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The effect of the terminal linking atom on the
appearance of twist-bend nematic and
smectic phases

Ewan Cruickshank, †*a Grant J. Strachan, ab Magdalena M. Majewska, b

Damian Pociecha, b Ewa Gorecka, b John M. D. Storeya and
Corrie T. Imrie ‡a

The synthesis and characterization of five new members of both the CB6O�Om (6O defining the spacer

as hexyloxy) and CBO5O�m (O5O defining the spacer as oxypentyloxy) series are reported which

possess extended terminal alkyl chains. Two new series of dimers are also reported in which the linking

group between the terminal alkyl chain and mesogenic unit is varied, namely the CBO5O�Om and

CBO5O�Sm series. All four series exhibit both the twist-bend nematic phase (NTB) as well as a rarely

reported twist-bend smectic C phase (SmCTB-SH). X-ray diffraction measurements showed that the

SmCTB-SH phase had a partially interdigitated bilayer packing arrangement in agreement with previous

literature reports. The phase behaviour between these four series and the previously reported CB6O�m
and CB6O�Sm series are compared. The NTB phase is observed when the terminal alkyl chains are short

whereas when the terminal alkyl chains are long there is a predisposition towards more smectic-like

behaviour such as the SmCTB-SH phase. The dimers which contain an oxygen link in the terminal chain

have higher values of TNTBN than those with a sulfur or methylene link. Additionally, the dimers with an

6O spacer, in general, had slightly higher values than those with O5O spacers. Interestingly, the SmCTB-SH

phase did follow the same trend with regards to the effect of the terminal linking group but the reverse

trend with regards to the spacer.

Introduction

The twist-bend nematic (NTB) phase is a rare example of
spontaneous chirality generated by achiral molecules and has
attracted a huge amount of research interest since its experi-
mental discovery in 2011.1 It is a nematic phase, so the
molecules have a preferred orientation, known as the director,
however the director in this phase rotates to form a heliconical
structure.2,3 The director is tilted with respect to the helical
axis, and the pitch length in the NTB phase is typically only 10s
of nm; far shorter than those seen for inherently chiral phases
such the chiral nematic phase.4,5 The typical NTB pitch corre-
sponds to only around 3 or 4 molecular lengths. There has been
a great deal of effort made to identify the molecular features
that promote the NTB phase, and a key requirement is a bent

molecular shape.6,7 This fits with the theoretical predictions of
twist-bend behaviour made independently by Meyer and
Dozov.8,9 The majority of reported twist-bend nematogens have
been dimeric molecules, in which two mesogenic units are
linked by an odd-membered flexible spacer,10–23 but a range of
other structures have also been reported such as trimers,24–27

tetramers,28,29 higher oligomers,30–32 bent-core mesogens,33,34

hydrogen-bonded systems35–38 and chiral mesogens.39–43 There
has recently been an even-membered dimer reported which
exhibited the NTB phase.44

In his 2001 work, Dozov not only predicted the existence of
the NTB phase but also that there could be twist-bend smectic
phases (SmCTB) with a similar degree of symmetry breaking.9

This proved challenging to investigate experimentally, as it was
assumed any SmCTB phases would have to follow the NTB phase
and most compounds exhibiting the NTB phase would vitrify or
crystallise on cooling.37 The first experimental observation of a
SmCTB phase was reported in 2018 in a series of asymmetric
dimers which were part of the CB6OIBeOn series.45 The mole-
cules contained one cyanobiphenyl mesogenic group, a second
mesogenic group consisting of three aromatic rings connected
by an ester and an imine group, a hexyloxy flexible spacer and a
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terminal alkyloxy chain. Importantly, this discovery revealed
that the formation of the SmCTB phase did not require a
preceding NTB phase at higher temperatures, despite the earlier
predictions. This first twist-bend smectic phase was called
SmCTB-a, and its helical nature was confirmed by resonant soft
X-ray scattering (RSoXS) measurements.46 Non-resonant X-ray
diffraction measurements showed the phase has a monolayer
structure, with a periodicity comparable to the molecular
length. The helical pitch was comparable to that of the NTB

phase, at around 12–15 nm. The SmCTB-a phase has also been
observed in other dimers with a similar molecular structure.47

More recently, new variants of the SmCTB phase have been
identified. These phases, known as the SmCTB-SH and SmCTB-DH

phases,48,49 have a structure which can be described as a
distorted clock where the azimuthal angle between the long
molecular axis in adjacent smectic layers is different than 901.
This ‘distorted clock’ structure makes the SmCTB-SH phase
optically biaxial. In RSoXS studies, the SmCTB-SH phase showed
a resonance peak corresponding to 4 molecular layers, while
non-resonant X-ray diffraction revealed a bilayer structure. The
SmCTB-DH phase, while also adopting a four-layer helix with
distorted clock structure, also has an additional shift in azi-
muthal angle between consecutive layers which results in a
longer helical modulation being superimposed on the basic
4-layer helix structure. This additional helix makes the phase
optically uniaxial.50 The unwinding of the secondary helix in
the SmCTB-DH phase on approaching the SmCTB-SH phase gave
the first observation of selective reflection of light in an achiral
mesogen.48 These apolar twist-bend smectic phases have been
found in a range of non-symmetric bent dimers;51–54 however,
the structure–property relationships of these materials are still
poorly understood. Understanding these relationships is key
not only in the design of new compounds which exhibit the
twist-bend smectic C phases but also to potentially discover
new phases in this realm.

Here we investigate the effect of the linking group between
the mesogenic unit and the terminal chain on the formation of
the twist-bend nematic and single-helix twist-bend smectic C
phases. In this work, we have started from a dimeric structure
consisting of a cyanobiphenyl mesogenic group, an oxypenty-
loxy spacer (also referred to later as O5O with 5 being the
number of carbons in the spacer), and a benzylideneaniline

mesogenic unit with an alkyl terminal chain. This structure is
similar to the CB6O�m series48,53 (which has an hexyloxy spacer
hence referred to as 6O with 6 being the number of carbons in
the spacer) which was the first series reported to form the
SmCTB-SH phase, but with two ether links in the central spacer.
Changing the linking groups in the central spacer of a dimer will
change the degree of molecular bend, and as this has been shown
to strongly influence the formation of the NTB phase, it may be
expected to also have an important role in the formation of twist
bend smectic phases. We report three series of liquid crystal
dimers, with oxypentyloxy spacers, the CBO5O�m series, Fig. 1(a),
the CBO5O�Om series, Fig. 1(b), and the CBO5O�Sm series,
Fig. 1(c), changing the nature of the terminal linking group. We
also report on new members of the CB6O�Om series, Fig. 1(d),
which is analogous to the CB6O�m series53 but with an oxygen
terminal linking group. In addition to considering the influence
of the central spacer through comparison to the analogous CB6O�m
series, this allows us to investigate the role of the terminal linking
group in more depth. The transition temperatures of the CBO5O�m
and CB6O�Om series for m = 1 to 10 have been reported
previously.37,53,55 However, as extending the terminal chain length
is expected to promote additional smectic polymorphism, the aim
is to establish if the twist-bend smectic C phases may also be
observed despite the more linear structure.

Experimental

The synthetic route used to prepare the CBO5O�m series is
shown in Scheme 1, the CBO5O�Om series in Scheme 2, the
CBO5O�Sm series in Scheme 3 and CB6O�Om series in Scheme 4
in the SI along with a detailed description of the preparation of
all members of these series, including the structural character-
isation data for all intermediates and final products.

Optical studies

Phase characterisation was performed by polarised light micro-
scopy, using an Olympus BH2 polarising light microscope
equipped with a Linkam TMS 92 hot stage. The untreated glass
microscope slides used were 0.17 mm thick. The cells treated
for planar alignment were purchased from INSTEC, were
2.9–3.5 mm thick and possessed transparent ITO electrodes.

Fig. 1 Molecular structures of the (a) CBO5O�m, (b) CBO5O�Om, (c) CBO5O�Sm and (d) CB6O�Om series.
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Differential scanning calorimetry

The phase behaviour of the materials was studied by differen-
tial scanning calorimetry performed using a Mettler Toledo
DSC1 or DSC3 differential scanning calorimeter equipped with
TSO 801RO sample robots and calibrated using indium and
zinc standards. Heating and cooling rates were 10 1C min�1,
with a 3-min isotherm between either heating or cooling, and
all samples were measured under a nitrogen atmosphere.
Transition temperatures and associated enthalpy changes were
extracted from the heating traces unless otherwise noted.

Molecular modelling

The geometric parameters of all three series of dimers were
obtained using quantum mechanical DFT calculations with
Gaussian09 software.56 Optimisation of the molecular structures
was carried out at the B3LYP/6-311G(d,p) or B3LYP/6-31G(d) level
of theory. Comparison of the results of optimisation of the
methylene- and ether-linked dimers at the B3LYP/6-311G(d,p)
and the 6-31G(d) levels showed no discernible difference in the
geometries found, and so optimisation of the methylene- and
ether-linked dimers was carried out at the B3LYP/6-31G(d) level.
Visualisations of electronic surfaces and ball-and-stick models
were generated from the optimised geometries using the Gauss-
View 5 software, and visualisations of the space-filling models
were produced post-optimisation using the QuteMol package.57

X-Ray diffraction measurements

The X-ray diffraction measurements were obtained with a Bruker
D8 GADDS system (CuKa line, Goebel mirror, point beam

collimator, Vantec2000 area detector). Samples were prepared
as droplets on a heated surface. The temperature dependence of
the layer thickness was determined from the small-angle X-ray
diffraction experiments obtained with a Bruker Nanostar system
using CuKa radiation and patterns were collected with a Van-
tec2000 area detector.

Birefringence measurements

Optical birefringence was measured with a setup based on a
photoelastic modulator (PEM-90, Hinds) working at a modulation
frequency f = 50 kHz; as a light source, a halogen lamp (Hama-
matsu LC8) was used equipped with narrow bandpass filter
(532 nm). The signal from a photodiode (FLC Electronics PIN-20)
was deconvoluted with a lock-in amplifier (EG&G 7265) into 1f and
2f components to yield a retardation induced by the sample.
Knowing the sample thickness, the retardation was recalculated
into optical birefringence. Samples were prepared in 1.6-mm-thick
cells with planar anchoring. The alignment quality was checked
prior to measurement by inspection under the polarised light
optical microscope.

Results

The transitional properties for the CBO5O�m series are listed in
Table S8 with the entropy values associated with the liquid
crystal transitions being reported after scaling their values by
the gas constant, R. The phase behaviour for m = 1–10 has been
reported previously.53–55 The original reports for some members

Fig. 2 Dependence of the transition temperatures on the length of the terminal alkyl chain, m, for the (a) CBO5O�m (b) CBO5O�Om (c) CBO5O�Sm and
(d) CB6O�Om series represented by filled squares for TNI, filled circles for TNTBN, open squares for TSmAI, open circles for TSmCNTB, open diamonds for
TSmXSmC, filled diamonds for TSmAN, open triangles for TSmCTB-SHN, filled triangles for TSmCTB-SHSmA, and the dotted line indicates the melting points.
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of the series preceded the discovery of the NTB and SmCTB phases
and where relevant the phases have been reassigned. The depen-
dence of the transition temperatures on the length of the terminal
alkyl chain, m, for the CBO5O�m series is shown in Fig. 2(a).53,55

The new homologues synthesised, m Z 11, exhibited either the
conventional nematic phase or the smectic A phase on cooling
from the isotropic phase. The values of DSNI/R are consistent with
this phase assignment and the values of DSSmAI/R are clearly larger
than those of DSNI/R due to the increase in the order parameter.
All these new homologues also exhibited the SmCTB-SH phase on
cooling prior to crystallisation.

The transitional properties for the CBO5O�Om series are
listed in Table S9 and the dependence of the transition tem-
peratures on the length of the terminal alkoxy chain, m, for the
CBO5O�Om series is shown in Fig. 2(b). The homologues with
an alkoxy chain with m r 13 showed a conventional enantio-
tropic nematic phase, N. Succeeding the nematic phase when
m r 8 is the NTB phase, when m = 9 the NTB was replaced by the
SmCTB-SH phase, and when m = 10–13 the phase is followed
by the conventional SmA phase. At the longest chain lengths,
m = 15 and 17, a direct transition between the isotropic liquid
and smectic A phase is seen. In all the homologues which
contain the SmA phase, the SmCTB-SH phase is also observed at
lower temperatures.

The transitional properties for the CBO5O�Sm series are
listed in Table S10 and the dependence of the transition
temperatures on the length of the terminal alkylthio chain,
m, for the CBO5O�Sm series is shown in Fig. 2(c). For m r 13 a
conventional nematic phase, was observed, and the values of

DSNI/R are consistent with this assignment. The NTB phase was
preceded by the nematic phase in pure samples of the CBO5O�
Sm series for m = 5–8. For m r 4, the twist-bend nematic phase
was not observed, presumably due to crystallisation precluding
its appearance. The NTB phase was extinguished and instead
the SmA phase was observed when m Z 9, with direct
transitions between the SmA phase and isotropic liquid when
m = 15 and 17. Underlying the SmA phase when m Z 10 is the
SmCTB-SH phase.

The transitional properties for the CB6O�Om series, m = 1 to
10, have been reported in the literature,37 while those of the
new members are listed in Table S11 and the dependence of the
transition temperatures on the length of the terminal alkoxy
chain, m, for the CB6O�Om series is shown in Fig. 2(d).37 The
new homologues synthesised here show a clear difference in
mesogenic behaviour compared to the dimers with a shorter
terminal chain. All the new homologues, m Z 11, exhibit a
conventional nematic phase on cooling the isotropic liquid
phase and for all these homologues the lowest temperature
mesophase is the SmCTB-SH phase. When m = 11, the NTB phase
is observed prior to the observation of the SmCTB-SH phase
while for m = 15 and 17 the nematic phase is succeeded by the
SmA phase prior to the observation of the SmCTB-SH phase.

The phase behaviour in all four mesogenic series was
initially assigned on the basis of observations made using
polarised optical microscopy. The nematic phase was assigned
based on the observation of a characteristic schlieren texture
containing both two- and four-point singularities which flashed
when subjected to mechanical stress, Fig. 3(a)–(d).

Fig. 3 Textures of the nematic phase: (a) schlieren texture (T = 132 1C) for CBO5O�10, (b) schlieren texture (T = 152 1C) for CBO5O�O10, (c) schlieren
texture of (T = 170 1C) for CBO5O�S1 and (d) schlieren texture (T = 115 1C) for CB6O�O15.
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When the nematic phase was cooled, a cessation of the
director fluctuations associated with the conventional nematic
phase was observed and a blocky schlieren texture was instead
observed, Fig. 4(a) and (b). In planar aligned cells a striped
texture was observed characteristic of the twist-bend nematic
phase, Fig. 4(c) and (d).

Due to the monotropic nature of the twist-bend nematic
phase shown by some members of the CBO5O�Om series, the
homologues with short terminal chains tended to only show the
phase in isolated droplets. Thus, CBO5O�O3 was used as a repre-
sentative example in a miscibility study with CB7CB to confirm the
NTB assignment, see Fig. S1. Complete miscibility between the two
compounds was observed over the whole composition range,

indicating the same phase behaviour. The higher temperature
mesophase was a conventional nematic phase, Fig. 5(a) and on
cooling, the twist-bend nematic phase formed, Fig. 5(b). The
measured value of TNTBN for CBO5O�O3 fits perfectly on the trend-
line drawn for the mixtures, confirming the phase assignment.

For the CBO5O�Sm series, when m r 4, the NTB phase was
not observed due to the early onset of crystallisation. In order to
therefore estimate a virtual transition temperature for TNTBN, a
phase diagram was constructed with binary mixtures of
CBO5O�S3 and CB7CB, see Fig. S2. Complete miscibility
between the two compounds was observed over the whole
composition range, indicating the same phase behaviour. The
higher temperature mesophase for all mixtures studied was a

Fig. 4 Textures of the twist-bend nematic phase: (a) blocky schlieren texture (T = 73 1C) for CBO5O�O7, (b) blocky schlieren texture seen in isolated
droplets (T = 54 1C) for CBO5O�S6, (c) striped texture in a planar aligned cell (T = 73 1C) for CBO5O�O7 and (d) striped texture in a planar aligned cell
(T = 53 1C) for CBO5O�S8.

Fig. 5 Textures observed for the 40 : 60 mol% mixture of CB7CB : CBO5O�O3: (a) schlieren texture of the nematic phase (T = 135 1C) and (b) rope-like
texture of the twist-bend nematic phase (T = 80 1C).
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conventional nematic phase, see Fig. 6(a). On cooling the
nematic phase, characteristic textures of the twist-bend
nematic phase were observed, see Fig. 6(b). The TNI trendline
increases with the concentration of CBO5O�S3 and displayed a
small downwards curvature, suggesting that the intermolecular
energy parameter between the unlike species is smaller than
the geometric mean of the interaction parameters between the
like species.58 The TNTBN trendline also varied in essentially a
linear sense but decreased with increasing concentrations of
CBO5O�S3. The virtual transition temperature estimated for
TNTBN was 69 1C but it should be noted that this represents a
rather extended extrapolation and was well below the bulk
crystallisation temperature of the pure sample.

The SmA phase was assigned based on the observation of a
characteristic focal conic fan texture which co-existed with
regions of extinction, suggesting that the phase was optically
uniaxial, Fig. 7(a)–(d).

The SmCTB-SH phase was assigned based on the observation
of a focal conic fan texture which could be sheared to give
regions containing a weakly birefringent schlieren texture con-
sisting of mainly four-point brush defects, Fig. 8(a). The phase
also was observed to contain areas which consisted of a pseudo-
schlieren texture with moving stripes of different birefringence,
Fig. 8(b)–(e). These striped textures appeared similar to those
we have reported for the SmCTB-SH phase previously and seem
to be characteristic of the phase. The focal conic fans initially

Fig. 6 Textures observed for the 40 : 60 mol% mixture of CB7CB : CBO5O�S3: (a) schlieren texture of the nematic phase (T = 117 1C) and (b) parabolic
texture of the twist-bend nematic phase (T = 81 1C).

Fig. 7 Textures of the smectic A phase: (a) focal conic fan texture with homeotropic regions (T = 136 1C) for CBO5O�16, (b) focal conic fan texture with
homeotropic regions (T = 147 1C) for CBO5O�O17, (c) focal conic fan texture with homeotropic regions (T = 85 1C) for CBO5O�S11 and (d) focal conic fan
texture with homeotropic regions (T = 108 1C) for CB6O�O17.
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appeared smooth, Fig. 8(f) and when the sample was further
cooled, lines developed across the fans, due to the onset of
crystallisation.

X-ray diffraction studies were performed to confirm the
phase sequences in selected members of each series, and this
data is given in Fig. 9 and Fig. S3–S10. The observed trends
were consistent across all materials studied.

As a representative example, the temperature dependence of
the layer spacing in CBO5O�10 measured using small angle X-
ray diffraction is given in Fig. 9. The transition from the N to
the SmA phase was accompanied by narrowing of the width of
the low angle X-ray diffraction signal, confirming the increase
of the positional correlations in the nematic phase on
approaching the transition to a lamellar phase. The layer
spacing continuously increased on cooling through the SmA
phase, indicating a negative thermal expansion, which is

typical for SmA phases. On entering the SmCTB-SH phase, the
layer spacing is B72 Å, corresponding to just under twice the
molecular length indicating a partially interdigitated bilayer
packing arrangement. This was also observed for all the other
dimers exhibiting the phase which were measured using X-ray
diffraction, Fig. S3–S10, and is standard for the SmCTB-SH phase
as we have reported previously.48,49,51,52 Interdigitated packing
in these dimers is driven by the antiparallel association of the
cyanobiphenyl units, and due to the enhanced molecular
inhomogeneity driven by the elongated terminal alkyl chains.
The liquid-like nature of both the SmA and SmCTB-SH phases is
confirmed by X-ray diffraction, as the wide-angle signal
remained diffuse on cooling through both phases. (Fig. 9 inset).

The optical birefringence, Dn, increases quickly in the
nematic phase following a critical dependence for both CB6O�
O11 and CB6O�O13, Fig. 10. The measured birefringence starts

Fig. 8 Textures of the smectic CTB-SH phase: (a) weakly birefringent schlieren texture (T = 100 1C) for CBO5O�14, (b) pseudo-schlieren texture with
moving stripes of opposing birefringence (T = 101 1C) for CBO5O�16, (c) pseudo-schlieren texture with moving stripes of opposing birefringence (T =
113 1C) for CBO5O�O13, (d) pseudo-schlieren texture with moving stripes of opposing birefringence (T = 85 1C) for CBO5O�S13, (e) pseudo-schlieren
texture with moving stripes of opposing birefringence (T = 90 1C) for CB6O�O15 and (f) focal conic fan texture in a planar aligned cell (T = 85 1C) for
CBO5O�S15.
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to depart from this critical dependence in CB6O�O11 on cooling
the N phase towards the transition to the NTB phase and this
has been attributed to the formation of instantaneous local
heliconical states. There is a small jump in Dn before the values
decrease further due to the tilt of the molecules from the helical
axis. There is another small step in Dn at the transition to the
SmCTB-SH phase presumably due to the increase in orienta-
tional ordering due to the layered nature of the smectic phase.
The gradual decrease in Dn persists after the transition due to
the molecules continuing to be tilted in the phase. For CB6O�
O13 the NTB phase is not observed and instead the SmCTB-SH is
directly seen after the conventional nematic phase. There is

again a small step increase at the transition before Dn
decreases as the molecules tilt within the layered structure of
the SmCTB-SH phase, Fig. 10.

Discussion

The dependence of TNI on the length of the terminal chain up
to a total terminal chain length of 10 for the CBO5O�m,53–55

CBO5O�Om and CBO5O�Sm series is shown in Fig. 11(a). These
clearing temperatures are also compared against the CB6O�m,
CB6O�Om and CB6O�Sm series which have been previously

Fig. 9 The dependence of the layer spacing (d) on temperature for CBO5O�10 measured on cooling (black circles) and the dependence of the full width
at half maximum on temperature (red circles). (Inset) The 2D X-ray diffraction patterns of CBO5O�10 for the SmCTB-SH, SmA and N phases.

Fig. 10 The temperature dependence of the optical birefringence of (left) CB6O�O11 and (right) CB6O�O13 for green light (l = 532 nm) in a 1.6 mm planar cell.
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reported in the literature.37,48,52,53 Homologues which have the
same total terminal chain length, t, are compared such that
t = m + 1 for the CBO5O�Om, CBO5O�Sm, CB6O�Om and CB6O�Sm
series, whereas t = m for the CBO5O�m and CB6O�m series. All
six series showed fairly similar behaviour as the length of the
terminal chain increased with TNI generally decreasing. This
may be attributed to the dilution of the interactions between

the mesogenic units on increasing the volume fraction of alkyl
chains. The values of TNI also tended to alternate based on the
parity of the terminal chain and this is known as the odd–even
effect.59 When the total terminal chain length is odd, TNI is
expected to be higher or show a more gradual decrease in value
than those of the adjacent even membered homologues. On
changing the parity of the chain there is an enhanced change in

Fig. 11 Dependence of (a) TNI, (b) TNTBN and (c) TSmCTB-SH-X, with total terminal chain length, t, for the CBO5O�m53–55 series denoted by filled circles, the
CBO5O�Om series denoted by filled triangles, the CBO5O�Sm series denoted by filled squares, the CB6O�m48,53 series denoted by empty circles, the
CB6O�Om37 series denoted by empty triangles and the CB6O�Sm52 series denoted by empty squares.
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the shape anisotropy when the chain is increased from being
even-membered to odd-membered.

The oxygen-linked CBO5O�Om series showed the highest
values of TNI for all members of the series and in general
dimers with an O5O spacer showed higher values than the
comparable dimers with a 6O spacer by around 34 1C. The
higher values of TNI shown by these series are completely in
accord with the predictions made by a theoretical model
developed by Luckhurst and coworkers.7 This effect can be
explained by the change in nature of the link between the
flexible spacer and one of the mesogenic units giving a more
linear molecular shape, Fig. 12, and this effect was similarly
described by Walker et al.53

Changing the terminal linking group has a consistent effect
over all six of the series reported, replacing an oxygen terminal
linking group with a sulfur-linking group sees TNI decrease by
39 1C from the CBO5O�Om to the CBO5O�Sm series, and by
40 1C for the CB6O�Om and CB6O�Sm series. The methylene-
linked series showed intermediate values compared to the
oxygen- and sulfur-linked series with the difference in TNI

between the CBO5O�m and CBO5O�Sm series being 17 1C and
for the CB6O�m and CB6O�Sm series this decrease is 16 1C. This
change in transition temperatures reflects the fact that the
sulfur and oxygen linking groups show the largest difference in
bond angles, with oxygen-linked dimers having the largest
bond angle connecting the mesogenic unit and the alkyl chain,
C–O–C, which was calculated by DFT to be 1191. This makes it
the most linear of the three linking groups. The sulfur-linked
dimers are the least linear, due to the C–S–C bond angle, found
to be 100.51 and this is also narrower than the C–C–C bond

angle, which was calculated by DFT to be 113.51. A linear
structure is more compatible with the molecular organisation
found in the nematic phase and this leads to increased values
of TNI. The more acute bond angle of C–S–C means that the
terminal chain protrudes at more of an angle which reduces the
shape anisotropy, as well as disrupting the packing efficiency of
the molecules, Fig. 13.

The exception to the outlined trend is found for the dimers
with t = 2 for which a higher value of TNI is seen for both sulfur-
linked series compared to the carbon-linked ones. This beha-
viour has been accounted for potentially in terms of chalcogen
bonding with regards to the nSCB series.19 However, single
crystal studies have suggested that there were no S–S contacts
in the CB6O�Sm series although this does not preclude these
interactions from being present in the nematic phase.52 Similar
anomalous behaviour is observed for other mesogens with
terminal alkylthio chains and in those cases were attributed
to the larger dispersion force of the polarisable sulfur atom
when compared to oxygen and carbon.60 It is unclear why such
a small structural change in chain length has such a large
impact on the transition temperatures. This trend does appear
to be very consistent over a range of compounds with a sulfur-
linked terminal chain.19,52,60–62

The dependence of TNTBN on the length of the terminal
chain up to a total terminal chain length of 10 is shown in
Fig. 11(b). By first considering the series with an O5O spacer,
the CBO5O�Om series has the highest values of TNTBN and the
CBO5O�Sm series the lowest as would be expected from pre-
vious observations for the conventional nematic phase due to
the bond angle of the terminal linking group. However, while

Fig. 12 A comparison of the molecular shapes of (a) CBO5O�O3 and (b) CB6O�O3.

Fig. 13 A comparison of the molecular shapes of (a) CBO5O�S13; (b) CBO5O�O13 and (c) CBO5O�14.
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TNTBN is on average 27 1C lower for both series of sulfur-linked
dimers compared to the oxygen-linked dimers, these values are
only 7 1C lower than the carbon-linked dimers.

The anomalous transition temperatures which were seen for
the conventional nematic phase are also seen for the NTB phase
when t = 2. CB6O�S1 has a value of TNTBN only 4 1C lower than
CB6O�O1 and some 14 1C higher than CB6O�2, presumably due
to the same interaction being present. This effect was not
observed for the CBO5O�Sm series but that is simply due to
the early onset of crystallisation inhibiting the observation of
the NTB phase. For each corresponding pair of series, the more
linear nature of the materials containing two ether linking
groups (O5O spacer) might be expected to decrease the values
of TNTBN relative to those of the corresponding dimers with
only one ether linking group (6O spacer). Indeed, this is the
case for the CBO5O�Om and CB6O�Om series with values of
TNTBN around 9 1C higher for the latter. The transition tem-
peratures of the CBO5O�m and CBO5O�Sm series are fairly
similar in value to the CB6O�m and CB6O�Sm series, respec-
tively, although the dimers with a 6O spacer have generally
slightly higher temperatures. This might be somewhat unex-
pected when considering difference in TNTBN seen for the
oxygen-linked dimers, however, an explanation for this was
reported by Walker et al.53 who suggested that an enhanced
specific interaction existed in the CBO5O�m series providing an
additional driving force compared to the CB6O�m series.

The dependence of the onset temperature of the SmCTB-SH

phase on the length of the terminal chain is shown in Fig. 11(c).
All six of the series exhibit the SmCTB-SH phase and the transi-
tion temperatures tend to increase with increasing terminal
chain length. This may be attributed to the elongated terminal
chains allowing both the shape anisotropy to become more
well-defined, as well as promoting molecular inhomogeneity
between the mesogenic units and alkyl chains which stabilises
the layered arrangement of the smectic phase due to micro-
phase separation.63 This may suggest that molecular inhomo-
geneity is of key importance for the formation of the SmCTB-SH

phase much like more conventional smectic phases. Intrigu-
ingly the trends in the phase behaviour are more similar to
those seen for the conventional nematic phase rather than the
NTB phase, although there are some key differences. The
CBO5O�Om series in general has the highest upper limit
for the observation of the SmCTB-SH phase followed by the
CBO5O�m series. However, when t = 18 the difference between
CBO5O�18, CB6O�O17 and CB6O�18 is relatively small with all
the transitions being observed within a 4 1C span. The two
sulfur-linked series, namely, CBO5O�Sm and CB6O�Sm, both
have relatively low transition temperatures to the SmCTB-SH

phase compared to the other series with the CB6O�Sm series
having the lowest values due to the protrusion of the terminal
chain as was described for TNI. The trend seen when varying the
nature of the terminal linking groups, from oxygen to carbon to
sulfur, mirrors that discussed earlier and so the reduction in
the shape anisotropy, and disruption in packing efficiency also
hold here. The onset of the SmCTB-SH phase, the chain length at
which the phase is first observed in a series, seems to vary

depending on the molecular architecture of the dimers. The
three series containing a O5O spacer exhibit the phase at
shorter terminal chain lengths than those with a 6O spacer
and similarly the O5O spacer dimers, in general, exhibit higher
transition temperatures than their 6O equivalents. The O5O
dimers have a more linear shape, Fig. 12, which is more
favourable for packing the molecules into layered structures
as is found in smectic phases. However, this is somewhat
surprising considering this means molecular bend is reduced
which may seem a disadvantage for arranging the molecules
also into a twist-bend heliconical structure. Presumably while
molecular bend is a prerequisite driving force for the observa-
tion of the SmCTB-SH phase, and hence the observation in
dimers with an odd-membered spacer, we also have to consider
effects that promote smectic phases such as enhanced micro-
phase separation and increased linearity as additional drivers
of the phase. It appears here that increased linearity, while
maintaining some bend, is actually the most favourable for the
observation of the SmCTB-SH phase. What is key to our under-
standing of the transition temperatures seen for the SmCTB-SH

phase is the interaction between these different effects, and
more compounds which exhibit the phase are needed in order
to fully understand exactly which of these interactions has the
largest effect on the phase behaviour observed.

Conclusions

The dimers reported here provide new examples of materials
exhibiting two spontaneously heliconical liquid crystal phases,
the NTB and SmCTB-SH phases. The NTB phase is observed when
the terminal alkyl chains are short, regardless of the nature of
the linking group, whereas when the terminal alkyl chains are
long there is a predisposition towards more smectic-like behav-
iour, including the rarely observed SmCTB-SH phase. The nature
of the link attaching the terminal chain, either ether, thioether
or methylene, also influences the stability of these LC phases
with mesogens featuring ether-linked terminal chains promot-
ing the formation of both the NTB and SmCTB-SH phases. In
addition to the effect of their terminal chains, the central
spacer linking the mesogenic units plays a key role in determin-
ing the phase behaviour of the materials, particularly through
its influence on the overall molecular shape, which is a key
driving force in the formation of twist-bend liquid crystal
phases. Comparing materials with diether-linked (O5O)
spacers, to previously reported materials with hexyloxy (6O)
spacers, it is interesting to note that these new materials appear
to stabilize the SmCTB-SH phase compared to their single-ether
analogues. This unexpected observation contrasts with the
trends seen for the NTB phase, where the more highly bent
structure of dimers with a 6O spacer is considered more
favourable. In the SmCTB-SH phase, in addition to the impor-
tance of a bent molecular shape inherent to the twist-bend
phases, the formation of layered structure adds an additional
complexity to the molecular design of new materials which is
not fully clear. Indeed, our understanding of the structure–
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property relationships and driving forces behind the formation
of the SmCTB-SH phase are still at an embryonic stage and so it
is critical that further compounds are synthesized which exhib-
it this exciting phase.
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E. Gorecka and C. T. Imrie, Mater. Adv., 2020, 1, 1622–1630.

44 N. Tufaha, C. J. Gibb, J. M. D. Storey and C. T. Imrie, Liq.
Cryst., 2023, 50, 1362–1374.

45 J. P. Abberley, R. Killah, R. Walker, J. M. D. Storey, C. T.
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