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ARTICLE INFO ABSTRACT

Keywords: The synthesis and characterisation of two series of liquid crystal dimers are reported: the symmetric 1,5-bis(4-
Liquid crystal dimers oxyanilinebenzylidene-4-alkane)pentanes (m-050-m), and the non-symmetric 1-(4-cyanobiphenyl-4-yloxy)-5-
Symmetric

(4-oxyanilinebenzylidene-4-alkane)pentanes (CBO50-m). In the acronyms for each series m refers to the terminal
chain length. The m-O50-m series showed monotropic nematic phases for m = 1-7. Smectic behaviour emerged at
m = 7 and nematic behaviour extinguished at m = 8. For the CBO50-m series, an enantiotropic nematic phase is
seen for m = 1-10. In addition, m = 1 shows a twist-bend nematic phase, and m = 9 and 10 an interdigitated
smectic A phase. These series are compared to the corresponding dimers in which the imine link in the benzy-
lideneaniline fragments is reversed, the m.050.m and CBO50.m series. For the symmetric dimers, reversing the
imine link has a small effect on the nematic-isotropic transition temperatures, Ty, but a much larger effect on the
smectic-isotropic transition temperatures, Tsy. In both cases, the m.OnO.m series shows the higher values. The
values of Tyy are also slightly higher for the CBO50.m series than the CBO50-m series. Surprisingly, the values of
Tsmi are higher for the CBO50-m than for the CBO50.m series. These differences are discussed in terms of the

Non-symmetric
Structure-property relationships
Imine bond

changes in shape and electronic distributions arising from reversing the imine link.

1. Introduction

Liquid crystal dimers consist of molecules containing two mesogenic
units linked through a flexible spacer, most commonly an alkyl chain,
and are termed symmetric if the mesogenic units are the same and non-
symmetric if they differ [1-3]. The length and parity of the spacer play a
key role in determining the transitional properties of the dimer, and
within a homologous series in which the number of methylene units in
the spacer is increased, pronounced alternations in, for example, the
liquid crystal-isotropic transition temperatures are observed. To a first
approximation, this behaviour may be attributed to the role of the spacer
in controlling the average molecular shape. Thus, for an even-membered
spacer, there is an even number of atoms connecting the two mesogenic
groups, the two units are more or less parallel, and the molecule is
linear. By comparison, for an odd-membered dimer the units are in-
clined at some angle with respect to each other and the molecule is bent
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[4]. The intense research interest focussed on liquid crystal dimers in
recent years has arisen due the observation of twist-bend nematic [4-12]
and twist-bend smectic phases [13-17] for bent, odd-membered dimers.

The dimeric molecular architecture represents an inversion of that of
conventional low molar mass liquid crystals which consist of molecules
containing a single semi-rigid core attached to one or two flexible alkyl
chains. The interactions between the cores give rise to liquid crystalline
behaviour whereas the roles of the terminal chain are to reduce the
melting point and modify phase behaviour. Specifically, increasing the
length of a terminal chain in a homologous series of conventional low
molar mass mesogens sees a change from nematic to smectic behaviour
and this is attributed to an increasing tendency towards space segrega-
tion of chemical incompatible molecular fragments. It was initially
suggested that the inherent flexibility of liquid crystal dimers would
inhibit the formation of smectic phases [ 18] but this was shown not to be
the case by Date et al.[19] who reported the extensive smectic
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polymorphism exhibited by the o,w-bis(4-alkylanilinebenzylidine-4'-
oxy)alkanes, Fig. 1. The materials reported by Date et al [ 19] are referred
to as the m.OnO.m series in which n refers to the number of methylene
units in the flexible spacer, and m the number of carbon atoms on the
terminal chains. This acronym reflects the structural relationship to the
N-(4-alkyloxybenzylidine)-4"-alkylanilines, Fig. 2. These compounds are
referred to using the acronym nO.m in which n and m refer to the number
of carbon atoms in the alkyloxy and alkyl chains, respectively.

The nO.m series are a rich source of smectic phases, and their study
played a key role in establishing the structures of smectic phases and
their relationships to molecular structure [20-24]. All the smectic
phases seen for the m.OnO.m series were observed when the length of
the terminal chains was greater than half the length of the spacer and all
showed monolayer structures. This relationship was accounted for in
terms of microphase separation into three distinct regions; the aromatic
moieties, the terminal chains and the spacers [19]. This is now estab-
lished as rather general behaviour for symmetric liquid crystal dimers
[14,25-29].

Non-symmetric dimers showed very different smectic behaviour and
the study of the a-(4-cyanobiphenyl-4-yloxy)-w-(4-alkylanilinebenzyli-
dene-4-oxy)alkanes, Fig. 3, led to the discovery of the intercalated
smectic phases [30-32].

These dimers are referred to as the CBOnO.m series in which n and m
refer to the number of carbon atoms in the spacer and terminal chain,
respectively [30-32]. Their design was again based on the strong
smectic tendencies of the nO.m series referred to earlier, and that binary
mixtures of a member of the nO.m series with a member of the 4-alkoxy-
4'-cyanobiphenyls were known to show induced or enhanced smectic
phases [20,33]. The smectic behaviour observed for the CBOnO.m series
was without precedent; for example, for the CBO60.m series a smectic A,
SmA, phase was seen for both short and long terminal chains but in-
termediate chain lengths only showed nematic, N, behaviour. This
behaviour was in stark contrast to that observed for conventional low
molar mass liquid crystals for which increasing a terminal chain length
simply increases the smectic tendencies of the material. The remarkable
behaviour of the CBO60.m series was accounted for in terms of the
structure of the smectic phases observed [32]. Specifically, for short
terminal chains an intercalated smectic A phase was seen in which
differing parts of the molecules overlap. The mesogenic units form one
microdomain and the alkyl chains another. This arrangement is thought
to be stabilised by a favourable interaction between the unlike meso-
genic units and suggested to be an electrostatic quadrupolar interaction
between groups having quadrupole moments of opposite signs [34]. For
long terminal chains lengths, an interdigitated smectic A phase was
observed, driven by the anti-parallel association of the cyanobiphenyl
units to minimise dipolar energy and resulting from the molecular in-
homogeneity arising from the long terminal alkyl chain. For interme-
diate chain lengths, presumably there is a competition between these
incompatible structures in which neither is preferred and hence, only
nematic behaviour is observed.

The question arises, what happens if we reverse the imine (-CH=N-)
link in the benzylideneaniline moieties in the symmetric m.OnO.m and
non-symmetric CBOnO.m dimers? If we first consider the conventional
low molar mass mesogens upon which the dimers were based, the nO.m
series, then reversing the link gives the m.On series in which the period
represents -CH=N- such that 20.3 on reversing the link becomes 3.02.
The nO.m series has attracted the greater research focus due to their
more straightforward synthesis, but where comparisons are possible

Fig. 1. Molecular structure of the m.OnO.m series.
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Fig. 3. Molecular structure of the CBOnO.m series.
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reversing the imine link appears to have little effect. For example, 20.6
and 6.02 both show only nematic phases and their nematic-isotropic
transition temperatures, Tyj, are 80 C and 82 C, respectively [35,36].
This similarity in behaviour is perhaps unsurprising. If we consider the
dimeric architecture, however, then by tethering one benzylideneaniline
unit via the spacer to another mesogenic moiety fixes, at least to some
extent, their relative orientations, and given that the behaviour of the
non-symmetric dimers, in particular, appears to be predicated upon
specific interactions between the unlike mesogenic units, the effects of
reversing the imine link are far less predictable than for the conventional
low molar mass systems.

Surprisingly, this important question appears not to have not been
investigated, and to rectify this, here we report the synthesis and char-
acterisation of the 1,5-bis(4’-oxyanilinebenzylidene-4-alkane)pentanes,
Fig. 4, and refer to these dimers using the acronym m-O50-m in which
the hyphen indicates the reversal of the imine linkages compared to the
m.050.m series.

We also report the behaviour of the 1-(4-cyanobiphenyl-4"-yloxy)-5-
(4-oxyanilinebenzylidene-4-alkane)pentanes, Fig. 5, and use the
acronym CBO50-m to describe these. In order to evaluate the effects of
reversing the imine linkage, we also revisit the behaviour of the CBO50.
m series.

We choose odd-membered dimers to be the focus of this study
reflecting the very high level of interest in these bent molecules and their
ability to exhibit the new twist-bend phases [4,13-17,37-40].

2. Experimental
2.1. Synthesis

The synthetic route used to prepare the m-O50-m series is shown in
Scheme 1, and for the CBO50-m series in Scheme 2. A detailed
description of the preparation of all members of these series, including

the structural characterisation data for all intermediates and final
products, is provided in the Supplementary Information.

2.2. Optical studies

Phase characterisation was performed by polarised light microscopy,
using an Olympus BH2 polarising light microscope equipped with a
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Fig. 4. Molecular structure of the m-O50-m series.
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Scheme 1. Synthesis of the m-O50-m series.
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Scheme 2. Synthesis of the CBO50-m series.
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Linkam TMS 92 hot stage. The untreated glass microscope slides used
were 0.17 mm thick.

2.3. Differential scanning calorimetry

The phase behaviour of the materials was studied by differential
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 °C min~, 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.

2.4. Molecular modelling

The geometric parameters of the m-OnO-m, and CBO50-m series
were obtained using quantum mechanical DFT calculations with
Gaussian09 software [41]. Optimisation of the molecular structures was
carried out at the B3LYP/6-31G(d) level of theory. Visualisations of
electronic surfaces and ball-and-stick models were generated from the
optimised geometries using the GaussView 5 software, and visual-
isations of the space-filling models were produced post-optimisation
using the QuteMol package [42].

2.5. X-ray diffraction measurements

The wide-angle 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 small angle X-ray diffraction (SAXS)
patterns were obtained with a Bruker Nanostar system using CuKa ra-
diation and patterns were collected with a 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 performed with a Bruker D8 Discover
system (CuKa line, Goebel mirror, Anton Paar DCS350 heating stage,
scintillation counter) working in the reflection mode. Homeotropically
aligned samples were used, prepared as a thin film on a silicon reflec-
tionless wafer.

2.6. Birefringence measurements

The birefringence was calculated from the optical retardation
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 (Hamamatsu LC8) was used equipped with a narrow
band pass filter (532 nm). The signal from a photodiode (FLC Electronics
PIN-20) was deconvoluted by a lock-in amplifier (EG&G 7265) into 1f
and 2f components to yield the retardation induced by the sample.
Knowing the sample thickness, the retardation was recalculated into
optical birefringence. For measurements 3-um-thick cells were used with
a planar alignment layer.

3. Results and discussion

The transitional properties for the m-O50-m series are listed in
Table 1. For m < 7, a conventional monotropic nematic phase, N, was
observed, and assigned by the observation of a characteristic schlieren
texture containing both two- and four-point brush defects, and which
flashed when subjected to mechanical stress, Fig. 6 (a). This assignment
is supported by the values of ASy;/R which are typical for odd-
membered dimers [19,43,44]. On cooling the N phase of 7-O50-7 a
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Table 1
Transition temperatures for the m-O50-m series with the associated scaled en-
tropy changes, AS/R, given in brackets.

m Ter/ °C Tsmysmc/ °C Tsmesma/ °C Tsman/ °C Tni/ °C
(AS/R) (AS/R) (AS/R) (AS/R) (AS/R)
iTsmar/ °C
(AS/R)
*Tsmer/ °C
(AS/R)
1 164 - - - 140
(14.5)
2 150 - - - 119
(15.0)
3 146 - - - 139 (0.43)
15.7)
4 133 - - - 123 (0.27)
(16.7)
5 133 - - - 132 (0.48)
(16.9)
6 130 - - - 123 (0.34)
17.4)
7 128 b112 115 3¢126 127
(17.6) (2.04) (2.04)
8 126 115 %127 (2.91) - 4129 (2.91)
17.8)
9 123 116 (3.12) - - *132 (3.39)
13.7)
10 120 117 (4.56) - - *131 (3.92)
(14.3)

@ Values extracted from DSC cooling traces.

b Measured using the polarised light microscope.

¢ Combined AS/R value of those associated with both phase transitions due to
peak overlap in the DSC trace.

focal conic fan texture developed which could be sheared to give
homeotropic regions, characteristics of a smectic A, SmA, phase, Fig. 6
(b). For 8-050-8, a focal conic fan texture was observed directly from
the isotropic phase in co-existence with homeotropic regions indicative
of a SmA phase. Cooling the sample further saw the emergence of a
birefringent schlieren texture from the previously homeotropic regions,

.
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Fig. 6 (¢), characteristic of a smectic C, SmC, phase. Form =9 and 10, a
focal conic fan texture in co-existence with regions of schlieren texture
was observed directly from the isotropic phase indicating a SmC-I
transition. This assignment was consistent with the values of ASgmci/R
which are typical for odd-membered dimers [19,43,45]. On cooling the
smectic C phase shown by m = 7-10, the focal conic fans became broken
with banding and the regions of schlieren texture became poorly
defined, Fig. 6 (d). This texture does not allow for an unambiguous
phase assignment and instead the phase is termed the smectic Y phase.
The values of ASgmysmc/R suggest that the smectic Y phase is either a
hexatic or soft crystal phase. Further examples of the textures observed
for these materials are shown in Figure S1.

X-ray diffraction was used to characterise the smectic phases of 9-
050-9 and 10-050-10. The diffraction patterns of the smectic C pha-
ses contained a sharp peak in the small angle region, Fig. 7 (a), corre-
sponding to distances of 46.6 A and 47.0 A for 9-050-9 and 10-050-10,
and these values are comparable to their molecular lengths, 49.1 A and
50.6 A respectively, suggesting a monolayer packing arrangement. The
signal in the wide-angle region was diffuse indicating liquid-like
ordering within the layers. The layer spacing in the SmC phase
decreased with decreasing temperature as would be expected, Fig. 8. In

Fig. 7. X-ray diffraction pattern for 10-O50-10 in the (a) smectic C phase (T =
128 °C) and (b) smectic Y phase (T = 117 °C).

Fig. 6. Optical textures observed for the m-O50-m series: (a) the schlieren texture of the nematic phase (T = 127 °C) for 7-O50-7; (b) the focal conic fan texture in
coexistence with homeotropic regions of the smectic A phase (T = 126 °C) for 7-O50-7; (c) the focal conic fan texture in coexistence with regions of schlieren texture
of the smectic C phase (T = 130 °C) for 10-O50-10; (d) representative texture of the smectic Y phase (T = 117 °C) for 10-O50-10.
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Fig. 8. The dependence of the layer spacing, d, on temperature for (a) 9-0O50-9
and (b) 10-0O50-10 measured on cooling.

the SmY phase, additional low angle signals appeared in the scattering
pattern, Figure S2, suggesting that it has a modulated structure built of
layer fragments. There is a narrowing of the wide-angle signal at the
SmC-SmY transition indicating an increase in the ordering within the
layers, Fig. 7 (b). These observations suggest that the SmY phase is a
hexatic smectic phase. At the transition to the SmY phase, the layer
spacing increases, Fig. 8, presumably associated with the increase in
order. The SmY phase also has a monolayer structure.

The dependence of the transition temperatures on the length of the
terminal alkyl chain, m, for the m-O50-m series is shown in Fig. 9. The
melting points decrease on increasing m, and this may be attributed to
the longer terminal chains disrupting the packing in the crystalline
phase, and the increased component of the melting entropy change
associated with the increasing number of conformations of the terminal
chain in the fluid phase. The values of Ty alternate on increasing m with
the odd members showing the higher values. The alternation is associ-
ated with the change in molecular shape on varying the parity of m and
this has been discussed in detail elsewhere [32,37,44]. Smectic phase
behaviour emerges at m = 7, and the nematic phase is extinguished at m
= 8. The emergence of smectic behaviour at this chain length is
consistent with the empirical rule proposed by Date et al [19] that for
smectic behaviour to be observed in symmetric dimers the length of the
terminal chains must be greater than half the length of the spacer.

For comparative purposes, Fig. 10 shows the dependence of the
transition temperatures on m for the m.0O50.m series [19]. It is imme-
diately apparent that the melting points of the m-O50-m series tend to be
higher than those of the corresponding members of the m.050.m series,
such that the former series is largely monotropic in nature whereas the
latter tends to be enantiotropic. Smectic behaviour emerges earlier in
the m.050.m series, for 4.050.4, and the nematic phase is extinguished
earlier, at 6.050.6. Both series show the SmA and SmC phases, and a
hexatic phase, all of which have monolayer structures. The relative
stability of the SmC phase is greater for the m-O50-m series. Fig. 11
compares the clearing temperatures of the m-O50-m and m.050.m

170

HaC

150

140

T/°C

110 L L L L L

Fig. 9. Dependence of the transition temperatures on the length of the terminal
alkyl chain, m, for the m-O50-m series. The filled squares denote Ty, the filled
triangle Tsman, the open triangle Tspay, the filled diamonds Tsmcsma, the open
diamonds Tgycy, the circles Tsmysme and the dotted line indicates the
melting points.
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T/°C

m

Fig. 10. Dependence of the transition temperatures on the length of the ter-
minal alkyl chain, m, for the m.050.m series. The filled squares denote Ty;, the
filled triangles Tsman, the open triangles Tsma;, the filled diamonds Tsmcsma, the
open diamonds Tsyc, the circles Tsymysmc and the dotted line indicates the
melting points.
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Fig. 11. A comparison of the clearing temperatures of the m.050.m series,
represented by squares, and m-O50-m series, represented by triangles and di-
amonds. Filled symbols represent N-I transitions, open symbols SmA-I transi-
tions and the open diamonds SmC-I transitions.

series [19]. We revisited the behaviour of 5.050.5 and found a short
nematic phase (Tsman = 136 °C and Ty; = 137 °C) not reported by Date
et al. [19]. For short terminal chains, m < 5, both series show nematic-
isotropic transitions, and on average the values of Ty; for the m.050.m
series are around 4 °C higher than that of the corresponding member of
the m-O50-m series. It is unsurprising that there are only small differ-
ences in these values and this is consistent with the behaviour reported
for similar symmetric dimers [25,37,44]. Quite different behaviour is
observed, however, when comparing the smectic-isotropic transition
temperatures shown by the two series for which those of the m.050.m
series are, on average, over 19 °C higher than that of the corresponding
member of the m-O50-m series. We note that this comparison is between
the unlike transitions, i.e. SmA-I transitions for the m.050.m series and
SmC-I transitions for the m-O50-m series with the sole exception being
m = 8, for which Tgya1 of 8.050.8 is 26 °C higher than that of 8-O50-8.
It is clear that reversing the imine link in these dimers has a considerably
more pronounced effect on the stability of the smectic phases than the
nematic phase.

Fig. 12 compares the molecular shapes and electrostatic potential
surfaces for 4-050-4 with 4.050.4. Reversing the direction of the imine
link has little effect on molecular shape and this presumably accounts, at
least in part, for the rather similar values of Ty; shown by these mate-
rials. By contrast, the electrostatic potential surfaces reveal more sig-
nificant differences between the two dimers. It is clear for 4-O50-4 that
the electron distribution is more evenly spread across the benzylide-
neaniline fragment than it is for 4.050.4 in which greater electron
density is located on the aniline ring. In addition, there is a significant
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Fig. 12. (top) Ball-and-stick models, (middle) electrostatic potential surfaces
and (bottom) space-filling models of (a) 4-050-4 and (b) 4.050.4. The arrows
denote the positive direction of the dipole moment of the molecule: for 4-O50-
4, p = 1.44 D into the plane and for 4.050.4, p = 3.59 D parallel to the plane.

Table 2
Transition temperatures for the CBO50-m series with the associated scaled en-
tropy changes, AS/R, given in brackets.

m Ter/ °C Tsmxsma/ °C Tsman/ °C Tnren/ °C T/ °C
(AS/R) (AS/R) (AS/R) (AS/R) (AS/R)
1 140 (9.11) - - "85 166 (0.26)
2 143 (6.83) - - - 158 (0.24)
3 118 (8.95) - - ‘84 160 (0.26)
4 114 (9.84) - - - 151 (0.26)
5 107 (8.80) - - - 150 (0.33)
6 108 (9.45) - - - 142 (0.28)
7 109 (9.16) - - - 143 (0.34)
8 107 (11.3) - - - 137 (0.26)
9 110 (9.18) - 103 - 136 (0.34)
10 108 (10.7) 992 (=~ 0) 123 (0.027) - 132 (0.28)

@ Values extracted from DSC cooling traces.

b Measured using the polarised light microscope.

¢ Virtual transition temperature estimated from a binary phase diagram with
CB7CB.

20pm
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Fig. 14. Phase diagram constructed for binary mixtures of CBO50-3 and
CB7CB. Squares denote Ty, circles Tyrpy and diamonds the melting points. The
solid lines indicate trend lines drawn for both Ty; and Tytpn. The dotted line
connects the melting points.

difference in the magnitude and orientation of the dipole moments of the
two dimers, and that of 4.050.4 is larger by over 2 D. Similar differences
have been reported for conventional low molar mass mesogens on
reversing the direction of an imine linkage [46]. These changes pre-
sumably have a more significant effect on the interactions between the
mesogenic units which drive the formation of smectic phases. We will
return to this theme later.

We now turn our attention to the effects of reversing the direction of
the imine bond in a non-symmetric dimeric series, and the transitional
properties for the CBO50-m series are listed in Table 2. All ten members
of the series exhibited a conventional, enantiotropic nematic phase, N,
assigned by the observation of a characteristic schlieren texture con-
taining both two- and four-point brush defects and which flashed when
subjected to mechanical stress, Fig. 13 (a). The measured values of ASy;/
R are consistent with those found for bent dimers [19,43,45]. On cooling

20pm

20um

-

Fig. 13. Textures observed for the CBO50-m series: (a) schlieren texture of the nematic phase (T = 136 °C) for CBO50-9; (b) blocky schlieren texture in isolated
droplets of the twist-bend nematic phase (T = 84 °C) for CBO50-1; (c) focal conic fan texture with extinct regions of the smectic A phase (T = 121 °C) for CBO50-10;
(d) region of moving stripes of opposing birefringence of the smectic X phase (T = 91 °C) for CBO50-10.

6
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Fig. 15. Textures observed for the 40:60 mol % mixture of CB7CB:CBO50-3:
(a) schlieren texture of the nematic phase (T = 141 °C) and (b) rope-like and
parabolic texture of the twist-bend nematic phase (T = 80 °C).

Fig. 16. 2D X-ray diffraction pattern for CBO50-10 in the smectic A phase (T
=128 °Q).

the nematic phase for m = 1, in isolated droplets a cessation of the op-
tical flickering associated with director fluctuations was observed and a
blocky schlieren texture emerged, characteristic of the twist-bend
nematic phase, Fig. 13 (b). For the other homologues with m < 8, the
rapid onset of crystallisation precluded the observation of additional
liquid crystalline behaviour. For the homologues with m > 9, on cooling
the nematic phase, a focal conic fan texture developed, which could be
sheared to give optically extinct regions characteristic of the uniaxial

SmA

100 ' 120
T/°C

Fig. 17. The dependence of the layer spacing (d) on temperature for CBO50-10
measured on cooling (black circles). The red and blue circles represent the
longest periodicities measured in the two crystalline phases observed on cooling
the sample. Note that in the temperature range of Crl, the sample was not fully
crystalized and the SmA phase co-existed with the Crl phase. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 18. Temperature dependence of the optical birefringence for green light
(A = 532 nm) for CBO50-10.

smectic A phase, Fig. 13 (c). For m = 10, on cooling the smectic A phase,
a weakly birefringent schlieren texture emerged from the extinct regions
containing moving stripes of opposing birefringence, Fig. 13 (d). We
have reported the observation of similar schlieren textures for the
SmCrp.sy phase, [16,17,47] but this texture cannot be used to provide an
unambiguous phase assignment and so the phase was labelled smectic X.

To investigate potential twist-bend nematic phase behaviour in the
longer homologues, a binary phase diagram was constructed using
mixtures of CBO50-3 and CB7CB, Fig. 14. Complete miscibility between
the two compounds was observed over the whole composition range.
The melting points of the mixtures show eutectic behaviour. The higher
temperature phase seen for all the mixtures was a conventional nematic
phase, see Fig. 15 (a). On cooling the nematic phase, regions of rope-like
textures coexisting with a parabolic texture formed, characteristic of the
twist-bend nematic phase, Fig. 15 (b). In addition, the transition was
accompanied by the cessation of the optical flickering associated with
director fluctuations. The values of Ty increase in essentially a linear
manner as the concentration of CBO50-3 increases, Fig. 14. The Tntan
trendline shows a small upwards curvature and the virtual transition
temperature for the Np-N phase transition was estimated to be 84 °C.
This is similar to the value observed for CBO50-1 of 85 °C and suggests
that the stability of the Nyg phase does not fall dramatically on
increasing m, but instead it is the tendency of the materials to crystallise
that precludes the observation of the Nyp phase.

The X-ray diffraction pattern of the smectic A phase shown by
CBO50-10 consists of a sharp reflection in the small angle region arising

180 L

160 | B N
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140 |- = "
4 N
10
= Tl

100 |

T S SmX

NTB
60 . . . . . . . .
1 2 3 4 5 6 7 8 9 10

Fig. 19. Dependence of the transition temperatures on the length of the ter-
minal alkyl chain, m, for the CBO50-m series represented by squares for Tyy,
circles for Tytpn, diamonds for Tsyan and the triangle for Tsyxsma- The dotted
line indicates the melting points.
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Fig. 20. Dependence of the transition temperatures on the length of the ter-
minal alkyl chain, m, for the CBO50.m series represented by squares for Tyy,
circles for Tnrpn, diamonds for Tsman, the open triangle for Tsmcrp.sun and the
filled triangles for Tsmcr-susma. The dotted line indicates the melting points.

T/°C

Fig. 21. The dependence of Ty; on m for the CBO50-m series represented by
squares and the CBO50.m series represented by triangles.

from the layered structure and a diffuse peak in the wide angle indi-
cating the liquid-like arrangement of the molecules within the layers, see
Fig. 16. The layer periodicity is 61 A, around 1.7 times the molecular
length, implying an interdigitated packing arrangement. The layer
spacing increases slightly on decreasing temperature as expected for an
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orthogonal phase when the order parameter increases, Fig. 17. Crys-
tallisation precluded the study of the SmX phase using X-ray diffraction.

Fig. 18 shows the temperature dependence of the optical birefrin-
gence, An, for CBO50-10. On cooling from isotropic phase, a rapid in-
crease is seen in An at the I-N transition which followed a power law
temperature dependence. At the SmA-N transition, the birefringence
increased in a stepwise manner due to the increase in the order
parameter and continued to increase throughout the SmA phase as ex-
pected for an orthogonal phase. In the smectic X phase, An is smaller
than expected from the extrapolation of the dependence seen in the
smectic A phase. This suggests that the increase in the order parameter is
compensated for by a secondary factor such as the molecules tilting
within the phase supporting the suggestion made on the basis of optical
textures that this is the SmCrp.sy phase.

The dependence of the transition temperatures on the length of the
terminal alkyl chain, m, for the CBO50-m series is shown in Fig. 19. The
values of Ty decrease as m increases, and superimposed on this decrease
is an alternation in which the odd members show the higher values. This
may be attributed to the change in shape associated with the parity of m
as described in detail in the literature [19,30]. The stability of the Ntp
phase appears not to be strongly dependent on m. Smectic behaviour
appears for m = 9 and the value of Tsyan shows a strong increase moving
from m = 9 to 10.

The dependence of the transition temperatures on the length of the
terminal alkyl chain, m, for the CBO50.m series is shown in Fig. 20
[14,30,48]. The transitional properties are listed in Table SI5. For m =
1-7, an enantiotropic conventional nematic phase and monotropic N1g
phase are observed. The Nrp phase is extinguished for m = 8 and is
replaced by the SmCrp.sy phase. The remaining members, m =9 and 10,
exhibit an enantiotropic nematic phase and SmA phase and SmCrp.sy
phases. The phase behaviour of the CBO50-m and CBO50.m series is
rather similar unlike the contrasting behaviour seen between the m-
050-m and m.050.m series, and we will return to this later.

Fig. 21 compares the values of Ty; for the CBO50-m series and
CBO50.m series [14,30,48]. The values of Ty; for the CBO50.m series
tend to be higher, but by only around 3 °C on average. This implies that
changing the direction of the imine linkage within the benzylideneani-
line unit of these dimers has only a small impact on how the molecules
interact within the nematic phase. This presumably reflects, at least to
some extent, the very similar shapes of the CBO50-m and CBO50.m
series, see Fig. 22. This also accounts for the very similar Tyrpy values
seen for CBO50.1 and CBO50-1. It is surprising, however, that reversing
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Fig. 22. (top) Ball-and-stick models, (middle) electrostatic potential surfaces and (bottom) space-filling models of (a) CBO50-4 and (b) CBO50.4. The arrows denote
the positive direction of the dipole moment of the molecule: for CBO50-4, p = 6.94 D parallel to the plane and for CBO50.4, p = 4.42 D parallel to the plane.
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the direction of the imine linkage has not significantly changed the
specific interaction between the unlike mesogenic units that is thought
to be important in determining the transition temperatures of these di-
mers [30]. Unlike the behaviour seen for the symmetric dimers earlier,
the values of Tgyan for the CBO50-m series are in fact higher than those
for the CBO50.m series by some 9 °C [14]. The overall molecular dipole
of CBO50-4 is 6.94 D, Fig. 22 (a), compared 4.42 D for CBO50.4, Fig. 22
(b). As we saw earlier for the symmetric dimers, reversing the imine link
changes the electrostatic potential surface of the benzylideneaniline
fragment and for CBO50-4, Fig. 22 (a), the electron density appears
more evenly spread between the two rings whereas for CBO50.4, Fig. 22
(b), this distribution is shifted to the aniline ring. Both dimers show an
interdigitated smectic A phase in which the relative orientation of the
benzylideneaniline fragments are the same as in a monolayer smectic A
phase. It is not clear, therefore, why reversing the imine link in the
symmetric m.OnO.m series reduces the tendency to show smectic
behaviour but for the CBOnO.m series instead increases the smectic
tendency.

4. Conclusions

Reversing the direction of the imine link in the benzylideneaniline
fragments in the symmetric m.050.m dimers to give the m-O50-m series
has little effect on the values of Ty;. Specifically, members of the m.050.
m series show slightly higher values. By contrast, members of the m.
050.m series show considerably higher values of the smectic-isotropic
transition temperature than the corresponding member of the m-O50-
m series. The values of Tyj are also similar for the non-symmetric CBO50.
m and CBO50.m dimers, with those of the CBO50.m series marginally
higher. Unlike the behaviour seen for the symmetric dimers, however,
the values of Tgyan are higher for the CBO50-m than the CBO50.m di-
mers. The similarity in the values of Ty; between the corresponding
dimers with inverted imine linkages is attributed, at least in part, to the
similarity in shapes between the respective series. The contrasting
trends in the values of Tsy between the symmetric and nonsymmetric
dimers is surprising given that the relative orientations of the benzyli-
deneaniline units are the same in the monolayer phases seen for the
symmetric dimers and interdigitated smectic phases seen in the
nonsymmetric materials. Furthermore, the phase behaviour of the
CBO50.m series is thought to be governed, to some extent, by the mixed
interaction between the unlike mesogenic groups and it would be ex-
pected that inverting the imine link would affect this interaction to a
greater extent than it appears to have done given the associated change
to the fragment’s electrostatic potential surface. It is clear that we have
much to learn about how chemically linking the mesogenic units in a
dimer, as well as in higher oligomers, constrains their ability to interact,
and that this important aspect of the behaviour of dimers has been rather
neglected.
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