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ABSTRACT

Liquid crystal-forming cyanobiphenyls are truly extraordinary molecules that have had an enor-
mous impact on liquid crystal research and applications since they were first synthesised. This
impact is, on the one hand, due to the exceptionally convenient physical properties of the main
characters, 5CB and 8CB, allowing easy experiments at room temperature, as well as their com-
mercial availability at reasonable cost. On the other hand, the cyanobiphenyl chemical structure
leads to some quite peculiar characteristics in terms of organisation at the molecular scale, which
are sometimes well recognised and even utilised, but often the awareness of these peculiarities is
not strong. This perspective article reviews the use of cyanobiphenyls in making liquid crystal shells
and liquid crystal core fibres, in sensing, as a medium for simultaneously aligning and dispersing
carbon nanotubes, and as highly useful solvents for reactive mesogens that can be polymerised
into anisotropic networks. This choice is very much motivated by how cyanobiphenyls have
impacted our group’s research throughout the years, which is the basis for the examples
| provide. Nevertheless, | believe they serve well to illustrate the immense usefulness of cyanobi-
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phenyls in innovating research and applications related to liquid crystals.

1. Introduction

I believe it was Alberto Fernandez-Nieves who in a talk
at the 2011 APS meeting described 5CB as ‘the fruit fly
of liquid crystal research’. This description stuck with
me, as 5CB has really become the liquid crystalline
material for many researchers. In particular, this holds
for physicists and engineers who may not be so inter-
ested in analysing what is happening at the molecular
scale but treat liquid crystallinity as a continuum con-
cept where they only need to have a liquid crystal (LC),
no matter which one as long as it is convenient to work
with. And 5CB truly lives up to the last criterion:
a single-component material, thus with sharp transition
temperatures and none of the phase coexistence phe-
nomena that you always encounter with mixtures,
developing a nematic phase practically at room tem-
perature, with low viscosity, low volatility and low toxi-
city, and nowadays at reasonably low cost. For the
slightly more adventurous researchers who wish to go
beyond the nematic phase and also study smectic order,
the corresponding fruit fly is the second most common
nCB homologue, 8CB, exhibiting a SmA phase conve-
niently near room temperature.

Nevertheless, just like a fruit fly is not a good model
for all kinds of biological life, 5CB has its limitations in
representing nematic LCs in a generic sense, because it
exhibits some very peculiar features that are intimately
linked to its molecular design. For instance, most users
of 5CB consider it a room temperature nematic, often
not reflecting over the contradiction that their room
temperature may be about 20°C, yet the melting point
of 5CB is 23°C; the nematic phase of 5CB has an incred-
ible tendency to supercool. Moreover, ask a liquid crys-
tal scientist what are the characteristics of mesogens, i.e.
liquid crystal-forming molecules, and you will very
likely hear a rule that dates back to Vorlander [1,]
namely that they should generally have rigid rod-
shaped core and flexible end chains. Note the plural ‘s’
in chains: the expectation is that the molecule is qualita-
tively symmetric, with a linear core, typically aromatic,
and an aliphatic chain sticking out from each end. Then
ask them to show an example of such a molecule, and
they will very likely show 5CB, which is highly asym-
metric with one aliphatic end chain, the other end being
an aromatic and inflexible cyano group. This means that
5CB is a rather poor pedagogical example in the sense
that it causes a logical mismatch between the Vorldnder
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archetypal mesogen and the structure that a student is
shown to exemplify. More importantly, the asymmetric
molecule design has enormous implications for the way
5CB, and any of the many nCB and #OCB homologues
organise in an LC phase: They dimerise with antiparallel
order [2,3], see Figure 1, thus living up to the Vorlidnder
paradigm as couples, not as individual molecules. This is
one of the many ways in which n(O)CBs are very special
mesogens, with many beneficial aspects but sometimes
with quite particular problems, and which in any case
renders them questionable as ‘archetypal’ mesogen,
despite 5CB being the go-to choice as the standard LC
in so many situations.

I have written this perspective article very much as
a personal account of how 5CB, 8CB and other n(O)
CBs as well as n(O)CB-based mixtures have impacted
the research of my own group, our collaborators, and
the communities that we have been active in,

Figure 1. (Colour online) Cartoon illustrating how 5CB molecules
spontaneously dimerize in an antiparallel fashion to maximize
the overlap of aromatic regions. The dimer fulfills the classic
Vorlander paradigm for mesogenic design, with a stiff core
surrounded by flexible end chains on both sides.
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throughout the years. Sometimes the impact has been
positive, as when 5CB or 8CB has enabled the success
of pilot experiments, the observation of fascinating
phenomena, or the development of useful applications.
Sometimes it was less helpful, in particular when we
attempted to translate these phenomena and applica-
tions to non-n(O)CB liquid crystals and we realised the
hard way that the earlier results relied on the peculiar
characteristics of n(O)CBs; with other mesogens we
could not reproduce the results. I have selected five
themes in which #n(O)CBs have largely dominated the
research, in our group and elsewhere, most often with-
out much thought of whether this has created a biased
view or not. Sometimes experiments with other meso-
gens have shown that this is the case, sometimes the
situation with alternative mesogens remains to be sys-
tematically investigated.

2. Liquid crystal shells made of nCB

Liquid crystal shells are self-closing spheres of liquid
crystals that contain and are surrounded by immiscible
isotropic liquids, often an aqueous solution of a suitable
interface stabiliser like polyvinyl alcohol (PVA) or
a surfactant, see Figure 2. They are fascinating from
a whole range of perspectives [6-10], but the aspect
that initially sparked the interest is the fact that tangen-
tially aligned nematic shells, according to the Poincaré-
Hopf theorem, must develop topological defects whose

Top view

Figure 2. (Colour online) (a) schematic of a liquid crystal shell with water-based surrounding isotropic phases, drawn from the side to
illustrate the buoyancy-induced asymmetry that renders the shell thickest at the bottom and thinnest at the top, or vice versa. (b)
a fully tangential-aligned nematic shell near room temperature of E7 stabilized by a water solution of the amphiphilic polymer F127 on
both sides, viewed from the top between crossed polarizers. The four topological defects are collected near the thinnest point (the
top), as illustrated in the director field sketch in (b’). Scale bar: 50 um. Reproduced from [4] on CC by 4.0 license. (c) nematic droplets
and shells (highlighted with arrows) formed by the fully aliphatic mesogen 1-methoxy-4-(4-pentylcyclohexyl) cyclohexane stabilized
by a water solution of PVA. The very different texture compared to (b) shows that this LC aligns with normal boundary conditions to
water, in contrast to nCB-based LCs. Scale bar: 100 um. Reproduced from [5] on CC by 3.0 license.



total strength amounts to +2, at both interfaces, inside
and outside. There are several defect configurations that
can fulfil this, the most intriguing one perhaps being
that of four +1/2 disclinations arranged tetrahedrally to
minimise the elastic distortion energy in the shell.
Nelson conceived the idea that the defects might serve
as anchors for ligand molecules that are able to bond to
each other, and the expected tetrahedral configuration
of the defects would then turn such a functionalised
nematic sphere into a reactive particle that could serve
as building block for colloidal crystals with diamond-
like lattice [11], an attractive but elusive structure in the
realm of photonic crystals.

The first practical realisation of liquid crystal shells
was reported by the group of David Weitz in 2007 [12].
It then turned out that the targeted tetrahedral defect
configuration is much more difficult to achieve in prac-
tice, as the freedom of the inner isotropic liquid droplet
to move away from the centre of the shell makes the
latter asymmetric, with a thinnest and a thickest point,
and typically all defects in a shell with tangential align-
ment on both sides are collected near the thinnest point
(Figure 2(a-b)). Only by making the shell very thin can
the tetrahedral configuration be stabilised [13], and the
size is generally orders of magnitude too large to be of
relevance for colloidal crystals. Lopez-Leon and co-
workers recently succeeded in making exceptionally
small liquid crystal shells, reaching a diameter on the
order of 10 ym [14], but the targeted range would still
require a factor 10 smaller. However, even if their appli-
cation as a basis for a new colloidal chemistry may not
be realistic, LC shells provide ample application oppor-
tunities of different nature, not least when using choles-
teric LCs [7,8].

To form liquid crystal shells, one generally flows the
liquid crystal material as an intermediate phase between
two immiscible isotropic liquids in a nested capillary
device, the flow rates being reasonably fast, on the order
of mL/hr. Because it can take some time before the
three-phase flow has been properly set up and stabilised,
comparatively large volumes are needed for each experi-
ment, hence one needs a liquid crystal that is available in
large quantities at acceptable cost. Moreover, since tem-
perature control of the entire microfluidic setup is chal-
lenging, in particular the tubing between reservoir and
device, with its large surface-to-volume ratio, the mate-
rial should be liquid crystalline and have a rather low
viscosity at room temperature. Considering these cri-
teria, 5CB comes across as an ideal compound for mak-
ing nematic liquid crystal shells, and indeed this was the
compound used for the first experiments by Alberto
Fernandez-Nieves et al. [12], as well as for many follow-
up papers. I had the fortune to attend David Weitz's talk
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about liquid crystal shells at the 2007 International Soft
Matter Conference in Aachen, and this inspired me to
start working in this field also in my group. In order to
break new ground, we decided to explore smectic LCs,
with which I had been working throughout my PhD and
post-doc years, and so an obvious choice was ... 8CB.
Indeed, our first two papers on LC shells used 8CB as
mesogen [15,16]. Unbeknownst to us, Lopez-Leon and
Fernandez-Nieves had taken this step at the same time,
and they submitted their first study on 8CB shells only
a month after us, and eventually our two papers were
published back-to-back in the same issue of Physical
Review Letters [16,17].

My initial aim in the work on smectic shells was,
however, to explore how topological defects in
a radially aligned SmC phase would behave, as here
the defects would not be in the primary director but in
the so-called c-director, indicating the tilt direction of
the director with respect to the SmC layer normal. This
is an example where n(O)CBs reach their limit: no n(O)
CB mesogen, or mixture thereof, develops a SmC phase.
We had to explore alternative chemistries and found
a quite convenient system in a binary mixture of phe-
nylpyrimidine-based mesogens. With these, we could
prepare shells stabilised by ordinary ionic surfactants
and we published the first study of SmC shells in 2013
[18]. The study was not very conclusive; however,
a reason being that the phenylpyrimidine mixture was
not nearly as easy to work with in shell geometry as 8CB.
Although we later succeeded in making also tangentially
aligned SmC shells from similar mixtures (manuscript
soon to be submitted), the stability of the phenylpyri-
midine shells was even lower in this configuration. This
was the first indication that #(O)CBs may not just be
convenient due to their temperature ranges, low viscos-
ity and availability in large volumes at reasonable cost,
but they also form much more stable shells than many
other mesogens.

We encountered the next strong hint that there is
something very special about n(O)CBs, making their
moulding into shells particularly easy, when we tried
to make nematic liquid crystal elastomer (LCE) shells
with controlled topological defect configuration using
the side-on side-chain reactive mesogen that was first
introduced by Patrick Keller’s group [19]. Together with
Rudolf Zentel’s team, we had previously succeeded in
making LCE shells based on this mesogen [20], but the
control of the topological defects was limited since they
were photopolymerised very rapidly during flow. We
now want to produce the shells without polymerising
them immediately, instead leaving them to anneal in the
monomeric state until they adapt to the equilibrium
topological defect configuration dictated by the choice
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of stabilisers and the shell geometry [13], but it turned
out that all shells were breaking directly after produc-
tion. Given that we at this stage had years of experience
with #(O)CB-based shells produced under very similar
conditions without having any issues with shell stability,
we thought to mix in a small amount of an n(O)CB
mesogen with similar phase sequence to the LCE pre-
cursor mixture to see if this improved the shell stability.
The results were spectacular: by adding only 1 mol-% of
70CB, the problems were gone! My students working in
the lab, Anjali Sharma and Andy Stoffel, could now
easily produce large quantities of LCE precursor shells
which survived for days of annealing until equilibrium
defect configurations were reached, and then they could
photopolymerise them into intact LCE shells [21].
Apparently the amphiphilic nature of 70CB (most
likely any other #OCB or nCB would have had the
same stabilising effect) led it to predominantly populate
the interfaces to water, thereby greatly adding to the
stability of the shells.

These results prompted us to do a systematic inves-
tigation of several non-n(O)CB mesogens and mixtures
in LC shells [5], allowing us to confirm that, indeed, the
choice to start making LC shells using 5CB was a very
fortunate serendipitous choice. In the new study, we
focused on shells stabilised by ~85%-hydrolysed poly-
vinyl alcohol (PVA), dissolved into water at
a concentration of 1 mass-%, because this is the stan-
dard choice for making tangential-aligned LC shells, as
required to see topological defects developing in
a nematic phase. While essentially any LC can be stabi-
lised into droplets or shells using appropriately chosen
surfactants, they adsorb radially at the water — LC inter-
face, imposing normal alignment of the director. For
this reason, we could not use surfactants, and PVA was
then the natural choice.

It turned out that the non-n(O)CB-based LCs inves-
tigated in this study yield shells with dramatically
reduced stability (rupture within minutes to hours)
when surrounded by aqueous PVA solutions.
However, the impact of chemical structure on the
experiment even extends beyond the aspect of shell
stability: while the conventional wisdom has long been
that LCs adopt tangential alignment in contact with
water' we found that a nematic LC formed by entirely
non-aromatic mesogens aligns normally to the LC -
water interface (Figure 2(c)), in shells as well as droplets!
This was truly surprising, to us and others, but then the
classic experiments to test how an LC aligns with respect
to water were conducted with — you probably guessed it
—5CB [22].

The story with LC shells teaches us that 5CB and
other members of the n(O)CB family are extremely

useful, facilitating experiments by their physical as well
as chemical properties, but one must be careful about
drawing conclusions about how ‘liquid crystals behave’
from experiments conducted solely on n(O)CBs.
Remove the cyano group and much will change and
remove all aromatic groups and an entirely different
behaviour may arise, although the phase is still
a nematic liquid crystal.

3. Confining nCB into tubes

In 2006, I had the pleasure of listening to a conference
talk by Jesse McCann, PhD candidate of Prof. Younan
Xia at the University of Seattle (at the time), describing
how they made composite cylindrical fibres with
a  short-chain alkane core surrounded by
a polyvinylpyrrolidone (PVP) solid polymeric sheath
using coaxial electrospinning. I was deeply fascinated
by this work, not least due to the beautiful physics that
governs the spinning process (Figure 3(a)), with electro-
static self repulsion leading to a composite jet of alkane
surrounded by PVP solution being ejected from a dual-
liquid droplet and moving towards a grounded collec-
tor, stretching enormously in the process, all while the
Rayleigh - Plateau instability must be prevented from
breaking up the jet at the inner as well as the outer
interface before enough solvent has evaporated from
the sheath solution for it to solidify and thus make the
cylindrical core - sheath structure permanent. But
equally fascinating were the application-related oppor-
tunities arising from this unconventional way of encap-
sulating a functional liquid; in McCann’s work they
utilised the solid - liquid transition of the alkane to
make electrospun fibre mats that function as highly
efficient heat insulators, taking advantage of the latent
heat released or absorbed when the core changes phase.
I immediately wondered if we can use this for making
liquid crystal devices with a very unusual form factor
and thus asked Mr. McCann after his talk if there might
be interest in exploring this together. Fortunately, both
he and Prof. Xia were positive about this, and a few
months later I flew to Seattle to do the first ever experi-
ments with liquid crystal core - polymer sheath coaxial
electrospinning in their labs.

The first critical question arising when preparing for
this experiment was obviously which liquid crystal to
use. As with shells, with electrospinning you need large
amounts of liquids, because again this is a continuous
flow process and it can take quite some time before the
liquid flow rates and voltages are all properly adjusted,
and the spinneret may clog up in the process, requiring
cleaning. In this case I decided to use a commercial
multicomponent mixture, RO-TN-403/015S, exhibiting



a broad temperature range nematic phase, extending
well below and well above room temperature, that had
been developed by Roche for use in twisted nematic
displays. To this day, I have not been able to find its
exact composition, but in a paper by Gerber [25] it is
stated that it contains alkyl and alkoxy cyano biphenyls,
alkyl cyano terphenyls, cyano phenyl pyrimidines and
terpyrimidines, thus it is formulated with n(O)CBs
and closely related mesogens. My group has used this
and similar mixtures in many of our papers, and I was
often asked why we were working with these old mix-
tures that have not been on sale for decades. The reason
is pragmatic: I inherited several decilitres of these mix-
tures from Prof. Gerd Heppke when he retired from
TU-Berlin, and therefore these mixtures were extremely
convenient as first test LCs when doing experiments
where large volumes of a room temperature nematic
phase were required. As will become clear below, I was
quite fortunate not to have chosen 5CB for the first
experiments with coaxial electrospinning, although I of
course did not know this at the time; it was again a case
of pure serendipity to work with the right LC for the
first tests.

The first experiments performed with the Xia group
served as a proof of principle, demonstrating that LC-
filled polymer fibres could be produced by coaxial elec-
trospinning, and we also noticed some interesting
effects due to the tight confinement of the LC inside
the polymer, such as a significantly expanded tempera-
ture range of the nematic order [26]. Over the next few
years electrospinning became a major activity in my
group, led by my first PhD student Eva Enz who
found interesting confinement effects also with choles-
terics [27,28] and smectics [23]. With the latter work, we
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took the step to spin fibres with regular single-nCB LCs
in the core, in this case 8CB. The first to electrospin 5CB
core polymer fibres were Ebru Buyuktanir, John West
and Margaret Frey, who did not use a coaxial spinning
set-up but instead relied on in-situ phase separation for
obtaining the core-sheath structure [29]. Eventually, our
group also spun fibres with 5CB core, finding that the
resulting composite fibres are highly interesting for
sensing of volatile organic compounds (VOCs) such as
toluene [30]. With nematic core, the fibre mat scatters
light strongly but as the 5CB core goes isotropic upon
exposure to toluene - which easily reaches the 5CB
throughout the fibre mat due to the exceptionally large
surface-to-volume ratio of the electrospun fibre form
factor - the scattering is greatly diminished.

The application opportunity in VOC sensing
(which T will discuss in more general terms in the
following section) motivated us to continue spinning
5CB-filled fibres and study their particularly fast
response to VOC exposure seen between crossed
polarisers, at macro- and microscopic scale [31],
and then also to systematically vary the VOC con-
centration [32]. Also, the team of West and Jakli
explored VOC sensing with their 5CB-filled fibres
produced via phase separation [33]. More recently,
we showed that the clearing point of 5CB near room
temperature is very beneficial for the fast and sensi-
tive responses to VOC exposure,
a relatively small concentration of VOC contaminant
in 5CB pushes the clearing temperature below room
temperature, explaining the response [24], see
Figure 3(b). Reference experiments with fibres filled
with the 5CB-based four-component mixture E7,
with clearing temperature around 63°C, confirmed
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Figure 3. (Colour online) (a) schematic illustration of the coaxial electrospinning process for making LC-filled polymer fibers.
Reproduced from [23] on CC BY 2.0 license. (b) polarizing microscopy images of electrospun fibers with PVP sheath and cores of
5CB (top) and E7 (bottom), in the absence of any VOC (left) and upon increasing exposure levels of toluene vapor. As the concentration
of toluene increases, the birefringence of the LC core decreases, causing a color change on the way to inducing a transition to isotropic
phase (dark image). The required exposure levels are much greater for E7 than for 5CB core, reflecting the clearing temperature far
above room temperature of the former, while the latter clears only a few Kelvin over the operation temperature. Reproduced from [24]
on CC BY 4.0 license.
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that a much greater toluene concentration is needed
to see a response when the clearing temperature is
high above the operating temperature.

But the electrospinning of 5CB-filled fibres was also
fraught with problems, causing great frustration for my
team members working on this project, in particular
Catherine Reyes who patiently investigated the issue
deeper. While some days the experiments worked won-
derfully, other days no fibres were produced at all
because already at the spinneret the LC and the polymer
sheath solution did not play well together, see
Figure 4(a). It is well known that atmospheric humidity
has a great impact on electrospinning, but this on its
own could not explain the problems, because we con-
firmed over and over again that the humidity was far
from high enough to cause any problems when pure
PVP fibres were spun. It was not until Catherine dis-
covered that the phase diagram of 5CB and ethanol -
which was the solvent used to dissolve the PVP, thereby
mixing to some extent with 5CB during spinning -
exhibits a huge miscibility gap (Figure 4(b-d)) and
that the plait point of the spinodal is dramatically raised
from about 0°C to more than 50°C if as little as 3 vol.%
of water is added [35], that we understood the cause of
the problem. Importantly, the phase separation is not
just between nematic and isotropic, but for a large com-
position range the phase separation is between two
isotropic phases with very different chemical composi-
tions (Figure 4(b)).

Since the coaxial electrospinning process brings the
5CB in contact with the ethanolic PVP solution already
in the compound drop from which the fibres are ejected,
and since the cooling of the drop due to ethanol eva-
poration promotes water condensation at the drop - air
interface, these conditions are easily fulfilled even under

a

moderately humid atmospheres, yielding dramatic
phase separation within the drop during spinning.
This leads to strong concentration variations in the
PVP solution, which in turn triggers the catastrophic
failure of the spinning procedure we encountered so
frequently [34]. In other words, although the 5CB is
spun as a core liquid and is never directly exposed to
the humid atmosphere, its presence disrupts the electro-
spinning process thanks to its complex phase diagram
when mixed with a slightly aqueous ethanol mixture.
Similar to 5CB, E7 as core can give rise to problems at
elevated humidity, albeit not as severe, while spinning
with the RO-TN-403/015S mixture as the core is much
less sensitive to air humidity. As the humidity during
our first spinning experiments in Seattle could be quite
high, it was thus a very fortunate choice that those
experiments were not done with 5CB.

Interestingly, it turns out that partial miscibility with
a miscibility gap between LC and sheath solution is
actually beneficial for coaxial spinning, as it produces
a well-defined core - sheath interface with minimum
interfacial tension, but the gap should be relatively small
and it should be directly between nematic and isotropic
phases, not between two isotropic phases of different
compositions, as for 5CB and ethanol [36]. We found
another Roche mixture, RO-TN-651 (unfortunately, we
have not been able to find data on its composition, but it
is likely that this also contains a significant fraction of n
(O)CB mesogens), to have exactly this behaviour in
mixtures with ethanol around room temperature and
thus conducted a systematic study with this LC mixture
in contact with various polymer sheath solutions [36].
While PVP is a convenient polymer from a spinning
perspective, its poor mechanical properties and hygro-
scopicity make it nearly useless for most applications,
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Figure 4. (Colour online) (a) electrospinning at 65% relative humidity, using just an ethanolic PVP solution (top) and a coaxial
combination of the same PVP solution as sheath and 5CB as core (bottom). In the latter case, as ethanol mixes with 5CB and water
adsorbs from the air, the mixture undergoes strong and complex phase separation, causing catastrophic spinning failure. Reproduced
from [34] on CC BY NC ND 4.0 license. (b) macroscopic views of isotropic-isotropic phase separation of 5CB in ethanol with 3 vol.%
water added, at 5CB contents 9.6 mole-% (b) and 21 mole-% (b'), respectively. The phase diagrams without (c) and with (d) 3 vol.-%
water are sketched with the same temperature and composition scalings, clearly revealing how a small amount of water raises the
phase separation range to high temperatures. Panels (b-d) are reproduced from [35] on CC BY 3.0 license.



hence other polymers are needed for making compo-
sites for practical use, often requiring solvents other
than ethanol, from water to non-polar organic solvents.
In this later study, we showed that the relatively long
dwelling time with large contact area between core and
sheath liquids within the droplet from which spinning is
initiated means that the behaviour at the interface
between liquid crystal and sheath solution is critical to
the success of coaxial spinning. If the LC and polymer
solvent are too miscible, the coaxial structure is lost and
the LC acts as an internal coagulation bath for the
polymer solution; if they are completely immiscible,
the interfacial tension is too high. To achieve the ideal
situation of a small miscibility gap in which nematic and
isotropic liquids with slightly different compositions
coexist with small interfacial tension between them,
the chemical design of the mesogens used must be care-
fully considered in relation to the polymer — solvent
combination used for the sheath. The peculiar nature
of 5CB (and other n(O)CBs) may be both an asset and
a problem in this context, and most likely it is best used
as a component in a mixture that also includes meso-
gens of different designs.

4. Bio and gas sensing with 5CB

The VOC sensing experiments described above were
very much inspired by the pioneering work in Nick
Abbott’s group in using 5CB for detecting the presence
of a variety of relevant analytes [37], from biomolecules
[38-45] to liquid chemicals [46-48] and VOCs [49-52].
Several other groups have explored sensing with liquid
crystals as well, often inspired by these seminal works
[53-70]. While many of the principles behind LC-based
sensing would probably work with other mesogens gen-
erating the desired phase, especially those that rely on
amphiphilic molecules like lipids inducing an alignment
transition from tangential to normal, one notes that 5CB
or other n(O)CB mesogens, sometimes as components
of mixtures such as E7, are almost omnipresent as the
liquid crystal used in the sensing experiments. One may
thus ask to what extent these works are ‘sensing with
liquid crystals’ and how many are ‘sensing with n
(O)CB’.

One subcategory that is definitely restricted to the n
(O)CB architecture is the elegant gas sensing work in
which the Abbott group used 5CB in contact with care-
fully selected substrates such as aluminium perchlorate.
This is motivated by the fact that the cyano group forms
a complex on such substrates, thus effectively creating
an aligning surface of a monolayer of substrate-
adsorbed 5CB which forces the bulk 5CB to align nor-
mal to the substrate. The beauty of this principle is that
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the targeted gases, in particular organophosphate nerve
agents like sarin or their safer model compounds such as
dimethyl methylphosphonate, form a stronger complex
to the substrate than 5CB, hence exposure to the target
gas releases the surface-adsorbed 5CB monolayer, chan-
ging the alignment at that substrate from normal to
tangential. This leads to a clearly recognisable change
in the polarising microscopy texture which then indi-
cates to the user the presence of the target analyte.

Importantly, since this is a surface- rather than
a bulk-driven change, very low threshold analyte con-
centrations can be expected, rendering these sensors
particularly sensitive. The nematic-to-isotropic transi-
tion driving the macroscopic response in our LC core
tibre mat VOC sensors described above is a bulk transi-
tion, thus exhibiting a greater threshold concentration,
even though the extended surface-to-volume ratio of the
fibre form factor helps. A particularly interesting way
forwards may be to combine the two principles: spin-
ning fibres with a sheath that induces a similar meso-
gen-specific binding to the aluminium perchlorate
substrate. This would maximise the surface-to-volume
ratio and place the responsive substrate on the outside,
thus minimising the analyte diffusion time before the
LC can respond, while taking advantage of the surface-
driven sensing mechanism.

The Abbott team also found that the emulsions of
5CB droplets in water are exceptionally sensitive detec-
tors of bacterial endotoxins, in this case responding to
the Lipid A moiety that is common to all endotoxins
[43]. It turns out that minute concentrations of Lipid
A interacting with the 5CB droplets change the director
field from a dipolar to a radial one, giving rise to
a textural change that reveals the presence of endotoxin.
While the small scale of the droplets requires a good-
quality optical microscope to reveal the change, this is
a very interesting sensing principle that is worth explor-
ing further.

It would be interesting to expand liquid crystal-based
sensing studies by a systematic variation of mesogenic
structure, in particular exploring non-n(O)CB meso-
gens. This could then show where LC-based gas sensing
is a reasonably generic concept, and where it is specific
to the ‘fruit fly’ of LCs. It could well be that several
examples of sensing with liquid crystals take advantage
of the peculiar behaviour of #(O)CBs, without the exact
mechanism being elucidated yet.

5. Dispersing nanoparticles in 5CB, 8CB or nCB
mixtures

In the first years of the new century, the idea of using
liquid crystals for simultaneously dispersing and
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aligning anisotropic nanoparticles, such as carbon
nanotubes (CNTs) or graphene, motivated a new inter-
disciplinary research field for liquid crystal scientists.
Among the pioneers of this development were Ingo
Dierking and Giusy Scalia, who presented the first
proof of principle [71,72] and several follow-up studies
[73-79]. As usual when exploring a new idea involving
liquid crystals, the question of which compounds to
work with must be dealt with right away. In contrast
to the cases of microfluidic shell production and fibre
spinning, the LC is here not subject to flow, but there is
still a need to work with large volumes. In this case, the
main reason is that the relevant nanoparticle concentra-
tions are so exceedingly small that LC volumes on the
order of a mL are required to obtain the desired con-
centration, considering the minimum masses of nano-
particles that can be weighed out with any accuracy.
Therefore, unsurprisingly, 5CB, E7 and other nCBs
were the first mesogens to be explored, as they are
available in large quantities at acceptable cost. In this
case, the low clearing point of 5CB is an issue, since the
dispersion of the nanoparticles typically requires ultra-
sonication, and this heats the sample quite significantly,
such that 5CB may turn isotropic in the process.
Because particles that are well dispersed in an isotropic
liquid may get aggregated as a result of a transition to
nematic, if the particles raise the energy of the nematic
phase due to topological defects and elastic distortions
[80,81], such a phase transition should generally be
avoided. Thus, E7 or other LCs with high clearing points
may be better choices simply from a phase sequence
point of view.

The early experiments were highly encouraging, as
the alignment of CNT's by the LC was confirmed and as
the dispersibility was on par with many other organic
solvents. Even though long-term stability cannot be
ensured, except perhaps for vanishingly small particle
concentrations, quite good dispersions of CNTs in E7
(and even 5CB, if sonication is done using pulse mode
and with the sample immersed in an ice bath to avoid
excessive heating) were found to be stable over hours to
days. Scalia demonstrated using Raman spectroscopy on
5CB-dispersed CNTs that the interactions between the
cyanobiphenyl unit and the aromatic CNT were strong
and that the CNT peaks exhibit the same orientational
order as the 5CB [79,82], hence the serendipitous choice
to work with nCBs again turned out to be a quite good
one (albeit not the best, as I will come back to in
a moment). I was fortunate to collaborate with the
Scalia group on LC-CNT dispersions for some time,
my contributions being to focus on lyotropic LC hosts
as well as on the relevance of the chemical mesogen
design for the dispersability.

In the latter vein, we conducted a systematic study
where we dispersed the same concentration of the
same type of single-wall CNTs, under the same con-
ditions, with no less than nine LC hosts, two of which
were mixtures (E7 and RO-TN-403/015S, respectively)
[83]. This led us to conclude that E7 is among the very
best hosts for CNT dispersion, significantly better than
5CB, and we argued that this is a result of the favour-
able enthalpic interactions between LC and host
(which E7 shares with 5CB) as well as favourable
entropic interactions, where the mixture distinguishes
itself from any single-component LC. The latter is an
effect of the former, as the favourable enthalpic inter-
actions lead to strong adsorption of mesogens onto
the CNT surface, in an ordered fashion that may
approach a 2D crystal arrangement for a single-
component LC, yielding a significant entropy reduc-
tion given the large interfacial area in the case of well-
dispersed CNTs. The reason that a multi-component
mixture like E7 is a better choice from this perspective
is that the different components all adsorb onto the
CNT, preventing the 2D crystal formation and thus
reducing the entropy loss.

Interestingly, one single-component LC faired particu-
larly well in this study, and this was the classic (even older
than 5CB) mesogen MBBA (N-(4-methoxybenzylidene)-
4-butylaniline), which is not a cyanobiphenyl. Instead, it
has a polar C=N bond at the centre, between the two
phenyl rings, which we speculated may have been
a reason for the excellent performance of MBBA as host
for CNT dispersion. Perhaps, the steric hindrance of the
hydrogens extending from the two phenyl rings in biphe-
nyls, yielding a staggered rather than co-planar configura-
tion of the n(O)CB core, is another reason for the better
performance of MBBA, where the two phenyl rings are
sufficiently separated to allow co-planar configurations,
which should thus interact even stronger with the CNT
surface.

An interesting side effect relating to n(O)CB meso-
gens that was triggered by our work in this field was the
discovery that they can dramatically impact the phase
diagram of other classes of mesogens, in this case
a smectogen developing ferroelectric SmC* and antifer-
roelectric SmC’ phases [84]. We wanted to study the
impact of CNT doping on these phases, but the minute
quantities of smectogen available made it impossible to
disperse the CNTs in this. To circumvent this problem,
we therefore dispersed the CNTs in RO-TN-403/015S
and then mixed this with the smectogen, which still
developed the SmC* and SmC; phases even with 20%
(by mass) of the strictly nematic RO-TN-403/015S mix-
ture added. To our great surprise, we found that the
mixture also develops the complex ‘subphases’ SmCg



and SmC’;, intermediate between SmC* and SmC’, [85],

over broad temperature ranges. While we have encoun-
tered mixing-induced generation of these delicate sub-
phases before by strategic combinations of smectogens
that generate only SmC* and SmC}, phases, respectively
[86], the idea that an n(O)CB-based nematic mixture
would have the same impact is highly counterintuitive.
The impact of #n(O)CBs on differently designed meso-
gens generating entirely different phase sequences may
be a very interesting area to explore further in the future.
To the best of my knowledge, this has not been much
investigated, but 5CB is now frequently being mixed
with non-n(O)CB mesogens that also form a nematic
phase, specifically reactive mesogens. I will end this
perspective by discussing the modern use of n(O)CBs
as a ‘solvent’ (which is quite different from the much
earlier use of using liquid crystals as aligning solvents
for NMR spectroscopy [87]).

6. Using 5CB and other n(O)CBs as solvent

The last decade has seen a surge in interest in liquid
crystal networks (LCNs), soft rubbery elastomers
(LCEs) as well as thin glassy films, most of them
nematic although also cholesteric, and less frequently
smectic, LCNs are also investigated. This development
was largely driven by the 2015 LCE ‘click’ chemistry
revolution introducing thiol-acrylate [88] and amine-
acrylate [89] reactions to form the networks from
commercially available monomeric reactive mesogens
(‘RMs’), most often the diacrylates RM82 and RM257.
While these mesogens are available in kg quantities at
moderate prices, they do not have the convenient
temperature range of 5CB, melting at 86°C (RM82)
and 64°C (RM257), respectively. One must thus dilute
or heat these mesogens for preparing the precursors.
A not uncommon approach to circumvent this pro-
blem is to mix the reactive mesogens (and their reac-
tion partners) with 5CB or another convenient n(O)
CB or a mixture based on such mesogens. While they
are not reactive and thus do not become a part of the
final polymer, they serve as convenient ‘anisotropic
solvents’ that reduce the melting point without
removing liquid crystallinity. This yields precursor
mixtures that are nematic (or cholesteric in the pre-
sence of chiral dopants), with convenient viscosity, at
room temperature, and thus suitable for easy
processing.

The team of Nathalie Katsonis demonstrated several
examples of LCNs that exhibit spectacular light-induced
shape morphing, made from mixtures of azobenzene
diacrylates dissolved in E7 [90,91]. These mixtures can
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be conveniently filled into standard liquid crystal cells
with rubbed polymer alignment layers, in their case
imposing a twisted configuration that was then made
permanent by polymerisation of the reactive compo-
nents. By then opening the cell and cutting strips from
the polymer-E7 film along different directions, LCNs
that bend or curl in different ways in response to UV
light exposure were obtained.

Shu Yang used 5CB together with a chiral dopant as
cholesteric solvent for a reactive oligomer formed by
RMs and an amine, again with the beneficial conse-
quence that the mixture could easily be filled into
a cell for ensuring good alignment of the mixture [92].
After polymerising and crosslinking the oligomer into
a network and opening the cell, the unreacted 5CB and
chiral dopant were removed by washing in ethanol. The
resulting cholesteric liquid crystal elastomer (CLCE)
films, which exhibited intense structural colouration,
were then sandwiched on a mechanically robust trans-
parent polydimethylsiloxane (PDMS) film which was
then used to seal an airtight chamber in which air
could be pumped at controlled pressure. This allowed
them to strain the CLCE pneumatically to vary the
reflection colour dynamically at will.

Devesh Mistry and co-workers in Helen Gleeson’s
group used 60CB as solvent to make nematic LCEs
based on monoacrylate-terminated cyanobiphenyls
[93,94]. In their case too, the non-reactive nOCB solvent
was removed after polymerisation. The spectacular
aspect of the LCEs produced in this way is that they
exhibit auxetic behaviour, i.e. they show a region with
negative Poisson’s ratio, where stretching leads to
expansion rather than contraction along the perpendi-
cular direction, as for conventional rubbers. Moreover,
at the border between conventional and auxetic beha-
viour the system goes through a state of negative order
parameter, which is another very exotic behaviour of
these LCEs.

A slightly different way of using nCB as solvent in
polymerised LCNs was presented by the Eindhoven
groups around Dirk Broer, Albert Schenning and
Danging Liu [95,96]. The non-reactive character here
had a very special role, namely that of a swelling agent
which the LCN expels upon actuation, yielding
a polymer that can ‘secrete’ nCB. This is an interesting
proof of concept for on-demand liquid release driven by
the phase transition of the LCN.

To come full circle, let me end with some spectacular
images taken by my former PhD student JungHyun Noh,
demonstrating how polymerisation of a reactive mesogen
dissolved in 5CB or 8CB can capture the structure formed
by this extraordinary ‘solvent’ when moulded into a shell
subject to varying boundary conditions. In this case, the
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polymer network polymer-stabilises the shell, being tem-  pressure gradient driving water into the shell due to the
plated by the particular way in which the liquid crystal ~ PVA dissolved in the internal aqueous phase. Because of
order has adapted to the shell confinement. In  the polymer network, the shell is no longer free to expand
a tangentially aligned nematic 5CB shell the polymer net-  aswhen itis a fully monomeric liquid crystal, and when the
work follows the director field with high fidelity as it curves  internal pressure is sufficiently strong the shell ruptures
around the shell, also reproducing the topological defects  near the defect-rich thin part, and the pressurised internal
near the thinnest point. After polymerisation, JungHyun  phase is expelled as seen in Figure 5a. Because of the
first placed the shell in pure water, causing an osmotic  particular way the director field is deformed around the

-Q\\T/

SEI 10kV WD12mmSS50 x700 SEI 20kV WD9mm SS50 x450 50pm
Jun 12, 2017 Jun 08, 2017

SEI 10kV WD12mmSS50 x SEI 20kV WD13mmSS50
Dec 18, 2016 Jun 12, 2017 Jun 08, 2017

Figure 5. (Colour online) Shells of 5CB (a-b) and 8CB (c-i) that were polymer-stabilized by photopolymerizing the reactive mesogen
RM257 dissolved in the LC. Panels (a—a’) show still frames from a video (time indications at bottom right) in which a polymer-
stabilized 5CB shell ruptures as a result of the inward-directed osmotic water flow taking place when the shell is immersed in pure
water, due to the osmotic pressure caused by the internal phase containing 1 wt.% PVA. The hole forms in the defect-rich thinnest
region. Scale bar: 100 um. The shell is washed in isopropanol to remove the 5CB and then dried, after which it is imaged from the side
in optical microscopy (a”) and SEM (b). Scale bars: 500 um. (c) polymer-stabilizing a fully tangential-aligned nematic 8CB shell
followed by rinsing, freeze-drying and 8CB removal (see main text) yields a network that clearly templates the director field of the
nematic shell. The inset shows a polarizing microscopy image of a shell of the same type prior to polymerization, aligned in the same
way as the shell in the SEM image. (d) a fully tangential-aligned 8CB shell in the SmA phase with 10 wt.% RM257 that has been
photopolymerized into a network templated by the characteristic frustrated smectic order due to the confinement in the shell, imaged
by polarizing microscopy. (e—f) shells produced in the same way and rinsed, freeze-dried and with the 8CB removed in the same
procedure as before, and then imaged by SEM. (g) if one interface is normal-aligned, as ensured by stabilizing with an ionic surfactant
on that side, the smectic 8CB shells develop a hybrid alignment in which a regular array of focal conic defects form. Here such shells
are imaged from the side by optical microscopy (no analyzer). (h-i) the corresponding SEM images after the same rinsing, freeze-
drying and 8CB removal process as before. All images were taken by JungHyun Noh when she was a member of our group.



defects, the hole acquires a ‘figure of 8™-like shape, seen
from the top in a" and from the side in a" and in b, the
latter imaged by Scanning Electron Microscopy (SEM).
JungHyun also prepared 8CB shells with different
stabilisers and then polymer-stabilised them in the
nematic and the smectic state, respectively, see
Figure 5(b-i). In this case, she did not want to break
the shells, but she wished to image the polymer network
by SEM with the shell intact. To this end, she washed the
shell after photopolymerisation of the dissolved RM257
very briefly, just to remove excess PVA on the outside,
and then quench-freezed the shells by dropping them
into liquid nitrogen. This allowed her to freeze-dry the
shells to remove all water without breaking them, after
which she rinsed the shells in isopropanol to remove the
unpolymerised 8CB prior to SEM imaging. While the
shells did not break in the process, they typically col-
lapsed, hence they obtained a ‘bowl-like’ shape in the
final images. Panel (c) shows the curving polymer net-
work templated by a shell that had been heated to the
nematic state prior to photopolymerisation of the
RM257, with all defects collecting near the thinnest
part. It is easy to recognise the characteristic director
field around the defects, as sketched in Figure 2(b)’
(note that the shell in Figure 5(c) is rotated by 90°

compared to Figure 2(b), as illustrated by the inset
polarising microscopy image in Figure 5(c)).

If the photopolymerisation is instead done in the
smectic phase of a fully tangential-aligned 8CB shell,
the polymer network adopts a ‘braided basket’-like
chevron-striped texture, templated by the lunes that
8CB forms in the SmA phase in response to the
frustration caused when the smectic layers must
form in a tangential-aligned shell with radially chan-
ging surface area [16,17]. The polarising microscopy
image of a shell with 10% RM257 after photopolymer-
isation is shown in Figure 5(d) and SEM images of
two shells polymerised in this way, followed by the
brief water rinsing, freeze-drying and 8CB dissolution
by isopropanol, are shown in panels (e - f). If instead
one interface is normal-aligned while the other is
tangentially aligned, as achieved by using a surfactant
as stabiliser on one side and PVA on the other, then
the liquid crystal in the shell develops a regular array
of focal conic defects in the SmA phase [18,97], see the
optical microscopy image in Figure 5(g). After the
shells are rinsed and freeze-dried and the 8CB is
removed by isopropanol washing, SEM imaging
reveals that the polymer network has now been tem-
plated by the focal conic defects into arrays of softly
curved cones, see panels (h — i). These experiments
show that 8CB (and other n(O)CBs) can be used to
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template highly complex structures when moulded
into shell shape and then combined with reactive
mesogens, an opportunity that we so far have only
started to explore [98].

7. Concluding remarks

While this has largely been a summary of my personal
story of 5CB and its homologues, I hope that the exam-
ples provided illustrate what a spectacular family of
mesogens that they constitute, thereby providing
a worthy contribution to this anniversary issue. I have
tried to emphasise how 5CB, 8CB and the other ‘stan-
dards’ take on many roles, from being the standard
choice when an LC is needed thanks to its convenient
properties, ready availability and reasonable price, to
providing very specific interactions with water or metal
salt surfaces that enable results that are simply not
achievable with other mesogens. Despite being middle-
aged by now, there seems to be no sign that 5CB is about
to retire. At least among academic researchers it is very
much en vogue, and surely it will remain so for long. An
interesting aspect that I did not go into in this article is
that 5CB is currently rarely used in actual commercial
devices. The future will tell which of the many new ideas
for liquid crystal applications that have been presented
over recent years will make it to the market, and whether
5CB will then become a device material again or not.

Note

1. When applied to LC shells, PVA is truly just a stabiliser,
not an alignment agent, as seen by its ability to allow
tangential as well as normal alignment of an #CB-based
LC stabilised by it [4,99].
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