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INVITED ARTICLE

Cyanobiphenyl-based liquid crystal dimers and the twist-bend nematic phase: on 
the role played by the length and parity of the spacer
Ewan Cruickshank a, Grant J Strachana, Kamal Thapab,c, Damian Pociechad, Mirosław Salamończykd, 
John M D Storeya, Ewa Goreckad, Oleg Lavrentovich b,c,e and Corrie T Imrie a
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Crystal Institute, Kent State University, Kent, OH, USA; cDepartment of Physics, Kent State University, Kent, OH, USA; dFaculty of Chemistry, 
University of Warsaw, Warsaw, Poland; eMaterials Science Graduate Program, Kent State University, Kent, OH, USA

ABSTRACT
Six members of the 1,ω-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, NTB, phase was observed. 
CB3CB shows a direct NTB-isotropic, I, transition, whereas for CB1CB a virtual NTB-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 NTB phase. The 
minimum value of K33 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 TNTBN 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 unambig-
uous assignment of the twist-bend nematic, NTB, phase 
was made [1–3], and some 50 years since Meyer pre-
dicted its existence [4] and over 20 years since it was 
predicted independently by Dozov [5], both using sym-
metry arguments. A range of molecular structures have 
now been shown to exhibit the NTB 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-mem-
bered dimer containing a disulphide link in the spacer 
has been reported to exhibit the NTB 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 mole-
cules 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 
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local deformation of the director. In the case of twist, 
this gives rise to the NTB 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 NTB phase is 
spontaneous symmetry breaking in a fluid system com-
posed 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 NTB 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 mole-
cular chirality [46–48]. Dozov also predicted the exis-
tence of twist-bend smectic phases [5] and these have 
also been found experimentally [49–54].

The experimental discovery of the NTB phase was 
made using CB7CB, a member of the 1,ω-bis(4-cyanobi-
phenyl-4′-yl) alkanes, the CBnCB series, see Figure 1(a). 
In CB7CB, seven methylene units separate the two cya-
nobiphenyl moieties, and this odd-membered spacer 
imparts the necessary molecular curvature to observe 
the NTB phase. The CBnCB series contains three of the 
most extensively studied twist-bend nematogens; specifi-
cally, CB7CB, CB9CB and CB11CB (see for recent exam-
ples [55–67]). More widely, the overwhelming majority of 
twist-bend nematogens reported in the literature have 
either seven, nine or eleven atoms separating the meso-
genic 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 NTB 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 NTB 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 CBnCB series 
with n = 16 and 20.

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 permit-
tivities 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 NTB 
phase and also of the so-called oblique helicoidal 
cholesteric state, ChOH. Unfortunately, direct mea-
surements of K33 in the N phase of the CBnCB 
dimers using the conventional technique involving 
a Frederiks transition in a homeotropic cell are pro-
blematic since the materials do not align homeotro-
pically. 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 distribu-
tion 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 ChOH state [64,75,76], in 
which the local director is now tilted to the helical 
axis [75,77]. In the ChOH 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 

(a)

(b)

Figure 1. The general molecular structure of (a) the 1,ω-bis 
(4-cyanobiphenyl-4′-yl) alkanes, referred to as the CBnCB series 
and (b) the 1,ω-bis(4-cyanobiphenyl-4’-yloxy) alkanes, the 
CBOnOCB series. In both acronyms n refers to the number of 
methylene units in the flexible alkyl spacer.
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reduced using triethylsilane [67] to yield 1,1-bis 
(4-bromophenylmethane) (1.1) that was subse-
quently reacted with 4-cyanophenylboronic acid in 
a Suzuki–Miyaura cross-coupling reaction [80] to 
give CB1CB (1.2).

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 cata-
lysed aldol condensation between 4-bromobenzaldehyde 
and 4-bromoacetophenone [81]. 2.1 underwent 
a hydrosilane reduction [67] to form 1,3-bis(4-bromophe-
nylpropane) (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).

The synthesis of the extended chain alkanedioic 
acids required for the syntheses of the CBnCB homo-
logues 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 descrip-
tion 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.

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, a Lumenera Infinity Lite B CMOS camera, 
an Olympus IC20 LWD MSPlan 20 (0.40) objective 
and an Olympus 0.65 N.A. U-LWCD condenser, or 
a Zeiss AxioImager A2m microscope equipped with 
a Linkam THMS600 hot stage, a Canon EOS 90D 
DSLR camera, a Zeiss LD EC Epiplan-Neofluar M27 
20× (0.22) objective and a Zeiss 0.9 N.A achromatic- 
aplanatic universal Pol condenser. The untreated 

Scheme 1. Synthesis of CB1CB.

Scheme 2. Synthesis of CB3CB.
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glass slides were approximately 0.17 mm thick. The 
cells treated for planar alignment were purchased 
from INSTEC, they were 2.9–3.5 μm thick and pos-
sessed transparent ITO electrodes.

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

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/ 
6-31 G(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 cube-
gen utility in GaussView by generating a total density 
cube using a SCF density matrix and course grid, over-
layed 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 per-
formed at the Advanced Light Source, Lawrence 
Berkeley National Laboratory on the soft X-ray beam 
line (11.0.1.2). The energy of t incident beam was tuned 
to the K-edge of carbon absorption (283 eV). Samples 
with thickness lower than 1 μm 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 (no) and 
extra-ordinary (ne) refractive indices was 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 direc-
tion perpendicular to the thickness gradient to prevent 

Scheme 3. Synthesis of extended alkanedioic acids.

Scheme 4. Synthesis of the CBnCB series.
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director deformations. The temperature dependencies 
of the birefringence, ∆n(T) were determined by mea-
suring the optical retardance Γ Tð Þ ¼ Δn Tð Þd, in 
rubbed PI2555 planar cells with spacings d = (3.9–4.2) 
μm, using a MicroImager (Hinds Instruments) at the 
wavelength 535 nm.

2.6. Dielectric anisotropy of the N phase

The dielectric permittivities were determined in thin 
rubbed PI2555 planar cells with spacing d = (3.9–4.2) 
μm with square ITO electrodes of area 5 mm × 5 mm at 
a frequency of 3 kHz, using capacitance measurements 
with a 4284A LCR meter (Hewlett Packard). The per-
pendicular permittivity ε⊥(T) was measured at a low 
applied voltage of 0.1 V that does not perturb the homo-
geneous planar structure, whereas the parallel permit-
tivity εǁ(T) was measured in the same planar cell using 
an extrapolation method at high applied voltage that 
aligns the molecules perpendicularly to the electro-
des [87].

2.7. Bend elastic constant in the oblique helicoidal 
state (ChOH)

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 (S)-2-octyl 
4-[4-(hexyloxy)benzoyloxy] benzoate known as S811 
(Tokyo Chemical Industry Co. Ltd., purity >98.0%, melt-
ing point 49�C), CBnCB:S811 = 96:4 (wt.%), were studied 
in ITO PI 2555 planar cells of spacing d = (19.5–19.7) µm; 
the larger spacing ensures strong Bragg reflection from 
the ChOH state. The phase transition temperatures were 
determined by observing the optical textures under the 
polarizing optical microscope, a Nikon OPTIPHOT2- 
POL (Nikon Instruments Inc.) equipped with an 
QImaging camera, on cooling from the isotropic phase 
at 0.1 K min−1. 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 (ChOH)
The temperature dependencies of the bend elastic constant 
K33 for the dimers were measured in the oblique helicoidal 
state (ChOH) using the chiral mixtures described in section 
2.7.1. The ChOH state was obtained by applying an external 
sinusoidal ac voltage of frequency 3 kHz to ITO-covered 
planar cells of spacing d = (19.5–19.7) µm [75,76]. The ac 
sinusoidal signal was produced by a SDG 1032X 
(SIGLENT Technologies) waveform generator and 

amplified by a 7602 M (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 fibre optics 
spectrometer (both Ocean Insight) were used to character-
ise the Bragg reflection. The unpolarised light from the LS- 
1 light source was passed through a UV–VIS bifurcated 
optical fibre (200 µm diameter) and was incident normally 
on the ChOH cells. The superimposed reflected beam from 
the ChOH cells passed through the same bifurcated optical 
fibre and detected using the USB2000 spectrometer inter-
faced with OceanView spectroscopy software (Ocean 
Insight). The well-equilibrated reflection spectra at each 
temperature point of interest, above the N*-NTB

* transition 
temperature, were recorded as a function of the applied 
electric field E.

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-NTB phase transition. For CB15CB, 
the NTB 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 NTB phase is consistent with 
the widely held view that molecular curvature is 
a prerequisite for its observation. We return to this 
theme later.

The NTB phase exhibited by CB15CB was also char-
acterised using resonant soft X-ray scattering (RSoXS). 
The diffraction signal under the resonance condition is 
sensitive to the orientation of the molecules unlike con-
ventional XRD. Figure 3(a) shows the temperature evo-
lution of the resonant XRD signal recorded in the NTB 
phase and Figure 3(b) the temperature dependence of 
the measured pitch length. The values of the pitch 
length decrease from around 300 Å at the NTB-N 
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transition to around 150 Å on cooling. These values are 
much higher than previously measured for members of 
the CBnCB series; for example, the pitch length mea-
sured in the NTB phase for CB7CB is around 80 Å 
[2,3,88]. If we assume that the helical structure in the 
NTB 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 Å for CB7CB to 
36.4 Å 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 et al. [89] 
and attributed to differences in the molecular bend 
angle between the two dimers in the NTB 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 NTB phase, although the molecular length was chan-
ged 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.

Table 1. Transition temperatures and associated scaled entropy changes for the CBnCB series.
n TCr-/°C TNTBN/°C TNTBI/°C TNI/°C ΔSCr-/R ΔSNI/R

1 206 – −3b – 7.43 –
3 141 – 47c – 8.29 –
15 96 103 – 121 13.5 1.50
16 111 – – 132 13.4 2.17
17 99 97a – 117 15.3 1.45
19 99 95a – 115 16.7 2.20
20 115 – – 116 15.3 1.76a,d

aValues extracted from DSC cooling traces. bVirtual transition temperature estimated from a binary phase diagram with 
CB7CB. cMeasured using the polarised light microscope. dThe peak associated with the N-I transition overlaps that 
associated with crystallisation on cooling and with melting on heating, and this value underestimates ΔSNI/R.

Figure 2. (Colour online) (a) The schlieren texture seen for the N phase (T = 112 °C) and (b) the blocky schlieren texture of the NTB 

phase (T = 94 °C) observed for CB19CB.

Figure 3. (Colour online) (a) Temperature evolution of the resonant soft X-ray diffraction signal in the NTB phase measured on cooling 
and (b) the temperature dependence of the pitch length measured in the NTB phase on cooling for CB15CB.
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CB3CB melted directly into the isotropic liquid. On 
cooling, a strongly monotropic, reversible phase transi-
tion 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, 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 NTB-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 NTB phase assigned by the 

observation of a focal conic fan texture, Figure 7(b). 
As noted earlier, the N-NTB phase transition was asso-
ciated with the cessation of the optical flickering seen in 
the N phase. For the mixtures containing ≤60 mol % 
CB7CB, a direct NTB-I transition was observed, and just 
a single exotherm is observed in the DSC traces, see 
Figure 6. The optical textures observed for the NTB 
phase included both focal conic fan and polygonal tex-
tures, Figure 7(c,d) respectively. The focal conic fan 
texture arises from the pseudo-layered structure of the 
NTB 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 inter-
molecular 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 NTB-N and NTB-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 NTB-N/I line, 
and these intercept at around 62 mol% CB7CB, see 

Figure 4. (Colour online) Optical textures observed on cooling CB3CB in a 3 µm cell treated for planar alignment: (a) a focal conic fan 
texture with parabolic defects (T = 47 °C) and (b) a focal conic fan texture (T = 46 °C). These are examples of the natural textures of the 
NTB phase.
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Figure 5. Critically, the transition temperature mea-
sured for pure CB3CB lies on the NTB-N/I line, indicat-
ing that the transition described earlier is indeed a direct 
NTB-I transition and confirms that the textures shown 

in Figure 4 are examples of the natural textures of the 
NTB phase for a pure compound. This is particularly 
noteworthy given that NTB-I transitions in pure materi-
als have been observed only rarely [7,8,13,70,92,93]. The 
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Figure 6. (Colour online) 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.

Figure 7. (Colour online) Optical textures observed for CB7CB:CB3CB mixtures: (a) schlieren texture of the N phase (T = 101 °C) and 
(b) focal conic texture of the NTB phase (T = 94 °C) shown by the 90:10 mol % mixture; (c) focal conic texture of the NTB phase (T = 65 
°C) seen for the 60:40 mol % mixture; (d) focal conic texture of the NTB phase (T = 58 °C) shown by the 20:80 mol % mixture.
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transitional behaviour reported here for CB3CB agrees 
well with that reported in the literature by Arakawa and 
co-workers who based their NTB phase assignment 
solely on optical textures [70]. An earlier report of 
CB3CB overlooked the monotropic liquid crystalline 
behaviour reported here [69]. 

CB1CB 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-NTB 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 NTB and N phases, whereas those 
containing ≤70 mol % CB7CB showed a direct NTB-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 NTB 
pitch [94,95]. As also seen in the CB3CB:CB7CB phase 
diagram (Figure 5), the N-I and NTB-N/I lines both 
show a linear dependence on increasing the concentra-
tion of CB1CB, and the N-I line has the larger gradient, 
intersecting the NTB-N line at around 70 mol % CB7CB 
(Figure 8). The CB1CB:CB7CB mixtures first show 
a direct NTB-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 beha-
viour, and this may be attributed, at least in part, to the 

sigmoidal dependence of the melting points of the mix-
tures on the concentration of CB1CB, and their dra-
matic increase below 60 mol % CB7CB (Figure 8). The 
virtual value of TNTBI estimated for CB1CB is −3 °C 
although we note that this is obtained from a rather 
long extrapolation of the NTB-N/I line and so must be 
treated with some degree of caution (Figure 8).

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 appear-
ing to reach a limiting value. The first two odd members 
(n = 1, 3) show NTB-I transitions, whereas CB5CB shows 
a narrow temperature range N phase in addition to the 
NTB phase. The transition temperatures (TNTBN, TNTBN 
or TNI) increase sharply over the first three members of 
the series (n = 1, 3, 5). Further increasing n sees the 
values of both TNTBN and TNI pass through weak maxima 
for CB11CB, and begin to decrease, albeit very slowly. 
The temperature range of the N phase remains approxi-
mately constant for the higher values of n. We will 
return to a discussion of the trends in transition tem-
peratures seen in Figure 10 later.

3.1.1. Refractive indices and birefringence
We now turn our attention to the material properties of 
these dimers. The temperature dependences of the 
extraordinary ne and ordinary no refractive indices for 
CB13CB over the entire temperature range of the 
nematic phase are shown in Figure 12. Figure 13(a,b,c) 
presents the temperature dependencies of no for CBnCB 
homologues n = 7, 9, 11 and 15, over the temperature 
range 0 ≤ T-TNNTB 

≤ 6 °C, for three different wave-
lengths. The ordinary refractive index no for all five 
dimers shows a very weak temperature dependence, in 
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agreement with the previous measurements reported for 
CB7CB and CB11CB [64]. As the molecular length 
increases, no decreases, Figure 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, 
∆n(T), 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 ∆n(T) for CB13CB is consistent with the 

wedge cell data, Figure 12. The birefringence ∆n(T) 
increases as n increases from 7 to 15, and this may be 
attributed to the higher optical polarisability of longer 
molecules [97]. A similar trend is seen for fluorinated 
dimers that also form the NTB phase [98]. On the other 
hand, the trend is opposite 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, ∆n(T) increases for all the dimers as 
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Figure 9. (Colour online) 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.

Figure 10. (Colour online) Optical textures observed for the CB7CB:CB1CB mixtures: (a) schlieren texture of the N phase (T = 85 °C) and 
(b) rope-like texture of the NTB phase with undulating pseudolayers (T = 60 °C) shown by the 80:20 mol % mixture; (c) the natural focal 
conic fan texture of the NTB phase obtained by cooling the isotropic phase (T = 74 °C) for the 60:40 mol % mixture.
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the orientational order increases with decreasing tem-
perature. As the temperature is reduced towards the 
N-NTB transition, ∆n(T) behaves differently in different 
homologues: (i) ∆n increases for CB7CB, as reported by 
Meyer et al. [99], and CB9CB; (ii) ∆n saturates for 
CB11CB; (iii) ∆n slightly decreases for CB13CB and 
CB15CB. The pretransitional decrease of ∆n(T) close 
to the N–NTB transition is observed for other flexible 
dimers [2,98,100,101].

3.2. Dielectric anisotropy

The temperature dependencies of the dielectric permit-
tivities measured when the electric field is parallel to the 

director, εǁ(T), and perpendicular to it, ε⊥(T), are 
plotted in Figures 15(a–e). Figure 15(f) shows that ε⊥ 
decreases substantially as the molecular length 
increases, while εǁ shows a much weaker dependence 
on n. As a result, the dielectric anisotropy ∆ε(T), which 
is positive for all homologues, increases as the flexible 
alkyl spacer increases in length, Figure 16, similar to the 
behaviour seen for ∆n(T) in Figure 14. The same trend 
is observed for the absolute value of the negative ∆ε(T) 
measured in fluorinated dimers [98]; however, conven-
tional monomeric cyanobiphenyls show an opposite 
behaviour, as ∆ε(T) decreases in homologues with 
longer aliphatic end chains [96]. As a function of tem-
perature, ∆ε(T) is weakly non-monotonous, decreasing 
as the temperature approaches the transition points to 
the isotropic phase and to the NTB phase, Figure 16; the 
latter can be attributed to the formation of pretransi-
tional clusters with twist-bend molecular arrangements.

3.3. Bend elastic constant, K33, in the N* phase

The transition temperatures of the CBnCB dimers and 
their binary chiral mixtures with S811 (Figure 17(a)) are 
shown in Table 2. These temperatures have been mea-
sured on cooling and this accounts for the small differ-
ences observed in the transition temperatures for 
CB15CB compared to those listed in Table 1. The tex-
tures of the chiral mixture CB13CB:S811 in the choles-
teric (N*) and chiral twist bend nematic phase (NTB

*) 
are shown in Figure 17(b) and (c), respectively.

The measurement of K33 in the ChOH state is based on 
the dependence of the peak Bragg reflection wavelength 
λp on the applied electric field E [64,77]. In this method,  
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Figure 11. (Colour online) The dependence of the transition temperatures on the length of the alkyl spacer, n, for the odd members of the 
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Figure 12. (Colour online) Temperature dependence of extra-
ordinary refractive index ne at 532 nm and ordinary refractive 
index no at 488 nm, 532 nm and 632.8 nm for CB13CB in 
a wedge cell.
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Figure 14. (Colour online) Temperature dependence of ∆n(T) for odd members of the CBnCB series in the N phase measured at the 
wavelength 535 nm. The inset shows the dependence on the molecular length at a fixed temperature T � TN NTB ¼ 5 �C. The error 
bars are smaller than the size of the plot symbols.

Figure 13. (Colour online) Temperature (a,b,c) and molecular length (d,e,f) dependencies of the ordinary refractive index no for CBnCB 
dimers in the range 0 ≤ T–TNNTB 

≤ 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 TNNTB ¼ 102:2 �C for n ¼ 7, TNNTB ¼ 106:4 �C for n ¼ 9, 
TNNTB ¼ 107:9 �C for n ¼ 11, TNNTB ¼ 105:2 �C for n ¼ 13 and TNNTB ¼ 101:3 �C for n ¼ 15.
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the experimentally measured λp/no(λp) is plotted against 
E-1 at each temperature point of interest. The dispersion 
of the ordinary refractive index no(λp) is calculated using 
the Cauchy relation no(λ) = A + Bλ−2 + Cλ−4, where the 

coefficients A, B and C are determined using no values 
measured at three different wavelengths, Figure 13. The 
plot of λp/no(λp) against E-1 is fitted with the polynomial 
α1E-1 + α2E−2 to find the fitting parameters α1 and α2, 

Figure 15. (a–e) temperature dependencies of dielectric permittivities of the nematic phase at 3 kHz for (a) CB7CB, (b) CB9CB, (c) CB11CB, (d) 
CB13CB and (e) CB15CB. (f) Dielectric permittivities as a function of the flexible spacer length at a fixed temperature T � TNNTB ¼ 5 �C.
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where the correction α2E−2 turns out to be negligibly 
small compared to α1E-1. The obtained value of α1 is 
used to evaluate K33 ¼ εoΔε α1ð Þ

2
=4π2. The dielectric 

anisotropy ∆ε(T) at the temperatures of interest is mea-
sured in the N phase of the corresponding chiral mixtures 
as described earlier.

The measured temperature dependence K33(T) is 
non-monotonous in all CBnCB:S811 (96:4 wt.%) chiral 
mixtures, Figure 18. K33(T) decreases essentially line-
arly on cooling the N TBI phase, passes through 
a minimum value at approximately T-TN�NTB� = 1 °C 
and subsequently increases near the transition to the 

Figure 16. (Colour online) Temperature dependencies of dielectric anisotropy for CBnCB dimers in the nematic phase at 3 kHz; the 
inset shows the variation with flexible spacer length n at a fixed temperature T � TN NTB ¼ 5 �C.

Figure 17. (Colour online) (a) Molecular structure of a chiral additive S811. Optical textures of CB13CB:S811 in a 20 µm planar cell 
showing (b) the N� phase and (c) the N�TB phase, the chiral analogue of the NTB phase. The optical textures are taken using a polarising 
optical microscope Nikon OPTIPHOT2-POL equipped with an objective: M plan � 20, N.A. 0.40, ELWD and condenser: N.A. 0.1, LWD 
(Nikon Instruments Inc.).
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NTB� 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(T) reported previously for the 
N phase of pure CB7CB [73], and for the same 
CB7CB:S811 (96:4 wt.%) chiral mixture in the ChOH 
state [64]. Furthermore, K33(T) of the CB11CB:S811 
(96:4 wt.%) mixture is similar to the data for 
a CB11CB:S811 (97:3 wt.%) mixture [64]. The mini-
mum of K33(T) 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*-NTB

* transi-
tion; in the CB7CB:S811, CB9CB:S811 and CB11CB: 

S811 mixtures, the reflection spectra are observed at 
T ≥ TN�NTB� + 0.1 °C; in CB13CB:S811, at T ≥ TN�NTB� + 
0.2 °C, and in CB15CB:S811, at T ≥ TN�NTB� +0.35 °C. 
The disappearance of the Bragg reflection in the pre-
transitional region may be associated with the destruc-
tion of the ChOH state by pretransitional cybotactic 
groups of the NTB� phase; the equidistance of the pseu-
dolayers of the NTB� clusters yields a higher value of 
K33 and prohibits the formation of the ChOH 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 

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 TIN/°C TNTB N/°C Chiral mixture TIN*/°C TN�NTB�
/°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 CB15CB:S811 113.7 97.8

Figure 18. (Colour online) Temperature dependencies of the bend elastic constants K33(T) for the CBnCB:S811 chiral mixtures in the 
ChOH state. The inset shows the decrease of the minimum value of K33 Tð Þ with the flexible spacer length n. The reference transition 
temperatures are TN�NTB� = 97.8 °C for n = 15, TN�NTB� = 98.3 °C for n = 13, TN�NTB� = 100.3 °C for n = 11, TN�NTB� = 96.3 °C for n = 9 and 
TN�NTB� = 94.1 °C for n = 7.
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angle becomes smaller, the temperature range of nematic 
behaviour is reduced and the NTB phase becomes stabi-
lised, and for bend angles ≤130° an NTB-I transition is 
predicted. By contrast, for bend angles ≥150°, the NTB-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, 
n, shown in Figure 11, we must first consider how 
increasing n changes the molecular shape. Figure 19 
compares the molecular shapes of the all-trans confor-
mations 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 be 
described by a molecular bend angle of 116.0° defined by 
the CAr-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 n increases. The most 
common approach to describe the bend of an odd-mem-
bered 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 n increases, see Figure 20. It is quite apparent 
that the shapes of these molecules (n ≥ 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 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 NTB 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 com-
pensate for the loss of entropy due to the additional polar 
order in the NTB phase [103], counteracting the effect of 
the increasing bend angle, and the stability of the NTB 

phase increases. These interactions between the meso-
genic units will also promote the emergence of the 
N phase. Thus, on increasing n we see initially an increase 
in the stability of both the NTB 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 NTB phases 
through the enhanced interactions between the meso-
genic units, whereas the increasing bend angle presum-
ably destabilises the NTB phase. Increasing n still further 
dilutes the interactions between the mesogenic units as 
the volume fraction of alkyl chain increases, and both TNI 
and TNTBN 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 mini-
mum value of K33(T) decreases monotonically on 
increasing spacer length reflecting the increased flexibil-
ity and this will drive the elastic instability related to the 
formation of the NTB phase counteracting, at least in part, 
the expected decrease in TNTBN 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 

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

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.
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presumably imply that their average molecular shapes are 
very similar.

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 estab-
lished values of TNTBN for n = 1, 7, 9 and 11, see Table 4. 
These complement our previous report of the values for 
3 and 5 [67]. For n = 7, 9 and 11, the NTB phase was 

identified on the basis of the observation of character-
istic optical textures in isolated droplets when viewed 
under the polarised light microscope. These observa-
tions required extensive supercooling but the measured 
values are in excellent agreement with those reported 
recently by Arakawa and colleagues [34]. For 
CBO1OCB, the measured value of TNI listed in Table 4 
is somewhat higher than that reported previously 
whereas those for n = 7, 9 and 11 show excellent agree-
ment [71,72]. In order to estimate a virtual value of 
TNTBN for CBO1OCB, a phase diagram was constructed 
for binary mixtures of CBO1OCB and CB7CB, see 
Figure 21. Mixtures containing ≥40 mol % CB7CB 
exhibited NTB and N phases. The N-I transition tem-
peratures showed a linear dependence on the concen-
tration of CBO1OCB, and the experimentally measured 
value of TNI for isolated droplets of CBO1OCB fell 
exactly on this line confirming the assignment. The 
NTB-N line also showed a linear dependence on con-
centration and extrapolation gave a virtual TNTBN of 33 
°C. We note, however, that this estimate required a long 
extrapolation of the NTB-N line and so the value 
obtained must be 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 TCr-/°C TNTBN/°C TNI/°C ΔSCr-/R ΔSNI/R

1 149 33a 104b 10.8 –
7 138 85b 181 17.3 0.83
9 135 81b 172 14.7 1.03
11 125 78b 164 12.9 1.04

aVirtual transition temperature estimated from binary phase diagram with CB7CB. bMeasured using 
the polarised light microscope.
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Figure 21. (Colour online) Phase diagram constructed for binary mixtures of CBO1OCB and CB7CB. Squares denote TNI, circles TNTBN and 
diamonds the melting points.

Figure 20. (Colour online) A space 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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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 CBOnOCB series. 
The values of TNI for the even members of both series 
decrease as p increases, and those of the CBOnOCB 
series are higher by, on average, 24 K. By contrast, the 
values of TNI 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, there-
fore, is that the values of TNI for the methylene-linked 
dimer series show a more pronounced alternation than 
those of the corresponding ether-linked series. In addi-
tion, it is important to note that these alternations in TNI 
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 cor-
relations between the mesogenic units. In addition to 
these shape-based arguments, we should also note that 
the strength of the interactions between cyanobipheny-
loxy units will be greater than those between the cyano-
biphenyl units, and this contributes to the higher values 
of TNI seen for both the odd and even members of the 
CBOnOCB series.

We now turn our attention to the tendency of these 
two series to exhibit the NTB phase. We have seen that 
CB1CB exhibits a virtual NTB-I transition at −3 °C, 
whereas for CB3CB the NTB-I transition is experimen-
tally observed at 47 °C. By comparison, for CBO1OCB 
a virtual value of TNTBN was estimated at 33 °C, and 
experimentally TNI observed at 104 °C. Presumably, this 
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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 TNTBN or TNTBN increase sharply. For p = 5, 
the value of TNTBN for CB5CB is 9 K higher than that of 
CBO3OCB, although TNI for the latter is 69 K higher 
than that of CB5CB. After p = 5, the dependence of TNTBN 

on p for both series becomes rather weak, and the values 
of TNTBN 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 CBOnOCB 
series by 31 K. As noted earlier, increasing the spacer 
length in these odd-membered dimers increases the abil-
ity 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 TNTBN 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 
TNTBN as spacer length increases.

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-mem-
bered dimers exhibit the NTB phase? To explore this intri-
guing 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 concen-
tration of the even-membered dimer in the mixture sees the 
value of TNTBN fall rapidly, and the NTB phase is not 
observed in either system for mixtures containing 

Figure 23. (Colour online) Space filling models comparing the all-trans molecular shapes of (a) CB8CB, (b) CBO6OCB, (c) CB5CB and 
(d) CBO3OCB, highlighting the effect of changing the linking unit between the spacer and mesogenic units.

Figure 24. (Colour online) Space filling models comparing the all-trans molecular shapes of (a) CB16CB and (b) CB17CB.
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≤70 mol % CB7CB. The virtual value of TNTBN for the even 
membered dimers may be estimated by extrapolation of the 
TNTBN line, although it is stressed that the extrapolation is 
rather long in both cases. The estimated values of TNTBN 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.

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 NTB-I transitions and as spacer length increases, we 
see the NTB-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 NTB 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 CB15CB 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 are approximated to an iso-
sceles trapezium. This approach reveals a bend angle which 
increases as the spacer length increases, effectively resulting 

Figure 25. (Colour online) Phase diagrams constructed using binary mixtures of (a) CB16CB and CB7CB, and (b) CB20CB and CB7CB. 
The squares indicate N-I transitions, the circles NTB-N transitions and the diamonds melting points. The solid lines indicate the TNI and 
TNTBN trends, and the dotted line connects the melting points.
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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 NTB-N phase transition 
is predominantly shape driven, it is not entirely so. This is 
clear when comparing the values of TNTBN for the CBnCB 
and CBOnOCB series. As would be expected, the values of 
TNI for the CBOnOCB series are much higher than those 
of the corresponding members of the CBnCB series. By 
comparison, their values of TNTBN 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 TNTBN. Thus, 
although the odd members of the CBnCB series are clearly 
more bent than the corresponding CBOnOCB dimers, the 
stronger interactions between the cyanobiphenyloxy units 
ensure that the values of TNTBN for the longer members of 
the series are surprisingly similar. These stronger interac-
tions 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 NTB 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 inter-
preted in 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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General Information 

Reagents 

All reagents and solvents that were available commercially were purchased from Sigma 

Aldrich, Fisher Scientific or Fluorochem and were used without further purification unless 

otherwise stated. Where required, solvents were dried over molecular sieves for a minimum 

of 24 hours prior to use. 

Thin Layer Chromatography 

Reactions were monitored using thin layer chromatography, and the appropriate solvent 

system, using aluminium-backed plates with a coating of Merck Kieselgel 60 F254 silica 

which were purchased from Merck KGaA. The spots on the plate were visualised by UV light 

(254 nm) or by oxidation using either a potassium permanganate stain or iodine dip. 

Column Chromatography 

For normal phase column chromatography, the separations were carried out using silica gel 

grade 60 Å, 40-63 µm particle size, purchased from Fluorochem and using an appropriate 

solvent system. 

Structure Characterisation 

All final products and intermediates that were synthesised were characterised using 1H NMR, 
13C NMR and infrared spectroscopies. The 1H and 13C NMR spectra were recorded on either 

a 400 MHz Bruker Avance III HD NMR spectrometer, or a 300 MHz Bruker Ultrashield 

NMR spectrometer. The infrared spectra were recorded on a Thermal Scientific Nicolet 

IR100 FTIR spectrometer with an ATR diamond cell or a Perkin Elmer Spectrum 2 FTIR 

with an ATR diamond cell. 

Purity Analysis 

In order to determine the purity of the final products, elemental analysis was used. C, H, N 

microanalysis were carried out by the Sheffield Analytical and Scientific Services Elemental 

Microanalysis Service at the University of Sheffield using an Elementar Vario MICRO Cube. 

The instrument was calibrated using series of different masses of sulphanilamide and 



acetanilide. High-resolution mass spectrometry was carried out at the University of Aberdeen 

by Dr Morag Douglas using a Waters XEVO G2 Q-Tof mass spectrometer. The instrument 

was calibrated with sodium formate, and the lock mass was leucine enkephalin, Formula: 

C28H37N5O7, [M+H]+: 556.2771. 

Phase Diagrams 

To construct phase diagrams in order to confirm phase assignments or to determine virtual 

transition temperatures, binary mixtures were prepared by co-dissolving pre-weighed masses 

in chloroform or dichloromethane and allowing the solvent to evaporate slowly at room 

temperature. Each mixture was further dried in a vacuum oven at 50 °C overnight. 

  



Synthesis and Analytical Data 

CB1CB 

Scheme SI1. Synthesis of CB1CB. 

 

The synthesis of CB1CB follows the steps outlined in Scheme SI1. CB1CB (1.2) was 

synthesised using a hydrosilane reduction1 followed by a Suzuki-Miyaura cross-coupling 

reaction2 to form the desired product. 

 

1.1 1,1-Bis(4-bromophenylmethane) 

To a pre-dried flask flushed with argon, 4,4’-dibromobenzophenone (1.53 g, 4.51×10 3 mol) 

was added and the flask was placed into an ice bath in order to maintain the temperature at 0 

°C. The solid was solubilised using trifluoroacetic acid (15 mL) and dry dichloromethane (15 

mL), along with stirring. Finally, triethylsilane (3 mL) was added into the flask and the ice bath 

was removed. The extent of the reaction was monitored by TLC using dichloromethane as the 

solvent system (RF value quoted in the product data) and was left overnight. The reaction 

mixture was added to a mixture of dichloromethane (100 mL) and water (100 mL). The organic 

layer was washed with water (3 × 50 mL) and dried over anhydrous magnesium sulfate. The 

magnesium sulfate was removed by vacuum filtration and the filtrate removed under vacuum 

to leave a yellow oil, which was placed in the freezer at -20 °C overnight until a white solid 

Br Br

O

TFA
TES

Br

N N

4-Cyanophenylboronic acid
Pd(PPh3)4

EtOH
Toluene
Sodium carbonate (aq)

Br
1.1

1.2
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formed. The solid was washed with water (3 × 100 mL), collected with vacuum filtration, and 

used without further purification.  

Yield: 0.780 g, 53.0 %. RF: 0.67. MP: 58 °C 

vmax/cm-1: 1485, 1438, 1401, 1201, 1111, 1067, 1010, 858, 807, 776, 723, 620, 492, 480 

δH/ppm (400 MHz, CDCl3): 7.43 (4 H, d, J 8.0 Hz, Ar-H), 7.05 (4 H, d, J 8.0 Hz, Ar-H), 3.90 

(2 H, s, Ar-CH2-Ar) 

δC/ppm (100 MHz, CDCl3): 139.42, 131.65, 130.59, 120.21, 40.68 

EA: Calculated for C13H10Br2: C = 47.89 %, H = 3.09 %, Br = 49.02 %; Found: C = 47.82 %, 

H = 3.24 %, Br = 48.56 % 

 

1.2 1,1-Bis-(4’-cyano-[1,1’-biphenyl]-4-yl)methane (CB1CB)  

To a pre-dried flask fitted with a condenser and flushed with argon, compound 1.1 (0.730 g, 

2.24×10-3 mol), 4-cyanophenylboronic acid (0.658 g, 4.48×10-3 mol) and 

tetrakis(triphenylphosphine)palladium(0) (0.026 g, 2.25×10-5 mol) were added. A mixture of 

aqueous sodium carbonate (2 M, 10 mL), ethanol (5 mL) and toluene (40 mL) was added and 

the reaction mixture was heated to 85 °C for 24 h with stirring. The reaction mixture was cooled 

to room temperature and 32 % hydrochloric acid (2 mL) was added dropwise until 

effervescence was no longer observed. The resulting mixture was filtered using vacuum 

filtration to remove the palladium catalyst, and the solvents were removed under vacuum. 

Water (100 mL) and dichloromethane (100 mL) were added to the solid obtained. The organic 

layer was washed with water (2 × 50 mL) and dried over anhydrous magnesium sulfate. The 

magnesium sulfate was removed by vacuum filtration and the solvents evaporated under 

vacuum to give a brown/tan solid. The crude product was purified using a silica gel column 

with 10 % 40:60 petroleum ether and 90 % dichloromethane as eluent (RF value quoted in 

product data). The eluent fractions of interest were evaporated under vacuum to leave a white 

solid which was recrystallised from hot ethanol (40 mL). 

Yield: 0.351 g, 42.3 %. RF: 0.44. MP: 206 °C 

vmax/cm-1: 2227, 1603, 1493, 1398, 1180, 1114, 1005, 838, 805, 776, 649, 548 

δH/ppm (400 MHz, CDCl3): 7.74 (4 H, d, J 8.1 Hz, Ar-H), 7.69 (4 H, d, J 8.1 Hz, Ar-H), 7.57 

(4 H, d, J 8.0 Hz, Ar-H), 7.36 (4 H, d, J 8.0 Hz, Ar-H), 4.12 (2 H, s, Ar-CH2-Ar) 

δC/ppm (100 MHz, CDCl3): 145.32, 141.40, 137.22, 132.62, 129.69, 127.54, 127.45, 118.95, 

110.80, 41.27 

EA: Calculated for C27H18N2: C = 87.54 %, H = 4.90 %, N = 7.56 %; Found: C = 87.05 %, 

H = 4.98 %, N = 7.38 % 



MS (ESI+, m/z) = [M+Na]+ : Calculated for C27H18N2Na: 393.1369; Found: 393.1368. 

Difference: 0.3 ppm. 
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The synthesis of CB3CB follows the steps outlined in Scheme SI2. CB3CB (2.3) was 

synthesised using an aldol condensation,3 followed by a hydrosilane reduction1 and then by a 

Suzuki-Miyaura cross-coupling reaction2 to form the desired product. 

 

2.1 2E-1,3-Bis(4-bromophenyl)prop-2-en-1-one 

To a pre-dried flask flushed with argon, 4-bromobenzaldyde (4.03 g, 0.0216 mol) was added 

along with 4-bromoacetophenone (4.41 g, 0.0221 mol) and solubilised by ethanol (100 mL). 

Sodium hydroxide (1.26 g, 0.315 mol) in water (30 mL), sonicated to ensure all the solid was 

dissolved, was added to the flask, and stirred at room temperature for 1 h. The extent of the 

reaction was monitored by TLC using dichloromethane as the solvent system (RF value quoted 



in the product data). A yellow solid precipitated and at the end of the reaction this was collected 

using vacuum filtration. The solid was dried at 50 °C in a vacuum oven and used without further 

purification.  

Yield: 7.51 g, 94.9 %. RF: 0.77. MP: 183 °C 

vmax/cm-1: 1655, 1601, 1581, 1560, 1487, 1401, 1322, 1216, 1069, 1033, 1007, 983, 832, 811, 

794, 739, 492 

δH/ppm (400 MHz, CDCl3): 7.90 (2 H, d, J 8.5 Hz, Ar-H), 7.76 (1 H, d, J 15.6 Hz, C(=O)-

CH=CH-Ar), 7.67 (2 H, d, J 8.5 Hz, Ar-H), 7.58 (2 H, d, J 8.6 Hz, Ar-H), 7.52 (2 H, d, 

J 8.6 Hz, Ar-H), 7.48 (1 H, d, J 15.6 Hz, C(=O)-CH=CH-Ar)  

δC/ppm (100 MHz, CDCl3): 189.09, 143.96, 136.71, 133.59, 132.28, 132.00, 130.02, 129.85, 

128.12, 125.08, 121.93 

Data consistent with reported values 4 

 

2.2 1,3-Bis(4-bromophenylpropane) 

To a pre-dried flask flushed with argon placed into an ice bath in order to maintain the 

temperature at 0 °C, compound 2.1 (5.97 g, 0.0163 mol) was added. The solid was solubilised 

using trifluoroacetic acid (60 mL) and dry dichloromethane (60 mL), along with stirring. 

Finally, triethylsilane (26 mL) was syringed into the flask and the ice bath was removed. The 

extent of the reaction was monitored by TLC using dichloromethane as the solvent system (RF 

value quoted in the product data) and was left overnight. The reaction mixture was added to a 

mixture of dichloromethane (200 mL) and water (300 mL). The organic layer was washed with 

water (3 × 50 mL) and dried over anhydrous magnesium sulfate. The magnesium sulfate was 

removed by vacuum filtration and the filtrate collected. The solvent was evaporated under 

vacuum to leave a yellow oil, which was placed in the freezer at -20 °C overnight until a white 

solid formed. The solid was washed with water (3 × 100 mL), collected with vacuum filtration, 

and used without further purification.  

Yield: 3.12 g, 54.0 %. RF: 0.85. MP: 58 °C 

vmax/cm-1: 2940, 2857, 1486, 1459, 1402, 1149, 1069, 1009, 802, 715, 608, 497 

δH/ppm (400 MHz, CDCl3): 7.42 (4 H, d, J 8.0 Hz, Ar-H), 7.06 (4 H, d, J 8.0 Hz, Ar-H), 2.61 

(4 H, t, J 7.7 Hz, Ar-CH2-CH2-), 1.93 (2 H, quin, J 7.7 Hz, Ar-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 140.90, 131.40, 130.17, 119.56, 34.64, 32.58 

Data consistent with reported values 5 

 

 



2.3 1,3-Bis(4'-cyano-[1,1’-biphenyl]-4-yl)propane (CB3CB) 

To a pre-dried flask fitted with a condenser and flushed with argon, compound 2.2 (1.81 g, 

5.08×10-3 mol), 4-cyanophenylboronic acid (1.73 g, 0.0117 mol) and 

tetrakis(triphenylphosphine)palladium(0) (0.059 g, 5.11×10-5 mol) were added. A mixture of 

aqueous sodium carbonate (2 M, 20 mL), ethanol (10 mL) and toluene (80 mL) was added, and 

the reaction mixture was heated to 85 °C for 24 h with stirring. The reaction mixture was cooled 

to room temperature and 32 % hydrochloric acid (2 mL) was added dropwise until 

effervescence was no longer observed. The resulting mixture was filtered using vacuum 

filtration to remove the palladium catalyst, and the solvents were removed under vacuum. 

Water (100 mL) and dichloromethane (100 mL) were added to the solid obtained. The organic 

layer was washed with water (2 × 50 mL) and dried over anhydrous magnesium sulfate. The 

magnesium sulfate was removed by vacuum filtration and the solvents evaporated under 

vacuum to leave a brown solid. The crude product was purified using a silica gel column with 

10 % 40:60 petroleum ether and 90 % dichloromethane as eluent (RF value quoted in product 

data). The eluent fractions of interest were evaporated under vacuum to leave a white solid 

which was recrystallised from hot ethanol (50 mL).  

Yield: 0.287 g, 14.2 %. RF: 0.36 

TCrI 141 °C TNTBI (47 °C) 

vmax/cm-1: 2227, 1603, 1493, 1398, 1180, 1114, 1005, 838, 805, 776, 649, 548 

δH/ppm (400 MHz, CDCl3): 7.74 (4 H, d, J 8.2 Hz, Ar-H), 7.70 (4 H, d, J 8.2 Hz, Ar-H), 7.56 

(4 H, d, J 7.8 Hz, Ar-H), 7.34 (4 H, d, J 7.8 Hz, Ar-H), 2.77 (4 H, t, J 7.7 Hz, Ar-CH2-CH2-), 

2.07 (2 H, quin, J 7.7 Hz, Ar-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 145.49, 142.89, 136.76, 132.59, 129.22, 127.50, 127.20, 119.00, 

110.66, 35.06, 32.72 

EA: Calculated for C29H22N2: C = 87.41 %, H = 5.56 %, N = 7.03 %; Found: C = 86.91 %, 

H = 5.64 %, N = 6.83 % 

MS (ESI+, m/z) = [M+Na]+ : Calculated for C29H22N2Na: 421.1681; Found: 421.1673. 

Difference: 1.9 ppm. 
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Scheme SI3. Synthesis of extended alkanedioic acids. 

 

The synthesis of the alkanedioic acids follows the steps outlined in Scheme SI3. The 

alkanedioic acids (3.4) were synthesised using a method described by Obaza and Smith.6 The 

starting alkanedioic acid was converted to an acid chloride before acylating Meldrum’s acid. 

This was followed by a hydride reduction and then subsequently, the acid hydrolysis and 

decarboxylation of the ester to form the desired product.  

 

3.1 Alkanedioyl chlorides 

To a pre-dried flask flushed with argon, the starting alkanedioic acid (1 eq) of an appropriate 

chain length was added. The acid was then azeotroped with dry toluene (2 × 15 mL) and once 

dried, thionyl chloride (5.2 eq) was added with stirring. The quantities of the reagents used in 

each reaction are listed in Table SI1. The mixture was heated to 70 °C for 2 h which generated 

a yellow/brown liquid. The excess of thionyl chloride remaining in the flask was removed using 

high vacuum. To ensure all the thionyl chloride had been removed, dry toluene (1 × 10 mL) 



was added to the flask before also being removed under high vacuum. The yellow/brown liquid 

remaining was then used without any further purification.  

 

Table SI1. Quantities of reagents used in the preparation of alkanedioyl chlorides (3.1). 

n Alkanedioic acid Thionyl chloride 

17 5.21 g, 0.0213 mol 8.0 mL, 13.1 g, 0.110 mol 

19 8.39 g, 0.0308 mol 11.6 mL, 19.1 g, 0.160 mol 

 

3.1.1  Tridecanedioyl chloride  

Yield: 5.94 g, 99.1 % 

 

3.1.2  Pentadecanedioyl chloride 

Yield: 9.33 g, 98.2 % 

 

3.2 5-(ω-(2,2-Dimethyl-4,6-dioxo-1,3-dioxan-5-yldene)-1,ω-dihydroxyalkylidene)-2,2-

dimethyl-1,3-dioxane-4,6-diones 

To a pre-dried flask flushed with argon, 4-dimethylaminopyridine (2.77 eq) and 

2,2-dimethyl-1,3-dioxane-4,6-dione (4.08 eq) were added. The solids were azeotroped with dry 

toluene (1 × 50 mL) and once dried, dry tetrahydrofuran (45 mL) was added. The resulting 

mixture was then stirred while compound 3.1 (1 eq) prepared previously was added dropwise. 

The quantities of the reagents used in each reaction are listed in Table SI2. Following the 

addition of the reactants, the reaction was left overnight at room temperature, and the extent of 

the reaction was monitored by TLC using 50 % hexane and 50 % ethyl acetate as the solvent 

system (RF values quoted in the product data). Water (288 mL) was added to the viscous yellow 

liquid formed to quench any remaining acid chloride, before 6 M hydrochloric acid (50 mL) 

was used to adjust the pH of the mixture to 1. The organic solvent in the flask was removed 

under reduced pressure and a yellow precipitate formed in the remaining aqueous layer, which 

was collected by vacuum filtration. The crude product obtained was recrystallised from hot 

methanol (100 mL) to give the desired compound as a white solid. 

 

 

 

 



Table SI2. Quantities of reagents used in the preparation of 5-(ω-(2,2-dimethyl-4,6-dioxo-1,3-

dioxan-5-yldene)-1,ω-dihydroxyalkylidene)-2,2-dimethyl-1,3-dioxane-4,6-diones (3.2). 

n (3.1) 4-Dimethylaminopyridine 2,2-Dimethyl-1,3-dioxane-4,6-

dione 

17 5.94 mL, 5.94 g, 0.0211 mol 7.13 g, 0.0584 mol 12.4 g, 0.0861 mol 

19 9.33 mL, 9.33 g, 0.0302 mol 10.2 g, 0.0837 mol 17.7 g, 0.123 mol 

 

3.2.1  5-(13-(2,2-Dimethyl-4,6-dioxo-1,3-dioxan-5-yldene)-1,13-

dihydroxytridecylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione  

Yield: 9.14 g, 87.2 %. RF: 0.57. MP: 158 °C 

vmax/cm-1: 2919, 2854, 1729, 1650, 1569, 1413, 1393, 1294, 1267, 1200, 1148, 1026, 955, 913, 

801, 732, 722, 645 

δH/ppm (400 MHz, CDCl3): 15.31 (2 H, s, OH), 3.08 (4 H, t, J 7.7 Hz, C(OH)-CH2-CH2-), 1.75 

(16 H, m, O-C-CH3, C(OH)-CH2-CH2-CH2-), 1.41 (4 H, quin, J 7.3 Hz, C(OH)-CH2-CH2-CH2-

CH2-), 1.32 (10 H, m, C(OH)-CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 198.32, 170.59, 160.19, 104.77, 91.24, 35.76, 30.95, 29.48, 29.37, 

29.21, 26.82, 26.15 

Data consistent with reported values 7 

 

3.2.2  5-(15-(2,2-Dimethyl-4,6-dioxo-1,3-dioxan-5-yldene)-1,15-

dihydroxypentadecylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione  

Yield: 14.09 g, 88.7 %. RF: 0.52. MP: 160 °C 

vmax/cm-1: 2919, 2854, 1729, 1729, 1651, 1571, 1415, 1394, 1294, 1271, 1201, 1150, 1026, 

957, 914, 802, 732, 721, 646 

δH/ppm (400 MHz, CDCl3): 15.31 (2 H, s, OH), 3.08 (4 H, t, J 7.7 Hz, C(OH)-CH2-CH2-), 1.75 

(16 H, m, O-C-CH3, C(OH)-CH2-CH2-), 1.41 (4 H, quin, J 7.3 Hz, C(OH)-CH2-CH2-CH2-CH2-

), 1.29 (14 H, m, C(OH)-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 198.34, 170.59, 160.20, 104.77, 91.24, 35.78, 29.58, 29.56, 29.43, 

29.39, 29.24, 26.83, 26.16 

EA: Calculated for C27H40O10: C = 61.82 %, H = 7.69 %, O = 30.50 %. Found: C = 61.79 %, 

H = 7.92 % 

 

 

 



3.3 1,ω-Bis(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)alkanes 

To a pre-dried flask flushed with argon, compound 3.2 (1 eq) was added and dissolved in a 

mixture of glacial acetic acid and tetrahydrofuran. To the resultant solution, 

sodium cyanoborohydride (2.20 eq) was added. The quantities of the reagents used in each 

reaction are listed in Table SI3. The mixture was left at room temperature to stir for 5 minutes, 

heated to 60 °C for 2 h and monitored by TLC using 50 % hexane and 50 % ethyl acetate as 

the solvent system (RF values quoted in the product data). The reaction was cooled to room 

temperature and poured into a beaker containing water (500 mL). Upon addition the mixture 

was rapidly stirred to generate a white precipitate and hydrochloric acid (40 mL) was added. 

The precipitate was collected using vacuum filtration and this was recrystallised from hot 

ethanol (150 mL) to give the desired product as a white solid. 

 

Table SI3. Quantities of reagents used in the preparation of 1,ω-bis(2,2-dimethyl-4,6-dioxo-

1,3-dioxan-5-yl)alkanes (3.3). 

n (3.2) Sodium 

cyanoborohydride 

Glacial acetic acid Tetrahydrofuran 

17 7.99 g, 0.0161 mol 2.23 g, 0.0354 mol 64 mL 95 mL 

19 10.1 g, 0.0192 mol 2.65 g, 0.0422 mol 80 mL 116 mL 

 

3.3.1  1,13-Bis(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)tridecane  

Yield: 6.50 g, 86.3 %. RF: 0.67. MP: 143 °C 

vmax/cm-1: 2917, 2850, 1738, 1382, 1332, 1311, 1205, 1059, 981, 878 

δH/ppm (400 MHz, CDCl3): 3.49 (2 H, t, J 5.0 Hz, (C=O)-CH-CH2-), 2.09 (4 H, m, (C=O)-CH-

CH2-CH2-), 1.78 (6 H, s, O-C-CH3), 1.75 (6 H, s, O-C-CH3), 1.27 (22 H, m, (C=O)-CH-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 165.71, 104.80, 46.16, 29.56, 29.54, 29.51, 29.49, 29.25, 28.46, 

26.98, 26.70, 26.55 

Data consistent with reported values 7 

 

3.3.2  1,15-Bis(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)pentadecane  

Yield: 8.96 g, 94.0 %. RF: 0.62. MP: 144 °C 

vmax/cm-1: 2917, 2850, 1738, 1382, 1332, 1311, 1205, 1059, 981, 878 



δH/ppm (400 MHz, CDCl3): 3.49 (2 H, t, J 5.0 Hz, (C=O)-CH-), 2.10 (4 H, m, (C=O)-CH-CH2-

), 1.78 (6 H, s, O-C-CH3), 1.75 (6 H, s O-C-CH3), 1.27 (26 H, m, (C=O)-CH-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 165.71, 104.80, 46.16, 29.64, 29.63, 29.59, 29.52 (2 × C), 29.28, 

28.47, 27.00, 26.73, 26.57 

MS (ESI-, m/z) = [M-H]-: Calculated for C27H43O8: 495.2958; Found: 495.2938 

 

3.4 Alkanedioic acids 

Compound 3.3 (1 eq) was placed into a flask along with 6 M hydrochloric acid while being 

stirred. The reaction mixture was refluxed overnight, the quantities of hydrochloric acid used 

in each reaction are listed in Table SI4. The crude brown solid produced was collected by 

vacuum filtration before being washed with water (100 mL) and then dried at 50 °C in a vacuum 

oven. The light brown solid obtained was then used without any further purification 

 

Table SI4. Quantities of reagents used in the syntheses of alkanedioic acids (3.4). 

n (3.3.3) Hydrochloric acid 

17 6.08 g, 0.0130 mol 120 mL 

19 7.68 g, 0.0155 mol 150 mL 

 

3.4.1  Heptadecanedioic acid  

Yield: 2.91 g, 74.5 %. MP: 109 °C 

vmax/cm-1: 3384, 2916, 2848, 1691, 1469, 1432, 1410, 1288, 1253, 1220, 922, 719, 679 

δH/ppm (400 MHz, CDCl3): 11.17 (2 H, br, (C=O)-OH), 2.35 (4 H, t, J 7.4 Hz, HO-(C=O)-

CH2-CH2-), 1.64 (4 H, quin, J 7.4 Hz, HO-(C=O)-CH2-CH2-CH2-), 1.25 (22 H, m, HO-C(=O)-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 180.28, 34.06, 29.58, 29.53, 29.49, 29.35, 29.15, 28.99, 24.65 

Data consistent with reported values 7 

 

3.4.2  Nonadecanedioic acid 

Yield: 4.41 g, 86.7 %. MP: 112 °C 

vmax/cm-1: 3386, 2916, 2849, 1693, 1471, 1431, 1410, 1277, 1242, 1210, 922, 718, 680 

δH/ppm (400 MHz, CDCl3): 11.38 (2 H, br, (C=O)-OH), 2.35 (4 H, t, J 7.5 Hz, HO-(C=O)-

CH2-CH2-), 1.65 (4 H, quin, J 7.5 Hz, HO-(C=O)-CH2-CH2-CH2-), 1.28 (26 H, m, HO-C(=O)-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 



δC/ppm (100 MHz, CDCl3): 180.28, 34.06, 29.58, 29.53, 29.50, 29.44, 29.35, 29.15, 28.99, 

24.65 

Data consistent with reported values 8 
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Scheme SI4. Synthesis of the CBnCB series. 

 

The synthesis of the CBnCB series follows the steps outlined in Scheme SI4. The CBnCB 

series (4.3) was synthesised using a method described by Paterson et al.1 The alkanedioic acid 

(3.4) was converted to an acid chloride before it underwent a Friedel-Crafts acylation and a 

subsequent hydrosilane reduction. This was followed by a modified Rosenmund-von Braun 

cyanation reaction to form the desired product. 

 

 

 



3.1 Alkanedioyl chlorides 

To a pre-dried flask flushed with argon, compound 3.4 (1 eq) was added. The acid was then 

azeotroped with dry toluene (2 × 15 mL) and once all the toluene had been removed, thionyl 

chloride (10 eq) was added and then stirred. The quantities of the reagents used in each reaction 

are listed in Table SI5. The mixture was heated to 70 °C for 2 h which generated a 

yellow/brown liquid. The excess of thionyl chloride remaining in the flask was removed using 

high vacuum. To ensure all the thionyl chloride had been removed dry toluene (1 × 10 mL) 

was added to the flask before also being removed under high vacuum. The yellow/brown liquid 

remaining was then used without any further purification.  

 

Table SI5. Quantities of reagents used in the preparation of alkanedioyl chlorides (3.1). 

n (3.4) Thionyl chloride 

15 2.00 g, 7.34×10-3 mol 5.35 mL, 8.73 g, 0.0734 mol 

16 2.51 g, 8.76×10-3 mol 6.35 mL, 10.4 g, 0.0876 mol 

17 4.68 g, 0.0156 mol 11.3 mL, 18.6 g, 0.156 mol 

19 4.49 g, 0.0137 mol 9.94 mL, 16.3 g, 0.137 mol 

20 5.07 g, 0.0148 mol 10.7 mL, 17.6 g, 0.148 mol 

 

3.1.3  Pentadecanedioyl chloride  

Yield: 2.16 g, 95.2 % 

 

3.1.4  Hexadecanedioyl chloride  

Yield: 2.81 g, 99.2 % 

 

3.1.5  Heptadecanedioyl chloride 

Yield: 5.16 g, 98.0 % 

 

3.1.6  Nonadecanedioyl chloride  

Yield: 4.93 g, 98.4 % 

 

3.1.7  Eicosanedioyl chloride 

Yield: 5.55 g, 98.8 % 

 

 



4.1 1,ω-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)alkane-1,ω-diones 

To a pre-dried flask flushed with argon, aluminium chloride (2.20 eq, 2.35 eq for n = 15) was 

added along with dry dichloromethane (60 mL, 30 mL for n = 15) while being stirred. The 

outside of the flask was wrapped in aluminium foil to prevent light from interfering with the 

reaction and placed into an ice bath in order to keep the reaction mixture at 0 °C. 4-

Bromobiphenyl (2 eq) and compound 3.1 (1 eq) were mixed along with dry dichloromethane 

(60 mL, 30 mL for n = 15) before being added dropwise into the flask. The quantities of the 

reagents used in each reaction are listed in Table SI6.  The ice bath was removed, and the 

reaction was left to stir at room temperature overnight. The extent of the reaction was monitored 

by TLC using dichloromethane as the solvent system (RF values quoted in the product data). 

The resultant mixture was added to a slurry of ice (50 g) with 6 M hydrochloric acid (12 mL) 

and extracted with dichloromethane (200 mL). The extracted organic layer was washed with 

water (3 × 50 mL) and dried over anhydrous magnesium sulfate. The magnesium sulfate was 

removed using vacuum filtration and the solvent evaporated under vacuum to leave an orange 

solid which was recrystallised from hot toluene (70 mL, 40 mL for n = 15). 

 

Table 3.1.6. Quantities of reagents used in the preparation of 1,ω-bis-(4’-bromobiphenyl-4-

yl)alkane-1,ω-diones (4.1). 

n (3.1) 4-Bromobiphenyl Aluminium chloride 

15 1.21 mL, 1.21 g, 3.91×10-3 mol 1.84 g, 7.89×10-3 mol 1.23 g, 9.22×10-3 mol 

16 2.81 mL, 2.81 g, 8.69×10-3 mol 4.06 g, 0.0174 mol 2.55 g, 0.0191 mol 

17 5.16 mL, 5.16 g, 0.0153 mol 7.13 g, 0.0306 mol 4.49 g, 0.0337 mol 

19 4.93 mL, 4.93 g, 0.0135 mol 6.29 g, 0.0270 mol 3.96 g, 0.0297 mol 

20 5.55 mL, 5.55 g, 0.0146 mol 6.80 g, 0.0292 mol 4.28 g, 0.0321 mol 

 

4.1.1  1,15-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)pentadecane-1,15-dione  

White solid. Yield: 1.60 g, 58.2 %. RF: 0.52. MP: 174 °C 

vmax/cm-1: 2912, 2847, 1673, 1586, 1481, 1472, 1002, 804 

δH/ppm (400 MHz, CDCl3): 8.03 (4 H, d, J 8.2 Hz, Ar-H), 7.66 (4 H, d, J 8.2 Hz, Ar-H), 7.60 

(4 H, d, J 8.5 Hz, Ar-H), 7.49 (4 H, d, J 8.5 Hz, Ar-H), 2.99 (4 H, t, J 7.4 Hz, C(=O)-CH2-

CH2-), 1.75 (4 H, quin, J 7.4 Hz, (C=O)-CH2-CH2-CH2-), 1.30 (18 H, m, C(=O)-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 200.09, 144.25, 138.85, 136.10, 132.09, 128.81, 128.77, 127.02, 

122.60, 38.73, 29.62, 29.60 (2 × C), 29.50, 29.40, 24.45 



4.1.2  1,16-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)hexadecane-1,16-dione  

Orange solid. Yield: 3.54 g, 56.8 %. RF: 0.59. MP: 170 °C 

vmax/cm-1: 2917, 2854, 1679, 1588, 1472, 1464, 1387, 1335, 1296, 1212, 1184, 1083, 1002, 

812, 762, 732, 721, 646, 574 

δH/ppm (400 MHz, CDCl3): 8.03 (4 H, d, J 8.0 Hz, Ar-H), 7.64 (4 H, d, J 8.0 Hz, Ar-H), 7.60 

(4 H, d, J 8.2 Hz, Ar-H), 7.49 (4 H, d, J 8.2 Hz, Ar-H), 2.98 (4 H, t, J 7.4 Hz, C(=O)-CH2-

CH2-), 1.74 (4 H, quin, J 7.4 Hz, (C=O)-CH2-CH2-CH2-), 1.29 (20 H, m, C(=O)-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 200.09, 144.24, 138.85, 136.10, 132.09, 128.81, 128.77, 127.01, 

122.60, 38.74, 29.66 (2 × C), 29.63, 29.52, 29.41, 24.46 

 

4.1.3  1,17-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)heptadecane-1,17-dione  

Orange solid. Yield: 2.47 g, 22.1 %. RF: 0.52. MP: 150 °C 

vmax/cm-1: 2914, 2848, 1675, 1604, 1587, 1484, 1464, 1374, 1206, 1183, 1084, 1002, 813, 804, 

776, 665, 575 

δH/ppm (400 MHz, CDCl3): 8.03 (4 H, d, J 8.0 Hz, Ar-H), 7.65 (4 H, d, J 8.0 Hz, Ar-H), 7.60 

(4 H, d, J 8.0 Hz, Ar-H), 7.49 (4 H, d, J 8.0 Hz, Ar-H), 2.99 (4 H, t, J 7.4 Hz, C(=O)-CH2-

CH2-), 1.76 (4 H, quin, J 7.4 Hz, (C=O)-CH2-CH2-CH2-), 1.25 (22 H, m, C(=O)-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 200.09, 144.24, 138.83, 136.10, 132.10 128.81, 128.75, 127.02, 

122.60, 38.74, 29.71 (2 × C), 29.64, 29.61, 29.57, 29.40, 24.45 

 

4.1.4  1,19-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)nonadecane-1,19-dione  

Off-white solid. Yield: 3.17 g, 31.0 %. RF: 0.50. MP: 160 °C 

vmax/cm-1: 2914, 2848, 1675, 1587, 1604, 1588, 1472, 1388, 1204, 1182, 1084, 1002, 985, 813, 

804, 776, 762, 719, 665, 575 

δH/ppm (400 MHz, CDCl3): 8.05 (4 H, d, J 8.1 Hz, Ar-H), 7.66 (4 H, d, J 8.1 Hz, Ar-H), 7.62 

(4 H, d, J 8.2 Hz, Ar-H), 7.51 (4 H, d, J 8.2 Hz, Ar-H), 3.01 (4 H, t, J 7.4 Hz, C(=O)-CH2-

CH2-), 1.77 (4 H, quin, J 7.4 Hz, (C=O)-CH2-CH2-CH2-), 1.28 (26 H, m, C(=O)-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 200.12, 144.25, 138.85, 136.10, 132.09, 128.81, 128.77, 127.02, 

122.60, 38.74, 29.68 (2 × C), 29.67, 29.64, 29.52, 29.50, 29.41, 24.46 

 

 



4.1.5  1,20-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)eicosane-1,20-dione  

Off-white solid. Yield: 5.29 g, 46.8 %. RF: 0.47. MP: 176 °C 

vmax/cm-1: 2919, 2849, 1681, 1557, 1471, 1437, 1389, 1082, 1002, 815, 798, 718 

δH/ppm (400 MHz, CDCl3): 8.03 (4 H, d, J 8.0 Hz, Ar-H), 7.64 (4 H, d, J 8.0 Hz, Ar-H), 7.60 

(4 H, d, J 8.3 Hz, Ar-H), 7.49 (4 H, d, J 8.3 Hz, Ar-H), 2.98 (4 H, t, J 7.5 Hz, C(=O)-CH2-

CH2-), 1.75 (4 H, quin, J 7.5 Hz, (C=O)-CH2-CH2-CH2-), 1.31 (28 H, m, C(=O)-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 200.13, 144.25, 138.84, 136.10, 132.10, 128.81, 128.77, 127.04, 

122.61, 38.76, 29.69 (2 × C), 29.68, 29.64, 29.53, 29.52, 29.42, 24.46 

 

4.2 1,ω-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)alkanes 

To a pre-dried flask flushed with argon, compound 4.1 (1 eq) was added. The flask was then 

placed into an ice bath in order to maintain the temperature at 0 °C. The solid was solubilised 

using trifluoroacetic acid and dry dichloromethane (40 mL), along with stirring. Finally, 

triethylsilane was added to the flask and the ice bath was removed. The quantities of the 

reagents used in each reaction are listed in Table SI7. The reaction was left for 24 h and the 

extent of the reaction was monitored by TLC using dichloromethane as the solvent system (RF 

values quoted in the product data). Once complete, the mixture was added to a beaker with 

dichloromethane (100 mL) and water (300 mL). The organic layer was separated and washed 

with water (3 × 50 mL). This was dried using anhydrous magnesium sulfate, which was 

removed by vacuum filtration, and the solvent evaporated under vacuum to leave an off-white 

or light orange solid. This solid was recrystallised using a mixture of 50 % hot toluene and 50 

% hot ethanol (50 mL, 300 mL for n = 15) to give an off white/white or light orange solid. 

 

Table SI7. Quantities of reagents used in the preparation of 1,ω-bis-(4’-bromobiphenyl-4-

yl)alkanes (4.2). 

n (4.1) Trifluoroacetic acid Triethylsilane 

15 10.3 g, 0.0146 mol 36.0 mL, 53.6 g, 0.470 mol 26.0 mL, 18.9 g, 0.163 mol 

16 2.37 g, 3.31×10-3 mol 25.0 mL, 37.2 g, 0.326 mol 5.0 mL, 3.64 g, 0.0313 mol 

17 2.42 g, 3.31×10-3 mol 25.0 mL, 37.2 g, 0.326 mol 5.0 mL, 3.64 g, 0.0313 mol 

19 3.05 g, 4.02×10-3 mol 30.0 mL, 44.7 g, 0.392 mol 6.0 mL, 4.37 g, 0.0376 mol 

20 5.00 g, 6.92×10-3 mol 50.0 mL, 74.5 g, 0.653 mol 10.0 mL, 7.28 g, 0.0626 mol  

 

 



4.2.1  1,15-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)pentadecane  

White solid. Yield: 6.20 g, 62.9 %. RF: 0.82. MP: 110 °C 

vmax/cm-1: 2913, 2848, 1587, 1481, 1471, 1001, 804 

δH/ppm (300 MHz, CDCl3): 7.56 (4 H, d, J 8.8 Hz, Ar-H), 7.49 (4 H, d, J 8.3 Hz, Ar-H), 7.45 

(4 H, d, J 8.8 Hz, Ar-H), 7.26 (4 H, d, J 8.3 Hz, Ar-H), 2.64 (4 H, m, Ar-CH2-CH2-), 1.64 (4 H, 

quin, J 7.3 Hz, Ar-CH2-CH2-CH2-), 1.31 (22 H, m, Ar-CH2-CH2-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-) 

δC/ppm (75 MHz, CDCl3): 142.60, 140.08, 137.27, 131.79, 128.96, 128.55, 126.76, 121.15, 

35.62, 31.49, 29.68 (2 × C), 29.64, 29.61, 29.54, 29.37 

 

4.2.2  1,16-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)hexadecane  

Light orange solid. Yield: 0.955 g, 58.6 %. RF: 0.85. MP: 114 °C 

vmax/cm-1: 2917, 2847, 1588, 1481, 1462, 1390, 1079, 1002, 821, 800, 757, 723, 695, 491, 471 

δH/ppm (400 MHz, CDCl3): 7.54 (4 H, d, J 8.4 Hz, Ar-H), 7.46 (4 H, d, J 8.4 Hz, Ar-H), 7.43 

(4 H, d, J 8.4 Hz, Ar-H), 7.24 (4 H, d, J 8.4 Hz, Ar-H), 2.64 (4 H, t, J 7.5 Hz, Ar-CH2-CH2-), 

1.74 (4 H, quin, J 7.5 Hz, Ar-CH2-CH2-CH2-), 1.30 (24 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 142.60, 140.09, 137.28, 131.79, 128.96, 128.56, 126.76, 121.15, 

35.62, 31.48, 29.69 (2 × C), 29.68, 29.61, 29.53, 29.36 

 

4.2.3  1,17-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)heptadecane  

Light orange solid. Yield: 1.45 g, 62.3 %. RF: 0.83. MP: 104 °C 

vmax/cm-1: 2915, 2848, 1481, 1471, 1390, 1077, 1002, 807, 762, 718, 694, 491 

δH/ppm (400 MHz, CDCl3): 7.54 (4 H, d, J 8.0 Hz, Ar-H), 7.46 (4 H, d, J 8.4 Hz, Ar-H), 7.43 

(4 H, d, J 8.0 Hz, Ar-H), 7.24 (4 H, d, J 8.4 Hz, Ar-H), 2.64 (4 H, t, J 7.7 Hz, Ar-CH2-CH2-), 

1.64 (4 H, quin, J 7.7 Hz, Ar-CH2-CH2-CH2-), 1.27 (26 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 142.60, 140.09, 137.28, 131.78, 128.96, 128.55, 126.76, 121.15, 

35.62, 31.48, 29.68 (3 × C), 29.67, 29.60, 29.53, 29.36 

 

4.2.4  1,19-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)nonadecane  

Off-white solid. Yield: 2.17 g, 74.0 %. RF: 0.81. MP: 100 °C 

vmax/cm-1: 2915, 2848, 1482, 1471, 1390, 1079, 1002, 805, 793, 717, 492, 481 



δH/ppm (400 MHz, CDCl3): 7.54 (4 H, d, J 8.6 Hz, Ar-H), 7.48 (4 H, d, J 8.4 Hz, Ar-H), 7.43 

(4 H, d, J 8.6 Hz, Ar-H), 7.24 (4 H, d, J 8.4 Hz, Ar-H), 2.64 (4 H, t, J 7.6 Hz, Ar-CH2-CH2-), 

1.63 (4 H, quin, J 7.6 Hz, Ar-CH2-CH2-CH2-), 1.26 (30 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 142.60, 140.09, 137.28, 131.79, 128.96, 128.56, 126.76, 121.15, 

35.62, 31.49, 29.70 (3 × C), 29.69 (2 × C), 29.61, 29.54, 29.37 

 

4.2.5  1,20-Bis-(4’-bromo-[1,1’-biphenyl]-4-yl)eicosane  

Off-white solid. Yield: 2.30 g, 44.6 %. RF: 0.80. MP: 113 °C 

vmax/cm-1: 2915, 2849, 1470, 1434, 1390, 1080, 1002, 814, 797, 718, 477 

δH/ppm (400 MHz, CDCl3): 7.56 (4 H, d, J 8.2 Hz, Ar-H), 7.48 (4 H, d, J 8.5 Hz, Ar-H), 7.45 

(4 H, d, J 8.2 Hz, Ar-H), 7.28 (4 H, d, J 8.5 Hz, Ar-H), 2.66 (4 H, t, J 7.6 Hz, Ar-CH2-CH2-), 

1.78 (4 H, quin, J 7.6 Hz, Ar-CH2-CH2-CH2-), 1.28 (32 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 142.61, 140.09, 137.27, 131.80, 128.96, 128.56, 126.76, 121.16, 

35.63, 31.48, 29.69 (3 × C), 29.68 (2 × C), 29.60, 29.52, 29.36 

 

4.3 1,ω-Bis-(4’-cyano-[1,1’-biphenyl]-4-yl)alkanes (CBnCB) 

To a pre-dried flask flushed with argon and fitted with a condenser, compound 4.2 (1 eq) was 

added along with N-methyl-2-pyrrolidone (50 mL) while being stirred. In addition, the flask 

was connected to a Drechsel bottle filled with sodium hypochlorite. Using respiration 

protection, copper (I) cyanide (4 eq) was added to the flask. After use, all equipment was placed 

into a sodium hypochlorite bath for 24 h. The mixture was heated to 200 °C for 4 h and 

subsequently cooled to 60 °C. In a separate flask, iron (III) chloride (8 eq), 32 % hydrochloric 

acid (40 eq) and water were added, mixed at 60 °C and added to the reaction flask all at one. 

The quantities of the reagents used in each reaction are listed in Table SI8. The resultant 

mixture was kept at 60 °C for 30 min and afterwards cooled to room temperature. The mixture 

was stirred at room temperature for 1 h. The mixture was added to a beaker containing water 

(200 mL) and dichloromethane (200 mL). The organic layer was separated and washed with 

water (3 × 100 mL). The organic layer was dried using anhydrous magnesium sulfate. The 

magnesium sulfate was removed using vacuum filtration and the solvent evaporated under 

vacuum to leave a brown liquid. This liquid was added to water (200 mL) which generated a 

brown precipitate which was collected by vacuum filtration. The crude product was purified 

using a silica gel column with 10 % 40:60 petroleum ether and 90 % dichloromethane as eluent 



(RF values quoted in product data). The eluent fractions of interest were evaporated under 

vacuum to leave a white solid which was recrystallised from hot ethanol (40 mL). 

 

Table SI8. Quantities of reagents used in the preparation of 1,ω-bis-(4’-cyano-[1,1’-biphenyl]-

4-yl)alkanes (4.3). 

n (4.2) Copper (I) cyanide Iron (III) Chloride 

15 1.00 g, 1.48×10-3 mol 0.530 g, 5.92×10-3 mol 1.91 g, 0.0118 mol 

16 0.935 g, 1.36×10-3 mol 0.486 g, 5.43×10-3 mol 1.77 g, 0.0109 mol 

17 1.40 g, 1.99×10-3 mol 0.712 g, 7.95×10-3 mol 2.58 g, 0.0159 mol 

19 1.49 g, 2.04×10-3 mol 0.731 g, 8.16×10-3 mol 2.64 g, 0.0163 mol 

20 1.50 g, 2.01×10-3 mol 0.722 g, 8.06×10-3 mol 2.61 g, 0.0161 mol 

 Hydrochloric Acid Water 

15 1.82 mL, 2.12 g, 0.0592 mol 5.0 mL 

16 1.70 mL, 1.98 g, 0.0544 mol 5.0 mL 

17 2.51 mL, 2.91 g, 0.0795 mol 7.0 mL 

19 2.56 mL, 2.97 g, 0.0815 mol 7.0 mL 

20 2.53 mL, 2.93 g, 0.0804 mol 7.0 mL 

 

4.3.1  1,15-Bis-(4’-cyano-[1,1’-biphenyl]-4-yl)pentadecane (CB15CB) 

Yield: 0.240 g, 28.6 %. RF: 0.46 

TCrNTB 95 °C TNTBN 103 °C TNI 121 °C 

vmax/cm-1: 2918, 2848, 2225, 1604, 1467, 1004, 809 

δH/ppm (400 MHz, CDCl3): 7.72 (4 H, d, J 8.5 Hz, Ar-H), 7.68 (4 H, d, J 8.5 Hz, Ar-H), 7.53 

(4 H, d, J 8.3 Hz, Ar-H), 7.31 (4 H, d, J 8.3 Hz, Ar-H), 2.68 (4 H, t, J 7.8 Hz, Ar-CH2-CH2-), 

1.67 (4 H, quin, J 7.8 Hz, Ar-CH2-CH2-CH2-), 1.30 (22 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 145.62, 143.81, 136.44, 132.57, 129.19, 127.48, 127.07, 119.07, 

110.50, 35.65, 31.44, 29.69 (2 × C), 29.61, 29.53, 29.34 

MS (ESI+, m/z) = [M+Na]+ : Calculated for C41H46N2Na: 589.3559; Found: 589.3550. 

Difference: 1.5 ppm. 

 

4.3.2  1,16-Bis-(4’-cyano-[1,1’-biphenyl]-4-yl)hexadecane (CB16CB) 

Yield: 0.211 g, 26.7 %. RF: 0.52 

TCrN 111 °C TNI 132 °C 



vmax/cm-1: 2917, 2847, 2232, 1605, 1494, 1466, 1396, 1181, 1005, 826, 801, 722, 564, 519 

δH/ppm (400 MHz, CDCl3): 7.71 (4 H, d, J 8.2 Hz, Ar-H), 7.67 (4 H, d, J 8.2 Hz, Ar-H), 7.51 

(4 H, d, J 7.8 Hz, Ar-H), 7.29 (4 H, d, J 7.8 Hz, Ar-H), 2.66 (4 H, t, J 7.7 Hz, Ar-CH2-CH2-), 

1.64 (4 H, quin, J 7.7 Hz, Ar-CH2-CH2-CH2-), 1.29 (24 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 145.63, 143.81, 136.45, 132.56, 129.18, 127.48, 127.06, 119.04, 

110.54, 35.65, 31.42, 29.70 (2 × C), 29.68, 29.60, 29.52, 29.34 

MS (ESI+, m/z) = [M+Na]+ : Calculated for C42H48N2Na: 603.3715; Found: 603.3686. 

Difference: 4.8 ppm. 

 

4.3.3  1,17-Bis-(4’-cyano-[1,1’-biphenyl]-4-yl)heptadecane (CB17CB) 

Yield: 0.187 g, 15.8 %. RF: 0.47  

TCrN 99 °C TNTBN (97 °C) TNI 117 °C 

vmax/cm-1: 2917, 2848, 2225, 1604, 1495, 1469, 1398, 1179, 1005, 853, 817, 788, 722, 565, 521 

δH/ppm (400 MHz, CDCl3): 7.71 (4 H, d, J 7.9 Hz, Ar-H), 7.67 (4 H, d, J 7.9 Hz, Ar-H), 7.51 

(4 H, d, J 7.8 Hz, Ar-H), 7.29 (4 H, d, J 7.8 Hz, Ar-H), 2.66 (4 H, t, J 7.8 Hz, Ar-CH2-CH2-), 

1.64 (4 H, quin, J 7.8 Hz, Ar-CH2-CH2-CH2-), 1.26 (26 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 145.63, 143.82, 136.45, 132.56, 129.19, 127.48, 127.07, 119.05, 

110.54, 35.65, 31.42, 29.71 (2 × C), 29.70, 29.68, 29.61, 29.52, 29.34 

MS (ESI+, m/z) = [M+Na]+ : Calculated for C43H50N2Na: 617.3872; Found: 617.3887. 

Difference: 2.4 ppm. 

 

4.3.4  1,19-Bis-(4’-cyano-[1,1’-biphenyl]-4-yl)nonadecane (CB19CB) 

Yield: 0.175 g, 13.8 %. RF: 0.35  

TCrN 99 °C TNTBN (95 °C) TNI 115 °C 

vmax/cm-1: 2917, 2849, 2231, 1607, 1495, 1471, 1397, 1261, 1181, 1006, 831, 806, 717, 564, 

538, 519 

δH/ppm (400 MHz, CDCl3): 7.71 (4 H, d, J 8.3 Hz, Ar-H), 7.67 (4 H, d, J 8.3 Hz, Ar-H), 7.51 

(4 H, d, J 7.9 Hz, Ar-H), 7.29 (4 H, d, J 7.9 Hz, Ar-H), 2.66 (4 H, t, J 7.8 Hz, Ar-CH2-CH2-), 

1.64 (4 H, quin, J 7.8 Hz, Ar-CH2-CH2-CH2-), 1.25 (30 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-) 



δC/ppm (100 MHz, CDCl3): 145.63, 143.82, 136.44, 132.56, 129.18, 127.47, 127.06, 119.05, 

110.54, 35.65, 31.41, 29.72, 29.71 (2 × C), 29.70, 29.68, 29.60, 29.52, 29.33 

MS (ESI+, m/z) = [M+Na]+ : Calculated for C45H54N2Na: 645.4185; Found: 645.4154. 

Difference: 4.8 ppm. 

 

4.3.5  1,20-Bis-(4’-cyano-[1,1’-biphenyl]-4-yl)eicosane (CB20CB) 

Yield: 0.047 g, 3.7 %. RF: 0.38 

TCrN 115 °C TNI 116 °C 

vmax/cm-1: 2915, 2848, 2237, 1606, 1495, 1470, 1395, 1182, 1006, 850, 822, 800, 764, 718, 

565, 519  

δH/ppm (400 MHz, CDCl3): 7.71 (4 H, d, J 8.3 Hz, Ar-H), 7.67 (4 H, d, J 8.3 Hz, Ar-H), 7.51 

(4 H, d, J 7.8 Hz, Ar-H), 7.29 (4 H, d, J 7.8 Hz, Ar-H), 2.65 (4 H, t, J 7.8 Hz, Ar-CH2-CH2-), 

1.64 (4 H, quin, J 7.8 Hz, Ar-CH2-CH2-CH2-), 1.25 (32 H, m, Ar-CH2-CH2-CH2-CH2-CH2-

CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 145.63, 143.83, 136.44, 132.57, 129.19, 127.48, 127.07, 119.07, 

110.52, 35.66, 31.44, 29.73 (3 × C), 29.70 (2 × C), 29.61, 29.53, 29.34 

MS (ESI+, m/z) = [M+Na]+ : Calculated for C46H56N2Na: 659.4341; Found: 659.4335. 

Difference: 0.9 ppm. 
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Scheme SI5. Synthesis of the CBOnOCB series. 

 

The synthesis of the CBOnOCB series follows the steps outlined in Scheme SI5. The CBOnOCB series 

(5.1) was synthesised using a Williamson ether reaction1 to form the desired product. 

 



5.1 4',4''-[1,ω-Alkanediylbis(oxy)]bis-[1,1'-biphenyl]-4-carbonitriles      (CBOnOCB) 
To a pre-dried flask flushed with argon and fitted with a condenser, 4′-hydroxy-4-biphenylcarbonitrile 

(2 eq) and potassium carbonate (4 eq) were added. Cyclohexane (30 mL) was added with the appropriate 

1,ω-dibromoalkane (1 eq) and stirred. The quantities of the reagents used in each reaction are listed in 

Table SI9. The reaction was refluxed overnight, and the extent of the reaction was monitored by TLC 

using dichloromethane as the solvent system (RF values quoted in the product data). The reaction 

mixture was cooled to room temperature and poured into water (150 mL). The resulting white 

precipitate was vacuum filtered and recrystallised from hot ethyl acetate (30 mL). 

 

Table SI9. Quantities of reagents used in the syntheses of 4',4''-[1,ω-alkanediylbis(oxy)]bis-[1,1'-

biphenyl]-4-carbonitriles (5.1). 

n 1,ω-Dibromoalkane 4′-Hydroxy-4-

biphenylcarbonitrile 

Potassium carbonate 

1 0.36 mL, 0.88 g, 5.10×10-3 mol 2.00 g, 1.02×10-2 mol 2.83 g, 2.05×10-2 mol 

7 0.85 mL, 1.27 g, 4.93×10-3 mol 1.92 g, 9.86×10-3 mol 2.73 g, 1.97×10-2 mol 

9 1.02 mL, 1.43 g, 5.00×10-3 mol 2.76 g, 1.00×10-2 mol 2.76 g, 2.00×10-2 mol 

11 1.76 mL, 2.36 g, 7.50×10-3 mol 2.93 g, 1.50×10-2 mol 4.15 g, 3.00×10-2 mol 

 

5.1.1  4',4''-[1,1-Methanediylbis(oxy)]bis-[1,1'-biphenyl]-4-carbonitriles 

(CBO1OCB) 
Yield: 1.32 g, 64.3 %. RF: 0.49 

TCrI 149 °C TNI (104 °C) 

vmax/cm-1: 2223, 1602, 1518, 1491, 1288, 1217, 1175, 1149, 1029, 1009, 997, 848, 816, 805, 562, 530 

δH/ppm (400 MHz, CDCl3): 7.70 (4 H, d, J 8.1 Hz, Ar-H), 7.64 (4 H, d, J 8.1 Hz, Ar-H), 7.56 (4 H, d, 

J 8.3 Hz, Ar-H), 7.24 (4 H, d, J 8.3 Hz, Ar-H), 5.84 (2 H, s, O-CH2-O)  

δC/ppm (100 MHz, CDCl3): 157.33, 144.96, 133.52, 132.63, 128.54, 127.30, 118.98, 116.96, 110.54, 

90.80 

EA: Calculated for C27H18N2O2: C = 80.58 %, H = 4.51 %, N = 6.96 %; Found: C = 80.48 %, H = 4.62 

%, N = 6.89 % 

 

5.1.3  4',4''-[1,7-Heptanediylbis(oxy)]bis-[1,1'-biphenyl]-4-carbonitriles 

(CBO7OCB) 
Yield: 1.29 g, 53.8 %. RF: 0.38 

TCrN 138 °C TNTBN (85 °C) TNI 181 °C  



vmax/cm-1: 2942, 2856, 2218, 1604, 1518, 1494, 1472, 1395, 1292, 1244, 1174, 1112, 1034, 998, 820, 

803, 737, 660, 564, 531                   

δH/ppm (400 MHz, CDCl3): 7.69 (4 H, d, J 8.3 Hz, Ar-H), 7.64 (4 H, d, J 8.3 Hz, Ar-H), 7.53 (4 H, d, 

J 8.6 Hz, Ar-H), 6.99 (4 H, d, J 8.6 Hz, Ar-H), 4.02 (4 H, t, J 6.5 Hz, O-CH2-CH2-), 1.85 (4 H, tt, 

J 7.2 Hz, 6.5 Hz, O-CH2-CH2-CH2-), 1.51 (6 H, m, O-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 159.75, 145.25, 132.58, 131.32, 128.35, 127.08, 119.13, 115.07, 110.06, 

68.07, 29.18, 29.15, 26.02 

Data consistent with reported values.9,10 

 

5.1.4  4',4''-[1,9-Nonanediylbis(oxy)]bis-[1,1'-biphenyl]-4-carbonitriles 

(CBO9OCB) 

Yield: 1.47 g, 57.1 %. RF: 0.38 

TCrN 135 °C TNTBN (81 °C) TNI 172 °C 

vmax/cm-1: 2925, 2855, 2223, 1601, 1579, 1522, 1494, 1396, 1292, 1269, 1249, 1176, 1032, 1012, 814, 

724, 661, 563, 530 

δH/ppm (400 MHz, CDCl3): 7.69 (4 H, d, J 8.5 Hz, Ar-H), 7.63 (4 H, d, J 8.5 Hz, Ar-H), 7.53 (4 H, d, 

J 8.8 Hz, Ar-H), 6.99 (4 H, d, J 8.8 Hz, Ar-H), 4.01 (4 H, t, J 6.5 Hz, O-CH2-CH2-), 1.82 (4 H, tt, 

J 6.9 Hz, 6.5 Hz, O-CH2-CH2-CH2-), 1.49 (4 H, tt, J 6.9 Hz, 6.4 Hz, O-CH2-CH2-CH2-CH2-), 1.38 (6 H, 

m, O-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 159.80, 145.26, 132.57, 131.27, 128.33, 127.07, 119.12, 115.09, 110.06, 

68.15, 29.48, 29.32, 29.23, 26.04 

Data consistent with reported values.9,10 

 

5.1.5  4',4''-[1,11-Undecanediylbis(oxy)]bis-[1,1'-biphenyl]-4-carbonitriles 

(CBO11OCB) 

Yield: 1.58 g, 38.9 %. RF: 0.35 

TCrN 125 °C TNTBN (78 °C) TNI 164 °C 

vmax/cm-1: 2938, 2918, 2847, 2223, 1601, 1580, 5121, 1494, 1466, 1394, 1291, 1248, 1178, 1044, 1028, 

1009, 1000, 854, 817, 807, 722, 661, 567, 530 

δH/ppm (400 MHz, CDCl3): 7.69 (4 H, d, J 8.5 Hz, Ar-H), 7.63 (4 H, d, J 8.5 Hz, Ar-H), 7.52 (4 H, d, 

J 8.8 Hz, Ar-H), 6.99 (4 H, d, J 8.8 Hz, Ar-H), 4.01 (4 H, t, J 6.5 Hz, O-CH2-CH2-), 1.81 (4 H, tt, 

J 7.1 Hz, 6.5 Hz, O-CH2-CH2-CH2-), 1.48 (4 H, tt, J 7.1 Hz, 6.9 Hz, O-CH2-CH2-CH2-CH2-), 1.35 (10 

H, m, O-CH2-CH2-CH2-CH2-CH2-CH2-CH2-) 

δC/ppm (100 MHz, CDCl3): 159.80, 145.27, 132.57, 131.27, 128.32, 127.07, 119.11, 115.08, 110.06, 

68.18, 29.55, 29.52, 29.39, 29.24, 26.05 

Data consistent with reported values.9 



Trapezium calculations for molecular shape 
 

The shape of the odd-membered dimers of the CBnCB series can be described as isosceles 

trapezia due to their symmetry. By drawing the edges of a trapezium onto the model of CB7CB, 

see Figure SI1, the boundaries of the molecular shape can be established. The distance between 

the nitrogen of the nitrile group and the first atom in the central spacer for one arm of the 

molecule is given by A. The distance between the nitrogen of the other nitrile group and the 

first atom in the central spacer for the other arm of the molecule is given by C. In symmetrical 

dimers, C will be equal to A, but their values will vary when the dimers become non-

symmetrical. The distance between the atoms which act as the linking group to connect the 

chain to the aromatic rings is given by B. The distance between the nitrogen in the nitrile groups 

is given by D. The angle for the vertex AB is given by X while the angle for the vertex BC is 

given by X’.  

Figure SI1. CB7CB trapezium with all the distances identified to allow the bend angle to be calculated.  

The distance between the vertex AD and the midpoint of B is given by E, while the distance 

between the vertex DC and the midpoint of B is given by F. Much like how A and C have the 

same value when the molecule is symmetrical, this is also the case for E and F. The bend angle 

of the molecule is the angle for the vertex EF and is given by Z. The values of A, B, C, D, X 

and X’ could all be found using computational modelling, however E, F and Z could not and 

so these values were calculated. The distances E and F was calculated using the cosine rule in 

the form of the following equations respectively: 

E =  �A2 + �B
2
�
2
− AB cos(X)

2
 (3.1) 

F =  �C2 + �B
2
�
2
− CB cos(X′)

2
 (3.2) 



once E and F were identified a triangle with sides EFD was used in order to find the bend angle 

for the molecule. Once again, the cosine rule was used to solve the angle Z in the form of the 

following equation: 

Z =  cos−1 �E
2+F2−D2

2EF
� (3.3) 

And the bend angles calculated for the CBnCB series using this method are listed in Table SI9. 

CB1CB, due to only having a single carbon in the central spacer, is a triangle rather than a 

trapezium and so E and F are directly measured in this case. 

Table SI9. Calculated bend angles for the odd members of the CBnCB series.  

n A/ Å B/ Å C/ Å D/ Å X/ ° X’/ ° E/ Å F/ Å  Z/ ° 

1 - - - 19.10 - - 11.26 11.26 116.0 

3 11.26 2.57 11.26 21.10 145.4 145.3 12.34 12.34 117.6 

5 11.26 5.13 11.26 23.64 145.3 145.3 13.45 13.45 123.0 

7 11.26 7.70 11.26 26.21 145.3 145.3 14.59 14.59 127.9 

9 11.26 10.26 11.26 28.77 145.3 145.3 15.75 15.75 131.9 

11 11.26 12.83 11.26 31.32 145.3 145.3 16.93 16.93 135.3 

13 11.26 15.40 11.26 33.87 145.3 145.3 18.13 18.13 138.3 

15 11.26 17.96 11.26 36.43 145.3 145.3 19.33 19.33 140.9 

17 11.26 20.53 11.26 38.98 145.3 145.3 20.55 20.55 143.1 

19 11.26 23.09 11.26 41.54 145.3 145.3 21.77 21.77 145.1 

 

 

 

 

 

 

 

 

 

 

 

 

 



Optical Textures 

 
Figure SI2. Textures observed for the 60:40 mol % mixture of CB7CB:CBO1OCB: (a) schlieren 

texture of the nematic phase (T = 109 °C); (b) parabolic texture of the twist-bend nematic phase (T = 

71 °C); (c) rope-like texture of the twist-bend nematic phase (T = 69 °C). 
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