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The syntheses and characterisation of the 4-[{[4-({n-[4-(4-
cyanophenyl)phenyl]-n-yl}oxy)phenyl]-methylidene}
amino]phenyl-4-alkoxybenzoates (CBnOIBeOm) are reported
with n=8 and 10 and m=1–10. The two series display
fascinating liquid crystal polymorphism. All twenty reported
homologues display an enantiotropic nematic (N) phase at high
temperature. When the length of the spacer (n) is greater than
that of the terminal chain (m), the twist-bend nematic (NTB)

phase is observed at temperatures below the N phase. As the
length of the terminal chain is increased and extends beyond
the length of the spacer up to three smectic phases are
observed on cooling the N phase. One of these smectic phases
has been assigned as the rare twist-bend smectic C subphase,
the SmCTB-α phase. In all the smectic phases, a monolayer
packing arrangement is seen, and this is attributed to the anti-
parallel associations of the like mesogenic units.

Introduction

In recent years the twist-bend nematic (NTB) phase has been the
focus of considerable research due to its fascinating chiral
properties despite being comprised of molecules which are
themselves achiral.[1–6] In the NTB phase the director sponta-
neously adopts a heliconical structure in which it is tilted with
respect to the helical axis. The formation of chirality is
spontaneous and equal numbers of left and right-handed
helices are formed. This double degeneracy may be removed
by molecular chirality and the chiral NTB phase is formed.[7,8]

With an ever-expanding library of twist-bend nematogens
being reported (for example[9–13]) it is surprising how little is still
understood about the relationship between molecular structure
and the formation of the NTB phase besides the requirement for
the molecules to have an overall bent-molecular shape. This
structural prerequisite was predicted independently by both
Meyer[14] and Dozov.[15]

In his prediction of the NTB phase,[15] Dozov also postulated
the possibility of a heliconical twist-bend smectic (SmCTB) phase

which, like the NTB phase, should be formed from bent achiral
molecules. The existence of the SmCTB was experimentally
discovered for achiral bent liquid crystal dimers in 2018.[16,17] In
the SmCTB phase, the director is tilted with respect to the layer
normal, and the tilt direction describes a helix on passing
between layers. Little is known with regards to the molecular
factors that drive the formation of SmCTB phases. Trends in
behaviour are beginning to emerge however with regards to
the tendency to exhibit the singly and doubly helical variants of
the SmCTB phase, referred to as the SmCTB-SH and SmCTB-DH,
respectively. These phases have been observed only in dimers
containing cyanobiphenyl and benzylideneaniline mesogenic
units connected by an odd-membered spacer possessing a long
terminal chain.[18–21]

The SmCTB-α phase was the first heliconical twist-bend
smectic phase to be discovered and found for the non-
symmetric liquid crystal dimers the CB6OIBeOm series (Figure 1;
n=6).[22] Despite being the first SmCTB phase observed, it
remains the rarest. The CB6OIBeOm series shows a fascinating
and rich phase behaviour. When the terminal chain (m) is
shorter than the central spacer (n), i. e. n>m, conventional
nematic (N) and NTB phases are observed. The conventional N
phase is shown for all terminal chain lengths, whereas, the NTB

phase is extinguished at m=7. For m�7, up to four smectic
phases are observed. On decreasing temperature, these are the
smectic A (SmA), biaxial smectic A (SmAb) and a soft-crystalline
hexatic-type smectic phase (HexI), and, when m=7 and 8, the
SmCTB-α phase is also observed. Regardless of the length of the
terminal chain, all the liquid-like smectic phases have perio-
dicities comparable to the full molecular length (i. e. a
monolayer structure). This is a departure from the behaviour of
other non-symmetric dimers for which an evolution from
intercalated to interdigitated arrangements is seen on increas-
ing m depending on the length of the spacer (see, for
example,[23–25]). This change in structure is often attributed to
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the ability of the terminal chain to be accommodated within
the volume of the intercalated structure determined by the
spacer.[26–28] The phase behaviour of the CB6OIBeOm dimers
appears to be intrinsically linked to the n:m ratio with the
SmCTB-α phase only appearing when n � m. Further investiga-
tions of dimers containing structurally similar mesogenic units
are now required in order to better understand these intriguing
twist-bend phases and to establish the structure-property
relationships regarding their formation.

Herein we report the synthesis and characterisation of the
4-[{[4-({n-[4-(4 cyanophenyl)phenyl]n-yl}oxy)phenyl]-
methylidene}amino]phenyl-4-alkoxybenzoates (CBnOIBeOm)
(Figure 1) with n=8 and 10, m=1–10. The properties of these
dimers are compared to those of the CB6OIBeOm series[22] and
allow the effect of increasing spacer length to be established.

Experimental

Synthesis

The synthetic route used to obtain the CBnOIBeOm series is shown
in Scheme 1. The method is based on synthetic procedures
described elsewhere.[25] Complete synthetic details, structural and
purity analysis for final products and their intermediate compounds
are provided in the ESI.

Results and Discussion

Extending the length of the spacer from n=6 in the
CB6OIBeOm series[22] to 8 and 10 in the CB8OIBeOm and
CB10OIBeOm series, respectively, does not change the phase
sequence observed but rather sees a shift in like transitions to
longer terminal chain lengths reflecting the importance of the
n:m ratio in determining phase behaviour. The temperature
dependence of the transition temperatures for the CB8OIBeOm
and CB10OIBeOm series on the length of the terminal chain, m,
is shown in Figure 2 [above] and [below], respectively, and the
accompanying transitional data are provided in the ESI
(SITable 1 and SITable 2, respectively). All members of both
series display an enantiotropic conventional nematic (N) phase
which is assigned using polarized light optical microscopy
(POM) by the observation of a characteristic schlieren texture
containing 2 and 4-point brush singularities between untreated
glass slides and which flashes when mechanical stress is
applied. A uniform texture is observed when the samples are
viewed within cells treated for planar alignment and unidirec-
tionally rubbed. When the length of the terminal chain is
shorter than that of the spacer (n>m), the NTB phase is

observed on cooling the conventional N phase. The NTB phases
were assigned using POM by the appearance of either rope-like
or blocky textures when viewed between untreated glass slides
and by a striped texture when viewed within a thin cell treated
for planar alignment (for example see Figure 3 and SIFigure 1).
The observation of this striped texture is now thought to be
characteristic of the NTB phase. It was attributed to undulation
of the helical axis parallel to the surfaces (horizontal chevron)
but also perpendicular to the surfaces (vertical chevron) that
leads to a spatial variation of the optic axis direction and, in
turn, to the appearance of a stripe pattern in optical textures
observed under a polarizing microscope.[29,30] The values of TNTB-

N shown in Figure 2 were measured using POM and these
transitions were not evident using DSC. This presumably reflects
the weakly first order or continuous nature of the N-NTB phase
transition given the large temperature range of the preceding
nematic phase.[1] The temperature dependence of the optical
birefringence (Δn) is also consistent with the assignment of the
NTB phase with a characteristic decrease observed at the N-NTB

transition due to the averaging of optical anisotropy associated

Figure 1. The general structure of the CBnOIBeOm series where n=8 and 10, m=1-10.

Figure 2. Phase diagrams for the CB8OIBeOm [above] and CB10OIBeOm
[below] series. The crossed areas indicate monotropic regions.
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with the formation of the short-pitched helix (see SIFig-
ure 2).[29,31]

The dependence of the N� I and NTB-N transition temper-
atures on increasing m for the series with the longer spacers is
essentially the same as seen for the CB6OIBeOm series, and
specifically, increasing m sees a linear decrease in the values of
TN-I and TNTB-N. For the N� I transition, this reflects the dilution of

the interactions between the mesogenic units due to the
increased volume fraction of alkyl chains.[32] The decrease in the
values of TNTB-N on increasing m is weaker than that seen for the
values of TN-I, and reflects the predominantly shape driven
nature of the NTB-N phase transition.[1,3,25]

The lowest temperature phase exhibited by all members of
the series when n=8 and, for m >2 when n=10 was assigned

Scheme 1. The synthesis of the CBnOIBeOm series, where n=8 and 10 and m=1–10.
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as the tilted lamellar HexI phase. The identification of the HexI
phase using POM is non-trivial as the textures are para-
morphotic, however, X-ray diffraction studies clearly showed
narrowing of the high-angle diffraction signal (SIFigure 3)
evidencing increased correlations of molecular positions within
the layers, characteristic for hexatic phases. AFM images (Fig-
ure 4) showed that although the structure of the HexI phase is
lamellar, its morphology is sponge-like, and composed of
interconnected empty channels with thin walls made of
mesogenic material, the characteristic size being 100–200 nm.
The scaled entropy changes associated with the HexI transitions

are lower than those expected for crystallisation and appear as
first-order transitions by DSC with little hysteresis on repeated
heating and cooling cycles.

On increasing the terminal chain length (n<m), the NTB

phase is extinguished and replaced by up to two liquid-like
smectic phases. The higher temperature smectic phase has
been assigned as the SmA phase. Between untreated glass
slides, the SmA phase is observed as either focal conic fans or
the samples align homeotropically and a uniformly dark texture
is seen (see Figure 5). In an aligned cell treated for a planar
alignment, the SmA phase has a uniform texture like that of the

Figure 3. POM textures viewed between untreated glass slides (top) and within a 1.6 μm cell treated for planar alignment (bottom) of the N, NTB and HexI
phases observed for CB10OIBeO2.

Figure 4. AFM image of CB6OIBeO7 in the HexI phase; the material was placed on silica substrate and quickly cooled to room temperature.
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nematic phase, however, with increased optical birefringence
(Figure 6c). Moreover, a distinct first-order transition is observed
at the SmA� N transition in the DSC thermograms (see Fig-
ure 6a). The temperature dependence of the layer spacing (d) is
also consistent with a SmA phase, with d increasing essentially
linearly on cooling (see Figure 6b). The layer spacing corre-
sponds approximately to the molecular length (d�L) indicating
a monolayer structure as also observed for the CB6OIBeOm
series.[22] For a given spacer length, increasing m sees a steep
increase in the SmA� N transition temperature which is consis-
tent with the view that increasing molecular inhomogeneity
drives microphase separation and the formation of the SmA
phase.

When the length of the terminal chain is approximately
equal to the length of the spacer (n�m) (for n=8, m=8&9,
and for n=10, m=9), a further liquid-like smectic phase is
observed at temperatures below the SmA phase. A very small
enthalpy change is detected at the transition in the DSC
thermogram (see Figure 6a) and the temperature dependence
of the layer spacing indicates a transition to a tilted ‘SmC-like’

phase, the periodicity of which corresponds to about the
molecular length (see Figure 6b). When viewed using POM
between untreated glass slides, the low temperature phase
cannot be distinguished from the SmA phase given both adopt
homeotropic textures, but a wavefront can be observed that
indicates the transition between the two phases. This precludes
the assignment of conventional SmCs or SmCa phases as these
are optically biaxial phases. When confined in a cell treated for
planar alignment, the phase transition is well-defined, and the
lower temperature phase shows a striped texture (see Figure 5).
As described earlier for the NTB phase, the observation of a
striped texture is characteristic for materials in which helical
pitch varies with temperature, such temperature variation leads
to the some helix axis undulations in cells.[18,22,31] The temper-
ature dependence of the optical birefringence is also consistent
with this assignment of an SmCTB phase, as a continuous
decrease in Δn is seen throughout the phase (see Figure 6c and
SIFigure 5). This is thought to arise from increasing tilt in the
heliconical structure of the SmCTB phase. The optical uniaxiality
of the SmCTB phase observed here precludes the assignment of

Figure 5. POM textures viewed between untreated glass slides (top) and within 1.6 μm cell treated for planar alignment (bottom) for the N, SmA, SmCTB-α and
HexI phases observed for CB8OIBeO8.

Figure 6. (a) DSC thermogram for CB8OIBeO8 showing the N-SmA-SmCTB-α-HexI phase sequence. (b) Smectic layer spacing (d) vs temperature for the
CB8OIBeOm series with m=8–10. For m=8 and 9, the temperature dependence of the layer spacing, T(d), suggests a transition from an orthogonal SmA to a
tilted smectic phase. (c) The temperature dependence of the optical birefringence, T(Δn), for CB8OIBeO8 measured in a 1.7 μm cell treated for planar
alignment. Similar temperature dependencies of d and Δn shown in (b) and (c), respectively, have been observed previously for the SmCTB-α phase for the
CB6IBeOm series.[22]
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the SmCTB-SH phase, in which the single distorted helix gives rise
to optically biaxiality.[18] The second helical modulation present
in the SmCTB-DH phase leads to the phase appearing optically
uniaxial, but this has only been observed so far only for smectic
phases with a bilayer structure.[18–20,24] This strongly suggests
that the variant of the SmCTB phase observed for the two series
reported here is the SmCTB-α phase and this is in accord with the
assignment made previously for the CB6OIBeOm series.[22]

Let us now turn our attention to a comparison of the
CBnOIBeOm series.[22] Increasing the length of the spacer sees a
decrease in the values of TN-I, TNTB-N and TSmA-N for a given
terminal chain length (see Figure 7). For the values of TN-I, this
reflects an increase in molecular flexibility on increasing n, and
a dilution of the interactions between the mesogenic units. As
mentioned previously, the formation of the NTB phase is
thought to be predominantly shape driven[25] and the decrease
in the values of TNTB-N reflects to a large extent the decrease in
molecular curvature on increasing spacer length, n. The
decrease in the values of TSmA-N may again reflect, at least in
part, the dilution of intermolecular interactions due to the
increased volume fraction of alkyl chains. In addition, the
molecular inhomogeneity arising from a given terminal chain is
greater for the shorter spacers and drives the formation of the
smectic phase.

The layer spacing in the smectic phases shown by all three
CBnOIBeOm series correspond to about the molecular length,
irrespective of the n :m ratio. As we noted earlier, previous
studies of non-symmetric dimers based on cyanobiphenyl and
benzylideneaniline moieties showed that increasing the length
of the terminal chain results in an evolution of the local
structure within the smectic phases. Specifically, when the
length of the spacer is greater than that of the terminal chain
(n>m), an intercalated arrangement of the molecules is often
observed.[26,28] This intercalated arrangement is thought to be
driven by favourable quadrupolar interactions between the
dissimilar cyanobiphenyl and benzylideneaniline mesogenic
cores and additionally the terminal chains may be packed
alongside the spacer. For longer chains, an interdigitated
structure forms driven by antiparallel associations between the
cyanobiphenyl units.[27] Between these two regimes only
nematic behaviour is usually observed. The behaviour of the
three CBnOIBeOm series is clearly quite different and strongly

suggests that the driving force for the smectic phase formation
must differ.

In order to better understand this differing behaviour, we
first compare the structures of the CBnOIBeOm series reported
here to the smaller, cyanobiphenyl-benzylideneaniline-based
materials, the CBnO.Om series,[25] reported previously. In the
case of the CBnO.Om series, the differing mesogenic units are
of a similar size and there is electronic conjugation across the
benzylideneaniline-based mesogenic unit with a single area of
enhanced electron density focused on the nitrogen of the
Schiff-base linking group (see Figure 8a). It is thought that the
quadrupole moment arising from these electron rich and
deficient areas interact with quadrupole moments of opposite
signs on the cyanobiphenyl fragments driving the intercalated
packing.[26,37,38] In the CBnOIBeOm series, the larger benzylide-
neaniline benzoate-based mesogenic unit is much larger than
the cyanobiphenyl moiety. Electronic conjugation is possible
across the imine-linking group but the ester bond acts
effectively as a break giving two distinct regions of enhanced
electron density (Figure 8b). The second localised area of
electron density associated with the benzoate moiety prohibits
the intercalation of the cyanobiphenyl and benzylideneaniline
benzoate units as this would lead to unfavourable interactions
between quadrupoles of the same sign. Instead, a more likely
structure is based upon favourable interactions between
neighbouring benzylideneaniline benzoate moieties with the
two regions of localised electron density at either side of the
ester-linkage driving the molecules into an anti-parallel arrange-
ment (Figure 9). Such an arrangement would be further
stabilised by the anti-parallel association of the cyanobiphenyl
units at the layer interfaces and is consistent with the almost
monolayer periodicity observed by X-ray diffraction.

Conclusions

The synthesis and characterisation of the CBnOIBeOm series
with n=8 and 10 (m=1–10) has been reported. Their transi-
tional behaviour is similar to that observed for the CB6OIBeOm
series reported previously.[22] Increasing the length of the spacer
sees a shift of like phase transitions to higher values of m and
the associated transition temperatures decrease. This highlights
that the phase behaviour observed is dependent on the ratio

Figure 7. Comparison of the TN-I [left] and TNTB-N (open symbols) & TSmA-N (solid symbols) [right] for the three CBnOIBeOm series with n=6 [circles] 8 [squares]
and 10 [triangles].
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between the length of the terminal chain to the length of the
spacer (n :m). When n>m, the NTB phase is observed at
temperatures below the conventional N phase. The emergence
of smectic phases is seen when n�m, and we report three
examples of the rare SmCTB-α phase for CB8OIBeO8, CB8OIBeO9,
and CB10OIBeO9. For m>n, the SmCTB phase is extinguished
and the SmA phase is the only liquid-like smectic phase
observed. In all these phases, a monolayer packing arrangement
is seen, and this is attributed to the anti-parallel association of
the benzylideneaniline benzoate mesogenic units. Such an
arrangement is further stabilised by the anti-parallel association
of the cyanobiphenyl units.
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