 | 16.0 | 130.07 229.7 | 0.36
7 | 1279 | 169 |[126.5] 2220 | 0.34
08 | 128.1 | 16.9 |[125.5]° 2193 | 0.34
9 | 1272 | 17.0 |[123.0] 212.8 | 0.28
10 | 128.2 | 17.6 - - 210.5 | 0.29

T microscope observation, [ ] monotropic transition.
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Fig. 4: (a) Characteristic POM textures for a sample sandwiched between untreated glass slides of the N and Nyg phases
exhibited by MeOB60IBeO7, (b) DSC thermogram for MeOB60OIBeQ9, (c) the temperature dependence of the optical
birefringence, T(4n), for MeOB60IBeO8 measured using green light, A=532 nm in a 1.7 um cell treated for planar alignment,
(d) 2D X-ray diffraction patterns for MeOB60OIBeO1 in the N [T= 150 °C] (left), Ntg [T= 115 °C] (centre) and Cr [T= 70 °C]
(right) phases, and (e) the low-angle XRD intensity profiles of the Ntg phases shown by homologues with m= 1, 4 and 8
recorded at 115 °C, 128 °C, and 120 °C, respectively, of the MeOB60IBeOm series. The curves have been shifted along the

vertical axis for clarity.

The phase assignments made using POM for the MeOB60OIBeOm series were
confirmed using X-ray diffraction (XRD). The diffraction patterns obtained in both the N and
Nrg phases showed only diffuse scattering in both the small and wide-angle regions indicative
of short-range translational ordering (Fig. 4(d)). The local periodicity the nematic phases may
be calculated from the positions of the peak in the small angle region (Fig. 4(e)) and these are
given in Table 2. The d/ ratio for m=3 is approximately 0.33 suggesting an intercalated

structure. For m= 4 three broad signals are observed corresponding to d// ratios of 0.33, 0.50

10
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and 0.84. This suggests a frustrated local structure involving three differgnt,pac oa0ee
arrangements. For m=8 a single diffuse peak is again observed with an associated d// ratio of
0.84. These data suggest that the local structure in both nematic phases evolves from being
intercalated for short terminal chains, experiences frustration for intermediate chain lengths,
and adopts an approximately monolayer arrangement for long terminal chain lengths. We note,
however, that this change in the local structure cannot be discerned from the dependence of the
transition temperatures on m (Fig. 5) that show a regular dependence. Similar behaviour has
been reported for the CB60.m series®®. Furthermore, there appears to be no simple relationship
between local structure and the helical pitch length in the Ntg phase. Both locally bilayer and
intercalated types of Ntg phases form helical structures with similarly short pitch lengths. The
frustration in the local packing mode (as observed, for example, in MeOB60IBe09) may be
understood as a coexistence of both intercalated and bilayer local structures, but it appears that
the breaking of the head and tail equivalence, which is responsible for the bilayer structure,

does not affect the formation of the heliconical structure.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Table 2: Molecular end-to-end separation in the N and Ntg phases estimated from the position
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of the small angle peaks in the X-ray patterns, d, the estimated molecular lengths, /, and the d//
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ratios for selected homologues of the MeOB60OIBeOm series.

m|d/A|1/A| an

1| 11.7 | 39.0 | 0.33

12.6 0.33

4 | 19.3 | 35.5|0.50

33.0 0.84

8 [ 370 |44.1 | 0.83

11
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Increasing the length of the terminal chain sees essentially a linear decrease,
values of Ty, (Fig. 5), and this may be attributed to the dilution of mesogenic group
interactions due to the increasing volume fraction of alkyl chains. The absence of an odd-even
effect superimposed on the decreasing trend in Ty suggests that the effect of the change in
molecular shape arising from the disposition of the methyl group with respect to the major axis
of the benzylideneaniline benzoate mesogenic unit on Ty is much smaller than the dilution

effect. The dependence of Ty, on m is similar but the decrease in Ty, on passing from
m=11t0 9 is only 17 K whereas that associated with Ty is 50 K. The smaller change in T
N on increasing terminal chain length suggests that the dilution of interactions between the
mesogenic groups has less of an effect on the Ntg-N transition than on the N-I transition. This
is consistent with the view that the formation of the Nt phase is predominantly

shape-driven'-3¢40 and that this depends largely on the flexible spacer (Fig. 5).

280

N
=
S

Temperature/ °C
z

120 4

Fig. 5. Temperature dependence of the transition temperatures on increasing terminal chain
length (m) for the MeOB60OIBeOm series. The melting points are indicated by the dotted line.

Open symbols represent monotropic phase transition.

The phase behaviour of the MeOB60IBeOm series differs dramatically from that of the
CB60IBeOm series described earlier'®. Indeed, the rich smectic polymorphism seen for the

latter series is completely extinguished in the former. The Ty; and Ty~ transition

temperatures for these two series are compared in Fig. 6. As we discussed earlier, replacing a
nitrile by a methoxy group reduces Ty and this is clearly evident in Fig. 6(a). Over all ten
members, Ty i1s higher on average by 13.3 K for the CB60IBeOm series. This difference is
largest for the shorter chain lengths and is higher than the difference seen between the

CB60.0m and MeOB60.0m series’?. By comparison the values of Tnyg for the two series

are very similar and cross-over on increasing m (Fig. 6(b)). The larger difference seen for the

12
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values of Ty for these two series may suggest that the interaction between the witike:  o7ce
mesogenic units does play a role in driving nematic phase formation, whereas as we noted
earlier the Nrg-N transition is widely believed to be predominantly shape driven and the shapes

of these dimers are rather similar (Fig. 7).

280 - °

270 4

C
N
2
1
o]

250 - o )

Temperature/ °C
R
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O
[ ]

230 o)
L ]
220 ° 5 b

210 > O

Temperature/ °C

Fig 6. Comparison of the Tx1 [top] and Ty ,.n [bottom] for the MeOB60OIBeOm [open] and
CB60IBeOm'® [solid] series.
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Fig. 7: Geometry optimised structures of the MeOB60OIBeOm [top] and CB60OIBeOm
[bottom] series showing the similarities in molecular structure on increasing the length of the
terminal chain (m). The structures were obtained by quantum mechanical density functional

theory (DFT) calculations at the B3LYP 6-31G(d) level of theory*!-4243,

Finally, we consider the absence of smectic behaviour for the MeOB60IBeOm: series.
The smectic phases exhibited by the CB60OIBeOm series are thought to be stabilised by
favourable, presumably quadrupolar, interactions between neighbouring pairs of anti-parallel
benzylideneaniline benzoate mesogenic units with further stabilisation of the structure coming
from anti-parallel associations between the cyanobiphenyl moieties concentrated at the layer
interfaces?*. Methoxybiphenyl fragments do not have the same strong tendency to align in
antiparallel associations and this will destabilise the smectic structure. This difference in how
the molecular fragments interact results in the observation of the Ntg phase for longer terminal
chain lengths for the MeOB60IBeOm series compared to the CB60IBeOm series for which
the emergent SmA phase precludes the observation of the Ntg phase. This contrasting
behaviour highlights the importance of the cyanobiphenyl moiety in stabilising the fascinating

twist-bend smectic phases.
Conclusions

We have reported a series of non-symmetric dimers containing methoxybiphenyl and
benzylideneaniline benzoate mesogenic units linked by a hexyloxy spacer, the
MeOB60IBeOm series. Unlike the corresponding materials containing a cyanobiphenyl
moiety!8, all smectic polymorphism is lost and N and Ntg phases are observed across all

members of the MeOB60OIBeOm series. This dramatic change in phase behaviour is attributed
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to the importance of anti-parallel associations between the cyanobiphenyl mesogenic ynits i, e
stabilising lamellar structures in this sub-class of non-symmetric liquid crystal dimers. This
observation now has an important role to play in the design of new materials expected to exhibit

these fascinating and rare twist-bend liquid crystal phases.
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