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A convenient one-pot synthesis, and characterisation of the  
ω-bromo-1-(4-cyanobiphenyl-4’-yl) alkanes (CBnBr)
Calum J Gibb, John MD Storey and Corrie T Imrie

Department of Chemistry, School of Natural and Computing Sciences, University of Aberdeen, Meston Building, Aberdeen, AB24 3UE, UK

ABSTRACT
A convenient synthetic route based on a sodium-mediated aromatic cross-coupling reaction is 
described for the multi-gram preparation of the ω-bromo-1-(4-cyanobiphenyl-4’−yl) alkanes 
(CBnBr, n = 2–10). These materials are not only key intermediates in the synthesis of oligomers 
and polymers but also exhibit fascinating liquid crystal behaviour in their own right. Nematic 
behaviour is observed for n⩾5, and the nematic-isotropic transition temperature, TNI, increases in 
essentially a linear manner on n. The properties of the ω-bromo-1-(4-cyanobiphenyl-4’−yloxy) 
alkanes (CBOnBr, n = 2–9) are also reported, and nematic behaviour is seen for n⩾3. The values of 
TNI show a weak odd-even effect on n in which the odd members show the higher values. The 
sense of this alternation is opposite to that seen for the 4-alkyloxy-4’-cyanobiphenyls, and this is 
attributed to the steric bulk of the bromine atom. The absence of smectic behaviour for both the 
CBnBr and CBOnBr series is attributed largely to electrostatic interactions that would arise from the 
concentration of the bromine atoms at the layer interfaces in an interdigitated smectic phase. 
A comparison of a range of cyanobiphenyl-based materials containing a chain with a terminal polar 
or polarisable group suggests that their phase behaviour is governed largely by their average 
molecular shapes.
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Introduction

Cyanobiphenyl is the most enduring of all mesogenic 
units. First discovered in the 1970s by Gray and his 
colleagues [1], the 4-alkyl and 4-alkyloxy-4”- 
cyanobiphenyls (Figures 1(a–b), respectively) were 
pivotal in the development of the liquid crystal display 
industry. The importance of cyanobiphenyl stretches far 
beyond this, however, and in the intervening fifty years 
it has been used in the design of a structurally diverse 
range of new liquid crystalline materials revealing new 
phase behaviour and underpinning new applications 
[2]. Most recently, the twist-bend nematic, NTB, phase 
was first observed for the dimer, 1’‘7’’-bis 

(4-cyanobiphenyl-4‘−yl)heptane (CB7CB) [3–5]. 
A liquid crystal dimer consists of molecules containing 
two mesogenic units linked via a flexible alkyl spacer 
[6,7]. The NTB phase quickly became the hottest topic in 
the field of liquid crystals, stimulating the synthesis and 
characterisation of a diverse range of odd-membered 
liquid crystal dimers many containing cyanobiphenyl 
(see, for example, [8–14]). The key structural require
ment for a material to show the NTB phase is molecular 
curvature and to achieve this, the odd-membered spacer 
is often attached to both mesogenic units by methylene 
links (see, for example, [8,15–18]). In a second group of 
twist-bend nematogens, the spacer is attached by 
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a methylene link to one mesogenic unit and by an ether 
link to the other, the most extensively studied example 
being 1-(4-cyanobiphenyl-4’-yloxy)-6-(4-cyanobiphe
nyl-4‘−yl)hexane (CB6OCB) [19]. Synthetically, the 
introduction of the hexyloxy spacer allowed for the 
preparation of non-symmetric dimers having the appro
priate molecular curvature to exhibit the NTB phase 
[20,21] and led to the discovery of the twist-bend smec
tic phases [22–25]. A common synthetic intermediate in 
many of these materials is 1-bromo-1-(4-bromobiphe
nyl-4’−yl) hexane (BrB6Br) which is obtained by the 
Friedel Crafts acylation of 4-bromobiphenyl using 
6-hexanoyl chloride to give 6-bromo-1-4’-bromo 
[11’−biphenyl]-4-yl)hexan-1-one and the subsequent 
reduction of this to yield BrB6Br. This is then used in 
a Williamson ether reaction to yield, for example, 
1-(4-cyanobiphenyl-4”-yloxy)-6-(4-bromobiphenyl-4 
’−yl)hexane in the synthesis of CB6OCB, and the inter
mediate is subsequently cyanated using a modified 
Rosenmund Von-Braun reaction to yield the final pro
duct [19]. This synthetic route gives low overall yields, 
and its versatility is greatly restricted by the lack of 
availability of the ω-bromoalkanoic acids limiting the 
extent to which the spacer length may be varied.

These significant challenges may be circumvented by 
the availability of the ω-bromo-1-(4-cyanobiphenyl- 
4’−yl) alkanes (CBnBr), Figure 1(c), and these intermedi
ates would expand the structure space accessible using 
straightforward chemistry with the expectation of enhan
cing our understanding of the fascinating family of twist- 
bend liquid crystal phases. Here, we present a convenient, 
one-pot synthesis for these key intermediates, the CBnBr 
series, and show that they are also materials of significant 
interest in their own right. Our approach is based on the 
chemistry developed by Panteleeva and co-workers for 
the preparation of cyanobiphenyl-based materials series 

using sodium mediated aromatic coupling reactions (see, 
for example, [26–28]) and included the synthesis of 4CB 
and CB4Br but only in milligram quantities [29]. This 
methodology has much in common with the seminal 
work of Birch [30–32] and uses liquid ammonia as the 
solvent and activates the aromatic molecules through the 
addition of alkaline metals.

We compare the transitional behaviour of the 
CBnBr series with that of the ω-bromo-1-(4-cyano
biphenyl-4’−yloxy) alkanes (CBOnBr), Figure 1(d). 
These materials have been used in the preparation 
of a wide range of liquid crystalline materials 
including the nonsymmetric dimers leading to the 
discovery of the intercalated smectic phases [33–35], 
higher oligomers [36–39], and side-chain polymers 
[40–42]. The thermal behaviour of the CBOnBr 
series has been described recently by Davis et al. 
[43]. Apart from their key potential role as highly 
versatile synthetic intermediates, it should also be 
noted that the CBnBr series belongs to a general 
class of structures containing a polar or polarisable 
group at the terminus of an alkyl chain that attracts 
significant research interest having application 
potential in diverse areas including display applica
tions [44,45] and chemo responsive sensors [46,47].

Experimental

Synthesis

The synthetic route used to obtain the CBnBr series 
is shown in Figure 2. The preparation of CB6Br is 
described as a representative example of the series. 
The method was identical for the other members of 
the series, and the quantities of reagents used, yields 
of the final products and their structural 

Figure 1. The structures of the cyanobiphenyl-based series discussed, and the acronyms used to refer to them; in each, n denotes the 
number of carbon atoms in the terminal alkyl chain.
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characterisation data can be found in the 
Supplemental Information. The CBOnBr series was 
prepared as described in detail elsewhere [34,48], 
and their structural characterisation data are listed 
in the Supplementary Information.

Synthesis of 6-bromo-1-(4-cyanobiphenyl-4’−yl) 
hexane (CB6Br)
Terephthalonitrile (9.60 g, 75 mmol) was added to a flame- 
dried flask under an inert argon atmosphere. The flask was 
cooled to ca. −32 °C using an acetonitrile-dry ice bath, and 
filled with ammonia gas which condensed to give liquified 
ammonia (ca. 250 mL). Metallic sodium (3.5 g, 155 mmol) 
was added piecewise, and the reaction mixture turned dark 
brown as the anionic dinitrile benzene intermediate 
formed. After 10 min, and with constant stirring, nitrile 
benzene (11.60 g, 11.60 mL, 112.5 mmol) was added drop
wise, and the reaction mixture stirred for 1.5 h. 
1,6-Dibromohexane (21.95 g, 14.00 mL, 90.0 mmol) was 
added dropwise, and the reaction mixture left to stir for 
a further 2 h while carefully maintaining the temperature 
of the cooling bath at −30 °C. Diethyl ether (150 mL) was 
added slowly, maintaining the temperature of the cooling 
bath below −30 °C. After this addition, the flask was 
opened to the atmosphere, and the ammonia allowed to 
evaporate slowly as the bath approached room tempera
ture. Distilled water (300 mL) was added, and the organic 
and aqueous layers separated. The aqueous layer was 
washed with diethyl ether (3 × 50 mL). The organic layers 
were combined, filtered, dried over anhydrous MgSO4, 
and concentrated under reduced pressure to obtain 
a yellow oil. The crude product was purified by flash 
chromatography using a biotage selekt flash system utilis
ing a step gradient with mixtures of diethyl ether:hexane as 
the eluent. CB6Br and nitrile benzene have almost indis
tinguishable retention times, and as a result coelute. The 
mixture obtained from the column was added to heptane 
over ice, and the desired product precipitated as a white 
solid. This was collected by filtration and recrystallised 
from MeOH in the form of white needles.

Yield 11.73 g, 46%. M.p. 48.2 °C.
IR (ν, cm−1)2933, 2857 (sp2 C-H stretch); 2220 

(C≡N); 1604, 1474 (Ar-C=C); 812 (sp2 C-H bend)

1H NMR (400 MHz, Chloroform-d) (δ) 7.75–7.63 (m, 
4 H, Ar-H), 7.51 (d, J = 8.2 Hz, 2 H, Ar-H), 7.29 (d, J =  
7.9 Hz, 2 H, Ar-H), 3.41 (t, J = 6.8 Hz, 2 H, CH2-CH2-Br), 
2.67 (t, J = 7.7 Hz, 2 H, Ar-CH2-CH2), 1.87 (p, J = 6.9 Hz, 
2 H, CH2-CH2-CH2-Br), 1.67 (p, J = 7.6 Hz, 2 H, Ar-CH2 

-CH2-CH2), 1.55–1.44 (m, 2 H, CH2-CH2-CH2), 1.44– 
1.33 (m, 2 H, CH2-CH2-CH2).

13C NMR (101 MHz, CDCl3) (δ) 145.57, 143.40, 
136.58, 132.57, 129.18, 127.49, 127.13, 119.04, 110.58, 
35.46, 33.92, 32.70, 31.14, 28.37, 28.00.

MS (QTof +): 364.0677 (100%, C19H20N23Na,  
M + Na).

Materials

The structures of the products were determined 
using 1H and 13C NMR spectroscopies and FT-IR 
spectroscopy. NMR was performed using a 400 MHz 
Bruker Avance III HD NMR spectrometer and the 
IR spectra were recorded using a Thermal Scientific 
Nicolet IR100 FTIR spectrometer with an ATR dia
mond cell. Mass spectra were obtained using 
a Waters G2QTof Mass Spectrometer.

Characterisation

Characterisation of the transitional properties of the 
CBnBr and CBOnBr series were determined by dif
ferential scanning calorimetry using a Mettler 
Toledo DSC3 differential scanning calorimeter 
equipped with a TSO 801RO autosampler and cali
brated using an indium standard. Samples were 
measured under a nitrogen atmosphere with 10 °C 
min−1 heating and cooling rates. The transition 
temperatures and entropy values reported are 
averages obtained for duplicate runs and normally 
extracted from heating traces. Phase identification 
was performed by polarised optical microscopy 
using an Olympus BH2 polarised optical micro
scope equipped with a Linkam TMS 92 heating 
stage. Samples were viewed between untreated 
glass slides.

CN

NC (CH2)nBrNC CN

Na(s), NH3(l)
NC CN

Br(CH2)nBr
-2

-30°C

-32°C

Figure 2. Synthetic scheme for the preparation of the CBnBr series.
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Molecular modelling

Quantum mechanical density functional theory (DFT) 
calculations at the B3LYP 6-31 G(d) level of theory have 
been performed for all members of the CBnBr and 
CBOnBr series using Gaussian09 software [49]. 
Optimised geometries, molecular dipole moments and 
electrostatic potential surfaces were calculated, and 
visualised using GaussView 5 [50] Space-filling and ball- 
and-stick models were produced from the optimised 
geometry using Mercury 4.0 [51].

Results and discussion

We have described a one-pot synthetic methodology for 
the multi-gram scale synthesis of the ω-bromo 
-1-(4-cyanobiphenyl-4’−yl) alkanes (CBnBr). This 
sodium mediated aromatic cross-coupling method pro
vides a more efficient and greener route to these materi
als than that previously described, [22] and for the first 
time makes these highly versatile intermediates readily 
available for a range of alkyl chain lengths. A minor side 
product of this synthetic approach is the corresponding 
CBnCB dimer although we have not quantified this. We 
have, however, by appropriately varying the quantities 
of the reagents used obtained CB7CB as the major 
product of the reaction with the overall yield being 
comparable to that seen for CB7Br.

The transitional properties of the CBnBr series are 
listed in Table 1. The shorter members of the series, n =  
2–4, show the highest melting points and do not exhibit 
liquid crystallinity. For the remaining members of the 
series, with the exception of the octyl homologue, 
a monotropic nematic phase is observed. All the 
nematic phases described here were identified on the 
basis of the observation of a characteristic schlieren 
optical texture containing both types of point singularity 
and which flashed when subjected to mechanical stress; 
a representative schlieren texture is shown in Figure 3. 
The values of the entropy changes associated with the 

nematic-isotropic transition listed in Table 1 are wholly 
consistent with these assignments [52]. A value of the 
nematic isotropic transition temperature, TNI, was esti
mated for the octyl homologue using a phase diagram 
constructed for binary mixtures of CB8Br and 5CB 
(Figure S1).

The melting points of the CBnBr series show an odd- 
even effect as n is increased in which the even members 
have the higher values, see Figure 4. The initial large fall 
in the melting points on increasing n allows the mono
tropic nematic phase to be observed for the longer 
members of the series. Indeed, CB7Br is a room tem
perature monotropic nematogen that has not crystal
lised over a period of months. The values of TNI for the 

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

n TCr-/°C TNI/°C ΔSCr-/R ΔSNI/R

2 129.6 5.6
3 71.5 7.5
4 77.1 5.9
5 39.8 19.2 8.3 0.13
6 48.2 22.5 7.8 0.19
7 32.7 26.2 8.2 0.20
8 59.0 [30.5]† 10.9
9 36.7 34.3 11.1 0.27
10 60.7 38.0‡ 13.5

Note: †Virtual transition temperature estimated using a binary phase dia
gram with 5CB. 

Note: ‡Measured using polarised light microscopy.

Figure 3. (Colour online) The nematic schlieren texture observed 
for CB10Br at 38 °C.

0

20

40

60

80

100

120

140

1 2 3 4 5 6 7 8 9 10 11 12 13

T 
/ 

 ˚C

l

CBnBr

CBOnBr

nCB

nOCB

Figure 4. (Colour online) The dependence of the melting 
temperatures on the length of the terminal chain, l, for the 
CBnBr (circles), CBOnBr (squares), nCB (triangles) and nOCB 
(diamonds) series. For the methylene-linked chains l = n, and 
for the ether-linked chains l = n + 1.
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CBnBr series increase in essentially a linear fashion on 
increasing n (Figure 5), and we will return to this sur
prising observation later.

The transitional properties of the CBOnBr series are 
listed in Table 2. A nematic phase was observed for all 
the members of the series with the exception of CBO3Br 
for which no liquid crystalline behaviour was observed. 
The scaled entropy changes associated with the 
nematic-isotropic transitions are consistent with these 
assignments. The values of TNI listed in Table 2 show 
reasonable agreement with those reported by Davis et al. 
[43]. The most significant difference in the values of TNI 

is for CBO9Br for which the value listed in Table 2 is 
12.4°C higher than that reported previously. The melt
ing points of the CBOnBr series also initially show an 
odd-even effect on increasing n in which the odd mem
bers tend to show the higher values, see Figure 4. The 
values of TNI show a large increase on passing from n =  
2 to 4 of 31.6°C. Attempts to obtain a virtual value of TNI 

for CBO3Br by constructing a phase diagram with 5CB 

were unsuccessful. On increasing n further from 4 to 9 
sees TNI rise by just 9.6°C, and superimposed upon this 
is a weak odd-even effect in which odd members show 
the higher values, see Figure 5.

Figures 4 and 5 compare the melting points and clear
ing temperatures, either nematic-isotropic or smectic 
A-isotropic transition temperatures, of the CBnBr, 
CBOnBr, nCB and nOCB series, respectively. In order 
for these comparisons to be meaningful, they are based 
on the total length of the terminal chain, l, such that l = n 
for the methylene-linked chains, and l = n +1 for the 
ether-linked chains to allow for the oxygen atom. As 
noted earlier, the melting points of the CBnBr and 
CBOnBr series tend to alternate on increasing n, and 
those of the latter series are higher for a given value of l. 
It is interesting to note that the senses of these alterna
tions when plotted against l are the same. The depen
dence of the melting points of the nCB and nOCB series 
on l is less regular, but those of the latter series are also 
the higher of the two. For both pairs of series, the higher 
melting points seen for the ether-linked materials may be 
attributed to both the increased dipolar interactions aris
ing from the ether-links, and also the enhanced packing 
efficiency arising from the relative disposition of the 
chain with respect to the cyanobiphenyl unit. For an 
ether-link, the chain lies more or less in plane with the 
mesogenic unit whereas for a methylene-link, the chain 
protrudes at an angle. The odd-even effect seen for the 
melting points of the CBnBr and CBOnBr series suggests 
that the relative disposition of the bulky bromine atom 
also affects packing efficiency and we will return to this 
theme later. It is noteworthy that the introduction of the 
bromine atom tends to increase the melting point when 
comparing the corresponding pairs of these four series.

Figure 5 reveals that the values of the clearing tem
perature of these four series are more clearly separated 
than their melting points. It is immediately apparent 
that the addition of the bromine atom reduces the 
value of the clearing temperature in both pairs of series, 
and that for any given value of l, the clearing tempera
ture increases in the order: 

CBnBr< nCB<CBOnBr< nOCB:

The average increase in the clearing temperature on 
moving from a member of the nCB to nOCB series for l  
= 6–10 is 33 °C and for the CBnBr and CBOnBr series is 
around 38°C. As described earlier, a terminal alkyloxy 
chain lies in the plane of the mesogenic unit to which it 
is attached whereas an alkyl chain protrudes at some 
angle, and this change in shape accounts to a large 
extent for the difference in clearing temperature. 
Furthermore, these data suggest that the terminal 
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Figure 5. (Colour online) The dependence of the clearing 
temperatures on the length of the terminal chain, l, for the 
CBnBr (circles), CBOnBr (squares), nCB (triangles) and nOCB 
(diamonds) series. For the methylene-linked chains l = n, and 
for the ether-linked chains l = n + 1. Filled symbols denote 
N-I transitions and open symbols SmA-I transitions.

Table 2. Transition temperatures and associated scaled entropy 
changes for the CBOnBr series.

n TCr-/°C TNI/°C ΔSCr-/R ΔSNI/R

2 83.2 29.8 6.8 0.09
3 105.9 - 6.7
4 66.5 61.4 6.8 0.08
5 79.2 66.4 8.1 0.15
6 60.9 64.0 12.1 0.16
7 66.3 68.3 10.2 0.18
8 80.2 68.6 11.4 0.17
9 71.9 71.0‡ 10.9

Note: ‡Measured using polarised light microscopy.
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bromine atom has little, or essentially no, additional 
effect on this difference in average shape between the 
methylene- and ether-linked materials given the similar
ity in the difference in clearing temperatures between the 
two corresponding sets of materials. The average differ
ence between the values of TNI for corresponding mem
bers of the CBOnBr and nOCB series for n = 4–9 is 9 °C. 
The same comparison for the CBnBr and nCB series, for 
n = 5–10, reveals a similar average reduction of 13 °C. 
Strictly for CB10Br and 10CB we are comparing differing 
phase transitions, and specifically, the former shows 
a nematic-isotropic transition whereas the latter exhibits 
a smectic A-isotropic transition. For the majority of 
liquid crystal series, however, the smectic-isotropic tran
sition temperatures may be obtained by extrapolation of 
the nematic-isotropic transition temperatures [34]. 
Indeed, this appears to be the case here, and the inclusion 
of these data points make essentially no difference to the 
average reduction based only on the values of TNI. Davis 
et al. suggested that this reduction in the clearing tem
perature between the nOCB and CBOnBr series arises 
from a combination of the steric bulk of the bromine 
atom and its polarity [43]. It is noteworthy that the value 
of TNI for CBO2Br is 61 °C lower than that of 2OCB, 
a substantially larger reduction than seen for the longer 
members of the series, and we discuss this later.

The clearing temperatures of both the nCB and nOCB 
series show an odd-even effect on increasing n, see 
Figure 5. The effect of increasing the terminal chain length 
on the nematic-isotropic transition temperature, TNI, for 
a liquid crystal series is two-fold [15,53]: on one hand, this 
increases the structural anisotropy of the molecule, and 
serves to increase TNI. This change in the structural ani
sotropy depends on the number of atoms in the chain. For 
a methylene-linked chain, for example, adding 
a methylene unit to an even-membered chain increases 
the structural anisotropy to a greater extent than adding 
a methylene unit to an odd-membered chain because, in 
the former example, the additional methylene unit lies 
more or less parallel to the major molecular axis whereas 
in the latter case, it lies at an angle to this axis giving 
a smaller increase in structural anisotropy. This alternat
ing shape gives rise to the observed odd-even effect super
imposed on the underlying increase in TNI. Counteracting 
this effect, however, is the increased dilution of the inter
actions between the mesogenic units arising from the 
increase in the mole fraction of alkyl chains within the 
system, and this serves to decrease TNI. The overall effect 
of increasing the terminal chain length on the TNI 

depends, therefore, on the interaction strength parameter 
between the mesogenic units. For three ring systems such 

as terphenyl-based materials [53], the dilution effect dom
inates and TNI decreases normally without alternation on 
increasing terminal chain length. By contrast for more 
weakly interacting mesogenic units, the enhanced struc
tural anisotropy arising from increasing the terminal 
chain lengths dominates, and TNI increases. 
Superimposed on this increasing trend is an odd-even 
effect reflecting the relative change in structural aniso
tropy governed by the parity of the chain. Such behaviour 
is clearly evident in Figure 5 for the nOCB, nCB and 
CBOnBr series. This interpretation of the odd-even effect 
on increasing the terminal chain length predicts that the 
sense of the alternation should be opposite for the nCB 
and nOCB series as n is increased because the oxygen 
atom may be considered analogous to a methylene unit. 
In Figure 5, the alternations for the two series are in the 
same sense because the clearing temperatures are plotted 
against l, and the oxygen atom is effectively being con
sidered as a methylene unit such that for the same value of 
l, the terminal methyl group in (n + 1)CB and nOCB 
molecules have essentially the same relative disposition 
with respect to the molecular long axis. By contrast, the 
values of TNI for the CBOnBr series show an odd-even 
effect in which the alternation is in the opposite sense, see 
Figure 5, and this was not reported previously [43]. This 
suggests that the terminal bromine atom is contributing 
to the average molecular shape in a manner similar to 
a methyl group, see Figure 6, and the alternation in TNI 

reflects the bromine atom moving on and off the long 
molecular axis as n increases. The Van der Wall’s volume 
of the bromine atom is 14.40 cm3 mol−1 and that of 
a methyl group is 13.67 cm3 mol−1 [54]. To a first approx
imation, this increased steric bulk may account, at least in 

Figure 6. (Colour online) The molecular shapes of 5OCB (upper), 
CBO5Br (middle) and 6OCB (lower).
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part, for the reduction in TNI associated with the insertion 
of the bromine atom as suggested by Davis et al [43], but 
this simple comparison does not fully capture the change 
in molecular shape arising from the bromine atom and 
a more complete understanding must await such an ana
lysis. Indeed, this observation also suggests that the polar
ity associated with the bromine atom, in fact, plays only 
a minor role in determining TNI. It is interesting to note, 
however, that the behaviour seen in Figure 5 appears not 
to be a general observation, and in the odd-even effect 
seen for the values of TNI shown by the ω-bromo 
-1-(4-methoxyazobenzene-4’−oxy)alkanes, the even 
members show the higher values suggesting that the 
terminal bromine group is not acting as a methyl group 
[52]. The physical significance of this differing behaviour 
is not clear.

Quite differing behaviour is seen for the values of TNI 

for the CBnBr series as n is increased (Figure 5), and we 
have already noted that these increase in essentially 
a linear fashion. By comparison, those of the nCB series 
show an odd-even effect in which the odd members 
have the higher values as would be expected. This beha
viour suggests that for the CBnBr series the structural 
anisotropy simply increases monotonically on increas
ing n, although we can offer no explanation for this 
highly unusual behaviour.

A striking feature of Figure 5 is the much lower value 
of TNI observed for CBO2Br than for 2OCB by 61°C. 
We have now seen that a more appropriate comparison 
may be with 3OCB, and the reduction in TNI passing to 
CBO2Br is 34°C, still much larger than the average 
found for the remaining members of the series of just 
9°C. Figure 7 shows the electrostatic potential surfaces, 
space filling models and dipole moments for both 
CB2OBr and 3OCB. The larger reduction in TNI seen 

between this pair of materials than for those with longer 
chains may be associated with the larger relative effect of 
the bulky bromine atom on the shape of these smaller 
molecules. There is a significant difference in the mole
cular dipole moment between these molecules but this 
would also be the case for corresponding pairs of mole
cules with the same value of n. It is apparent that in 
CBO2Br the methylene chain is more electron deficient 
than in 3OCB, and this difference was also highlighted 
by Davis et al. [43]. It is possible that this contributes to 
the much lower value of TNI seen for CBO2Br compared 
to the longer members of the series.

A dramatic difference between the CBnBr and 
CBOnBr series, and the nCB and nOCB series is the 
absence of smectic behaviour for the former pair. For 
example, 10CB and 10OCB both exhibit smectic 
A-isotropic transitions whereas CB10Br and CBO10Br 
are exclusively nematogenic. In this respect, these mate
rials differ significantly to other systems reported for 
which the incorporation of a halogen atom in 
a terminal chain actually promotes smectic behaviour 
including, for example, difluoroterphenyl-based [55] 
and 2-phenylpyrimidine-based materials [44]. These 
systems contain two terminal chains, only one of 
which has a terminal halogen atom. The promotion of 
smectic behaviour has been interpreted in terms of 
either strong polar interactions at the interface stabilis
ing the smectic layers [55], or alternatively, to the elec
tron withdrawing effect of the halogen terminal group 
reducing the electrostatic repulsive interactions between 
the alkyloxy chains [44]. We note that it is not immedi
ately apparent why these effects do not appear to operate 
for these cyanobiphenyl-based systems. The destabilisa
tion of smectic behaviour is not only observed for the 
CBnBr and CBOnBr series but also for the correspond
ing chlorine [43] and fluorine [46] substituted materials. 
This difference in behaviour between the cyanobiphe
nyl-based systems and, for example, the difluoroterphe
nyl-based compounds [55] may be attributed to the 
strong tendency of cyanobiphenyl-based materials to 
form anti-parallel correlations in order to minimise 
dipolar energy giving rise to interdigitated smectic 
phases. This would concentrate the terminal bromine 
atoms at the same layer interfaces whereas in 
a monolayer structure composed of molecules contain
ing two terminal chains, only one of which possesses 
a bromine substituent, the same number of bromine 
atoms are distributed equally over two interfaces. This 
concentration of the bromine atoms presumably results 
in unfavourable electrostatic interactions destabilising 
the formation of smectic layers. We note, however, that 
mixtures of CBO8Br and 8OCB only show smectic 
behaviour at high concentrations of 8OCB [43] whereas 

Figure 7. (Colour online) The electrostatic potential surfaces (top), 
space filling (middle) and ball-and-stick models showing the mole
cular dipole moment (bottom) of CBO2Br (left) and 3OCB (right).
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our interpretation of smectic phase suppression would 
suggest that the mixtures should exhibit smectic beha
viour over a broader range of composition. This now 
requires further study.

The dependence of TNI on the nature of the terminal 
group in CB(O)nX materials has most often been dis
cussed in terms of the effect of X on the dipolar proper
ties of the compound. An alternative approach to 
account for the difference in behaviour arising from 
the chemical nature of X is to consider its effect on 
structural anisotropy. To a first-order approximation, 
we can consider this in terms of the dependence of the 
values of TNI for these compounds on the molar volume 
of X [54] and such a comparison is shown in Figure 8 for 
CBOnX with X = H, Br, Cl [43], F [46], OH [56], CN 
[47], CH=CH2 [45], and CH3. We note that in some 
instances different phase transitions are compared given 
that the higher homologues of the nOCB and nCB series 
show SmA-I transitions. These are, none the less, rea
sonable comparisons given that, as we noted earlier, 
within the majority of homologous liquid crystal series, 
the smectic-isotropic transition temperatures may be 
obtained from an extrapolation of the nematic- 
isotropic transition temperatures [34]. For all values of 
n, TNI decreases on replacing H by F, and this is con
sistent with the larger F atom reducing the structural 
anisotropy. Exchanging F by Cl also leads to a reduction 
in TNI for all values of n, but the extent by which TNI 

falls is now smaller than would be expected based sim
ply on the increased molar volume of Cl. On moving 
from Cl to CH3, the value of TNI increases for all values 
of n despite the increase in molar volume associated 

with the methyl group. On replacing CH3 by the larger 
Br, the value of TNI again decreases for all values of n. 
For the CBOnCN materials, the values of TNI are higher 
than those seen for the corresponding compounds hav
ing the smaller Br substituent. It is noteworthy that the 
iodine-containing compound, CBO11I, does not exhibit 
liquid crystallinity although its melting point is higher 
than those of CBO11Br and CBO11Cl, and may pre
clude the observation of a monotropic phase [57]. For 
the largest group considered in this selection of materi
als, X = CH=CH2 [45], for shorter chain lengths TNI is 
lower than seen for the corresponding CBOnCN materi
als but this difference is marginally inverted for n = 7. 
This behaviour reflects the importance not only of the 
size of the substituent, as described by its molar volume, 
but also of its effect on molecular shape [34]. The sub
stituent X will both increase the molecular length and 
breadth of the molecule, and for example, an anisometric 
unit such as CN will enhance the structural anisotropy to 
a greater extent than a Br substituent which has a similar 
molar volume. Hence, we tend to see higher values of TNI 

for the CBOnCN series than for the corresponding mem
bers of the CBOnBr series. We do note, however, that 
these temperatures may also be moderated, to some 
extent, by electronic effects, but to a large extent 
a consideration of average molecular shape appears to 
account for the changes in the values of the clearing 
temperature. The exception to this are the values of TNI 

for the CBOnOH series which, for any given value of n, 
are the highest observed. This apparently counter- 
intuitive behaviour may be attributed to hydrogen bond
ing and the formation of extended supramolecular 
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species. Even higher clearing temperatures have been 
observed for low molar mass materials containing term
inal carboxylic acid groups [58].

Very similar trends in the values of TNI are found for the 
corresponding but much smaller CBnX family of materials 
[46,47,56] although the value of TNI reported for CB4F 
appears rather high and the molecular significance of this 
is not clear [46]. It is interesting to note that the values of 
TNI are rather similar for the CBOnX materials with X = F 
or Br, whereas the difference appears larger between the 
corresponding CBnX systems. This supports the view that 
shape is the key factor because the substituent 
X contributes to a greater reduction in structural aniso
tropy for a CBnX molecule given that the chain protrudes 
out of the plane defined by the mesogenic unit.

For both the nCB and nOCB series smectic A phase 
behaviour emerges at n = 8, and for n = 10–12 nematic 
behaviour is extinguished and a SmA-I transition is 
observed. For all the corresponding CB(O) 
nX materials with n ≥ 8 (×=Br, Cl, F, OH) only nematic 
behaviour is observed. The only exception to this are the 
materials with X = CH=CH2 for which smectic beha
viour emerges at n = 8 [45]. The molecular significance 
of this strong suppression of smectic phase behaviour in 
this class of materials has to be established.

Conclusions

A one-pot synthetic methodology for the multi-gram 
scale synthesis of the ω-bromo-1-(4-cyanobiphenyl- 
4”−yl) alkanes (CBnBr) has been reported. Although 
not described here, we have also used this method to 
prepare the extensively studied 1’‘,ω”-bis(4-cyanobiphe
nyl-4’−yl)alkanes, CBnCB, in a single-step, significantly 
simplifying published procedures [8]. The CBnBr and 
CBOnBr series show only nematic behaviour. The odd- 
even effect seen for the values of TNI on increasing n for 
the CBOnBr series show what may be considered to be 
an inverted odd-even effect. This is attributed to the 
steric bulk of the bromine atom. By contrast, the values 
of TNI for the CBnBr series increase essentially linearly 
on increasing n, and the physical significance of this 
difference in behaviour is not clear. It is clear that for 
cyanobiphenyl-based materials, a terminal halogen 
atom on the chain suppresses smectic behaviour in 
stark contrast to the behaviour of other types of systems 
in which a terminal halogen atom promotes smectic 
behaviour [44,55]. We suggest that this difference in 
behaviour arises not only for steric reasons but also 
stems from electrostatic interactions that may arise in 
an interdigitated smectic phase.
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