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INVITED ARTICLE

Unusual mesomorphic behaviour of silyloxy-linked chiral bimesogens

Susan Sia, Isabel M Saez, Stephen J Cowling, Laurence C Abbott, John N Moore and John W Goodby

Department of Chemistry, University of York, York, UK

ABSTRACT

In this article, we report on the synthesis of chiral bimesogens that possess silyloxy central linking 
groups. On first examination of the mesomorphic properties of the materials by X-ray diffraction 
and electrical field studies we came to the conclusion that the materials exhibit ferroelectric and 
antiferroelectric smectic C* phase behaviour. However, detailed investigations of the bimesogens 
indicated that the phases were not conventional smectics, but in addition strange phases that 
exhibited natural helical filaments on cooling from the isotropic liquid were formed. Indications are 
that these phases are possibly related to twist-bend structures or in-plane, modulated bent-core 
phases.
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Introduction

In our studies on nanophase-segregated chiral systems, the 
chiral bimesogens (I and II) shown in Figure 1 were 
prepared with a view of examining their potential ferro- 
and antiferro-electric properties. Upon melting at 34.1°C 
bimesogen I [1,2] was found to exhibit an antiferroelectric 
phase, which existed up to 103.6°C before forming the 
isotropic liquid. In comparison, materials possessing rigid 
aromatic terphenyl units, based on bimesogen II, were 
thought to exhibit both ferro- and antiferro-electric phases 
[3,4]. However, these materials also exhibited unusual 
microscopic defect textures near to the clearing point 
which required further investigation.

The bimesogen materials II were designed to possess 
central nanosegregating siloxane linking units between 
methylene-oxy chains of varying lengths, to which were 
attached laterally difluoro-substituted p-terphenyl moieties 

possessing terminal chiral (S)-2-octyloxy-groups as shown 
in Figure 1. Details of the structural units that were used to 
build up the molecular architecture are given in Figure 2. 
Three methyleneoxy-chains were prepared having 3, 8 and 
9 methylene units attached to ethylene groups present 
from synthesis, as shown in Scheme 1. This means that 
the methylene spacer units were of 5, 10 and 11 in length. 
Thus, di- and tri-silyloxy central units were located either 
in a position whereby they were closely linked to the over-
all molecular architectures or effectively decoupled for the 
longer methyleneoxy chains. As a consequence, nanose-
gregation of the central linking groups was of a higher 
degree as the series of bimesogens was ascended for greater 
values of n as shown in Figure 2.

The terminal chiral groups for the bimesogens were 
derived from (R)-2-octanol of high enantiopurity, 
<0.95 ee, which was reacted under Mitsunobu condi-
tions with 4-bromo-4’-hydroxybiphenyl to yield the 
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intermediate 4-bromo-4’-((S)-1-methylheptyloxy) 
biphenyl. Inversion of the stereochemical centre 
occurred during this reaction, with retention of 
a relatively high degree of optical purity [5]. A single 
production of the intermediate was subsequently used 
in the pathway to all of the final products, thereby 
ensuring their relative enantiopurities, and consis-
tency across the homologous series.

In the following, the bimesogens are labelled as follows. 
All are numbered as 2 to differentiate them from the 
starting material 1 shown in Scheme 1. The different bime-
sogens are lettered a for disiloxanes, and b for trisiloxanes, 
and numbered by the value of n for the methylene linking 
group attached to the ethylene unit of the terminal group of 

the terphenyl moieties. Therefore, the total number of 
methylene groups on either side of the siloxanes is n + 2.

Characterisations of the mesophases formed were 
investigated and achieved by differential scanning 
calorimetry, X-ray diffraction, electrical field studies, 
and also molecular dynamics simulations. Finally, in 
this article we compare the results obtained with those 
achieved via polarised light microscopy (POM).

Synthetic pathway to the preparation of the 

bimesogens [2(a) and 2(b)]

The alkenic precursors, 1 (n = 3, 8, 9), which were 
prepared starting from difluoro-hydroxyterphenyl [3], 
were hydrosilylated to give bimesogens with two or 
three dimethyl siloxy units as the linking groups, as 
shown in Scheme 1. The syntheses were performed 
using either tetramethyldisiloxane (a) or heptamethyl 
trisiloxane (b) to produce dimers with selected central 
spacer units. The hydrosilylation reactions [6,7] were 
carried out in dry toluene at room temperature in the 
presence of Karstedt’s catalyst [8]. Detailed syntheses for 
the six dimers 2a(3, 8, 9) and 2b(3, 8, 9) and analytical 
data confirming their structures are given in the 
Supplementary Information SI section S.1.

Results and discussion

Transition temperature and phase behaviour

Phase identifications and determination of transition 
temperatures of the pure materials [9] were carried out 
by thermal polarised light microscopy (POM) and dif-
ferential scanning calorimetry (DSC), which were used 
to determine melting points and to confirm transition 
temperatures from microscopy. Details of their uses are 
given in the Supplementary Information (SI) section 
S.2. The transition temperatures and the phase assign-
ments made from these observations are given together 
in Table 1. The assignments also relied on electrooptic 
investigations for the definitive classifications of meso-
phase type as described later.

Figure 1. Structures of bimesogens possessing silyloxy central connecting groups. Bimesogen I has been reported to exhibit an 
antiferroelectric smectic CA* phase, whereas bimesogens II are the focus of this article.

Figure 2. The structural designs of the bimesogens targeted for 
preparation.

Scheme 1. Pathway to the syntheses of six dimers 2a(3, 8, 9) and 
2b(3, 8, 9).
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Both series were found from the defect textures, 
observed by POM, to exhibit tilted smectic variants on 
cooling from the isotropic liquid. The series with an 
even number of silicon atoms exhibited synclinic phases 
(see later), whereas the series with an odd number of 
silicon atoms preferentially exhibited anticlinic phases. 
Obviously, these results indicate that the type of tilted 
phase formed can be controlled to a large extent by the 
structure of the internal linking or bridging unit. 
Bimesogen 2b8, however, is the only material to exhibit 
both synclinic (SmSyn ferroelectric) and anticlinic 
(SmAnti antiferroelectric) properties, which were identi-
fied from the hysteresis loops found in the electrooptic 
studies, and from defect textures observed by POM. The 
synclinic temperature range was found to be relatively 
short when compared with that of the anticlinic phase, 
which may be due to a change in molecular conforma-
tion from linear to a bent shape.

Within each series of materials, there is a clear 
effect with respect to the melting points, with bime-
sogens containing an even number of silicon atoms 
giving higher melting points than the corresponding 
series with an odd number of silicon atoms. However, 
the clearing points for the analogues of both series of 
materials exhibit similar values. This suggests that 
differences in the volumes of the disiloxane versus 
the trisiloxane units in the centres of the chain may 
affect the packing of the molecules with respect to the 
solid state more so than for the liquid crystal phases. 
This trend also seems to be irrespective of when the 
methylene spacer has an odd or even number of 
methylene units. Moreover, across both series, there 
is only a slight dependence of the clearing points on 
the lengths of the flexible methylene spacers (n = 3, 8 
or 9). Overall, it appears that there is a greater influ-
ence of the parity of the number of silicon atoms in 
the molecular architecture on the mesophase type 
[10–24]. It is thought that the differing mesophase 
behaviour could be due to potential helical conforma-
tions of the oligo(dimethylsiloxane) chains. For even 

numbers of silicon atoms, this may give rise to 
a nearly linear shape for the bimesogens, whereas 
for the odd silicon parity an overall bent molecular 
shape may be possible. Hence, -SiOSi- units of even 
Si parity appear to stabilise a synclinic correlation 
between adjacent layers, whereas -SiOSiOSi- of odd 
Si parity stabilise anticlinic interlayer correlations.

Figure 3 shows potential structures for the synclinic 
(a) and anticlinic (b) structures of the bimesogens, 
where the silicon-based moieties and the aromatic 
units separately group together to form nanosegregated 
-Si-C- lamellar structures. The resulting layering can be 
a repeat of the individual molecules in monolayers to 
give a synclinic tilted smectic C phase, as shown in 
Figure 3(a), or an anticlinic structure of a bilayer smec-
tic CA phase as shown in Figure 3(b). Alternatively, 
there can be interdigitation of the dimers between the 
layers for both types of phase, thereby giving the possi-
bility of intercalation of the molecules. In this case, the 
mesophase labelling can be identified as a Cd phase, 
where d indicates interdigitation.

In the following studies, we show that there are 
possibilities for the bimesogens to exhibit either SmC or 
SmCA phases. In addition, for monolayer systems, due 
to the chiral nature of the end groups, molecular inter-
penetration of the layer interfaces can have a twist angle 
with respect to the layer planes due to the asymmetric 
structuring of the terminal groups.

Modelling of molecular shape

Computational molecular modelling was performed with 
the desktop modelling software Chem3D from Cambridge 
Scientific in order to investigate the shapes of individual 
molecules. A trial molecular structure with alkyl chains in 
the all-trans-conformation was built and energy- 
minimised using the MM2 force field. The local energy 
minima were identified and individually optimised using 
MOPAC/PM3 in the gas phase at absolute zero. Quantum 

Table 1. Transition temperature (°C) and associated enthalpies [kJ mol−1] for the bimesogens determined by POM and DSC.
Bimesogen n Cr SmAnti* Smsyn* Iso Liq

2a3 3 ● 76.4 - - ● 108.7 ●

[26.1] [11.6]
2a8 8 ● 76.2 - - ● 115.4 ●

[38.3] [13.9]
2a9 9 ● 77.2 - - ● 115.3 ●

[41.6] [14.0]
2b3 3 ● 50.1 ● - - 105.0 ●

[14.5] [13.4]
2b8 8 ● 40.3 ● 100.3 ● 113.4 ●

[29.0] [0.1] [14.7]
2b9 9 ● 58.5 ● - - 115.6 ●

[24.1] [15.1]
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chemical calculations were also performed using the 
Gaussian 09 revision e.01 suite of programmes.

The simple modelling of bimesogen 2a3, shown in 
Figure 4, resulted in a rod-like conformation (a) and 
a bent-like structure (b) depending on the conforma-
tional structure of the bimesogen at the starting point of 

the simulation. These two extremes, however, allowed us 
to determine molecular distances and bend angles as 
shown in the figure (note these are only models). The 
bend angle for structure (b) was determined by measur-
ing the lateral distance between the ends of the molecule. 
Using the lengths of the two halves of the molecule 

Figure 3. (Colour online) Potential synclinic (a) and anticlinic (b) nanosegregated molecular layered structures of the smectic C phases 
of bimesogens, and the potential interdigitated synclinic intercalated structures of a smectic Cd phase of a bimesogen.

Figure 4. (Colour online) Minimum energy conformations for molecules of the bimesogen 2a3, modelled using Chem3D from 
Cambridge scientific, and DFT theory at the MO62-X/6-31 G level of theory.
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provided a molecular triangle from which the bend angle 
was found to be approximately 120°. For the other bime-
sogens in this family, the bend angle was found to be 
approximately the same. From these two models, there 
are various possible mesophase structures where the 
molecules are nanosegregated (as shown in Figure 3) or 
intercalated via the halves of the molecules overlapping. 
For the tilted analogues, there are two possibilities of 
synclinic and anticlinic arrangements of the molecules. 
In the following, we describe the results obtained from 
X-ray diffraction for the layer spacings and tilt angles as 
a function of temperature (°C), see Figures 5–9. 
Subsequently, we perform calculations of the tilt angles 
(θ) from the layer spacing (d) and the molecular length 
(l), which allowed comparisons to be made between 
a number of the compounds, as shown in Figure 10.

X-ray diffraction studies

In the following, the structures of the mesophases exhib-
ited by four bismesogens, starting with compound 2a3, 
were investigated via 2-D ‘powder’ diffraction along 
with their diffraction profiles as a function of tempera-
ture (°C) (further details for the X-ray measurements 
are given in the SI section S.3). The layer spacings of 

d for each material were combined for the purposes of 
comparison in a subsequent section.

Bimesogen 2a3

Figure 5 shows the 2-D powder diffraction patterns (a), 
and diffraction profiles versus temperature (b), for com-
pound 2a3. The powder diffraction pattern (a) shows 
a synclinic smectic phase that possesses a first-order 
Bragg reflection in the small-angle region, which corre-
sponds to the layer ordering of the molecules. Whereas 
picture 5(b) shows a small second-order diffraction peak 
in the small angle, and a wide-angle peak that is quite 
sizeable compared to what might be normally expected 
for a SmC phase. The solid state shown in 5(b) indicates 
a very well-packed arrangement of the molecules as up 
to the fifth-order reflection can be seen. The diffuse 
wide-angle peak in the mesophase is characteristic of 
the liquid-like arrangement of the side-to-side packing 
of the molecules within the layers. The X-ray tilt angle 
for the synclinic phase was determined to be 31.0° from 
the layer spacing and the molecular length.

Bimesogen 2b3

X-ray diffraction studies on bimesogen 2b3, which is 
thought to exhibit an anticlinic phase, are shown 

Figure 5. (Colour online) (a) 2-D powder diffraction patterns in each phase of matter, and (b) diffraction profiles as a function of 
temperature for bimesogen 2a3.
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together in Figure 6(a,b). In the anticlinic phase, the 
sharp small-angle reflection shows positional order in 
the Z-direction. In comparison, the wide-angle reflec-
tion is diffuse as there is no positional order of the 
molecules within the layers. These results are character-
istic for a smectic phase with only short-range positional 
ordering of the molecules.

The layer periodicity of the anticlinic phase was 
determined from the first-order reflection and is plotted 
as a function of temperature in Figure 6(b). Upon cool-
ing, the layer spacing decreases slightly over the tem-
perature range from the onset of the phase formation. 
This reflects the molecular tilting, which increases as the 
temperature is reduced. The maximum layer spacing 
measured was ~27.5 Å for the estimated all trans mole-
cular length of 62.5 Å. By making the assumption using 
the method shown at the bottom left in Figure 10(a), in 
the previous X-ray study the tilt angle was found to be 
approximately 28°, which is considerably smaller than 
the tilt angle determined from electrooptic studies, see 
later. Approaching the anticlinic phase on cooling, it 
can be seen that there is considerable structural organi-
sation over a temperature of 10 °C in the liquid phase, 
such that this state may be described as a structured 
liquid phase. Examination of the wide-angle reflection 

shows that it is quite a sizeable, and broad liquid-like 
peak with a bowing of the baseline around 6q. This 
cannot be a second-order diffraction peak and so must 
come from the interactions of the trisiloxane central 
linking group. Note also that the broad peak in the mid- 
region, which is associated with the siloxane units, is 
more pronounced than for -SiOSi- moieties.

Bimesogen 2b8

This material was found to have a relatively low viscos-
ity, and thus it was difficult to retain the sample in 
a Lindeman tube during measurements taken in the 
isotropic state. Therefore, the experiments were per-
formed via heating the sample from crystal into isotro-
pic liquid. Using this method, the material was found to 
exhibit both synclinic and anticlinic mesophases as 
shown in Figure 7. The powder diffraction patterns for 
the anticlinic phase, at a temperature of 62°C, and the 
crystal phase at 30°C is shown in Figure 7(a), and the 
scattering profiles as a function of temperature for all of 
the phases are shown in Figure 7(b).

In Figure 7(b) up to third-order Bragg reflections are 
visible in the anticlinic phase indicating that the meso-
phase has relatively long-range out-of-plane order with 
possibly the layers being well defined, thereby giving 

Figure 6. (Colour online) (a) 2-D powder diffraction patterns in each phase of matter, and (b) diffraction profile as a function of 
temperature for bimesogen 2b3.
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a strongly correlated structure. In addition, there is 
a weak liquid-like reflection around 10 nm−1, which is 
probably due to a clustering of the siloxane moieties 

around 6q that have different intensities, albeit much 
weaker, in comparison to the methylene segments of the 
central linking groups. On the other hand, the broad 
wide-angle reflection corresponds to a lack of long- 
range order within the planes of the layers.

A typical expanded view of the layer spacing of the 
synclinic and anticlinic phases, as a function of tem-
perature, is shown in Figure 8. There is a small step in 
the curve, at a temperature near the transition between 
synclinic and anticlinic phases, showing that there is 
a phase change. Fluctuations indicate a slight increase 
in the layer spacing at ~105°C, which might be due to 
the change in tilt direction in adjacent molecular layers. 
From the onset of the synclinic phase to the disappear-
ance of the anticlinic phase, the layer spacing first 
decreases from 33.7 Å to a minimum value of 33.4 Å 
and then increases back to 33.7 Å. However, the change 
involved in the layer spacing is only 0.3 Å, this is of 
comparable magnitude to the experimental error.

Closer examination of the transition at 100.3°C for 
the anticlinic to synclinic structures of bimesogen 
2b8 shows on heating there are no step changes in 
the data and in effect, there are no major changes in 
structure at the phase transition, which is continuous. 
Thus, it appears that there is a lack of a first-order 
transition, and at best, a weak second-order transi-
tion might be possible. This observation suggests that 
the two possibilities for the structures of the synclinic 
and anticlinic phases (nanosegregative or interca-
lated) can be decided upon. Where the dimers 

Figure 7. (Colour online) (a) 2-D Powder diffraction patterns in 
each phase of matter, (b) diffraction profiles as a function of 
temperature for bimesogen 2b8.

Figure 8. (Colour online) Expanded graph of the layer spacing in the synclinic and anticlinic phases as a function of temperature (°C) 
for bimesogen 2b8.
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intercalate, as shown in Figure 3(c), overlapping by 
around 50%, at the transition there would be massive 
fluctuations and entanglements of the molecules as 
the tilt reorients in and between adjacent layers. 
Whereas for the monolayer nanostructured system, 
as shown in Figure 3(a,b), tilt reorientation without 
layer rupture would be possible. Thus, the results 
shown in Figure 8 could possibly favour 
a monolayer structuring for the bimesogens where 
the silicon units pack together and layering occurs 
between the ends of the molecules.

Conversely, at the start of this section we noted 
that bimesogen 2b8 possesses a low viscosity, which 
could favour interdigitated arrangements. Therefore, 
it is important that we should also consider further 
the local interactions between the different segments 
of the molecules. For instance, the lateral interactions 
of the polar fluoro-terphenyl moieties would be 
strong, and with their segments being relatively 
rigid they would form well-organised layers, with 
the rod-like molecules still being able to slide 
between their layers. Conversely, although siloxane 
nanosegregated layers may form clearly distinct 
layers, the layers themselves would be composed of 
flexible groups that are less organised, and with adja-
cent non-polar liquid-like methylene chains separat-
ing them from the terphenyl layers. Potentially, the 
mesophase structure could therefore comprise strong 
terphenyl layers separated by low viscosity liquid-like 
layers, giving an overall interdigitated structure as 
shown in Figure 3(c). Later, we describe another 
methodology involving computer simulations which 
were used to elucidate further upon the packing/ 
layering possibilities.

Bimesogen 2b9

This bimesogen was found to exhibit only one meso-
phase, which was determined to be an anticlinic phase. 
The powder diffraction patterns for this phase, along 
with those of the crystal, are depicted together in 
Figure 9(a). The scattering profiles as a function of 
temperature are shown in the accompanying figure 
(b). The small-angle region demonstrates that there is 
very long-range out-of-plane ordering for the meso-
phase, whereas the wide angle regions show that within 
the planes of the layers, like the other bimesogens, the 
ordering is short-range and liquid-like.

The scattering profiles show that near the transition 
of the liquid to the layered phase first and second-order 
reflection maxima occur, and upon transition into the 
anticlinic phase a third-order Bragg reflection becomes 
visible. This implies that a well-packed system is 

formed, where the sample has long-range out-of-plane 
ordering, with liquid-like ordering of the molecules 
within the layers, potentially with nanosegregation 
forming. The layer spacing as a function of temperature 
is also interesting as it first falls and then it increases 
again as the sample is heated. As this occurs over 
a change in spacing of only 0.5 Å, it is difficult to say 
if this variation in spacing is significant or not.

Layer spacings

The values of the layer spacings, d, as a function of 
change in temperature for all four of the bimesogens 
have been collected in Figure 10. The change in the layer 
spacing is also linked to the potential tilt angle. For 
bimesogens 2b3 and 2b9, which exhibit just an anticli-
nic mesophase, there is a fall in d near the mid-point of 
the temperature range of the phase. For 2a3 there 
appears to be a similar change for the synclinic phase 
with the layer spacing increasing with temperature, but 
with a levelling off as the temperature is lowered. 
Interestingly, for bimesogen 2b8, which exhibits both 
anticlinic and synclinic phases, the layer spacing is 
almost invariant with respect to temperature even 
though there is a transition between the two phases. 
This means that the tilt in the two phases is the same, 

Figure 9. (Colour online) (a) 2-D powder diffraction patterns in 
each phase of matter, and (b) diffraction profiles as a function of 
temperature for bimesogen 2b9.
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and therefore the transition probably involves a rotation 
of about 180° of one-half of the bimesogen about the 
centre of the molecule and perpendicular to the layers, 
thereby creating a bent molecular shape without break-
age of the layers. The implication being that the out-of- 
plane organization of the layers dominates, whereas the 
in-plane packing is liquid–liquid enough to allow easy 
rotation of the tilt.

It should also be noted that the calculated tilt angles 
are only to be used as guidance. This is because the 
determinations were made based on assumptions that 
the molecules are fully intercalated. There is a difference 
between the measured layer spacings and the estimated 

half molecular length. This difference can result not 
only from the molecular tilt but also from the orienta-
tional fluctuations of the molecules, the conformational 
distribution of the chains, the interdigitation, and the 
zig-zag molecular structure [21–23].

Electrooptic studies

Electrical field studies were carried out with the bimeso-
gens contained within cells of either 1 or 5 µm spacings, 
which were internally coated with parallel or antiparallel 
buffed polyimide alignment layers, details for which are 
given in the SI section S.4.

Figure 11. (Colour online) Spontaneous polarisation (nC cm−2) measured as a function of the reduced temperature for bimesogens (a) 
2a(3, 8, and 9), and (b) 2b(8 and 9).

Figure 10. (Colour online) Values of the layer spacings, d, as a function of change in temperature for all four bimesogens.
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The spontaneous polarisations (Ps) for the synclinic 
phases of bimesogens 2a(3, 8, and 9), determined from 
the electric field studies, are shown together in 
Figure 11(a), and for the synclinic/anticlinic phases of 
bimesogens 2b(8 and 9) in Figure 11(b). It can be seen 
for the 2a series that material 2a3 has the highest value 
of the spontaneous polarisation (120 nCcm−2), whereas 
the spontaneous polarisation values for the other bime-
sogens in the series decrease as the methylene spacer 
length (n) is increased. As the value of the polarisation is 
measured as charge per unit area (Ccm−2) for three 
bimesogens which have the same stereogenic centres 
and similar values of ee and identical lateral polar 
groups associated with the terphenyl units, the only 
variable is the number of methylene units in the linking 
groups. The spacer unit also determines the relative 
molecular sizes, consequently the charge density is 
greater for the smaller molecules, and hence the polar-
isation should fall as the series is extended. Moreover, 
the magnitude of the polarisation is dependent on the 
tilt angle, the greater the magnitude of which the larger 
the polarisation (see later)

The spontaneous polarisation values for series 2b 

were similarly investigated, with the results for the anti-
clinic materials 2b8 and 2b9 being exhibited in 
Figure 11(b). Unfortunately, the spontaneous polarisa-
tion value for compound 2b3 could not be evaluated 
due to the high threshold voltage required to fully 
switch the material in the antiferroelectric state. This 
indicates that the molecules in the anticlinic phase are 
potentially more strongly organised than for the other 
two bimesogens, possibly due to the potential formation 
of intercalated layers.

The spontaneous polarisation value for compound 
2b8 was also measured from the ferroelectric, syncli-
nic phase into the antiferroelectric, anticlinic phase. 

As the temperature was lowered, the voltage was 
increased at 80°C (Tc-T = 33.2°C) to 100 V (20.0 V 
μm−1) to ensure complete switching occurred in the 
antiferroelectric phase. However, the spontaneous 
polarisation could not be determined at temperatures 
lower than 68°C (Tc-T = 45.2°C) because only partial 
responses were obtained. For similar reasons, the 
spontaneous polarisation measurements for com-
pound 2b9 could not be performed very far into 
the antiferroelectric phase.

In addition, the stabilities of the switched ferroelec-
tric states for 2b8 were only evident with applied fields 
of relatively low frequency (<5 Hz), as shown in the 
optical hysteresis loops in Figure 12(a,b). The studies 
were made in the thin device cells, which allowed for 
slightly higher temperatures to be achieved for the clear-
ing point than observed for the bulk specimens reported 
in Table 1.

Apart from determining the value of the spontaneous 
polarisation, the electrical field studies can also deter-
mine the switched tilt angle for the molecules. However, 
the values determined in this way are different from 
those determined via X-ray diffraction. This is because 
the ones driven in electrical field studies are associated 
with the optic axes and hence electron density, whereas 
those found by diffraction are linked to the rod-like 
molecular shape. Thus, the tilt angle is also related to 
the magnitude and direction of the spontaneous polar-
isation. Consequently, the bimesogens with larger tilt 
angle also have higher values of the spontaneous 
polarisation.

Following on from the polarisation studies, bimeso-
gen 2a3, with the short methylene spacers (n = 3), was 
found to exhibit a temperature-independent tilt angle of 
45°, whereas the tilt angles for the other materials are 
dependent on the methylene unit, i.e., the tilt angle 

Figure 12. (Colour online) Switching profiles for bimesogen 2b8, (a) at a temperature of 114.5°C and a frequency of 100 mHz, and (b) 
at a temperature of 113.5°C and a frequency of 50 mHz.
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drops rapidly when n is increased to 8 and 9. Therefore, 
bimesogen 2a9 has the smallest tilt of 34.5°, slightly less 
than that of compound 2a8 as shown in Figure 13(a). 
The values of the tilt angles for the two bimesogens, as 
determined from structural studies, were approximately 
29° to 31°.

For the second family of bimesogens, the tilt angle 
measurements were carried out at different fields so as 
to drive the tilt to its maximum value and to diminish 
the domains in the specimens, i.e., 50 V, 20 mHz for 
compound 2b8 and 100 V, 50 mHz for compound 2b9, 
see Figure 13(b). The tilt angles measured were found to 
have similar trends as for the spontaneous polarisation 
curves (as Ps ~ Ps(0)sinθ where θ is the tilt angle), with 
the bimesogen 2b8 having the larger spontaneous polar-
isation with the higher tilt angle of 37.5°. The tilt angle 
for compound 2b9 was found to be lower at 34.0°, i.e., 
similar in behaviour to that found for the spontaneous 
polarisation measurements. In comparison, the mea-
surements found via X-ray diffraction were 28°. Again, 
the tilt angles for the electrooptic studies were higher 
than those found from the molecular architectures. This 
is quite common for similar studies on synclinic chiral 
smectic C* phases, where the differences in tilt angles 
determined by the two techniques are not unusual 
[25–27].

Microphase segregation

Previous studies show that the bimesogens are tilted in 
layers where there are two possible arrangements of the 
molecules, either synclinic or anticlinic. Modelling and 
experimental studies both show that the molecules are 
rod-like in the synclinic modification and potentially 
bent in the anticlinic form, thereby producing two pos-
sible mesophase structures. The combined measure-
ments of the layer spacings and observations from the 
electrical switching appear to indicate that the molecules 

are intercalated. Electrical field studies also demonstrate 
that the synclinic phase is ferroelectric, whereas the 
anticlinic phase is antiferroelectric. The liquid-like nat-
ure in the planes of the layers also shows that both 
mesophases are subgroups of the smectic C class and 
the selection of the starting materials for the syntheses of 
the materials being chiral means that the phases can be 
classified as SmC* and SmCA*.

In terms of the components of the molecular struc-
tures of the bimesogens, it appears that the siloxane 
moieties segregate to give predominant bands of aro-
matic and silyloxy segments bounded by aliphatic 
regions. As a consequence, the structures of the phases 
can be either monolayer or bilayer where the layer 
spacing is less than half of a molecular length, as 
shown in Figure 14.

Similar studies on siloxane dimers have been 
reported by Coles et al. [10–13] and it was claimed 
that such segregation was the main driving force for 
the formation of intercalated smectic C* phases. 
Segregation, however, is probably not of singular 
importance for the bimesogens 2b(3, 8 and 9) 
where clean formation of siloxane layers is not evi-
dent because the siloxane units appear to overlap 
somewhat with the terminal alkyl chains. The silox-
ane units do not appear to be totally incompatible 
with hydrocarbon units as claimed by Coles and 
Tschierske [28], and therefore it is possible that seg-
regation does not affect the packing system in this 
case. Rather, it is the bulkiness and shape [29] of the 
dimethyl silyloxy units in this case that induces steric 
packing effects that affect the overlapping of the 
molecules, and thereby the nature of the interdigita-
tion. After all, in simple systems siloxanes tend to be 
miscible with hydrocarbons.

Assuming that the bimesogens are rod-like for syn-
clinic phases and bent for anticlinic and that the mole-
cules intercalate, Figure 14 shows a depiction of 

Figure 13. (Colour online) Tilt angle (°) as a function of the reduced temperature for bimesogens (a) 2a(3, 8, and 9), and (b) 2b(8 and 9).
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a nanosegregated structure for the synclinic phase in (a) 
and the anticlinic structure in (b). As the siloxane cen-
tres are soft and as the ends of the molecules are chiral, 
due to the 2-octyloxy substituent, both ends will twist in 
the same way to give a helix as expected, as shown in (c) 
for the synclinic phase. However, the twist about the 
heliaxis for the anticlinic phase means that as the bent 
molecules rotate about the main-axis they will appear to 
point in the opposite directions for a 180° rotation about 
the axis, thereby exhibiting rectangular patterns when 
viewed across the heliaxis. Consequently, the structure 
is that of a double twist cylinder, typical of those found 
for chiral nematics and smectic phases. As the axis of the 
helix is approached, for chiral smectics the magnitude of 
the tilt angle decreases. Moving away from the axis of 
the helix, the tilt angle increases and reaches its max-
imum value for the material. However, a point will be 
reached where further tilt is not possible due to defect 
stability, after which growth will cease resulting in the 
formation of filaments. These defect structures where 
unusual filaments tend to dominate are found for both 
synclinic and anticlinic phases, and the focus of the next 
POM sections of this article.

It should also be noted that there is an alternative 
conformation, which the dimeric systems could adopt. 
Instead of being stretched out, the molecules could bend 
into U-shaped conformations like hairpins. Such con-
formations have been found by Eremin et al. [30] in 
their studies of dimeric systems. This possibility could 
be taken into consideration because the siloxane units 

are very flexible. The flexibility comes from the fact that 
the bond angle of Si-O-Si unit can bend between 100° to 
180°. Thus, this might give the dimers more mobility 
and freedom to arrange themselves in various confor-
mations in liquid crystal environments. In such cases, 
the molecules might still nanophase segregate with dis-
tinct layers or segments of siloxane units, aromatic cores 
and aliphatic chains.

Molecular dynamics in the exploration of 

mesophase formation

In order to elucidate the structures of the synclinic and 
anticlinic mesophases of the bimesogens, we chose to 
perform molecular dynamics (MD) simulations of both 
of the two mesophase types. Thus, fully atomistic MD 
simulations were performed on bimesogens 2a3 and 
2b3 to explore the structures of the phases formed 
under different conditions. Initial test simulations 
showed that phase formation from a randomised (iso-
tropic) state was very slow. Further test simulations 
performed from a pseudo-nematic state, where the 
molecules had some orientational order, gave rise to 
some positional order, but too slowly for simulations 
on larger systems to be practicable within a reasonable 
timeframe. Consequently, full simulations were per-
formed on a number of pre-formed phases to assess 
their plausibility, initially via the extent to which these 
phases were stable in the simulations and then by 
obtaining parameters such as layer spacings for 

Figure 14. (Colour online) Proposed conformations and nanosegregation of the molecules in the synclinic and anticlinic phases of the 
bimesogens.
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comparison with experimental values. SI Section S.5 
gives full details of the methods and the simulations 
performed in these studies, including additional snap-
shots and plots of order parameters, layer spacings, and 
tilt angles from all the simulations.

In each case, the box at the start of the full simulation 
comprised 12 layers with 100 molecules in each layer, 
with the aim of simulating systems with enough layers 
to allow complex layer structures to develop, and large 
enough to avoid the layering or orientational ordering 
being affected too strongly by the periodic boundary 
conditions that were used. The simulations used aniso-
tropic pressure coupling that enabled the box dimen-
sions to vary freely, although in practice the pre-formed 
phases generally retained the approximate dimensions 
of the starting simulation box. All of the simulated 
phases evolved to some extent from the pre-formed 
phases used as the starting point, typically by relatively 

small changes in orientational order, positional order 
and layer spacing, and in the self-organisation of the 
groups comprising the molecules, as could be seen by 
analyses of the simulations and by visual inspection of 
the simulation frames over time.

Both synclinic and anticlinic smectic C phases were 
found to be stable in our simulations of 2a3 and 2b3, in 
contrast to experimental samples where 2a3 was 
observed to form a synclinic smectic C phase and 2b3 

an anticlinic smectic C phase. Hence, the simulations 
suggest that there might be a subtle balance between 
which of these phases form for each compound, and this 
suggestion is supported to some extent by 2b8 showing 
both synclinic and anticlinic smectic C phases experi-
mentally, with a very low transition enthalpy (0.1 kJ 
mol−1) at the phase change between them.

The pre-formed phases of 2a3 and 2b3 were simu-
lated with two different levels of initial interdigitation, 

Figure 15. (Colour online) Snapshots taken from the MD simulations of synclinic 2a3 at 363 K (a and b) and anticlinic 2b3 at 359 K (c 
and d) with terphenyls interdigitated (a and c) and only terminal alkyl chains interdigitated (b and d), and showing approximately five 
selected layers from the centres of the full simulation boxes. Siloxane moieties are shown in yellow, terphenyls in cyan, terminal alkyl 
chains in grey, and internal alkyl chains in black. The layer spacings shown are for illustration, with the d values having been 
determined from a full analysis when calculating the respective τ values, and as listed in Table 2.
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which we found were then essentially retained during 
the respective simulations, and as illustrated by the 
snapshots shown in Figure 15. In one type of simulation 
only the terminal alkyl chains were interdigitated, as 
shown in the right column of Figure 15. In the other 
type of simulation, the terphenyls were interdigitated, as 
shown in the left column of Figure 15. These two types 
of interdigitated phases were found to be stable in the 
simulations of both synclinic and anticlinic phases of 
2a3 and 2b3. Figure 15 shows frames from the simula-
tions that match the respective phases found experi-
mentally, namely synclinic smectic C for 2a3 and 
anticlinic smectic C for 2b3, and it is these simulations 
that we discuss in detail below.

Table 2 lists two different types of positional order 
parameter and associated layer spacing that were 
obtained by analysing these simulations, and the layer 
spacings are also illustrated in Figure 15. One analysis 
used the central atom of the siloxane (O for 2a3; Si for 
2b3) to determine the positional order parameter, τs, 
and associated layer spacing, ds, based on the siloxane 
group. The other analysis used the centre of the middle 
ring of each of the two terphenyls in each molecule to 
determine a positional order parameter, τt, and asso-
ciated layer spacing, dt, based on the terphenyl group. In 
all the analyses, the orientation of the layers was defined 
by the layer normal obtained from the siloxane group 
analysis, which provided a consistent definition based 
on the most ordered type of layer across all the simula-
tions that were run.

For the simulations where the terphenyls were inter-
digitated, the system comprised alternating, well- 
defined siloxane and terphenyl layers, as shown by the 
high values of τs and τt (Table 2), and with a partial 
interface comprising both terminal and internal alkyl 
chains between them, as shown in Figure 15(a–c) (left 
column). The layer spacing determined from either the 
siloxane groups or the terphenyl groups is, essentially, 
the same within each simulation, and is ca. 23.7 Å for 
2a3 and ca. 24.2 Å for 2b3, with that for 2b3 being 
slightly larger than that for 2a3. The terphenyl layers 
of 2a3 and 2b3 were found to have a tilt angle of ca. 45° 
relative to the layer normal vector, with no alternation 
in the tilt direction for the synclinic phase of 2a3 and the 
tilt alternating either side of the layer normal for most 
alternate layers in the anticlinic phase of 2b3.

For the simulations where only the terminal alkyl 
chains were interdigitated, the layer structure again 
comprised siloxane layers, but in this case with two 
partially distinct layers of terphenyls between each silox-
ane layer, with a terminal alkyl layer between these two 
terphenyl layers, and with a partial alkyl interface com-
prising mainly internal alkyl groups between the silox-
ane and terphenyl layers, as shown in Figure 15(b–d) 
(right column). As a result, each of these simulated 
systems has two distinct layer spacings, namely 
a siloxane layer spacing that is ca. 40.0 Å for 2a3 and 
ca. 41.4 Å for 2b3, and a terphenyl layer spacing that is 
approximately half the respective size, at ca. 20.2 Å for 
2a3 and ca. 20.7 Å for 2b3. The terphenyl groups were 
tilted at ca. 30 − 50° to the layer normal for most layers 
of 2a3, and there was no alternation in the tilt direction 
in this synclinic phase. For 2b3, the two terphenyl layers 
between each siloxane layer tilted in the same direction, 
at ca. 55° to the layer normal, with the angle direction 
for these pairs alternating left and right either side of 
a siloxane layer for this anticlinic phase structure.

A comparison between the simulations with the two 
types of interdigitation indicates that the siloxane 
groups are highly ordered in both, with a value of τs 

≈0.8 when the terphenyls are interdigitated and τs 

≈0.6–0.8 when only the terminal alkyls are interdigi-
tated. By contrast, the terphenyl groups are highly 
ordered when the terphenyls are interdigitated, with 
τt≈0.8, but are significantly less ordered when only the 
terminal alkyls are interdigitated, with τt≈0.3–0.6. 
Hence, these simulations have well-ordered layers 
throughout the phase when the terphenyls are inter-
digitated, but significantly less ordering, specifically in 
the alkyl-terphenyl layers, when only the terminal alkyl 
groups are interdigitated.

The simulations with the terphenyls interdigitated 
give a layer spacing that is essentially the same when 
based on either the siloxane group or the terphenyl 
group, and the values of ca. 23.7 and 24.2 Å for 2a3 

and 2b3, respectively, are reasonable matches for the 
experimental X-ray diffraction values of ca. 26.4 and 
27.5 Å. In contrast, the simulations with only the term-
inal alkyls interdigitated give two different layer spa-
cings of ca. 40 Å for the siloxane groups and ca. 20 Å for 
the terphenyl groups, neither of which are a good match 
for the experimental values.

Table 2. Values of positional order parameters (τs and τt) and layer spacings (ds and dt) determined from the MD simulations and 
averaged over the final 100 ns.

Terphenyls interdigitated Terminal alkyls interdigitated

τs ds/Å τt dt/Å τs ds/Å τt dt/Å

2a3 synclinic 0.82 23.70 0.83 23.68 0.55 40.00 0.26 20.18
2b3 anticlinic 0.74 24.19 0.79 24.19 0.76 41.40 0.55 20.69
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In principle, the simulations with only the term-
inal alkyls interdigitated may result in two types of 
adjacent terphenyl layer spacing, one between the 
two terphenyl layers within the same inter-siloxane 
layer and the other between adjacent terphenyl layers 
in different inter-siloxane layers; and two slightly 
different layer spacings might also contribute partly 
to the lower positional order parameters based on 
the terphenyl groups, τt. In practice, the analysis 
suggested that these types of terphenyl layer spacing 
have comparable values, as can also be seen illustra-
tively from the frames shown in Figure 15(b–d) 
(right column).

The simulations with the terphenyls interdigitated 
gave a terphenyl tilt angle of ca. 45° versus the siloxane 
layer normal for 2a3, which is a good match for that of 
ca. 45° from the experimental electrooptic studies, and 
a simulated terphenyl tilt angle of 45° for 2b3 that is 
plausible although an equivalent experimental value is 
not available for comparison. The simulations with the 
two different types of interdigitation gave broadly simi-
lar values for these tilt angles.

Taken together, the information from the MD simu-
lations suggests that the more plausible phase structures 
are those with the terphenyls interdigitated, as shown in 
Figures 3c and 15c.

Microscopic defect textures

It appears that mesomorphic properties of the bime-
sogens are effectively delineated via advanced 

experiments and MD simulations, and the classifica-
tions of the phases and their structures appear 
appropriate, i.e., synclinic and anticlinic and interdi-
gitated. We now turn to studies made, via thermal 
polarised light microscopy (POM), at the transitions 
to the mesophases from the isotropic liquids. These 
transitions and associated defect textures do not 
appear to be typical for the classifications that were 
made on the bulk mesophases. Paramorphotic phase 
behaviour appeared to occur at the transitions, as 
discussed here in more detail.

For the synclinic phases, we should see focal-conic 
and schlieren defect textures (with s = ±1 defects), and 
for the anticlinic phases focal-conic and schlieren defect 
textures (with s = ±1/2 and s = ±3/2 dispirations 
[31,32]). However, it appears that focal-conic defects 
are suppressed, but schlieren textures are present, and 
new filament and zigzag defects appear, which are not 
seen for synclinic, anticlinic, SmC*or SmCA* phases or 
tilted hexatic phases.

For the bimesogens, the 2a and 2b series exhibit 
transitions to their respective mesophases directly 
from the isotropic liquid, and therefore the textures 
observed do not possess paramorphosis from any pre-
ceding phase upon cooling. Therefore, the defect tex-
tures that are observed are the natural ones for both 
phases. The textures we observe are shown together in 
Figure 16(a,b). Figure 16(a) shows the texture produced 
from POM with crossed polars at a magnification of 
x125. The preparation shows no focal-conic or schlieren 

defects. Instead, there is a growth that might be 

Figure 16. (Colour online) Defect textures formed on cooling from the isotropic liquid for bimesogens 2a3 (a) and 2b3 (b).
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associated with focal-conics, but instead it is crossed 
with wave-like defect lines, which are likely to be as 
a result of a helical structure. For Figure 16(b) again 
there appears to be no focal-conic defects in the speci-
men, however, there appears to be a schlieren texture 
and a novel filament-like texture patterned with rectan-
gles along the filamentary axis.

Closer examination of the schlieren texture of bime-
sogen 2b3 in Figure 17(a), shows circled mixed s = 3/2 
dispirations (left), s = 1/2 (middle), and s = 1 (right) 
singularities. This combination of defects in a schlieren 

texture is indicative of the mesophase being anticlinic in 
structure, but because of the filamentary texture shown 
in Figure 16(b), the mesophase may not be SmCA*. 
Additionally, bimesogen 2b8 forms another type of 
texture as shown in Figure 17(b). This texture may be 
focal-conic, but there is no evidence of elliptical and/or 
hyperbolic lines of optical discontinuity being present. 
This may be an effect produced via the formation of 
a paramorphotic texture on cooling from the synclinic 
phase. In the photomicrograph in 17(b) one can also 
observe curved parallel lines, which are probably asso-
ciated with the helical periodicity of an anticlinic phase. 
The faint lines across the fan, however, are not visible at 
higher temperatures, when the compound is in its syn-
clinic, ferroelectric phase, possibly because the pitch is 
too short for them to be visible. The formation of the 
lines serves to point out the change in the tilt direction 
from a ferroelectric to an antiferroelectric structure. 
Furthermore, initial observations from X-ray diffraction 
indicate that the molecules align perpendicular to the 
magnetic field indicating that the bimesogen has 

a negative diamagnetic susceptibility. Under normal 
circumstances for smectic materials, the molecules 
tend to align parallel to the magnetic field. This align-
ment therefore might be related to the formation of the 
helical ordering of the tilt of the molecules.

If we now examine the formation of the defect tex-
tures of bimesogen 2b3 on cooling from the isotropic 
liquid we can see the growth of filaments, as shown in 
Figure 18(a,b). Figure 18(a) shows the texture at 
a magnification of (x125), whereas Figure 18(b) shows 
a black/white blow-up of the central region of (a). The 
nucleating filaments appear to be helical in structure. 
However, they are not independent or coalesce together, 
instead they nucleate the growing textural form as 
shown diagonally (left top to bottom right) across the 
black/white photomicrograph. The centre line down 
this section appears to have dark rectangles linked 
together to form the filamentary axis. However, the 
rectangular domains are probably zigzag lines seen at 
different depths of the picture indicating that the struc-
ture has a double helix. If this is the case, then for the 
bimesogen 2a3 the wave-like lines in the synclinic phase 
are single helices.

Expansion of the texture in Figure 18(a) and inver-
sion of the colours and transformation to black/white 
gave two images shown in Figure 19(a,b), where (b) is 
again an expansion of (a). One has to be careful 
about reading too much into these two images, but 
they provide for some contrast along the filamentary 
axis. It appears that the rectangles may be made up of 
two offset zigzag lines, with one towards the back of 
the filaments and the other towards the front. The 

Figure 17. (Colour online) Defect textures exhibited by bimesogen 2b3 and 2b8. (a) Shows the schlieren texture of 2b3 where the 
defects in the left circle are possibly mixed disperations of s = 3/2, the centre circle possesses a s = ½ disperation, and the right circle 
a s = 1 singularity (x125). (b) a conical defect texture of 2b8 in the anticlinic phase showing parallel pitch lines, which are linked to 
a helical structure (x125).
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result is that the zigzag lines are formed by a double 
helical structure. For Figure 19(a) the zigzag lines at 
the front of the filaments are relatively clear in the 
longer filaments, and in the expansion in figure (b) 
the z-line has been drawn to exemplify the situation 
and also to give contrast to the lighter lines towards 
the back. If these hypotheses are correct, the synclinic 
phase has a single helix as shown by the single zigzag 
defect line, whereas the anticlinic phase has a double 
helix with two zigzag lines, one to the rear and the 

other to the front. The lines are off-set along the 
filament axis by one-half a step such that 
a diamond pattern is formed.

Turning now to textures formed by the dimers that 
exhibit the chiral smectic C* phase. The defects formed 
again occur through filaments, but then they coalesce to 
give domains of looped dark lines, which are possibly 
linked to single helices wrapped around heliaxes produ-
cing elliptical-like disclinations of optical discontinuity, 
as shown in Figure 20(a) for compound 2a3. The lines 

Figure 18. (Colour online) (a) Growth of the filaments of bimesogen 2b3 as they form from the isotropic liquid (x125), (b) a black/ 
white blow-up of the central region of (a), showing growth around the central axis of a filament.

Figure 19. (Colour online) (a) A colour inverted and black/white expansion of Figure 18(a). (b) An expansion of the central filament in 
Figure 18(b). The black lines are to emphasise the dark lines along the centre of the filament.
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change relatively smoothly unlike those produced by 
anticlinic phases, indicating that the synclinic phase 
has a more fluid nature than that of the anticlinic 
phase. In addition to the looped texture, the synclinic 
phase also exhibits a schlieren texture as shown in 
Figure 20(b), which is similar to textures exhibited by 
the monomeric starting materials, 1. Again, these tex-
tures are not classical for the chiral smectic C* phase, 
but they indicate that the phase has a relatively low 
viscosity and that there is a reasonable degree of peri-
odic disorder in the phase. However, the photomicro-
graph shown in Figure 20(c) indicates that there is 
a degree of periodic hexagonal ordering in the phase, 
as well as parallel ordering. The parallel arrangements 
may be due to parallel alignment of the filaments, 
whereas the hexagonal periodic defects could arise 
from overlapping sets of tilted filaments located at dif-
ferent depths in the preparation (set in different planes), 
which when superimposed look like a hexagonal array 
of bright and dark defects. These results from optical 
microscopy seem to indicate that there are filaments 
present and that they may be similar to those found 
for twist grain boundary and/or twist bend nematic 
phases.

The unusual growth of the filaments for the synclinic 
and anticlinic phases therefore appears to be spiral, and 
if we examine similar textures for other mesophases we 
find that the B7 phase of bent core materials also exhibits 
a spiralling texture [32]. This texture is due to the 
molecules having relatively rigid structures about the 
centre of the molecular architectures. When packing 
together, the mesophase can possess in-plane modula-
tions determined by the directional packing of the 
V-shaped molecules in parallel versus antiparallel 

arrangements. In this case, the polarity at the apex of 
the bent core is required to be quite strong in order to 
induce the modulation where the directions of the pola-
rities alternate. Consequently, the strengths of the lateral 
polar groups are important for compounds to exhibit 
the B7 phase. However, there are two distractions to this 
argument for bimesogens, one is that both the synclinic 
and anticlinic phases would need to have bent molecular 
architectures, which is not necessarily the case, and 
secondly bimesogens are flexible at the centre and are 
not particularly polar. These arguments would therefore 
discount the phases being B7 [33].

This leaves the synclinic and anticlinic phases being 
potentially related to twist bend phases. We know that 
both phases are tilted, chiral and have an in-plane dis-
organisation of the molecular dimers indicating that 
they are subgroups of the chiral smectic C phase [34]. 
We also know that bent-shaped dimers and oligomers 
[35,36] readily form nematic twist bend phases, which 
exhibit spiralling defects of opposing hands, and in 
some cases exhibit double helices [37]. Spiralling defect 
textures are also found for the two new phases, as shown 
in Figure 16(a,b), and like the NTB phase they too are 
incorporated within the main texture. Under certain 
circumstances, the twist bend nematic phase can be 
exhibited in mixtures where one of the compounds is 
chiral [38]. The comparisons and similarities of the 
arguments above indicate that the synclinic and anticli-
nic phases of the bimesogens are potentially twist bend 
variants of chiral smectic C phases and therefore could 
be labelled SmC*TB and SmCA*TB respectively.

By expanding our search for other systems that exhi-
bit spiral filaments for chiral mesogens at transitions 
from the liquid to liquid-crystal phases, we could 

Figure 20. (Colour online) (a) Looped defect texture of dimer 2a3 at 78 °C, (b) schlieren and looped texture shown together for 2a3, 
and (c) the hexagonal periodic defect texture of 2a3, all at x100 magnification.
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consider the formation of the twist grain boundary 
(TGB) phases for materials such as (R)- and (S)- 

enantiomers of 1-methylheptyl 4 -(4-n-tetradecyloxy-
phenylpropioloyloxy)-biphenyl-4-carboxylates. These 
phases were also discovered for many other low molar 
mass chiral derivatives of S- and R-2-octanol, where 
filamentary defect textures were seen at transitions 
from the liquid to TGBA phases [39,40]. Subsequently, 
similar filamentary defects were found at transitions to 
the commensurate and incommensurate synclinic 
(TGBC) and anticlinic (TGBCA) [41] twist grain bound-
ary phases [41–44]. Although filamentary, the defect 
textures of the TGB phases do not usually exhibit per-
iodic lines perpendicular to their heliaxes as theorised 
by Gilli and Kamay [45]. The structures for the various 
TGB phases have been reported in detail [46] to possess 
lattices of screw dislocations. As we approach the cores 
of the screw defects in these phases, it is possible for the 
mesophase structure to change from, say, being an 
orthogonal arrangement of the molecules to being tilted 
[47]. In doing so, as we move away from the cores of the 
defects the texture changes to being normal, and the 
filaments become embedded within the overall speci-
men. This is similar to the textures seen for the bimeso-
gens. Therefore, in the case of the bimesogens there is 
also the possibility of the phases being analogues of the 
twist-bend and TGB phases or a combination of the 
both, and a lattice of defects may be observed as 
shown in Figure 20(c).

Concluding remarks

The compilation of results on the synthesised 2a and 2b 

families of bimesogens infers that the phases exhibited 
by the compounds are smectic C in type with synclinic 
and/or anticlinic orientations of the molecules relative 
to the layer planes. As the materials are chiral, they 
exhibit ferroelectric and/or antiferroelectric properties. 
Structural studies using X-ray diffraction and electro-
optic responses to applied electric fields, coupled with 
molecular dynamics simulations, indicate that there is 
a preference for the molecules in the mesophase struc-
tures to be intercalated. The presence of silyloxy-linked 
groups and relatively rigid aromatic terphenyl units 
cause microphase segregation, thereby supporting 
a lamellar organisation.

Polarised light microscopy somewhat contradicted 
the overall conclusions, in that unique filamentary 
defect textures were found that occurred at transitions 
from the liquid to the liquid crystal phases. The defect 
textures that were exhibited at the phase transitions 
were filamentary at micron length-scales, possessing 
either helical or double helical structures. The defect 

textures were unusual and had not been observed before 
for either of the synclinic or anticlinic phases. No extra 
transitions were observed at the clearing points, which 
indicated that the filamentary phase was the same as the 
liquid crystal phase that it was transferring to, thus the 
observations were transient, with the filamentary defects 
becoming included in the bulk textures of the resulting 
bulk phases.

There are few phases that exhibit filamentary defect 
textures at transitions from the liquid into the meso-
phases, two sets that have been extensively explored are 
the twist grain boundary phases (TGB), and the twist- 
bend phases (T-B). Both have filaments, but with differ-
ent textures and stabilities. The TGB phases have fila-
ments that curve and become adsorbed into the bulk 
textures on cooling, whereas the T-B phases exhibit 
single and double helical filaments [37]. The TGB family 
of phases also exhibited phase transitions from TGBC to 
smectic C etc., and so these materials did not fit with the 
observations made on the bimesogens.

This leaves the twist-bend family. There are few smectic 
twist-bend phases, and there are even fewer chiral analo-
gues, but as we have observed helical filaments embedded 
in the textures of achiral twist-bend phases [47] it appears 
that the twist-bend structuring is a possibility for chiral 
variants. We note that Imrie and Gorecka et al. have pre-
viously reported in their studies on twist bend phases 
beautiful results on heliconical smectic phases formed by 
achiral molecules [48], and Vij and Tschierske have 
described their physical studies on heliconical smectic 
SmCSPFhel phase in achiral bent-core mesogens [49]. 
Most notably, however, is the similarity between the lattice 
textures shown in Figure 20(c), and those reported by 
Walker et al. [50] for the chiral N* to twist bend N* 
sequence. Magnification of the patterns shows that there 
are small differences in textural orientations within the 
hexagonal domains and between grain boundaries, possi-
bly due to different tilt domains, in Figure 20(c), whereas 
they are less prevalent, as might be expected, for the 
nematic variant as reported by Walker. Nevertheless, both 
textures appear to indicate that the lattice patterns may be 
associated with long-range ordering in twist bend systems.

Time will tell if all of these discoveries will meld 
together to yield a fuller understanding of such systems 
in liquid crystals, along with a realisation that twist bend 
mesophases are separate and definable entities with their 
own classifications with respect to conventional liquid 
crystals.
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