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A B S T R A C T

The effect of aromatic core bromination as well as different linking groups on the phase behaviour of light-
responsive rod-like liquid crystalline materials is reported. For this purpose, two new series of laterally bromi-
nated rod-like molecules are designed and synthesized. The two series have three benzene rings connected using
different linking groups either azo or ester units with different directions. Both series have pentyloxy chain at one
end and an octyl chain at the other end in the first group or an octyloxy chain in the second group of materials.
Additional lateral bromine substituent was inserted at ortho position with respect to the pentyloxy chain. The
molecular self-assembly of the new materials was investigated using polarized optical microscope (POM), dif-
ferential scanning calorimetry (DSC) and X-Ray diffraction (XRD). Depending on the type of the terminal chain
(octyl or octyloxy) at one end and nature of the linking groups nematic phases as well as smectic C phases are
observed, with variable temperature ranges. Interestingly, the nematic phases were found to exhibit cybotactic
clusters with tilted SmC or orthogonal SmA structure (NCybC or NCybA) with wide temperature ranges. Finally, the
isothermal photo switching because of cis–trans photoisomerization was investigated in solution as well as be-
tween different liquid crystal phases. This report could be of interest for optical information storage device
applications.

1. Introduction

Due to their unique properties of combining order and mobility on a
nanoscale level, liquid crystalline (LC) materials provide multiple
functionalities [1]. They can respond to external fields such as light and
electricity as well as to interaction with surfaces. Therefore, they are
promising in many applications such as in liquid crystal displays (LCDs),
semiconductors, photovoltaics, 5G antennae, smart windows, etc. [2–6].
Thermotropic LCs are classified according to their molecular shape into
three main classes: calamitic (rod-like), discotic (disc-like), and bent-
core (banana-shaped) LCs [7–11].

The LC behaviour could be tailored to specific applications by correct
molecular design. There are several ways to control the type of LCs such
as changing the length and type of the terminal flexible chains as well as
the length of the aromatic backbone [12–15]. Another way to tailor LC
properties is by changing the polar character of the organic molecule,
which could be achieved by internal changes in the molecular structure.
Therefore, different linking groups between the aromatic rings such as
azo, ester or Schiff base have been used to design wide varieties of LCs

[16–22]. The type of the linkage plays an important role in intermo-
lecular interactions between the rigid cores in the condensed phase,
which in turn affects the molecular organization in the LC phase. It could
affect transition temperatures and the LC phase range. Also, inversion of
the direction of the connecting group (e.g. -COO- and -OOC-) can lead to
very different phase behaviour or even to the loss of the LC phase
[23–26]. Because azobenzene-based LCs can undergo trans–cis photo-
isomerization, they are attractive candidates for technological applica-
tions including optical storage devices and nonlinear optics [27–30].
Therefore, different classes of azobenzene-based LCs with interesting
properties were reported including rod-like, [31–33] discotic, [34,35]
and banana-shaped LCs [10,36–39].

Modifying the overall polarity of a LC system is also possible by
adding a lateral polar substituent to the rigid core at different positions
or by attaching a polar group to the end of the flexible alkyl chain or at
one end of the rigid core. These different strategies lead to changes in the
LC behaviour as well as depression of melting points in case of lateral
substitution. The lateral substituent decreases the length-to-breadth
ratio in rod-like molecules and therefore changes the transition
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temperatures. The most commonly used lateral substituent is fluorine
atom because of its unique combination of low polarizability and high
polarity [40,41]. It has also played an important role in designing new
LC materials exhibiting the interesting ferroelectric nematic phase
[42–44]. On the other hand, less studies have been reported using
bromine as a lateral substituent [45–50]. Bromine has more crystal
volume of Immirzi (cv ~ 33 nm3) [51] compared to fluorine (cv ~ 13
nm3) [51], meaning that bromine results in more steric interaction and
could lead to different phase behaviour.

The goal of this paper is to study the influence of aromatic core
bromination on the liquid crystalline behaviour of rod-like compounds
with different connecting groups. For this reason, we synthesised two
series of new calamitic molecules with the same number of aromatic
benzene rings and different connecting groups (Ia–e and IIa–b, Fig. 1).
Therefore, a pentyloxy terminal chain was kept fixed at one end in both
series, while the terminal chain attached to the other end was varied
between an octyloxy chain (compounds Ia–e) or an octyl chain (com-
pounds IIa–d). The effect of using different connecting groups such as
azo or ester with different directions was systematically investigated.
Inserting a lateral bromine substitution at ortho position with respect to
the pentyloxy chain (Ib–e and IIb–d) was evaluated compared to the
neat compounds without any lateral substitution (Ia and IIa). The ma-
terials were characterized for their phase behaviour by differential
scanning calorimetry (DSC), polarized optical microscopy (POM) and X-
ray diffraction (XRD). All compounds were found to be LCs with rela-
tively wide ranges, which can be potentially used as smart dopants for
the design of advanced multicomponent mixtures.

2. Experimental

2.1. Synthesis

The synthesis of the derivatives having the azo group close to the
pentyloxy end (compounds Ia, Ib, IIa and IIb) was performed as shown
in Scheme 1. To shift the position of the azo linkage to the other end
(compounds Ic–e and IIc–d) another synthetic pathway was used as
shown in Scheme 2.

As examples, the analytical data for two final compounds (Ia and IIa)
are given below. The synthesis details and analytical data for all in-
termediates and the rest of the final materials are reported in the elec-
tronic supporting information (ESI).

Ia. Orange crystals, yield. 68.4 %. 1H NMR (500 MHz, CDCl3) δ 8.32
(d, J = 8.1 Hz, 2H, Ar-H), 7.97 (d, J = 8.4 Hz, 4H, Ar-H), 7.18–7.10 (m,
2H, Ar-H), 7.03 (d, J= 8.4 Hz, 2H, Ar-H), 6.98–6.91 (m, 2H, Ar-H), 4.07
(t, J = 6.6 Hz, 2H, Ar-OCH2CH2), 3.97 (t, J = 6.6 Hz, 2H, Ar-OCH2CH2),
1.90–1.75 (m, 4H, Ar-OCH2CH2), 1.59–1.22 (m, 18H, 9×CH2),
1.01–0.85 (m, 6H, 2×CH3). 13C NMR (126 MHz, CDCl3) δ 165.10,
162.47, 156.97, 155.73, 146.87, 144.23, 131.14, 130.61, 125.30,
122.47, 122.34, 115.14, 114.84, 77.25, 76.99, 76.74, 68.46, 31.81,
29.35, 29.28, 29.23, 28.85, 28.15, 26.04, 22.65, 22.43, 14.08, 13.99.

HRMS: Calcd. for C32H40N2O4 [M]+: 516.2982, found 516.2976.
IIa. Orange crystals, yield 62.1 %. 1H NMR (500 MHz, CDCl3) δ 8.33

(d, 2H, Ar-H), 7.97 (d, J = 8.7 Hz, 4H, Ar-H), 7.26–7.22 (m, 2H, Ar-H),
7.17–7.13 (m, 2H, Ar-H), 7.06–7.00 (m, 2H, Ar-H), 4.07 (t, J = 6.6 Hz,
2H, Ar-OCH2CH2), 2.74–2.50 (m, 2H, Ar-CH2CH2), 2.01–1.76 (m, 2H,
Ar-OCH2CH2), 1.69–1.18 (m, 18H, 9×CH2), 1.03–0.75 (m, 6H, 2×CH3).
13C NMR (126 MHz, CDCl3) δ 164.89, 162.46, 155.75, 148.81, 146.88,
140.65, 131.16, 130.63, 129.35, 125.29, 122.47, 121.27, 114.83, 77.25,
76.99, 76.74, 68.45, 35.40, 31.88, 31.47, 29.46, 29.29, 29.25, 28.85,
28.15, 22.66, 22.44, 14.09, 13.99. MS (ESI): HRMS: Calcd. for
C32H40N2O3 [M]+: 500.3033, found 500.3027.

3. Characterization

Analytical quality chemicals were obtained from commercial sources
and used as obtained. The solvents were dried using standard methods
when required. The purity and the chemical structures of all synthesised
materials were confirmed by the spectral data. The structure charac-
terization of the prepared materials is based on 1H NMR and 13C NMR
(Varian Unity 400 spectrometers, in CDCl3 solution, with tetrame-
thylsilane as internal standard).

The mesophase behaviour and transition temperatures of the
hydrogen-bonded complexes were measured using a Mettler FP-82 HT
hot stage and control unit in conjunction with a Nikon Optiphot-2
polarizing microscope. The associated enthalpies were obtained from
DSC-thermograms which were recorded on a Perkin-Elmer DSC-7,
heating, and cooling rate: 10 K min− 1.

The photoisomerization studies in solution were conducted using
Ocean Optics HR 2000+ spectrophotometer, and absorption spectra
were recorded at room temperature. The solutions in chloroform were
taken in a 1 cm quartz cuvette and covered to avoid the evaporation of
the solvent. The solutions were irradiated with UV light of 1 mW/cm2

using Bluepoint LED Eco Hönle at a wavelength of 365 nm. A heat filter
is inserted between the sample and the source to avoid the influence of
UV heat on the sample. The absorption spectra of the materials were
investigated before and after UV illumination at varying time intervals.

The trans–cis-trans photoisomerization in the LC phase was

Fig. 1. Chemical structures of the synthesized materials Ia–e and IIa–d.

Scheme 1. Synthesis of the azobenzene-derived compounds Ia, Ib, IIa and IIb.
Reagents and conditions: i. DCC, DMAP, dry dichloromethane, stirring at room
temperature for 24 h.
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performed using Bluepoint LED Eco Hönle at a wavelength of 365 nm.
X-ray investigations were carried out with an Incoatec (Geesthacht,

Germany) IµS microfocus source with a monochromator for CuKα ra-
diation (λ = 0.154 nm), calibration with the powder pattern of Pb
(NO3)2. A droplet of the sample was placed on a glass plate on a Linkam
hot stage HFS-X350-GI (rate: 1 K/min). Exposure time was 5 min; the
sample-detector distance was 9.00 cm for WAXS and 26.80 cm for SAXS.

The diffraction patterns were recorded with a Vantec 500 area detector
(Bruker AXS, Karlsruhe) and transformed into 1D plots using GADDS
software.

4. Results and discussion

4.1. Mesomorphic properties

The phase transition temperatures and phase types of the new

Scheme 2. Synthesis of compounds Ic–e and IIc–d. Reagents and conditions: i. DCC, DMAP, dry dichloromethane, stirring 24 h; ii. Pd/C-10 %, dry THF, stirring at
room temperature 24 h; iii. 1. NaNO2, Conc. HCl, 2. Phenol, NaOH.

Table 1
Phase transition temperatures (T/◦C), mesophase types, and transition en-
thalpies [ΔH (kJ/mol)] of compounds Ia–e.a

Cpd. X Y Z Transition Temperatures (T/◦C [ΔH (kJ/mol)])

Ia H -N=N- -COO- H: Cr 107 [37.3] SmCs 129 [0.3] N 220 [1.3] Iso
C: Iso 218 [− 1.3] N 127 [− 0.3] SmCs 84 [− 35.8]
Cr

Ib Br -N=N- -COO- H: Cr 104 [32.0] N 176 [0.7] Iso
C: Iso 174 [− 0.8] N 102 [− 1.1] SmCs 77 [− 46.6]
Cr

Ic Br -COO- -N=N- H: Cr 116 [28.1] N 180 [1.3] Iso
C: Iso 176 [− 1.3] N 97 [-1.7] SmCs 88 [− 20.6] Cr

Id Br -COO- -COO- H: Cr 114 [37.0] N 171 [1.2] Iso
C: Iso 167 [− 1.0] N 109 [− 1.6] SmCs 84 [− 25.5]
Cr

Ie Br -COO- -OOC- H: Cr 115 [28.9] N 176 [1.6] Iso
C: Iso 172 [− 1.5] N 113 [− 4.5] SmCs 75 [− 22.1]
Cr

a Peak temperature as determined from 2nd heating (H) and 2nd cooling (C)
DSC scans with rate 10 K min− 1; abbreviations: Cr = crystalline solid; SmCs =

synclinic smectic C phase; N = nematic phase; Cr = crystalline solid; Iso =

isotropic liquid.

Table 2
Phase transition temperatures (T/◦C), mesophase types, and transition en-
thalpies [ΔH (kJ/mol)] of compounds IIa–d.a

Cpd. X Y Z

IIa H -N=N- -COO- H: Cr 88 [46.4] SmA 148 [<0.1]b N 201 [0.8] Iso
C: Iso 199 [− 0.8] N 146 [<0.1]b SmA 65 [− 33.2]
Cr

IIb Br -N=N- -COO- H: Cr 60 [22.1] SmCs 70 [0.6] N 152 [0.6] Iso
C: Iso 149 [− 0.6] N 67 [− 0.7] SmCs

IIc Br -COO- -COO- H: Cr 102 [19.1] N 152 [0.7] Iso
C: Iso 148 [− 0.8] N 100 [− 3.1] SmCs 70 [− 9.4]
Cr

IId Br -COO- -OOC- H: Cr 109 [36.0] N 146 [1.2] Iso
C: Iso 144 [− 1.1] N 88 [− 1.3] SmCs 80 [− 30.5]
Cr

a Peak temperature as determined from 2nd heating (H) and 2nd cooling (C)
DSC scans with rate 10 K min− 1; for abbreviations see Table 1.

b This transition could not be detected by DSC and determined only under
POM.
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materials were revealed based on textural observations made under
POM and on DSC measurements. The recorded transition temperatures
and type of mesophases exhibited by Ia–e and IIa–d are summarized in
Table 1 and Table 2, respectively. The data are also represented
graphically on Fig. 2a, b.

In addition to the parent materials without any lateral substitution
used in this study (Ia and IIa), the introduction of lateral bromine group,
changing the position of the azo linkage, the direction of the ester group
and changing the type of terminal flexible chain at one end allow sys-
tematic studies of the mesophase behaviour exhibited by the synthesized
materials.

4.2. Non-substituted derivatives

As can be seen from Tables 1, 2 and Fig. 2 the neat compounds (Ia
and IIa) without any lateral substitution exhibit two different types of LC
phases depending on the type of the terminal chain (see Fig. 3 for DSC).
Both materials have the same connecting groups, and they differ only in
the terminal chain attached at one end, where Ia has an octyloxy chain
and IIa has an octyl chain without the oxygen atom linking the flexible
chain to aromatic ring. This small change in the molecular structure
leads to a dramatic change in the phase behaviour.

Therefore, two LC phases are observed for both materials as indi-
cated in Tables 1 and 2. It also has a great effect on the transition
temperatures, where Ia has a melting temperature of ~107 ◦C which is

higher than that of IIa (~88 ◦C). However, both materials have the same
LC range ~113 K. On cooling Ia in normal homeotropic cell from the
isotropic liquid phase under POM a transition to a Schlieren texture is
observed (see for example Fig. 4a). This Schlieren texture is typically
observed for nematic (N) phase and therefore this LC phase is assigned as
N phase. On further cooling the N phase a transition to another LC phase
occurs at ~127 ◦C, which is also measurable on DSC cooling cycle with a
transition enthalpy of 0.3 kJ/mol. indicating a first order phase transi-
tion (Table 1). This phase is characterized by high birefringence and four
brush disclinations, which is a characteristic feature of the synclinic
smectic C phase (SmCs) [12]. Therefore, this lower temperature phase is
assigned as SmCs phase, which crystallizes on further cooling of Ia at
~84 ◦C. Using a 10 μm ITO planar cell a dark texture is observed in the
whole range of the N phase (Fig. 4c) and broken fan-shaped texture with
the dark extinctions inclined with the direction of the polarizers con-
firming the presence of SmCs phase.

Replacing the octyloxy chain in Ia by octyl chain in IIa reduces the
melting and clearing temperatures, retains the higher temperature N
phase and more interesting removes the lower temperature SmCs
observed for Ia. As indicated from the POM investigations another LC
phase is observed on cooling the N phase of IIa under POM, which is

Fig. 2. Phase diagrams of (a) compounds Ia–e and (b) compounds IIa–d
on cooling.

Fig. 3. DSC traces of (a) Ia and (b) IIa with heating and cooling rates 10
K min− 1.
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characterized by its homeotropic appearance (Fig. 4f). On applying
shearing stress on this lower temperature LC a birefringent texture is
observed, which immediately relaxes back to the homeotropic texture
indicating the presence of orthogonal smectic A (SmA) phase. The
transition from N to SmA is not detectable by DSC and can be only
observed by POM, meaning that this transition is a second order phase
transition. The SmA phase is found to be enantiotropic phase observed
on heating and cooling over a relatively wide temperature ranges ~60
and 81 K, respectively. This phase was further proved by XRD (see
Section 4.2).

4.3. Effect of aromatic core bromination

To investigate the effect of aromatic core bromination in comparison
to the neat compounds (Ia and IIa) we have synthesized compounds Ib
and IIb. As can be seen from Tables 1, 2 and Fig. 2a, b, the melting
temperatures as well as clearing points in both cases are reduced
compared to Ia and IIa. This could be attributed to the steric effect
resulting from using the large bromine atom at the terminal ring in both
types of compounds, which leads to this change of transition tempera-
tures without destroying the liquid crystalline nature of the resulting

materials. Therefore, in case of Ib the SmCs phase is observed as a
metastable phase instead of an enantiotropic one as that recorded for Ia.
On the other hand, the SmA phase observed for IIa is replaced by a SmCs
one because of lateral bromine substitution in case of IIb. This SmCs
phase is enantiotropic, and its formation is accompanied by detectable
transition enthalpies both on heating and cooling DSC cycles, meaning a
first order phase transition. More interesting the SmCs phase remains on
cooling IIb till ambient temperature without crystallization (Fig. S19).
These observations indicate that the effect of core bromination is more
pronounced in case of series II, where it results in replacing SmA by
SmCs phase and successfully leads to the formation of a room temper-
ature LC phase, which could be of interest for applications.

Exchanging the position of the azo linkage in case of Ib with the ester
unit leads to compound Ic. This retains the same phase sequence and
types observed for Ib but slightly increases the melting, clearing and
crystallization temperatures, which results in a smaller range of SmCs
phase ~9 K for Ic. The difference in the phase behaviour between Ib and
Ic could be understood based on the increased dipole moment in case of
Ic compared to Ib because of connecting the ester group directly to the
brominated benzene ring.

Fig. 4. Optical textures observed on cooling for: Ie in a homeotropic cell (a) N phase at 160 ◦C, (b) SmCs phase at 90 ◦C. IIb in a 10 μm ITO planar cell: (c) in N phase
at 140 ◦C and (d) in SmCs phase at 55 ◦C. IIa in a homeotropic cell (e) N phase at 180 ◦C and (f) SmA at 135 ◦C. The scale bar is 100 μm in all textures. The textures of
the SmCs phase shown in d) remains till room temperature without observation of crystallization (see Fig. S19 in the SI for the DSC traces of IIb).
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4.4. Effect of replacing the azo linkage with an ester unit

To investigate the effect of replacing the azo linkage with an ester
unit we synthesized compounds Id, Ie from the first group of materials
and compounds IIc and IId related to the second type. Comparing
compounds Ib and Id reveals that replacing the azo linkage with an ester
group retains the same phase sequence and types but increases the
melting and crystallization temperatures, which in turn results in nar-
rower LC range for Id. The same trend of increasing melting and crys-
tallization temperatures also applied for IIb and IIc. However, because
of the large increasing of the melting temperature of IIc ~ 102 ◦C
compared to IIb ~ 60 ◦C the enantiotropic SmCs displayed by IIb ap-
pears as a monotropic one in case of IIc, which crystallizes at ~70 ◦C on
cooling.

This could be explained by the increased dipole moment resulting
from using the ester group, which in turn increases the core-core in-
teractions leading to such dramatic change of the transition tempera-
tures. Therefore, using azo linkage is more efficient than ester one

toward mesomorphism in these materials.
Inverting the direction of one ester group in Id and IIc results in

compounds Ie and IId, respectively. This modification does not lead to a
dramatic change in the phase behaviour as it retains the same phase
sequence on heating and cooling for all four materials with only a slight
change in all transition temperatures.

4.5. XRD investigations

To confirm the LC phase types XRD experiments were carried out for
all materials. All measurements were performed using a surface-aligned
sample. Alignment was achieved by slow cooling of a small drop of the
sample from the isotropic liquid state on a glass substrate.

On cooling Ia from the isotropic liquid and in the range of the higher
temperature LC phase (at T ~ 160 ◦C) a diffuse wide-angle scattering
(WAXS) reflex at d = 0.45 nm is observed indicating a mesophase with
no fixed positions of the molecules, typically observed for the LC state
(Fig. 5a). The SAXS pattern recorded at T ~ 160 ◦C shows one small

Fig. 5. Plot of the integrated scattered intensity as a function of 2θ in the small-angle region (SAXS) for Ia on cooling: (a) the N phase at T = 160 ◦C, (b) the SmCs
phase at T = 120 ◦C, (c) CPK model of compound Ia showing the calculated molecular length (Lmol). The insets in (a) and (b) show the WAXS region in both phases.

Fig. 6. Plot of the integrated scattered intensity as a function of 2θ in the small-angle region (SAXS) for IIa: (a) the N phase at T = 170 ◦C and (b) the SmA phase at T
= 110 ◦C.
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angle scattering peak at 2θ ~ 3.0◦. The peak is relatively sharp, and its
intensity increased with decreasing temperature in the N phase and
become very sharp at the transition to the lower temperature Sm phase
(Fig. 5b). The appearance of a sharp peak in the N phase is unusual
behaviour as usually only a broad halo scattering is observed for con-
ventional nematic of rodlike LCs [52]. This single peak corresponds to
d value of ~2.98 nm, which is lower the molecular length of the com-
pound calculated with Materials Studio for all-trans conformation of the
alkyl chains Lmol= 3.67 nm (Fig. 5c). The presence of this sharp peak and
this calculated d-value suggest the presence of cybotactic clusters of
SmC-like structure (CybC) in the nematic phase of Ia and therefore the
nematic phase could be assigned as NCybC. This was also supported by
the appearance of a streak-like Schlieren texture (Fig. S26a) in the N

phase under POM, which is typically observed for such phase [53–55].
The NCybC phase is common for bent-core LCs [56–60] but only few
examples were reported for calamitic LCs [53,61–64] and it was recently
reported for polycatenar molecules [65].

On further cooling the recorded SAXS and in the temperature range
of the lower temperature Sm phase at T ~ 120 ◦C the small angle scat-
tering turns into a sharper Bragg reflex with d~ 2.70 nm and its second-
order reflex, indicating a layer-like structure (Fig. 5b). The estimated d-
value is smaller than that observed in the NCybC phase and less than the
molecular (Lmol = 3.67 nm). This can be explained by forming a layer-
like structure with tilted molecules in a smectic C phase. Assuming a
SmC structure in line with the optical textures (Fig. S26b) and the XRD
pattern with a tilt angle β of ~35◦ calculated according to cos β = d/Lmol.

Fig. 7. Spectral changes observed under UV light irradiation for: (a) Ia, (b) Ib, (c) Ic, (d) IIa and (e) IIb.
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We have also investigated compound IIa having the same connecting
groups as Ia but with terminal octyl chain instead of the alkoxy chain
with XRD (Fig. 6). Like Ia a sharp peak could be detected in the SAXS
region in the N phase, which also become sharper with decreasing
temperature being very sharp in the Sm phase region. This again in-
dicates the presence of cybotactic clusters in the N phase which fused to
layer structure in the Sm phase. The d value calculated in the N phase is
d ~ 3.32 nm, which is lower the molecular length Lmol = 3.56 nm
(Fig. S49). The d-value in the lower temperature Sm phase is ~ 3.52 nm,
which is close to Lmol = 3.56 nm meaning the presence of SmA phase.

This in line with observation of a homeotropic texture for this LC
phase under POM (Fig. 4f) and confirming the presence of a SmA phase.
More interesting this means that the cybotactic clusters in the upper
temperature nematic phase are of SmA type, leading to phase assign-
ment of NCybA [60]. This phase is relatively rare even for bent-core LCs
and is of particular interest from the application point of view as it is
expected to exhibit faster switching time than that of uniaxial nematics
[56]. To the best of our knowledge compound IIa represents the third
case of NCybA phase in rod-like LCs [53,61].

Investigating the remaining members of series I as well as those of
series II i.e. the brominated materials Ib–e and IIb–IId with XRD
revealed similar data to their parent neat compounds Ia and IIa (see
Section 3 in the SI). However, the peak observed in the N phase for
brominated compounds is not as sharp as that observed for unsub-
stituted materials Ia and IIa, meaning that the N phase still has cybo-
tactic clusters, but it seems to be smaller in size. The reason for this could
be explained based on the steric effect of the bulky bromine group which
results in partial distortion of the clusters in the nematic phase.

4.6. Photo switching

4.6.1. Photoisomerization in solution
The photoisomerization properties of the azobenzene-based

materials Ia–c and IIa–b with/without bromine substitution and
different orientation of the ester group were investigated. All com-
pounds were dissolved in chloroform and their solutions were measured
with UV–Vis spectrometry before and after UV illumination with time
intervals of 10 s (Fig. 7).

Before UV light irradiation all compounds exhibit a prominent ab-
sorption band between 364 and 365 nm except compound Ic (~353
nm). This absorption band corresponds to the π–π* transition indicating
the presence of the most stable trans isomer for all materials. After UV
light illumination this band starts to decrease and another weak ab-
sorption band around 445–450 nm starts to appear, which is due to the
n–π* transition corresponding to the less stable cis isomer. These ob-
servations confirm the trans–cis photoisomerization of the azo group
under UV illumination. All materials show complete trans–cis conversion
within ~30 s, except compound Ic. For this compound a complete
photoisomerization is observed within ~10 s (Fig. 7c) which is the
fastest time among all materials. Also, the wavelength of the trans isomer
of Ic appears at lower wavelength value ~353 nm compared to all other
derivatives ~365 nm. Both observations indicate that indeed the posi-
tion and orientation of the ester linkage group play an important role as
Ic is the only investigated compound having the COO unit close to the
pentyloxy terminal chain. This results in higher conjugation and more
dipole moment of Ic compared to other analogues giving rise to such
different photoisomerization behaviour. Storing the solutions overnight
in the dark after UV irradiation and investigating them again leads
typical spectra observed at zero seconds before UV irradiation in all
cases, meaning complete isothermal back relaxation from cis to trans
isomer.

It is also interesting that all materials exhibit photoconversion effi-
ciency (PCE) of more than 85 % after UV illumination, making them
excellent candidates for optical storage device applications [37,66]. The
PCE i.e. the extent of photoisomerization, was calculated according to
Eq. (1), where A(t0) is the initial absorbance (before UV irradiation) and

Fig. 8. Reversible isothermal photo-off–on switching between the different LC phases of compound IIb. (a,b) Between SmCs and N phases at 65 ◦C, (c) at the
transition from the N to the isotropic phase at 140 ◦C and (d) in the isotropic phase. The insets show the textures in the corresponding LC phases using 10 μm ITO
planar cell.
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A(t∞) is the final absorbance (after UV irradiation).

PCE =
A(t0) − A(t∞)

A(t0)
× 100 (1)

4.6.2. Photo switching between LC phases
To study the possibility of isothermal photo switching between the

different types of LC phases exhibited by the azobenzene-based syn-
thesized materials we have selected compound IIb for such in-
vestigations. This compound displays enantiotropic N and SmCs phases.
Under isothermal UV light irradiation (365 nm) in the lower tempera-
ture SmCs phase at T = 65 ◦C a transition to the N phase takes place in
less than three seconds (Fig. 8a, b). The insets in Fig. 8a, b show the
textures in the corresponding LC phases using a 10 μm ITO planar cell,
showing the transition from the broken-fan shaped textures of the SmCs
phase to the characteristic marble texture of the N phase. On switching
off the light source the texture relaxes back immediately to the initial
texture of the SmC phase. The same observations were also recorded on
performing the same investigations in the N phase, where a rapid
transition to the isotropic liquid phase is recorded (Fig. 8c, d). This
transition is also fast and reversible as that between SmCs and N phases
under light irradiation. These observations confirm the possibility of
isothermal photo switching between the different LC phases because of
trans–cis photoisomerization of the azobenzene moiety under light
irradiation. This phenomenon could be of interest for optical informa-
tion storage device applications [37,66].

5. Summary and conclusions

In summary, we have reported the synthesis and investigations of
new light-responsive rod-like liquid crystalline materials aiming to
study the effect of aromatic core bromination as well as using different
linking groups on the phase behaviour in a systematic manner. We
represented two new series of such materials having three benzene rings
connected using different linking groups either azo or ester units with
different directions. In both series a pentyloxy chain was used at one
end, where an octyl or an octyloxy chain was attached to the other end.
In both series, a lateral bromine substituent was inserted at ortho posi-
tion with respect to the pentyloxy chain. Additional modifications were
performed by replacing the azo linkage by an ester one or by inverting
the direction of the ester group. Depending on the absence or presence of
the lateral substituent, linking units and the terminal chain three
different types of LC phases were observed including the SmCs, SmA or N
phase. The formation and stabilities of the LC phases depend strongly on
the mentioned factors. Interestingly, all nematic phases found to exhibit
cybotactic clusters of the tilted SmC type or the non-tilted version i.e. the
SmA as proved from the XRD investigations. The observation of NCybC or
NCbyA is not common for rod-like LCs and is well known for BCLCs. We
have also investigated the reported azobenzene-based materials for their
isothermal cis–trans photoisomerization in solution as well as in bulk
state. All materials exhibit fast photoisomerization in solution, which
depends on the type of the linking groups. Also, a fast and a reversible
photo switching between different LC states was recorded under POM.
The photo responsive materials reported herein could be used as smart
dopants for multicomponent mixtures with potential applications for
nonlinear optics or optical information storage devices.
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