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ABSTRACT

Six members of the 1,w-bis(4-cyanobiphenyl-4'-yl) alkanes are reported and referred to as
CBnCB in which n =1, 15, 16, 17, 19 and 20 and indicates the number of methylene units in
the spacer separating the two cyanobiphenyl units. The behaviour of CB3CB is revisited. The
temperature dependence of the refractive indices, optical birefringence, and dielectric
permittivities measured in the nematic, N, phase for selected homologues are reported. The
dimers with n > 15 showed an enantiotropic N phase, and for the odd members the twist-bend
nematic, N1, phase was observed. CB3CB shows a direct Ntg-isotropic, I, transition whereas
for CB1CB a virtual Ntg-I transition is found. The temperature dependence of the bend elastic
constant, K33, measured in the oblique helicoidal cholesteric state formed by mixtures of
CBnCB with a chiral additive S811, shows strong non-monotonous behaviour with a deep
minimum near the transition point to the Ntg phase. The minimum value of K35 decreases as
n increases. The long even members of the CBnCB series show similar values of Tni to their

odd-membered counterparts but their estimated values of Tn N are considerably lower. This

is attributed to molecular shape and its effect on K33.
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1. Introduction

Over a decade has now passed since the first unambiguous assignment of the twist-bend
nematic, Ntg, phase was made [1-3], and some fifty years since Meyer predicted its existence
[4] and over twenty years since it was predicted independently by Dozov [5], both using
symmetry arguments. A range of molecular structures have now been shown to exhibit the Nt
phase including odd-membered liquid crystal dimers [6-27] and higher oligomers [28-35],
bent-core liquid crystals [36, 37], hydrogen-bonded supramolecular systems [38-42] and
polymeric liquid crystals [43]. Recently an even-membered dimer containing a disulfide link
in the spacer has been reported to exhibit the Ntg phase [44]. The common feature to each of
these classes of materials is molecular bend, and this is wholly consistent with Dozov’s seminal
work [5]. He argued that bent structures have a strong natural tendency to pack into bent
structures, but, given that pure uniform bend is not allowed in nature, it must be accompanied
by another local deformation of the director. In the case of twist, this gives rise to the Ntg phase
in which the director forms a heliconical distribution in which it is tilted with respect to the
helical axis. The pitch of this helix is very short and typically just a few molecular lengths. A
particularly fascinating feature of the Ntg phase is spontaneous symmetry breaking in a fluid
system composed of achiral molecules and without positional order. Given that the formation
of chirality is spontaneous equal numbers of left- and right-handed helices would be expected
and hence, macroscopically the phase is achiral. The chiral Ntg phase may be obtained in which
the double degeneracy of the helical twist sense has been removed either by the addition of
chiral dopants [45] or by the introduction of intrinsic molecular chirality [46-48]. Dozov also
predicted the existence of twist-bend smectic phases [5] and these have also been found
experimentally [49-54].

The experimental discovery of the Nt phase was made using CB7CB, a member of
the 1,0-bis(4-cyanobiphenyl-4'-yl) alkanes, the CBnCB series, see Figure 1(a). In CB7CB,
seven methylene units separate the two cyanobiphenyl moieties, and this odd-membered spacer
imparts the necessary molecular curvature to observe the Ntg phase. The CBrnCB series
contains three of the most extensively studied twist-bend nematogens; specifically, CB7CB,
CB9CB and CBI11CB (see, for recent examples, [55-67]). More widely, the overwhelming
majority of twist-bend nematogens reported in the literature have either seven, nine or eleven
atoms separating the mesogenic units. The reasons for this are two-fold: firstly, moving to
shorter odd-membered spacers accentuates the molecular bend and tends to reduce the liquid
crystal transition temperatures with respect to the melting point, and strongly monotropic

materials are obtained [21, 68]. Secondly, and more pragmatically, moving to longer odd-



membered spacers is synthetically rather challenging. The CBnCB series is one of the most
complete homologous series to be studied in terms of the spacer length, with values of n
reported of 3,5-11,and 13 [67, 69, 70]. Key questions remain, however, such as, what happens
to the tendency to form the Nt phase when the spacer becomes even shorter, or indeed very
long? To address these issues, here we report the synthesis and characterisation of new
members of the CBnCB series with n =1, 15, 17 and 19, and revisit the behaviour for n = 3. In
order to establish the dependence of the formation of the Nts phase on molecular shape, and
specifically, the bend angle of the dimer, we compare the transitional properties of the CBnCB
series with those of the CBOnOCB series [71, 72], Figure 1(b). We also consider the difference
in transitional behaviour between dimers having very long odd or even-membered spacers and

report the synthesis and characterisation of members of the CBrnCB series with n = 16 and 20.
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Figure 1. The general molecular structure of (a) the 1,w-bis(4-cyanobiphenyl-4'-yl)
alkanes, referred to as the CBnCB series and (b) the 1,0-bis(4-cyanobiphenyl-4’-yloxy)
alkanes, the CBOnOCB series. In both acronyms 7 refers to the number of methylene units in

the flexible alkyl spacer.

To better understand the role of the spacer in determining the properties of these dimers,
we also measure the temperature dependence of a number of material parameters, specifically
the refractive indices, optical birefringence, and dielectric permittivities of the N phase formed
by members of the CBnCB series with n =7, 9, 11, 13, and 15. We also investigate the bend
elastic constants, K33, for these homologues. The very low values of K33 found in the nematic
phases of odd-membered dimers [73] have been attributed to the bent-shape adopted by these
dimers [74] and drive the formation of both the Ntg phase and also of the so-called oblique
helicoidal cholesteric state, Chon. Unfortunately, direct measurements of K33 in the N phase of
the CBnCB dimers using the conventional technique involving a Frederiks transition in a
homeotropic cell are problematic since the materials do not align homeotropically. Instead, we

resort to measuring K33 in the chiral version of the N phase, the chiral nematic N* phase in



which the directors adopt a helical distribution and are perpendicular to the helical axis. When
a N* phase formed by an odd-membered dimer is acted upon by an electric field, the small
value of K33 yields an oblique helicoidal Chon state [64, 75, 76], in which the local director is
now tilted to the helical axis [75, 77]. In the Chon state, the helical pitch P depends on K33 [75,
78, 79]; by measuring P using the electrically tuneable Bragg reflection of light, we may deduce
K33, as described previously [64, 77].

2. Experimental

2.1 Synthetic Methods

The synthesis of CB1CB is shown in Scheme 1. In the first step 4,4’-dibromobenzophenone
was reduced using triethylsilane [67] to yield 1,1-bis(4-bromophenylmethane) (1.1) that was
subsequently reacted with 4-cyanophenylboronic acid in a Suzuki-Miyaura cross-coupling

reaction [80] to give CBICB (1.2).

TFA
TES
BrBr
1.1

¢ 4-Cyanophenylboronic acid

EtOH
Toluene
Sodium carbonate (aq)

Pd(PPhs),

= CB1CB N

Scheme 1. Synthesis of CB1CB.

The synthesis of CB3CB followed the steps outlined in Scheme 2. In the first step, 2E-
1,3-bis(4-bromophenyl)prop-2-en-1-one (2.1) was synthesised using a base catalysed aldol
condensation between 4-bromobenzaldehyde and 4-bromoacetophenone.[81] 2.1 underwent a

hydrosilane reduction [67] to form 1,3-bis(4-bromophenylpropane) (2.2) that was subsequently



reacted with 4-cyanophenylboronic acid in a Suzuki-Miyaura cross-coupling reaction [80] to

form the desired product, CB3CB (2.3).
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Scheme 2. Synthesis of CB3CB.

The synthesis of the extended chain alkanedioic acids required for the syntheses of the
CBnCB homologues with long spacers is shown in Scheme 3 and based on the procedure
reported by Obaza and Smith [82]. The synthesis of the CBnCB homologues having long
spacers is shown in Scheme 4 and described elsewhere by Paterson et al.[67] A detailed
description of the preparation of the members of the CBnCB series (n=1, 3, 15, 16, 17, 19, 20),
including the structural characterisation data for all intermediates and final products, is

provided in the Supplementary Information.
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Scheme 4. Synthesis of the CBnCB series.

2.2 Thermal characterisation

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

electrodes.

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 K 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.



2.3 Molecular modelling

The geometric parameters of the CBnCB series were obtained using quantum mechanical DFT
calculations with Gaussian09 software.[83] Optimisation of the molecular structures was
carried out at the B3LYP/6-31G(d) level. Visualisations of electronic surfaces and ball-and-
stick models were generated from the optimised geometries using the GaussView 5
software.[84] The electronic surfaces were found with the cubegen utility in GaussView by
generating a total density cube using a SCF density matrix and course grid, overlayed by an
ESP surface map. Visualisations of the space-filling models were produced post-optimisation

using the QuteMol package.[85]

2.4 Resonant X-ray scattering

The resonant x-ray scattering measurements were performed at the Advanced Light Source,
Lawrence Berkeley National Laboratory on the soft x-ray beam line (11.0.1.2). The energy of
incident beam was tuned to the K-edge of carbon absorption (283 eV). Samples with thickness
lower than 1 um were prepared between SiN membranes. The scattering intensity was recorded

using the Princeton PI-MTE CCD detector.

2.5 Refractive indices and birefringence of the N phase

The temperature dependence of the ordinary (n,) and extra-ordinary (#n.) refractive indices were
determined by investigating light interference in wedge cells [86]. The measurements were
performed at the wavelengths 488 nm, 532 nm, and 632.8 nm, using laser-line colour filters
with a central bandwidth of 1 nm (Thorlabs, Inc.). The wedge cells of a small dihedral angle <
1° were constructed using glass plates coated with a polyimide PI 2555, which is rubbed along
the direction perpendicular to the thickness gradient to prevent director deformations. The
temperature dependencies of the birefringence, An(7) were determined by measuring the
optical retardance I'(T) = An(T)d, in rubbed P12555 planar cells of thicknesses d = (3.9-4.2)

pum, using a Microlmager (Hinds Instruments) at the wavelength 535 nm.

2.6 Dielectric anisotropy of the N phase
The dielectric permittivities were determined in thin rubbed P12555 planar cells of a thickness
d = (3.9-4.2) um with square ITO electrodes of area 5 mm x 5 mm at a frequency of 3 kHz,

using capacitance measurements with a 4284A LCR meter (Hewlett Packard). The



perpendicular permittivity £1(7) was measured at a low applied voltage of 0.1 V that does not
perturb the homogeneous planar structure whereas the parallel permittivity €( 7) was measured
in the same planar cell using an extrapolation method at high applied voltage that aligns the

molecules perpendicularly to the electrodes [87].

2.7 Bend elastic constant in the oblique helicoidal state (Chon)

2.7.1 Preparation and characterisation of the chiral mixtures

The binary mixtures of the CBnCB dimers, n =7, 9, 11, 13, and 15, with the left-handed chiral
additive S811 (EM Industries), CBnCB: S811 = 96:4 (wt.%), were studied in ITO PI 2555
planar cells of thickness d = (19.5-19.7) um; the larger thickness ensures strong Bragg
reflection from the Chon state. The phase transition temperatures were determined by observing
the optical textures under the polarizing optical microscope, a Nikon OPTIPHOT2-POL
(Nikon Inc.) equipped with an QImaging camera, on cooling from the isotropic phase at 0.1 K
min!. The temperature was controlled using a HCS302 hot stage connected to a mK2000

controller (Instec, Inc.) with an accuracy of £0.01 K.

2.7.2 Bend elastic constant in the oblique helicoidal state (Chon)

The temperature dependencies of the bend elastic constant K33 for the dimers were measured
in the oblique helicoidal state (Chon) using the chiral mixtures described in section 2.7.1. The
Chon state was obtained by applying an external sinusoidal ac voltage of frequency 3 kHz to
ITO-covered planar cells of thickness d = (19.5-19.7) um [75, 76]. The ac sinusoidal signal
was produced by a SDG 1032X (SIGLENT Technologies) waveform generator, and amplified
by a 7602M (KROHN-HITE Co.) voltage amplifier. The applied voltage was measured using
a KEITHLEY 2000 multimeter. A tungsten halogen light source, LS-1 (360-2000 nm), and a
USB2000 fiber optics spectrometer (both Ocean Insight) were used to characterize the Bragg
reflection. The unpolarized light from the LS-1 light source was passed through a UV-VIS
bifurcated optical fiber (200 um diameter) and was incident normally on the Chon cells. The
superimposed reflected beam from the Chon cells passed through the same bifurcated optical
fiber and detected using the USB2000 spectrometer interfaced with OceanView spectroscopy
software (Ocean Insight). The well-equilibrated reflection spectra at each temperature point of
interest, above the N*-Ntg* transition temperature, were recorded as a function of the applied

electric field E.
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3. Results and Discussion

3.1 Phase behaviour

The transitional properties of the new members of the CBnCB series reported here are listed in
Table 1. All the long homologues (n > 15) exhibit an enantiotropic conventional nematic phase
identified on the basis of the textures observed using polarised light microscopy. Specifically,
when sandwiched between two untreated glass slides, a characteristic schlieren texture was
observed containing both two- and four-point brush singularities and which flashed when
subjected to mechanical stress, see Figure 2(a). On cooling the odd members (n =15, 17, 19),
a blocky schlieren texture developed, see Figure 2(b), and this was accompanied by the
cessation of the optical flickering associated with director fluctuations in the N phase. These
changes are characteristic of a N-Ntp phase transition. For CB15CB, the Ntg phase is
enantiotropic whereas for CB17CB and CB19CB it is marginally monotropic in nature. The
long even-membered homologues (n = 16, 20) show an enantiotropic conventional nematic
phase and the absence of the Ntg phase is consistent with the widely held view that molecular

curvature is a prerequisite for its observation. We return to this theme later.

Table 1. Transition temperatures and associated scaled entropy changes for the CBnCB
series.

n Ter/ °C | TN/ °C | T/ °C | T/ °C | AScr/R | ASNni/R

1 206 - -3° - 7.43 -

3 141 - 47°¢ - 8.29 -

15 96 103 - 121 13.5 1.50

16 111 - - 132 13.4 2.17

17 99 97% - 117 15.3 1.45

19 99 95% - 115 16.7 2.20

20 115 - - 116 153 1.76 4

*Values extracted from DSC cooling traces. ®Virtual transition temperature estimated from a
binary phase diagram with CB7CB. “Measured using the polarised light microscope. ¢ The peak
associated with the N-I transition overlaps that associated with crystallisation on cooling and

with melting on heating, and this value underestimates ASni/R.
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Figure 2. (a) The schlieren texture seen for the N phase (T = 114 °C) and (b) the blocky
schlieren texture of the Ntg phase (T = 95 °C) observed for CB19CB.

The NtB phase exhibited by CB15CB was also characterised using resonant soft X-ray
scattering (RSoXS) The diffraction signal under the resonance condition is sensitive to the
orientation of the molecules unlike conventional XRD. Figure 3(a) shows the temperature
evolution of the resonant XRD signal recorded in the Nts phase, and Figure 3(b) the
temperature dependence of the measured pitch length. The values of the pitch length decrease
from around 300 A at the Ntp-N transition to around 150 A on cooling. These values are much
higher than previously measured for members of the CBnCB series; for example, the pitch
length measured in the Nt phase for CB7CB is around 80 A.[2, 3, 88] If we assume that the
helical structure in the Ntg phase does not change with spacer length then the increased pitch
length may reflect, at least in part, the increase in molecular length from 26.2 A for CB7CB to
36.4 A for CB15CB. This increase in molecular length in itself, however, does not appear
sufficiently large to account for a doubling of the pitch length. A strong dependence of the
pitch length on increasing the spacer length from seven to eleven methylene units in a series of
fluorinated dimers was reported by Saha ef al. [89] and attributed to differences in the
molecular bend angle between the two dimers in the Ntg phase. It has also been reported that
changes in shape arising from inverting an ester linkage connecting the spacer to the mesogenic
units in a dimer doubled the pitch length in the Ntg phase although the molecular length was
changed by a much smaller amount [90]. These changes also influence the bend elastic
constant, K33, to be discussed later, and this may contribute to the increase in pitch length on

increasing spacer length.
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Figure 3 (a) Temperature evolution of the resonant soft X-ray diffraction signal in the

NrtB phase measured on cooling, and (b) the temperature dependence of the pitch length

measured in the Nt phase on cooling for CB15CB.

CB3CB melted directly into the isotropic liquid. On cooling, a strongly monotropic,
reversible phase transition was observed at 47 °C. The texture associated with this phase
appeared to consist of focal conic fans when viewed under the polarised optical microscope,
but the textures obtained were rather ill distinct for samples both sandwiched between untreated
slides and in 3-micron cells treated for planar alignment, see Figure 4. The strongly monotropic
nature of the phase precluded its study using X-ray diffraction. In order to assign this phase, a
phase diagram was constructed using binary mixtures of CB3CB and the standard twist-bend
nematogen, CB7CB [1], see Figure 5. Complete miscibility was observed over the entire range
of compositions studied. The DSC traces obtained on cooling the mixtures are shown in Figure
6. For mixtures containing > 70 mol % CB7CB, the phase sequence Ntg-N-I was observed.
For the 80 and 90 mol % CB7CB mixtures, exotherms associated with each transition are
observed whereas for the 70 mol % mixture the nematic range is too short, and only a single
broad exotherm is seen in the trace shown in Figure 6. Again, the N phase was identified on
the basis of the observation of a characteristic schlieren texture, Figure 7(a), and the Nt phase
assigned by the observation of a focal conic fan texture, Figure 7(b). As noted earlier, the N-
NrtB phase transition was associated with the cessation of the optical flickering seen in the N

phase. For the mixtures containing < 60 mol % CB7CB, a direct Ntg-I transition was observed,
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and just a single endotherm is observed in the DSC traces, see Figure 6. The optical textures
observed for the Ntg phase included both focal conic fan and polygonal textures, Figures 7(c)
and 7(d), respectively. The focal conic fan texture arises from the pseudo-layered structure of
the Nt phase associated with the pitch length. The N-I phase transition temperature in the
CB3CB:CB7CB phase diagram decreases linearly on increasing the mole fraction of CB3CB
suggesting that the intermolecular energy parameter between the unlike species is the
geometric mean of the interaction parameters between the like species [91]. This is an
unsurprising result given the similar molecular structures of the two components. The line
connecting the Nts-N and Nrg-I transition temperatures also shows a linear dependence on
increasing the concentration of CB3CB. The gradient of the N-I line is greater than that of the
NrtB-N/I line, and these intercept at around 62 mol% CB7CB, see Figure 5. Critically, the
transition temperature measured for pure CB3CB lies on the Ntg-N/I line indicating that the
transition described earlier is indeed a direct Ntg-I transition and confirms that the textures
shown in Figure 3 are examples of the natural textures of the Ntg phase for a pure compound.
This is particularly noteworthy given that Ntg-I transitions in pure materials have been
observed only rarely [7, 8, 13, 70, 92, 93]. The transitional behaviour reported here for CB3CB
agrees well with that reported in the literature by Arakawa and co-workers who based their Nt
phase assignment solely on optical textures [70]. An earlier report of the CB3CB overlooked

the monotropic liquid crystalline behaviour reported here [69].

Figure 4. Optical textures observed on cooling CB3CB: (a) between untreated slides, a
poorly defined fan-like texture (T = 43 °C); (b) in a 3 um cell treated for planar alignment, a

focal conic fan texture (T =45 °C). These are examples of the natural textures of the Ntg phase.
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Figure S. Phase diagram constructed for binary mixtures of CB3CB and CB7CB. Squares

denote T, filled circles Tnygn, open circles Tnpgi and diamonds the melting points.
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Figure 6. DSC traces obtained on cooling from the isotropic phase for: (a) CB7CB; and

for the CB7CB:CB3CB mixtures (b) 90:10; (c) 80:20; (d) 70:30; (e) 60:40; (f) 50:50; (g) 40:60;

(h) 20:80 mol %. The crystallisation exotherms are not shown.
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Figure 7. Optical textures observed for CB7CB:CB3CB mixtures: (a) schlieren texture of
the N phase (T = 101 °C) and (b) focal conic texture of the Ntg phase (T = 94 °C) shown by
the 90:10 mol % mixture; (c) focal conic texture of the Ntg phase (T = 65 °C) seen for the
60:40 mol % mixture; (d) focal conic texture of the Nt phase (T = 58 °C) shown by the 20:80

mol % mixture.

CBI1CB also melted directly into the isotropic phase and on cooling, crystallised
without showing any other liquid crystal phase behaviour. In order to determine a virtual I-Ntg
transition temperature for CB1CB, a phase diagram was constructed using binary mixtures of
CB1CB and CB7CB [1], see Figure 8. Miscibility was observed over the composition range
for which liquid crystallinity was observed. The DSC traces obtained on cooling the mixtures
that exhibited liquid crystallinity are shown in Figure 9. The mixtures containing = 80 mol %
CB7CB exhibited Nts and N phases whereas those containing < 70 mol % CB7CB showed
a direct Ntg-I transition. These transitions were identified using polarised light microscopy, see
Figure 10, and included the observation of a rope-like texture the formation of which was

attributed to the undulation of pseudolayers during the temperature-induced shrinkage of the
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Nrs pitch, [94, 95]. As also seen in the CB3CB:CB7CB phase diagram (Figure 5), the N-I and
Nrs-N/I lines both show a linear dependence on increasing the concentration of CB1CB, and
the N-I line has the larger gradient, intersecting the Ntg-N line at around 70 mol % CB7CB
(Figure 8). The CB1CB:CB7CB mixtures first show a direct Ntg-I transition at a lower
concentration of CB1CB than seen for CB3CB in the mixtures of CB3CB:CB7CB. This
presumably reflects the more bent structure of CB1CB. The mixtures containing < 50 mol %
CB7CB did not show liquid crystalline behaviour, and this may be attributed, at least in part,
to the sigmoidal dependence of the melting points of the mixtures on the concentration of
CBI1CB, and their dramatic increase below 60 mol % CB7CB (Figure 8). The virtual value of
Tnpp estimated for CB1CB is —3 °C although we note that this is obtained from a rather long

extrapolation of the Ntg-N/I line and so must be treated with some degree of caution (Figure

8).

190 -+
170 +
150 A
130 A
%) 110 A
= 90 -
70 +
50 +
30 +

10 g0 0.2 0.4 0.6 0.8 1.0
Mole fraction CB7CB

Figure 8. Phase diagram constructed for binary mixtures of CB1CB and CB7CB. Squares

denote Ty, filled circles TN, open circles Tnygi and diamonds the melting points.
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Figure 9. DSC traces obtained on cooling from the isotropic phase for: (a) CB7CB; and

for the CB7CB:CB1CB mixtures (b) 90:10; (c¢) 80:20; (d) 70:30; (e) 60:40 mol %. The
crystallisation exotherms are not shown.
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Figure 10. Optical textures observed for the CB7CB:CBI1CB mixtures: (a) schlieren

texture of the N phase (T = 85 °C) and (b) rope-like texture of the Nt phase with undulating
pseudolayers (T = 60 °C) shown by the 80:20 mol % mixture; (c) the natural focal conic fan
texture of the Nt phase obtained by cooling the isotropic phase (T = 74 °C) for the 60:40 mol

% mixture.

The dependence of the transition temperatures on the length of the flexible spacer for
the odd members of the CBnCB series is shown in Figure 11. The melting points decrease
initially on increasing n before appearing to reach a limiting value. The first two odd members
(n=1, 3) show Nrtg-I transitions, whereas CB5SCB shows a narrow temperature range N phase

in addition to the Nt phase. The transition temperatures (Tnyg1, Tnpgn or Tnir) increase sharply

over the first three members of the series (n = 1, 3, 5). Further increasing n sees the values of

both Tnpgnand T pass through weak maxima for CB11CB, and begin to decrease, albeit very

slowly. The temperature range of the N phase remains approximately constant for the higher
values of n. We will return to a discussion of the trends in transition temperatures seen in Figure

10 later.
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Figure 11.  The dependence of the transition temperatures on the length of the alkyl spacer,

n, for the odd members of the CBnCB series. The squares denote Tni, the empty circles T,

and the filled circles Tnygn. The broken line connects the melting points.

3.2 Refractive indices and birefringence

We now turn our attention to the material properties of these dimers. The temperature
dependences of the extraordinary n, and ordinary n, refractive indices for CB13CB over the
entire temperature range of the nematic phase are shown in Figure 12. Figures 13(a,b,c)
presents the temperature dependencies of n, for all CBnCB homologues, n =7, 9, 11 and 15,

over the temperature range 0 < 7-Tnnpg < 6 °C, for three different wavelengths. The ordinary

refractive index n, for all five dimers shows a very weak temperature dependence, in agreement
with the previous measurements reported for CB7CB and CB11CB [64]. As the molecular
length increases, n, decreases, Figures.13(d,e,f); a similar trend has been reported for the
cyanobiphenyl monomers by Sarkar et al. [96].

The temperature dependence of the birefringence, An(7T), for the N phase of the CBnCB
dimers, deduced from the measurements of optical retardance in flat planar cells, is shown in
Figure 14. The measured value of An(7) for CB13CB is consistent with the wedge cell data,
Figure 12. The birefringence An(7) increases as n increases from 7 to 15, and this may be
attributed to the higher optical polarizability of longer molecules [97]. A similar trend is seen

for fluorinated dimers that also form the Ntg phase [98]. On the other hand, the trend is opposite
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to the behaviour observed in conventional monomeric cyanobiphenyls, in which the
birefringence decreases in higher homologues with longer aliphatic terminal chains [96]. On
cooling from the isotropic phase, An(7) increases for all the dimers as the orientational order
increases with decreasing temperature. As the temperature is reduced towards the N-Ntg
transition, An(7) behaves differently in different homologues: (i) An increases for CB7CB, as
reported by Meyer et al [99], and CBICB; (ii) An saturates for CB11CB; (iii) An slightly
decreases for CB13CB and CB15CB. The pretransitional decrease of An(T) close to the N-Ntg
transition is observed for other flexible dimers [2, 98, 100, 101].
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Figure 12.  Temperature dependence of extraordinary refractive index ne at 532 nm and

ordinary refractive index n, at 488 nm, 532 nm, and 632.8 nm for CB13CB in a wedge cell.

3.3 Dielectric anisotropy
The temperature dependencies of the dielectric permittivities measured when the
electric field is parallel to the director, €(7), and perpendicular to it, €.(7), are plotted in

Figures 15(a-e). Figure 15(f) shows that 1 decreases substantially as the molecular length
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increases, while &) shows a much weaker dependence on n. As a result, the dielectric anisotropy
A&(T), which is positive for all homologues, increases as the flexible alkyl spacer increases in
length, Figure 16, similar to the behaviour seen for An(7) in Figure 14. The same trend is
observed for the absolute value of the negative Ag(7) measured in fluorinated dimers [98];
however, conventional monomeric cyanobiphenyls show an opposite behaviour, as Ag(7)
decreases in homologues with a longer aliphatic end chains [96]. As a function of temperature,
A&g(T) is weakly non-monotonous, decreasing as the temperature approaches the transition
points to the isotropic phase and to the Nt phase, Figure 16; the latter can be attributed to the

formation of pretransitional clusters with twist-bend molecular arrangements.
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Figure 13. Temperature (a,b,c) and molecular length (d,e,f) dependencies of the ordinary
refractive index n, for CBnCB dimers in the range 0 < 7-Tnnpp <6 “C at wavelengths (a,d) 488
nm, (b,e) 532 nm, and (c,f) 632.8 nm. The error bars are smaller than the size of the plot
symbols. The reference transition temperatures are Tyy,, = 102.2°C forn = 7, Tyy,,, = 106.4°C
forn =9, Ty, = 107.9°C for n = 11, Tyy,, = 105.2°C for n = 13 and Tyy,, = 101.3°C forn =

15.
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the nematic phase at 3 kHz; the inset shows the variation of Ae with flexible spacer length » at

a fixed temperature T — Tyn,; = 5°C.

3.4 Bend elastic constant, K33, in the N' phase

The transition temperatures of the CBnCB dimers and their binary chiral mixtures with
S811 are shown in Table 2. These temperatures have been measured on cooling and this
accounts for the small differences observed in the transition temperatures for CB15CB
compared to those listed in Table 1. The textures of the chiral mixture CB13CB:S811 in the

cholesteric (N*) and chiral twist bend nematic phase (Ntg*) are shown in Figure 17.
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Table 2. Transition temperatures of the CBnCB dimers and the CBnCB: S811 (96:4

wt.%) chiral mixtures measured on cooling from the isotropic phase.

Compound v/ °C Inngg / °C | Chiral mixture T/ °C TInngg*/ °C
CB7CB 115.1 102.2 CB7CB:S811 107.0 94.1
CB9CB 121.8 106.4 CB9CB:S811 111.7 96.3
CB11CB 124.3 107.9 CB11CB:S811 116.5 100.3
CB13CB 121.2 105.2 CB13CB:S811 114.3 98.3
CB15CB 117.2 101.3 CBI15CB:S811 113.7 97.8

(b)

Figure 17.  Optical textures of CB13CB:S811 in a 20 pm planar cell showing (a) the N*
phase and (b) the N1y phase, the chiral analogue of the Ntp phase.

The measurement of K33 in the Chon state is based on the dependence of the peak Bragg
reflection wavelength Ap on the applied electric field £ [64, 77]. In this method, the
experimentally measured Ay/n,(4,) is plotted against £/ at each temperature point of interest.
The dispersion of the ordinary refractive index n,(4;) is calculated using the Cauchy relation
no(d) = A+ BA 2 + CA*, where the coefficients 4, B, and C are determined using 7, values
measured at three different wavelengths, Figure 13. The plot of A,/n0(A;) against £ is fitted
with the polynomial a1£-/ + a2E~ to find the fitting parameters a1 and a2, where the correction
a:E” turns out to be negligibly small compared to @1E”. The obtained value of ax is used to
evaluate K35 = £,As(a;)?/4m?. The dielectric anisotropy Ag(T) at the temperatures of interest

is measured in the N phase of the corresponding chiral mixtures as described earlier.
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Figure 18.  Temperature dependencies of the bend elastic constants K33(7) for the
CBnCB:S811 chiral mixtures in the Chon state. The inset shows the decrease of the minimum
value of K33(T) with the flexible spacer length n. The reference transition temperatures are
TN = 97.8°C for n =15, Tnenpg*= 98.3°C for n = 13, Tnsnpg* = 100.3°C for n = 11, Tnenpg*
=96.3°C forn =9, and TnsNpg*=94.1°C forn = 7.

The measured temperature dependence K33(7) is non-monotonous in all CBnCB:S811
(96:4 wt.%) chiral mixtures, Figure 18. K33(7) decreases essentially linearly on cooling the N

phase, passes through a minimum value at approximately 7-7wn#y,,* = 1°C and subsequently

*Nrp
increases near the transition to the Ntg* phase. Similar behaviour has been reported for other
odd-membered dimers [102]. This behaviour becomes more pronounced in higher
homologues. For CB7CB:S811(96:4 wt.%), K33(T) in Figure 18 is very close to K33(7) reported
previously for the N phase of pure CB7CB [73], and for the same CB7CB:S811 (96:4 wt.%)
chiral mixture in the Chon state [64]. Furthermore, K33(7) of the CB11CB:S811(96:4 wt.%) is

similar to the data for a CB11CB:S811 (97:3 wt.%) mixture [64]. The minimum of K33(7)
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becomes deeper as n increases from 7 to 15, which reflects the higher flexibility of longer
spacers, see inset in Figure 18. The lowest value of K33 =0.05 pN in n = 15, is slightly smaller
than the measured 0.065 pN in chiral mixtures CB7CB:CB11CB:5CB =52:31:17 (wt.%) with
1.8 wt.% and 4.2 wt.% of S811 [64]. We note that the reflection spectra are hard to detect in
the vicinity of the N*-Ntg* transition; in the CB7CB:S811, CB9CB:S811 and CB11CB:S811

mixtures, the reflection spectra are observed at 7' > T#np,, 0.1 “C; in CB13CB:S811, at T >
TnN7pt0.2 °C, and in CB15CB:S811, at T > Tv#n,+0.35 °C. The disappearance of the Bragg

reflection in the pretransitional region may be associated with the destruction of the Chon state
by pretransitional cybotactic groups of the Ntg* phase; the equidistance of the pseudolayers of

the Ntg+ clusters yields a higher value of K33 and prohibits the formation of the Chon phase.

3.4 Molecular shape

We have already noted that it is widely accepted that the twist-bend nematic—
nematic/isotropic transitions are predominantly shape driven. Indeed, a generalised Maier-
Saupe molecular field theory developed to describe the phase behaviour of rigid V-shaped
molecules revealed how sensitive the phase behaviour of such a system is to the molecular
bend angle [103]. Specifically, as the bend angle becomes smaller, the temperature range of
nematic behaviour is reduced and the Nts phase becomes stabilised, and for bend angles <
130° an Ntg-I transition is predicted. By contrast, for bend angles > 150 °, the Ntg-N transition
temperature is predicted to occur only at very low temperatures. Thus, to understand the
dependence of the phase transition temperatures on the spacer length, », shown in Figure 11,
we must first consider how increasing n changes the molecular shape. Figure 19 compares the
molecular shapes of the all-frans conformations of short, intermediate, and long members of
the CBnCB series. CB1CB has a rather different shape and flexibility to the other members of
the series and may described by a molecular bend angle of 116.0° defined by the Ca-C-Car
bond angle at the centre of the molecule. The question now arises as to how to best capture the
difference in molecular shape as 7 increases. The most common approach to describe the bend
of an odd-membered dimer is to use the angle subtended by the two nitrile bonds, given as
angle Y in Figure 20, but this does not, in fact, differentiate between spacer lengths. Instead,
the angle remains constant at approximately 113°, but the intersection of the lines falls
progressively below the molecule as » increases, see Figure 20. It is quite apparent that the
shapes of these molecules (# = 3) may be described as isosceles trapezoids, and a possible

means of capturing the molecular bend of such a structure is to use the angle Z shown in Figure
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20. The calculation of this angle is described in the ESI, and the values of this angle for the
CBnCB series are listed in Table 3. It is clear that the molecular bend angle defined in this way
increases as n increases, and it may, at first sight, appear counter-intuitive that the stability of
the Nt phase increases sharply as the bend angle increases over the first three members, see
Figure 11. We must remember, however, that the flexibility of the molecule also increases on
increasing n, and this facilitates the better interaction between the mesogenic groups. These
interactions compensate for the loss of entropy due to the additional polar order in the Ntg
phase [103], counteracting the effect of the increasing bend angle, and the stability of the Nt
phase increases. These interactions between the mesogenic units will also promote the
emergence of the N phase. Thus, on increasing #» we see initially an increase in the stability of
both the Ntg and N phases. At some point the N phase will become more stable, and for the
CBnCB series, this occurs for n =5. Further increasing n will continue to promote both the N
and Nt phases through the enhanced interactions between the mesogenic units whereas the
increasing bend angle presumably destabilises the Ntg phase. Increasing # still further, dilutes
the interactions between the mesogenic units as the volume fraction of alkyl chain increases,

and both Txi and Tnppn would be expected to pass through maximum values and begin to

decrease. For the CBnCB series this occurs for n = 11. As we have seen, however, the minimum
value of K33(7) decreases monotonically on increasing spacer length reflecting the increased
flexibility and this will drive the elastic instability related to the formation of the Ntg phase

counteracting, at least in part, the expected decrease in TnppN related to the dilution of the

mesogenic units. This interpretation accounts for the behaviour seen in Figure 11. We do note,
however, that this is a simplified view of shape which has not taken into account the inherent
flexibility of the spacer and a more realistic interpretation would necessarily consider a
conformational distribution. Indeed, the very similar transition temperatures for the longer

homologues presumably implies that their average molecular shapes are very similar.
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(d) (e)

Figure 19.  Space filling models comparing the all-trans molecular shapes of (a) CB1CB,
(b) CB3CB, (c) CB5CB, (d) CB7CB and (¢) CB19CB.

Figure 20. A spacer filling model of CB7CB showing the angle subtended by the two
nitrile bonds falls below the molecule, Y, and the bend angle defined assuming the molecular

shape is an isosceles trapezoid, Z.
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Table 3 Molecular bend angles for the CBnCB and CBOnOCB series as defined in

Figure 20.
CBnCB | Bend angle/° | CBOnOCB Bend angle / °
1 116.0* - -
3 117.6 1 144.8
5 123.0 3 150.3
7 127.9 5 152.7
9 131.9 7 154.5
11 135.3 9 156.0
13 138.3 11 157.3
15 140.9 - -
17 143.1 - -
19 145.1 - -

*The Car-C-Car bond angle.

3.5 CBOnOCB series
In order to investigate the effect of the bond angle, associated with the linking unit
between the spacer and mesogenic units, on the transitional properties of the dimers, we

revisited the CBOnOCB series, and established values of Tnpn for n = 1,7, 9, and 11, see

Table 4. These complement our previous report of the values for 3 and 5 [67]. Forn =17, 9, and
11, the NtB phase was identified on the basis of the observation of characteristic optical textures
in isolated droplets when viewed under the polarised light microscope. These observations
required extensive supercooling but the measured values are in excellent agreement with those
reported recently by Arakawa and colleagues [34]. For CBO10OCB, the measured value of Tt
listed in Table 4 is somewhat higher than that reported previously whereas those forn =7, 9,

and 11 show excellent agreement [71, 72]. In order to estimate a virtual value of Tn N for

CBO10CB, a phase diagram was constructed for binary mixtures of CBO10CB and CB7CB,
see Figure 21. Mixtures containing > 80 mol % CB7CB exhibited Ntg and N phases. The N-I
transition temperatures showed a linear dependence on the concentration of CBO10OCB, and
the experimentally measured value of Tni for isolated droplets of CBO1OCB fell exactly on

this line confirming the assignment. The Nts-N line also showed a linear dependence on
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concentration and extrapolation gave a virtual Tnxgn of 33°C. We note, however, that this

estimate required a long extrapolation of the Ntg-N line and so the value obtained must treated
with some degree of caution. Full details of these measurements are provided in the

Supplementary Information along with representative textures from the mixtures as shown in

Figure SI2.

Table 4. Transition temperatures and associated entropy changes for selected odd

members of the CBOnOCB series.

n Ter/ °C | TnggN/ °C | Tni/ °C ASci/R | ASni/R
1 149 338 104° 10.8 -

7 138 85° 181 17.3 0.83

9 135 81° 172 14.7 1.03

11 125 78° 164 12.9 1.04

%Virtual transition temperature estimated from binary phase diagram with CB7CB. ®"Measured
using the polarised light microscope.
160 -I
140 -
120 A

100

T/°C

20 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction CB7CB
Phase diagram constructed for binary mixtures of CBO1OCB and CB7CB.

Figure 21.

Squares denote Tni, circles Ty and diamonds the melting points.
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3.6 A comparison of the CBnCB and CBOnOCB series

The transition temperatures of the CBnCB and CBOnOCB series are compared in
Figure 22. To make this a meaningful comparison, members of the two series having the same
number of atoms connecting the two cyanobiphenyl units must be compared, and so the
temperatures are plotted against p, where p=n for the CBnCB series and n+2 for the CBOrnOCB
series. The values of Tni for the even members of both series decrease as p increases, and those
of CBOnOCB series are higher by, on average, 24 K. By contrast, the values of T for the odd
members of both series initially increase on increasing p, pass through a weak maximum and
subsequently gradually decrease. The values of Tni are again higher for the CBOnOCB series,
and for the odd members, this difference between the two series is greater. For example, Tni
for CBO5OCB is some 73 K higher than that of CB7CB. As p increases, this difference in Tni
becomes smaller and reaches a limiting value of around 32 K. The combined effect of these
trends is that the values of Tni show a large odd-even effect for both series in which the even
members show the higher values, and the magnitude of the alternation is greater for the CBnCB
series. Similar experimental observations have been made when comparing other methylene-
and ether-linked dimers [104, 105], and these are in complete agreement with predictions of a
theoretical model developed by Luckhurst and co-workers [106-108]. In this model the only
difference between the dimers is their shape, and this difference arises from the bond angle
between the para axis of the mesogenic unit and the first bond in the spacer. For an ether link
this bond angle is 126.4° and for a methylene link it is considerably smaller, 113.5°. For an
even-membered dimer, this difference in angle does not change the angle subtended by the
major axes of the two mesogenic units but does increase the molecular breadth giving rise to a
reduction in Tni, see Figure 23. By comparison, the smaller bond angle associated with the
methylene link means that an odd-membered methylene-linked dimer is significantly more
bent than its even-membered counterpart and this leads to a larger reduction in Tni, see Figure
23. The overall effect, therefore, is the values of Tni for the methylene-linked dimer series
show a more pronounced alternation than those of the corresponding ether-linked series. In
addition, it is important to note that these alternations in Tnr attenuate on increasing p for both
series such that for the longer spacers, odd and even membered dimers show essentially the
same value of Tni. This attenuation may be accounted for in terms of the increasing number of
conformations available to the spacer and torsional fluctuations which results in a loss of
orientational correlations between the mesogenic units. In addition to these shape-based

arguments, we should also note that the strength of the interactions between cyanobiphenyloxy
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units will be greater than those between the cyanobiphenyl units, and this contributes to the

higher values of Tni seen for both the odd and even members of the CBOrOCB series.

p

Figure 22. The dependence of the transition temperatures on the number of atoms, p,
connecting the mesogenic units in the CBnCB and CBOrOCB series; for the CBnCB series
p=n, and for the CBOnOCB series, p=n+2. Filled circles represent N-I and open circles Ntg-
N transitions for the CBOnOCB series. Filled squares represent N-I, open squares Ntg-N
transitions, and filled triangles Ntg-I transitions for the CBnCB series. Solid lines connect data
points for the CBnCB series and the broken lines for the CBOnOCB series. The data have been
taken from a number of sources [67, 71, 72]. The transition temperatures of the CBOnOCB
series (n > 13) were reported prior to the discovery of the Nts phase and these have not been

revisited [71].

35



(b) 5 % :D
@ E ;

Figure 23.  Space filling models comparing the all-frans molecular shapes of (a) CB6CB,
(b) CBO40OCB, (c) CB5CB, and (d) CBO3OCB, highlighting the effect of changing the linking

unit between the spacer and mesogenic units.

(©

We now turn our attention to the tendency of these two series to exhibit the Ntg phase.
We have seen that CB1CB exhibits a virtual Ntg-I transition at —3°C whereas for CB3CB the
Nrs-I transition is experimentally observed at 47 °C. By comparison, for CBO10OCB a virtual

value of TnppN was estimated at 33 °C, and experimentally Tni observed at 104 °C. Presumably

this difference in behaviour reflects the more bent shape of CB3CB arising from the methylene
links, see Figure 19, and the greater ability of the mesogenic units in CBO1OCB to interact.

Over the shortest odd members, the values of Tng1 or Tnygn increase sharply. For p=35, the
value of TnppN for CBSCB is 9 K higher than that of CBO30OCB, although Twi for the latter is
69 K higher than that of CB5CB. After p=5, the dependence of Tn gy on p for both series
becomes rather weak, and the values of Tngn for the CBnCB series are on average 25 K higher.

By contrast a stronger dependence is observed for the values of Tni which increase by 8 K
between p = 7 and 13 for the CBnCB series but decrease for the CBOrnOCB series by 31 K.
As noted earlier, increasing the spacer length in these odd-membered dimers increases the
ability of the mesogenic units to interact but also dilutes these interactions. For the N-I
transition, the latter effect appears to dominate for the CBOnOCB series and the former for the
CBnCB series reflecting the more bent shape of the methylene-linked dimers, see Table 3. The

less sensitive nature of TnppN on p presumably reflects its stronger dependence on shape and

hence, as discussed earlier, on K33. For the odd-membered dimers with p = 7-13, the CBnCB
series shows a larger change in the bend angle but presumably this is offset by the greater
ability of the mesogenic units to interact as the bend angle increases giving little overall change

in the value of Tn N as spacer length increases.
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3.7 CB16CB and CB20CB

The transitional properties of the two new long even-members of the CBnCB series,
CB16CB and CB20CB, are also listed in Table 1. Both dimers exhibit enantiotropic nematic
behaviour and no other liquid crystalline phase. As described earlier, the values of Tni for the
even members of the CBnCB series decrease on increasing n, whereas those of the odd
members initially increase with n, pass through a maximum and tend towards a limiting value,
Figure 22. The value of Tni for CB20CB is essentially the same as that of the adjacent odd
members suggesting that their average molecular shapes are similar. Figure 24 shows the all-
trans molecular shapes for CB16CB and CB17CB. In the even-membered dimer the mesogenic
units are parallel whereas the odd member adopts the trapezium shape discussed earlier.
Presumably the conformational flexibility of these long spacers allows the mesogenic units in
the odd and even members to interact to much the same extent and may suggest that their
average molecular shapes are similar. This begs the fascinating question, can long even-
membered dimers exhibit the Ntg phase? To explore this intriguing possibility, phase diagrams
were constructed for binary mixtures of each dimer with CB7CB, see Figure 25. In both phase
diagrams, Tni varies in a linear fashion with composition as might be expected given their very
similar molecular structures. Increasing the concentration of the even-membered dimer in the

mixture sees the value of Ty fall rapidly, and the Nt phase is not observed in either system
for mixtures containing <70 mol % CB7CB. The virtual value of TnpyN for the even membered
dimers may be estimated by extrapolation of the Tnygn line although it is stressed that the
extrapolation is rather long in both cases. The estimated values of Txyn for CB16CB and

CB20CB are -13 °C and 1°C, respectively, and around 100 K lower than seen for the adjacent
odd members. This strongly suggests that, on average, the long odd-membered dimers are more
bent than their even-membered counterparts, and the similarity in their values of Tni may be
attributed to the increased ease at which the mesogenic units in odd-membered dimers can

interact on increasing the spacer length.

Figure 24.  Space filling models comparing the all-frans molecular shapes of (a) CB16CB,
and (b) CB17CB.
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Figure 25. Phase diagrams constructed using binary mixtures of (a) CB16CB and CB7CB,
and (b) CB20CB and CB7CB. The squares indicate N-I transitions, the circles Ntg-N

transitions and the diamonds melting points. The solid lines indicate the Tni and TnppN trends,

and the dotted line connects the melting points.
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4. Conclusions

We have reported the transitional properties of the CBnCB series, the most complete set of
odd-membered dimers to date. This has revealed that the shortest members show direct Ntp-I
transitions and as spacer length increases, we see the Nts-N-I sequence. These observations
and a comparison of the transitional properties of the CBnCB and CBOnOCB series have
reinforced the importance of shape in the formation of the Nt phase. This is attributed to the
dependence of material properties such as dielectric permittivities, refractive indices, and bend
elastic constant on molecular shape. A longer flexible spacer yields higher birefringence and
dielectric anisotropy. The temperature dependence of the bend modulus is non-monotonous,
with a pronounced minimum at about 1°C above the transition point to the twist-bend phase;
the minimum is deeper for longer homologues, with CBI15CB doped with a chiral S811
showing the lowest bend elastic constant (0.05 pN) in any liquid crystal measured so far. In
an attempt to capture the shape of these symmetric dimers we have suggested that they be
approximated to an isosceles trapezium. This approach reveals a bend angle which increases
as the spacer length increases, effectively resulting in longer and more linear molecular shapes.
These shape changes might explain the increase of the birefringence and dielectric anisotropy
with n, a behaviour clearly at odds with the previously reported dependencies on the length of
aliphatic terminal chains in homologous series of cyanobiphenyls and similar nematic
mesogens [96]. Although it is apparent that the Nts-N phase transition is predominantly shape

driven it is not entirely so. This is clear when comparing the values of Tngn for the CBnCB

and CBOnrOCB series. As would be expected, the values of Tni for the CBOrnOCB series are
much higher than those of the corresponding members of the CBnCB series. By comparison,

their values of TN are rather similar and this appears counter intuitive if considering shape

alone. It is clear that the interaction strength between the mesogenic units also plays a role in

determining TnygN. Thus, although the odd members of the CBnCB series are clearly more

bent than the corresponding CBOx»OCB dimers, the stronger interactions between the

cyanobiphenyloxy units ensures that the values of TnppN for the longer members of the series

are surprisingly similar. These stronger interactions are manifested to a much greater extent in
much higher values of Tni for the CBOnOCB series. We have reported also that whereas long
even-membered and odd-membered dimers show very similar values of Tni, the former do not
exhibit Ntg behaviour. This is attributed to the ability of the mesogenic units in these dimers
to interact essentially the same irrespective of the parity of the spacer but the odd members

retain their more bent shape. Thus, the transitional behaviour of dimers may be interpreted in
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terms of the molecular bend angle, the ability of the mesogenic units to interact, and the diluting

factor of the spacer chain.
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