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ABSTRACT: The liquid crystal nonsymmetric dimer, 1-(4-butoxyazo-
benzene-4′-yloxy)-6-(4-cyanobiphenyl-4′-yl) hexane (CB6OABOBu),
shows enantiotropic twist−bend nematic, NTB, and nematic, N, phases.
The NTB phase has been confirmed using polarized light microscopy,
freeze fracture transmission electron microscopy, and X-ray diffraction.
The helicoidal pitch in the NTB phase is 18 nm. The NTB−N (TNTBN)
and N−I (TNI) transition temperatures are reduced upon UV light
irradiation, with the reduction in TNTBN being much larger than that in
TNI. An isothermal, reversible NTB−N transition may be driven
photochemically. These observations are attributed to a trans−cis
photoisomerization of the azobenzene fragment on UV irradiation,
with the cis isomers stabilizing the standard nematic phase and the trans
isomers stabilizing the NTB phase. The dramatic changes in TNTBN
provide evidence that the transition between the normal nematic and twist−bend nematic with spontaneous breaking of
chiral symmetry is crucially dependent on the shape of molecular dimers, which changes greatly during the trans−cis
isomerization.

■ INTRODUCTION

Meyer1 and Dozov2 predicted the existence of spatially deformed
nematic phases by suggesting that certain mesogenic molecules
might have a tendency to pack into bent structures. Pure uniform
bend in space is impossible; thus, the spontaneous bend must be
accompanied by other deformations of the local director, either
twist or splay, giving rise to the so-called twist−bend nematic,
NTB, or splay−bend nematic phases, respectively. In the NTB

phase, the director forms a conical left- or right-handed helix
(Figure 1). The handedness is established spontaneously because
the molecules are not chiral.

The heliconical NTB phase was identified for 1,7-bis-4-(4′-
cyanobiphenyl) heptane, CB7CB.3−5 The CB7CB molecule is a
dimer formed by twomesogenic cyanobiphenyl rigid units linked
by a flexible spacer.6,7 The two mesogenic units are oblique with
respect to each other when the odd-membered alkyl spacer is in

the all-trans conformation. This bent molecular shape is thought
to be a prerequisite for the formation of the NTB phase. Although
molecules will have other non-trans conformations, the ensemble
average of the molecular shape will be bent. This in turn can lead
to packing with spontaneous bend, especially at high densities,
thus triggering a transition from a standard nematic with a
globally uniform director orientation to NTB with local twists and
bends. In the standard nematic, the tendency of molecules to
bend is reflected in low values of the bend elastic constant.4,8,9

The existence of a low-temperature nematic phase different
from the conventional uniaxial phase had previously been
reported in a number of earlier experimental works.10−12

However, it was only very recently that the nanoscale imaging
by transmission electron microscopy allowed one to conclude
that the low-temperature nematic exhibits periodic modulation
of the director on the scale of nanometers4,5 and that these
modulations are of the twist−bend type.4

Received: December 21, 2015
Published: March 25, 2016

Article

pubs.acs.org/JACS

© 2016 American Chemical Society 5283 DOI: 10.1021/jacs.5b13331
J. Am. Chem. Soc. 2016, 138, 5283−5289

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b13331


Currently, very few liquid crystal dimers have been reported to
show the NTB phase.3−5,8,13−18 Other examples of twist−bend
nematogens include two liquid crystal trimers19,20 and a rigid
bent-core liquid crystal.21 Given such a small data set of
molecular structures, our understanding of the empirical
relationships between molecular structure and the formation of
this fascinating new phase is in a very early stage of development.
What appears to be clear, however, is that a bent molecular shape
is essential22 and that macroscopically this yields not only the
thermodynamically stable NTB phase but also a standard nematic
with an anomalously small bend elastic constant.4,23,24 The latter
feature leads to interesting electro-optical effects in a nematic
doped with chiral dopants, such as electrically controlled
selective reflection of light.25

In designing new twist−bend nematogens, there exists the
intriguing possibility of manipulating molecular shape using
external stimuli in order to control the NTB and N phases and
their elastic properties. A possible way of achieving this is to
utilize the photochemically driven trans−cis isomerization seen
for azobenzene-based compounds.26 The well-known effect of
trans-to-cis isomerization in these compounds results in lowering
of the nematic−isotropic transition temperature; the phenom-
enon is easy to explain by the extended shape of trans isomers
and bent shape of cis isomers. However, other compounds
exhibit an opposite behavior, with cis isomers stabilizing the
nematic phase.27 These prior results, however, do not provide
any definite clues as to what effect trans−cis isomerization might
have on a phase transition between the standard nematic phase
and its twist−bend counterpart, a transition that is accompanied
by the spontaneous chiral symmetry breaking and is thus
potentially more sensitive to the fine details of molecular
structures than the nematic-to-isotropic transition.

To explore the effects of photoisomerization on the N−NTB
phase transition, we have synthesized and characterized a dimer
containing an azobenzene moiety, namely, 1-(4-butoxyazoben-
zene-4′-yloxy)-6-(4-cyanobiphenyl-4′yl) hexane, referred to by
the acronym CB6OABOBu. Our study demonstrates a profound
effect of photoisomerization, with cis isomers favoring the N
phase and trans isomers favoring the NTB phase.

■ RESULTS AND DISCUSSION
The phases, transition temperatures, and transition enthalpies of
CB6OABOBu are listed in Table 1, and Figure 2 shows the

associated DSC traces. The enthalpy change associated with the
N−NTB transition is very small (Figure 2). The N phase was
identified on the basis of the polarizing microscopic observation
of characteristic director fluctuations and Schlieren texture
containing both two- and four-brush singularities (Figure 3a).
On cooling, the Schlieren texture changed to give rise to regions
of fanlike textures with nonperiodic stepped edges in coexistence
with a striated texture (Figure 3b) characteristic of the NTB
phase.15 In all cases, the formation of the NTB phase is
accompanied by the cessation of optical flickering associated
with director fluctuations of the conventional nematic phase.
To study the optical textures of CB6OABOBu in the absence

of the effects of UV light, a red color filter was used. Figure 4
shows the optical textures for a planar-aligned sample in a rubbed
PI2555 cell (d = 12 μm) with a red color filter (>600 nm light
allowed through). Uniform alignment of the sample in the N
phase is seen in Figure 4c. On entering the NTB phase, a striped
texture develops parallel to the rubbing direction, characteristic
of the NTB phase (Figure 4d). The formation of the NTB phase is
visible as a propagating front that separates the conventional N
phase with optical flickering of the textures, associated with
director fluctuations, and flickering- and fluctuation-free NTB
texture with “frozen” defects such as focal conic domains and
stripes described for other NTB materials.

3,4 We will return to a
discussion of the effect of light on the phase behavior of
CB6OABOBu later.
The layered structure of the NTB phase is clearly evidenced in

freeze fracture transmission electron microscopy (FFTEM)
images of Pt/C replicas of the fractured sample, Figure 5. The
periodic pattern (Figure 5a) observed in the TEM textures
corresponds to the variable director tilt with respect to the plane
of view. The textures in Figure 5a correspond to the field of view
that is parallel to the heliconical axis of the NTB phase.

4 Variable
tilt of the director results in local ridges and valleys of the
fracture; their presence is visualized by the Pt/C deposits that

Figure 1. Schematic representations of (a) the nematic, N, and (b) the
twist−bend nematic, NTB, phases composed of bent molecules.

Table 1. Phase Behavior of CB6OABOBua

TCr
(°C)

TNTBN
(°C)

TNI
(°C)

ΔHCr
(kJ mol−1)

ΔHNTBN
(kJ mol−1)

ΔHNI
(kJ mol−1)

104.8 105.5 152.7 49.40 0.06 1.43
aData extracted from DSC measurements on heating at 10 °C/min.

Figure 2.DSC scans of CB6OABOBu obtained during (a) first cooling,
(b) subsequent reheating, (c) second cooling to 100 °C without
crystallization, (d) reheating immediately after c. The insets magnify the
weak NTB−N peak seen (i) during the cooling trace shown in c and (ii)
on reheating shown in d. All heating and cooling rates: 10 °C min−1.
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form a thicker film on one side of the ridges; the periodicity of the
dark and bright regions of the replica corresponds to the pitch of
the heliconical structure. The pitch determined from the TEM
textures of the replicas is around 18 nm, i.e., about twice the pitch
measured for the NTB phase shown by CB7CB.

4,5 It is important
to note that if the CB6OABOBu samples are prepared under
ambient light conditions (without filters), the corresponding
fractures show no periodic features (Figure 5b); the latter
strongly suggests that ambient light causes a transformation of
the NTB phase into the conventional uniaxial N phase.
Two representative X-ray diffraction patterns obtained for the

N andNTB phases are shown in Figure 6, and in both, two pairs of
diffuse peaks in orthogonal directions are observed confirming
the presence of the orientational order. It should be noted that in
general an aligned high-temperature LC phase loses the
alignment across a first-order phase transition as the director
distribution is uncontrollable and weak external fields may not
influence the lower phase alignment. To ensure that all
measurements reported here were made on sample volumes
that remained aligned across the transition, we employed a very
narrow X-ray beam and monitored the sample mosaicity across
the transition. All data presented here are from measurement
cycles during which the sample alignment remained unchanged.
The length scales (or d spacings) corresponding to the small-

and large-angle peaks are 15.9 ± 0.1 and 4.55 ± 0.05 Å,
respectively. Below 110 °C, the large-angle reflections become

wider (Figure 6b), but the small-angle reflections remain more or
less unaffected. There were no condensed smectic-like peaks

Figure 3. Optical textures of (a) the nematic phase (151 °C), (b) the
twist−bend nematic phase (89 °C), and (c) the twist−bend nematic
phase (103 °C) observed without the red color filter for CB6OABOBu.

Figure 4.Optical textures of (a) the isotropic phase (159.9 °C), (b) the
isotropic−nematic phase transition (159.1 °C), (c) the nematic phase
(119.8 °C), (d) twist−bend nematic phase (103.8 °C), (e) deep within
the twist−bend nematic phase (90.0 °C), and (f) the crystal phase (79.9
°C) observed for CB6OABOBu in a 12 μm PI2555 cell with a red color
filter (>600 nm light allowed through).

Figure 5. Representative FFTEM images of the samples fractured (a)
without and (b) with ambient light. The insets correspond to fast
Fourier transform patterns. The sharp bright spots (marked by arrows)
indicate a well-defined 1D modulation with a periodicity of
approximately 18 nm.

Figure 6. Diffraction patterns in the (a) N and (b) NTB phase of a
magnetic field (shown by the red arrow marked B) aligned sample of
CB6OABOBu.
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observed up to 100 Å. The estimated molecular length of
CB6OABOBu with the spacer in the all-trans conformation is
about 32 Å, indicating that at a local level the structure in the N
and NTB phases is intercalated; this appears to be a general
observation in dimers exhibiting NTB behavior. Because the most
profound effect of UV exposure occurs in the NTB phase, the
sample was exposed to different brilliance of UV radiation as
discussed in section 1.5 of the Supporting Information. The red
symbols shown in Figure 7 correspond to order parameters at
two different NTB temperatures when irradiated with 2.5 mW/
cm−2 of UV.

Azimuthal scans (often referred to as χ scans) generated from
the large-angle peaks were analyzed using the numerical
inversion method of Davidson et al.,28 which has been applied
to calamitic, phasmidic, and polymeric mesogens, to calculate the
nematic order parameters <P2(cos θ)> and <P4(cos θ)> as
functions of temperature, shown in Figure 7. The order
parameter <P6(cos θ)> remained essentially zero in both phases.
Both order parameters increase monotonically with decreasing
temperature in the N phase as one would expect. However, the
values of both <P2(cos θ)> and <P4(cos θ)> show a marked
decrease between 105 and 110 °C, i.e., at the transition to the
NTB phase. The decrease continues in the NTB phase. The
temperature dependence of these two parameters is similar to
that reported for the CB7CB+CB6CBmixtures, and <P2(cos θ)>
is semiquantitatively in agreement with previous NMR measure-
ments29 on CB7CB. The behavior is also consistent with the
experimentally measured decrease in birefringence of the
nematic phase near the N−NTB phase transition.4,30 These
order parameters are found to decrease slightly upon exposure to
UV light (red symbols in Figure 7), suggesting a slight
disordering of the phase. However, it appears that the changes
that occur upon UV irradiation are more on a macroscopic scale
as no significant changes in the molecular organization and order
parameters are discernible at this phase transition.
We now return to consider the effects of UV light on the phase

behavior of CB6OABOBu. The reversible nature of this
isothermal, photochemically driven NTB−N phase transition is
evident in Figure 8. Thus, Figure 8a shows the optical texture
when viewed through the polarized light microscope with a red
color filter on cooling the sample into the NTB phase. The sample

was irradiated using a UV light source of intensity 1 mW cm−2.
After about 30 s of light exposure, the sample had undergone a
transition into the nematic phase (Figure 8b). The light was
switched off, and in about 15 s, the NTB phase reappeared (Figure
8c).
The NTB textures in Figures 8a,c exhibit focal conic domains

similar to those observed in smectics and short-pitch cholesterics.
Although the two textures are different in details, they have a
common feature: the long axes of the elliptic bases of the focal
conic domains are parallel to the direction of rubbing. This
alignment is dictated by geometry of the domains; the normals to
the NTB pseudolayers lie in the plane of the elliptical base and run
along the radial lines emanating from one of the two foci of the
ellipse.31 As a result, the in-plane surface anchoring energy is
minimized when the long axis of the ellipse is parallel to the
rubbing direction, as observed in Figures 8a,c. Focal conic
domain textures in other NTBmaterials show similar alignment.32

Because the UV irradiation does not change the direction of
rubbing, the focal conic textures before and after irradiation show
similarly arranged focal conic domains.
The change in the phase behavior of azobenzene-based liquid

crystals induced by UV light is attributed to the photo-
isomerization of the azo-linkage and the concurrent change in
molecular shape (Figure 9). To verify that CB6OABOBu
undergoes photochemical isomerization, we measured the
UV−vis spectra of the material at 90 °C, i.e., in the NTB phase,

Figure 7. Temperature dependence of orientational order parameters
<P2(cos θ)> and <P4(cos θ)> in nematic phases of CB6OABOBu
sample.

Figure 8. Optical textures of CB6OABOBu confined in a 12 μm cell
obtained for (a) the NTB phase on cooling from the isotropic phase, (b)
the N phase after about 30 s exposure to UV of intensity 1 mW cm−2,
and (c) the NTB phase formed in 15 s after removing the UV source. The
textures are of the same area of the sample at 90 °C. R indicates the
rubbing direction.
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before and after exposure to UV light of wavelength 365 nm
(Figure 10). Prior to irradiation, the UV−vis spectrum contains a

strong peak at around 365 nm associated with the π−π*
transition of the trans form and a much smaller peak at around
450 nm associated with the weak, symmetry forbidden π−π*
transition of the cis form. Irradiation causes the amplitude of the
365 nm peak to decrease and that of the 450 nm peak to increase,
indicating trans−cis photoisomerization of the azobenzene units
(Figure 10a). The peaks evolve with the exposure time and
saturate after about 30 s. When the UV irradiation is switched off,
a slow thermal cis−trans relaxation is observed, manifested by an

increase in the intensity of the 365 nm band and a simultaneous
decrease of the 450 nm peak (Figure 10b).
Figure 11a shows the time taken for a given intensity of UV

light to drive the NTB−N and N−I phase transitions at 90 °C; for

example, for a UV light intensity of 50.1 mW cm−2, it takes
around 9 s to convert the NTB phase into the N phase and a
further 8 s to obtain the I phase. A considerably lower UV dosage
is required to drive the NTB−N than the N−I transition. Figure
11b shows the dependence of the time taken after applying a
given dosage of UV radiation to drive the formation of the N
phase to the reappearance of the NTB phase. The time taken for
the reappearance of the NTB phase increases with the UV dosage
applied and appears to reach a limiting value, presumably the
photostationary concentration. We note that throughout these
cycling experiments no appreciable changes in the transition
temperatures were observed after leaving the samples overnight
to relax, strongly suggesting that no chemical degradation had
occurred during these experiments.
It is clear that the isothermal phase transitions observed for

CB6OABOBu when illuminated by UV light are driven by
changes in the concentration of the cis isomer (Figure 10). In
particular, cis isomers destabilize the NTB phase toward a
formation of the standard N phase and then destabilize the N
phase by causing a transition to the isotropic phase. Although the
second transition is not surprising and has been observed for
other azobenzene-based nematics, destabilization of NTB is rather
surprising. To explain it qualitatively, we must consider the
shapes of the trans and cis isomers, Figure 9. In the trans form,
the molecular bend is governed by the geometry of the spacer
giving a spatially uniform bend. By comparison, in the cis isomer
the bent fragments occur at two different locations (the
azobenzene moiety and the spacer), causing a reverse in the
bend polarity as one moves from one end of the molecule to the
other end. Such a spatially varying bend is hardly compatible with
local packing requirements of the NTB phase.

Figure 9. Space-filling molecular models for CB6OABOBu with the
azobenzene moiety in the (a) trans and (b) cis conformations.

Figure 10.UV−vis spectrum of CB6OABOBu in a 1.7 μm quartz cell at
90 °C (a) during irradiation by UV light of wavelength 365 nm and
intensity 30 mW cm−2 and (b) after turning the UV light off.

Figure 11. Dependence of (a) the time taken to drive the NTB−N and
N−I phase transitions on the intensity of the UV light and (b) the time
required for the back relaxation to form the NTB phase as a function of
applied UV dosage using a UV source of intensity 12.8 mW cm−2. All
measurements were recorded at 90 °Cwith the sample in a 12 μmplanar
aligned cell.
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■ CONCLUSIONS
We have shown that CB6OABOBu exhibits the fascinating
twist−bend nematic phase, NTB, and that this may be attributed
largely to the bent shape of the trans isomer of the molecule. The
material shows an isothermal NTB−N transition when
illuminated by UV light that is driven by the photoisomerization
of the azo linkage generating the cis isomer. This transition is
reversible on removing the light source driven by the thermal
relaxation giving the trans isomer. At higher concentrations of cis
isomers, one observes a classic effect of the nematic−isotropic
phase transition, described for other azobenzene-based liquid
crystals. In principle, onemight expect the cis isomers to enhance
the tendency to form the NTB phase because these are generally
more strongly bent than the trans isomers. However, our findings
indicate clearly that in the studied material with molecules that
combine a flexible aliphatic bridge and the azobenzene moieties
the cis isomer suppresses the NTB phase in favor of the N phase.
We attribute this to the particular shape of the cis isomer of
CB6OABOBu, in which the polarity of bend is different in the
aliphatic and azobenzene parts of the molecule. This prompts the
fascinating question, however, as to whether the photocontrolled
shape of CB6OABOBu can be used to control the bend elastic
constant in the nematic phase and selective reflection of light in
its chiral version; such studies are underway.
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