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INVITED ARTICLE

Photochromic azobenzene functionalised banana—calamitic dimers and trimers: mesophase
behaviour and photo-orientational phenomena
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and Wolfgang Weissflog?

“Institut fiir Chemie, Physikalische Chemie, Martin-Luther-Universitit Halle-Wittenberg, Halle, Germany; "Department of
Chemistry, University of Hull, Kingston upon Hull, UK; ‘ Faculty of Chemistry, Moscow State University, Moscow, Russia

(Received 1 August 2011, final version received 19 September 2011)

Azobenzene functionalised banana—calamitic dimers and a novel type of banana—calamitic-banana trimers have
been synthesised. Their thermotropic behaviour and the structure of the mesophases have been characterised by dif-
ferential scanning calorimetry, polarising optical microscopy and X-ray diffractions measurements. Electro-optical
studies evidence the polar properties of the smectic phases. A rare anticlinic-synclinic smectic CP (SmCP) phase
transition could be proven for two of the twins upon cooling without an electric field although the molecules are
not optically active. Remarkably, the phase sequence SmC,—SmC; has been observed upon cooling, the inverse
sequence to that reported for non-chiral compounds up to now. A comparative study of the photochemical prop-
erties of dilute solutions and of thin films of two compounds has been performed. Irradiation with polarised
ultra-violet (365 nm) and visible light (473 nm) induces a photo-orientation process of the chromophores in a direc-
tion perpendicular to the polarisation plane of the exciting light. For a trimeric compound bearing an azobenzene
bridge between both bent-core mesogenic units this process is associated with cycles of the E-Z—E isomerisation of
the azobenzene groups followed by rotational diffusion of molecules in the films. For a bis(azobenzene) containing
dimer the E-Z isomerisation in films is strongly suppressed and the photo-induced orientation has a rotational
diffusion mechanism.

Keywords: bent-core mesogens; banana-calamitic dimers; banana-calamitic trimers; photo- orientational effect;
synclinic-anticlinic SmCP phase transition; electro-optical behaviour

1. Introduction surrounding of the azo group. In this paper, the
synthesis of new banana-calamitic dimers and of a
novel type of banana—calamitic-banana trimers con-
taining azobenzene moieties is presented. The LC

properties and the photo-orientational behaviour of

Azobenzene compounds are materials of interest for
different reasons. Due to their rod-like shape, ter-
minally substituted azobenzenes represent one of
the oldest classes of liquid crystals forming nematic
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and smectic phases. Azobenzene moieties can be
inserted into discotic, dimeric, oligomeric, and poly-
meric structures. The combination of azobenzene with
a bent-core mesogenic moiety resulting in banana-
calamitic dimers, however, has not been described
until now. Bent-core mesogens form different types
of mesophases, so-called banana phases. The ques-
tion is what happens if a calamitic azobenzene frag-
ment is covalently linked with a bent-core moiety
by means of an aliphatic spacer. This question is
not only of importance when concerning the liquid
crystalline (LC) behaviour and the structure of the
mesophases but also when concerning the photochem-
ical properties. The photo-induced E-Z isomerisa-
tion of the azo group results in a changed molecular
shape and can be applied for photo-orientation effects,
which are of practical importance. It is well known
that the photochemistry depends on the chemical

the new compounds are studied.

Photochromic low-molar mass and polymer sys-
tems have attracted a growing interest of many
research groups. Such an interest is associated with
the possibility of manipulating the molecular shape
and the supramolecular structure and the possibility
of a wide range of promising applications in photonics,
optoelectronics, optical data storage, etc. [1-7].

After the discovery of the photo-orientation phe-
nomena in dye-containing compounds (frequently
called Weigert effect [8]) a huge number of publi-
cations dealing with the study of similar effects in
azobenzene-containing low-molar mass and polymer
systems have appeared [9-30]. One of the mechanisms
of photo-orientation is based on the photo-induced
E-Z isomerisation of azobenzene chromophores,
accompanied by their rotational diffusion and rear-
rangement so that their long axes are oriented
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perpendicular to the electric field vector of the
polarised light. More specifically, the probability of
photon absorption is proportional to cos2¢, where ¢
is the angle between the light polarisation and the
axis of the transition moment for the azobenzene moi-
ety. Azobenzene groups, which are oriented along the
polarisation direction, absorb light with high proba-
bility, whereas an absorbance of the groups oriented
at 90° to the incident polarisation is much less. Each
time a chromophore undergoes the E—Z—F isomerisa-
tion cycles; its position varies in a small and random
way. Thus, when starting from an initial random angu-
lar distribution of chromophores, those oriented along
the polarisation direction will absorb and reorient,
whereas those oriented perpendicular the polarisa-
tion direction do not move. Eventually, most of the
chromophores become oriented perpendicular to the
polarisation plane. In most cases this process has
a cooperative nature and involves non-photochromic
fragments in the system.

The majority of the existing publications deal with
investigations on the photo-selection and the photo-
orientation processes in amorphous and LC polymers
of the nematic or smectic type [9-30]. Only a few
papers consider photo-orientation processes in low-
molar mass amorphous glassy compounds [31-33].
It has been demonstrated that in these systems only
small values of photo-induced order parameter and
dichroism were achieved (~0.004), which are much
smaller than those for the azobenzene-containing LC
polymers (in the range of 0.3-0.7 [9-30]).

Nowadays, among different types of LC com-
pounds, bent-shaped mesogens have attracted consid-
erable research interest in the field of soft condensed
matter. Banana-shaped molecules forming liquid crys-
tals strongly deviate from the classical rod-like or
disc-like shape and allow special steric interaction.
Due to their bent shape, the molecules can be prefer-
ably packed in the bent direction giving rise to long-
range correlation of the lateral dipole moments that
results in macroscopic polarisation within the smec-
tic layers (designated by P after the symbol of the
smectic phase). Depending on the interlayer correla-
tion, ferroelectric and antiferroelectric smectic phases
(subscripts F or A after P) can result. If the molec-
ular long axes are arranged perpendicularly to the
layers, smectic AP (SmAPg) or (SmAP,) phases result.
In most cases, the polar packed bent molecules are
tilted with respect to the layer normal. Two basic
arrangements are possible: synclinic and anticlinic,
subscripted by (s) or (a) after C. That means, four types
of smectic CP (SmCP) phases are possible: SmCgPa,
SmCsPr, SmC,P5 and SmC,Pr. Another point of
interest should be stressed: the combination of polar
order within the layers and director tilt can lead to
supramolecular chirality although the molecules do

not exhibit optical activity. Two of the four SmCP
phases exhibit such homochiral states—SmCPr and
SmC,P,—which mean that the layer chirality is uni-
form within a macroscopic domain. The relationships
between the chemical structure and the mesomorphic
properties of the bent-shaped compounds have been
investigated extensively. In discussing this connection
and the structure of the different B phases (B;—Bg and
others) and their physical properties, we refer to some
original papers and reviews on banana-shaped liquid
crystals [34-41].

Bent-core mesogens usually consist of five or six
phenyl units that are connected by linking groups used
in liquid crystal chemistry, for example carboxyl or
azomethine groups. In most cases, the bend of the
molecular long axis results from a 1,3-phenylene con-
nection near to the centre of the molecule. When azo
linking groups are inserted between the two phenyl
rings, the banana-shaped liquid crystals become sen-
sitive towards light, which is of interest in relation to
the present work.

Pioneering work has been done in the field of
azo-containing bent-core mesogens by Prasad et al.
[42-45]. The first compounds forming electrically
switchable and photo-responsive mesophases have
also been reported [46]. The authors studied the
influence of light action on the phase transition
temperatures of these compounds and found that
the formation of Z-isomers during photo-irradiation
results in a small decrease of the phase transitions
temperatures (Cr to B, phase as well as B, phase
to the isotropic one). Jakli and Prasad et al. have
reported the light-induced changes on the optical and
electrical properties [47].

Ros et al. studied the mesophase structure and
non-linear optical phenomena in different bent-core
compounds with azo and azoxy bonds [48-50].
Measurements of the optical second-harmonic gen-
eration have been performed on aligned samples.
By changing the molecular design, the second-order
susceptibility tensor could be remarkably increased.
Irradiation of the samples in the LC state by the
polarised light of an argon laser results in only
an isothermal transition from the mesophase to the
isotropic state. The process is reversible by switch-
ing off the light source. No photo-orientation process
has been observed. Recently, the same research group
reported photo-modulation in the columnar phase
formed by supramolecular aggregates, which result by
hydrogen bonding between a melamine derivative and
an azo-containing bent-core mesogen bearing a free
carboxylic group [51].

Light modulation experiments have also been per-
formed using mixtures of bent-core and calamitic
liquid crystals. One of the mesogens used was
an azo compound. Interesting results concerning
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the influence of light on the polarisation of a
banana-shaped host compound doped by a rod-
like azobenzene substance are described in [52-53].
It was found that the E-Z photo-isomerisation of
the azobenzene molecules, induced by ultraviolet (UV)
light, only slightly changes the isotropisation temper-
atures, but has a significant influence on the sponta-
neous polarisation and the switching time in the polar
phase of the host matrix. In addition, the efficiency
of this light induced change of polarisation has been
observed to be strongly dependent on the tempera-
ture at which the irradiation is carried out. A possible
mechanism responsible for the observed phenomenon
has been suggested.

The photo-induced reorientation of smectic layers
from an alignment perpendicular to the substrate to
that parallel to it has been found in similar guest—host
mixtures containing a bent-shaped matrix that have
been doped by rod-like azobenzene molecules [54].

Lutfor et al. prepared, and studied, new bent-
shaped azobenzene monomers. One of these was
mixed as a guest with calamitic liquid crystals
serving as the host to perform photo-isomerisation
studies [55].

Recent papers [55, 56] report on the synthesis of
new azobenzene-containing bent-shaped monomers
and their photochemical properties in mixtures with
calamitic liquid crystals in dilute solution. Kinetics
of the forward photo-induced E-Z isomerisation
and thermal back Z—FE isomerisation were studied.
An increase in thermal back relaxation time has been
found, which could be useful for creation of optical
image storage devices.

Beside azo group containing bent-core mesogens
and/or their mixtures discussed before, the covalent
connection of two mesogens by means of a flexible
spacer resulting in LC dimers is a further possibil-
ity to create photo-sensitive materials. When start-
ing with conventional twin molecules; a lot of sym-
metric and non-symmetric dimers and trimers con-
taining azobenzene have been reported in the liter-
ature [57]. In a few cases, two rod-like mesogens
are laterally connected by the -N=N- group, giv-
ing H-shaped twin molecules, which are of interest
due to their second order non-linear optics [58-60].
However, both calamitic mesogenic units are ter-
minally linked together. Two azobenzene moieties
can be connected to each other, for example, to
study the spacer parity of the photo-induced effects
[61]. Twin molecules having a relatively short odd-
numbered spacer can be reminiscent of the banana-
shaped mesogens with respect to their properties.
Choi et al. found a circular-polarisation-induced enan-
tiomeric excess in such a bent azobenzene dimer [62].
Photochemically induced smectic—cholesteric phase
transitions have been reported by Mallia et al
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[63, 64] for twin molecules consisting of an azobenzene
unit linked to cholesterol by a spacer. Three mesogenic
moieties can also be connected in different way
[65-68]. Centrosymmetric azobenzene substituted
trimers appear to be candidates for stable holographic
volume gratings [66]. The numbers of papers related to
dimeric and trimeric liquid crystals is very high, there-
fore only several selected examples could be cited here.

Dimers consisting of a bent-core and a calamitic
mesogenic unit and bearing an azo group in any
position have not been reported until now. If two
bent-core moieties are terminally linked together,
the parity of the spacer strongly influences the LC
behaviour. Mostly, “banana phases” have been found
[69-75]. Banana—calamitic dimers are of topical inter-
est because “banana phases” and “calamitic phases”
can exist for the same compound. Nematic and smec-
tic phases formed by bent-core mesogens can exhibit
unusual physical properties, e.g. the formation of chi-
ral domains even though the molecules are not chiral
and have unusual pattern formations upon applying
an electric field [76, 77]. Several bent-core mesogens
could be candidates for biaxial nematic phases [78].
Few banana—calamitic dimers have been reported until
now. Yelamaggad et al. observed a latently biaxial
nematic phase for a compound consisting of a five-
ring bent-core mesogenic unit linked to cyanobiphenyl
by the means of flexible spacers [79, 80]. The con-
nection of a banana-shaped moiety to cholesterol
results in materials showing broad existence ranges
of a blue phase [81, 82]. Recently, Lee et al. have
investigated a dimer containing cyanobiphenyl and
a four-ring bent-core unit, which is similar to a
hockey stick-shaped fragment. The nematic phase
does not exhibit biaxiality but an anchoring transition
behaviour [83]. In 2006 we reported three banana—
calamitic dimers. The dimers exhibit exciting physi-
cal properties like field-induced texture transition, the
occurrence of a metastable biaxial nematic state, and
the formation of an unusual electro-convection pattern
[84-87]. Following on from this, we started system-
atic studies to understand the relationships between
the chemical structure, LC behaviour and physical
properties [88].

Finally, it should be noted that the attachment
of two cyanobiphenyl fragments to both the legs of
the bent-core unit yields a calamitic-banana—calamitic
trimer, which exhibits a typical nematic phase without
any unusual properties [89]. Bisoyi et al. have pub-
lished a second type of trimeric compound. In these
compounds, which do no exhibit a mesophase, two dis-
cotic triphenylene moieties are linked to both terminal
ends of the central five-ring bent-core unit [90].

In this paper, we report on azobenzene function-
alised banana—calamitic dimers, see Scheme 1(a).
Furthermore, trimers consisting of two bent-core
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(a) (b)

Scheme 1. Schematic of the banana—calamitic dimers (a)
and the banana-calamitic-banana trimers (b) that were
studied. The rod-like part represents an azobenzene frag-
ment and the mesogenic units are connected by flexible
spacers.

mesogens linked by an azobenzene bridge were
synthesised. These trimers represent a novel type of
oligomer containing two banana-shaped mesogenic
units together with a calamitic one, as shown in
Scheme 1(b).

After preparation and characterisation of the
compounds, the phase structures were investigated
by optical polarising microscopy and X-ray diffrac-
tion (XRD) measurements. Information regarding
the polar properties and field-induced effects were
obtained by electro-optical studies.

As discussed above, polarised light is a unique tool
for manipulating the orientation of the chromophores
and the mesogens in azobenzene-containing systems.
However, to the best of our knowledge, there are
no reports on photo-orientation phenomena in thin
solid films of bent-shaped photosensitive substances.
Therefore, the goal of our work is the study of photo-
optical properties of these new substances in solutions
and films. Special attention will be paid to the photo-
orientational processes induced under polarised light
in thin amorphous films prepared by the spin-coating
technique. One member of each series (compounds
1c and 2d) was selected for the photochemical
studies.

o) /@\ o)
L0
/@*o OH
H25C 1,0 A *

o) /@\ o)
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o e
HasC120 & OH

2. Experimental details
2.1 Synthesis

The best way to prepare the compounds under discus-
sion is the connection of a bent-core fragment and a
calamitic moiety that are both w-functionalised. The
crucial point is to find the best position for this linking,
which allows an effective separation and purification
of the final products in high yields.

Schemes 2 and 3 show the final steps in the prepa-
ration of the banana-calamitic dimer 1c¢ and the
banana-calamitic-banana trimer 2d. The multi-step
reaction to synthesise the five-ring bent-core moiety
B bearing a carboxylic group in a terminal position
is based on the esterification of the four-ring phe-
nol A [91] with 4-benzyloxycarbonylbenzoic acid and
following de-protection. The synthesis and properties
of 4-(w-hydroxyalkyloxy)bisazobenzenes having dif-
ferent alkylene spacers have been described in [92], and
those of the 4,4’-bis(w-hydroxyalkyloxy)azobenzenes
by Roétz et al. [93].

2.1.1 Experimental procedure
2.1.1.1 Banana—calamitic dimer 1¢

(a) Dodecyloxy-substituted five-ring bent-core ben-
zoic acid B.

1.38 g (5.39 mmol) 4-(Benzyloxycarbonyl)benzoic acid
were converted in the corresponding acid chloride
by means of oxalyl chloride (8§ mL of 2 M solution
in dichloromethane, 16 mmol) in dichloromethane
(50 mL). The crude acid chloride was reacted with

(e}

Ho*%o@

1) (CICO),,CH,Cly
2) Py, DMAP
3) Hy, PdIC, THF

o+ HO(CHQ)BOQWN@NW@
C

DCC, DMAP, CH,Cl,

o] Q\ o
¢ 0
stcuojij)k . kQ/O(CHZ)GOON=NON=N@
Cc
o]

Scheme 2. The reaction pathway for preparing the banana-calamitic dimer, 1c.
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Scheme 3. The final reaction step for preparing the banana—calamitic-banana trimer, 2d.

(3.13 g, 490 mmol) 3-(4-hydroxybenzoyloxy)phenyl
4-(4-dodecyloxybenzoyloxy)benzoate (A) in the pres-
ence of pyridine (0.5 mL, d = 0.97 g/mL, 6.13 mmol)
and DMAP (400 mg, 3.28 mmol) in dichloromethane
(100 mL). 4.08 g of the crude benzyl ester was imme-
diately used in the de-protection reaction by means
of hydrogenolysis with palladium on carbon. The
five-ring benzoic acid B was purified by crystallisa-
tion from chloroform/petroleum ether. The reaction
yielded 3.71 g (86% overall) of pure product B, white
crystals, m.p. 221°C. '"H NMR (400 MHz, CDCl;)
S(ppm): 8.23-8.15 (m, 6H, Ar-H), 8.10 (d, 3J =
8.5 Hz, 2H, Ar-H), 8.04 (d, °J = 8.9 Hz, 2H, Ar-
H), 7.44 (t, °J = 8.1 Hz, 1H, Ar-H), 7.36 (d, *J =
8.7 Hz, 2H, Ar-H), 7.31 (d, *J = 8.7 Hz, 2H, Ar-H),
7.18-7.07 (m, 3H, Ar-H), 6.92 (d, *J = 8.9 Hz, 2H,
Ar-H), 3.99 (t, 3J = 6.5 Hz, 2H, OCH,), 1.80-1.68 (m,
2H, OCH,CH,), 1.47-1.11 (m, 20H, CH,), 0.80 (t, 3
J = 6.8 Hz, 3H, CH;).

(b) Banana—calamitic dimer 1c.

0.34 g (0.854 mmol) 4-(6-Hydroxyhexyloxy)bisa-
zobenzene C and 0.67 g (0.854 mmol) dodecyloxy-
substituted five-ring bent-core benzoic acid B were dis-
solved in 50 mL dichloromethane. 0.19 g (0.94 mmol)
Dicyclohexylcarbodiimide and a small amount of
4-dimethylaminopyridine as a catalyst was added
and the mixture was allowed to stir at room tem-
perature for about 24 h. Dicyclohexylurea was fil-
tered off and the solvent was evaporated. The
residue was purified by chromatography on silica
gel using chloroform/ethanol (10/0.2) as the elu-
ent. Re-crystallisation from ethyl acetate gave the
pure compound le. Yield: 0.77 g, 77.0%, yellow
crystals, m.p. 160°C, for the mesophase behaviour
see Table 1. Elemental analysis: C;1H7gN4O12, M =
1171.37 g/mol; C 72.80, H 6.02, N 4.78 (calcd), C
72.77, H 6.23, N 4.69 % (found). '"H NMR (400 MHz,

CDCl;) 8(ppm): 8.31-8.22 (m, 6H, Ar-H), 8.17 (d,
J = 8.5 Hz, 2H, Ar-H), 8.13 (d, J = 8.9 Hz, 2H, Ar—
H), 8.07-7.96 (m, 4H, Ar-H), 7.93 (d, J = 8.9 Hz,
4H, Ar-H), 7.59-7.42 (m, 4H, Ar-H), 7.42-7.30 (m,
4H, Ar-H), 7.22-7.11 (m, 3H, Ar-H), 7.00 (d, J =
9.01 Hz, 2H, Ar-H), 6.97 (d, J = 8.90 Hz, 2H, Ar—
H), 4.40 (t, J = 6.6 Hz, 2H, COOCH,), 4.10-4.01
(m, 4H, OCH,), 1.91-1.77 (m, 6H, COOCH,CH,,
OCH,CH,), 1.58-1.18 (m, 22H, CH,), 0.87 (t, J =
6.7 Hz, 3H, CH;). '3C NMR (101 MHz, CDCls)
S(ppm): 165.51, 164.17, 163.96, 163.76, 163.65, 161.89,
155.45, 154.92, 153.89, 153.26, 152.72, 151.39, 135.10,
132.71, 132.37, 131.91, 131.79, 131.20, 130.18, 129.83,
129.73, 129.08, 127.13, 126.60, 125.03, 123.72, 123.39,
122.99, 122.11, 121.91, 119.20, 115.76, 114.79, 114.45,
68.50, 68.24, 65.60, 32.05, 29.79, 29.77, 29.72,
29.69, 29.48, 29.24, 28.77, 26.13, 25.96, 25.93, 22.83,
14.26.

2.1.1.2 Banana—calamitic-banana trimer 2d.

0.80 g (1.02 mmol) Dodecyloxy-substituted five-ring
bent-core benzoic acid B and 0.21 g (0.51 mmol)
4,4-bis(6-hydroxyhexyloxy)azobenzene D were dis-
solved in 50 mL dichloromethane. 0.23 g (1.12 mmol)
Dicyclohexylcarbodiimide and a small amount of
4-dimethylaminopyridine as the catalyst were added
and the mixture was allowed to stir at room
temperature for about 24 h. After separation of
the precipitated dicyclohexylurea, the solvent was
removed and the residue was purified on silica gel
using chloroform/ethanol (10/0.2) as the eluent. The
solid material obtained after evaporation the sol-
vent was re-crystallised from ethyl acetate. Yield:
0.62 g, 62.1%, yellow crystals, m.p. 162°C, for the
mesophase behaviour see Table 2. Elemental analysis:
C118H122N2024, M =1952.29 g/mol; C 7260, H 630,
N 1.43 (caled), C 72.41, H 6.47, N 1.17 % (found).
'H NMR (400 MHz, CDCl;) §(ppm): 8.32-8.20
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Table 1. Transition temperatures [°C], mesophase type, transition enthalpy values [kJ/mol], layer spacing d [nm], tilt
angle 7 of the molecules [°] with respect to the layer normal in SmC phases and Py values of the dimer series 1a-c(*!

0 /@\ 0
0 O)Lo OJ\©\ 0
o s
HZSCI2O
o

O(CHz)mo—QN=N—@N=N©

Transitions temperatures [°C] Lattice parameters Pg
Comp. m AH [kI-mol~'] d [nm] T[] nC/cn??
1a 2 Cr 192 (SmC,P, 184)1 -l e 270
86.1 bl
1b 4 Cr 176 (SmCPr 161) SmC, Py 1841 6.011] 22.5d] 3500
45.1 [l 27.1 6.100! 20.0(¢! 4700
1c 6 Cr 160 (SmC4Pr 151) SmC, Py 1751 6.300] 20.0ld! 5901d]
66.4 0.1 29.0 6.300¢ 20.0[¢! 770[

Notes: [ Transition temperatures (°C) and enthalpy values [kJ/mol] were taken from the second DSC heating scans (10 Kmin~—1);
values in parentheses indicate monotropic mesophases, in this case the transition temperatures and enthalpy values were taken
from the first DSC cooling scans and the transition temperatures were checked by polarizing microscopy; [®! the transition is not
detectable by DSC and the transition temperature is determined by polarizing microscopy; [ could not be determined due to rapid
crystallization of the sample; [91 values for the SmC,PA phase; [¥! values for the SmCPg phase.

(m, 12H, Ar-H), 8.15(d, J = 8.3, 4H, Ar-H), 8.13 (d, J
—8.8,4H, Ar-H), 7.54-7.41 (m, 6H, Ar-H), 7.41-7.31
(m, 8H, Ar-H), 7.22-7.12 (m, 6H, Ar-H), 6.97 (d, J
— 8.9 Hz, 4H, Ar-H), 6.92 (d, J = 8.8 Hz, 4H, Ar—
H), 445 (t, J = 5.9 Hz, 4H, COOCH,), 4.11-3.99
(m, 8H, OCH,), 2.09-1.91 (m, 8H, COOCH,CH>,
OCH,CH>), 1.88-1.73 (m, 4H, OCH,CH.), 1.51-1.15
(m, 42H, CH,), 0.87 (t, J = 6.8 Hz, 6H, CHj). 13C
NMR (127 MHz, DMSO) 8(ppm): 167.86, 163.56,
163.35, 163.26, 163.22, 163.19, 156.85, 154.89, 154.88,
154.48, 153.39, 141.89, 131.74, 131.21, 131.12, 129.50,
129.33, 129.29, 126.88, 126.23, 125.83, 121.60, 121.46,
120.13, 118.74, 118.68, 115.21, 113.86, 67.75, 54.73,
49.14, 47.69, 33.33, 31.21, 31.18, 30.09, 28.94, 28.92,
28.87, 28.85, 28.65, 28.64, 28.38, 25.45, 25.28, 25.10,
24.70, 24.66, 24.32, 23.97, 21.99, 13.51.

2.2 Methods

The thermal transition behaviour, i.e. the measurement
of the temperature dependence of the heat capac-
ity Cp, and/or the enthalpy AH, was investigated
using a Perkin Elmer DSC Pyris 1 differential scan-
ning calorimeter. The texture observations of the lig-
uid crystal films sandwiched between two glass plates
were carried out with a Leitz polarising microscope
(Laborlux 12 Pol S, Germany). For the electro-optical
measurements we used commercial sandwich cells
(E.H.C., Japan) with a thickness between 5 and 15 pm.
The majority of the used glass plates exhibit a rubbed
polyimide coating for planar surface alignment of the

director. The cells were observed in transmission using
a Leica (DMRXP, Germany) polarising microscope
equipped with a digital camera Nikon (Coolpix 4500,
Japan). The cells were mounted onto a heating stage
(Linkam LTS 350, UK, and Mettler, FPS2HT und
FP90, UK) for temperature control. The magnitude
of the spontaneous polarisation was measured by inte-
grating the polarisation reversal current peak obtained
by switching the sample with a triangular electric field.
X-Ray investigations were performed either on a small
droplet of the sample on a glass plate (aligned upon
slow cooling at the sample—glass or at the sample—air
interface) or on a sample in a glass capillary (aligned
using a magnetic field of about 1 T). The droplet-
sample was held on a temperature-controlled heating
stage, which partially shadows the patterns below the
equator. The diffraction patterns were recorded by
a 2D detector (HI-STAR, Siemens) using Ni filtered
CuKa radiation.

3. Results and discussion

3.1 Mesophase behaviour, phase structures
and electro-optical studies

3.1.1 Banana—calamitic dimers la—I¢ consisting of a
five-ring bent-core mesogenic moiety and a calamitic
bis(azobenzene) unit

The banana-calamitic dimers la—lc possess a five-
ring bent-core moiety, which is connected by flexible
spacers to a three-ring calamitic bis-azobenzene unit.
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A dodecyloxy chain substitutes one leg of the bent-
core molecule. A carboxylic group to the methylene
spacer links the second leg, and an etheroxygen atom
connects the methylene spacer to the calamitic frag-
ment. That means all dimers la—lc¢ possess an odd-
numbered spacer with an even number of methylene
units (m = 2, 4, 6). The mesophase behaviour, tran-
sition temperatures together with the associated tran-
sition enthalpies, lattice parameters and spontaneous
polarisation values of the compounds la-1c¢ are col-
lected in Table 1.

All banana—calamitic twin molecules 1a—1¢ exhibit
smectic phases. Compound 1a with the shortest spacer
(m = 2) shows a monotropic smectic phase, while
dimers 1b and 1¢ (m = 4, 6) form an additional enan-
tiotropic high-temperature smectic phase. The meso-
morphic properties of these two homologues that dif-
fer due to the two methylene groups are very similar.
The clearing temperatures decrease only few degrees
with the elongation of the spacer.

Upon cooling dimers 1b and 1c¢ from the isotropic
liquid state, Schlieren or fan-shaped textures appear,
but also fascinating textures with spiral nuclei grow,
which coalesce into a variety of textures including
ribbon-like and spherulitic textures, focal conics and
circular domains, see Figure 1. Some of the textures
remind us of those of the B7 phase family [36, 39, 41,
94, 95].

The presence of well defined circular domains with
extinction directions parallel to the position of the
crossed polarisers is an argument for the anticlinic
organisation of the molecules between adjacent layers
in the high-temperature phase (Figure 1(a) and (b)).
Furthermore, the observation of a Schlieren texture
together with a smooth fan-shaped texture showing
irregular stripes across the fans is a strong indication
that the high temperature phase could be an anti-
clinic SmC phase, i.e. a SmC, phase (Figure 1 and
Figure 2(a)).

The transition into the low temperature phase is
accompanied by a pronounced change of the textures
although the transition enthalpies are very small. The
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smooth fan-shaped texture of the high-temperature
SmC, phase is transformed into a more or less non-
specific one as shown in Figure 2(a)—(c). In the case of
perfectly structured circular domains, a rotation of the
extinction crosses can be observed at the phase tran-
sition to the low-temperature phase, see Figure 2(d)
and (e). The extinction crosses make an angle of ~ 20°
with the directions of the crossed polarisers indicating
that the low-temperature phase has a synclinic-tilted
organisation.

It should be noted that the anticlinic-synclinic
transition is accompanied by clear optical effects
that are observable in the Schlieren texture. The
Schlieren texture becomes strongly fluctuating near
the transition of the low-temperature smectic phase
(Figure 2(b)) and the number of disclinations increases
in the Schlieren texture islands (Figure 2(c)). These
are indications of a stepwise transition from the anti-
clinic to a synclinic organisation of the molecules
between adjacent layers. The SmC,—-SmC; phase tran-
sition for compounds 1b and 1c (m = 4, 6) is char-
acterised by a very small transition enthalpy (about
0.1 kJ/mol). This dimorphism is only rarely observed
for non-chiral compounds. It has been reported for
hockey stick-shaped mesogens [96-103] and terminally
branched mesogens [104-106]. For these compounds
the sequence SmC,—SmC, was reported on cooling
that is, surprisingly, opposite to the sequence of the
dimers 1b and 1¢ which is SmC,—SmC; with decreasing
temperature.

As a representative example, the XRD investiga-
tions on the mesophases of dimer 1c¢ on cooling will
be presented in more detail. XRD measurements at
165°C and at 145°C confirmed the presence of the
two SmC phases. They show very similar patterns for
both phases (Figure 3(a)-(d)). For this compound,
the layer spacing derived from the XRD measure-
ments upon cooling is independent of the temperature,
including the transition from the high-temperature
SmC, (6.30 nm) to the lower-temperature SmC; phase
(6.30 nm) and indeed until the sample crystallises.
An average tilt angle of the molecular long axis with

Figure 1. Textures of the high-temperature SmC,PA phase of compound 1¢ upon cooling the isotropic liquid at 171°C without
an electric field in a 5 pm non-coated indium tin oxide (ITO) cell (a) and (c) and in a 6 pm polyimide-coated ITO cell (b).
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Figure 2. Phase transition SmC,—SmC; of compound 1c upon cooling without an electric field in a 5 wm non-coated ITO
cell between crossed polarisers: (a) regions of the high-temperature SmC, phase showing fan-shaped and Schlieren texture,
respectively, at 168°C. (b) Turbulences in the Schlieren texture islands between the two smectic states at 151°C, accompanied by
the appearance of additional defects. (c) Disturbed fan-shaped texture and changed Schlieren texture of the low-temperature
SmC; phase at 145°C. (d) and (e) Rotation of the extinction cross at the SmC,—SmC; transition, U = 0 V in a 6 pm polyimide-
coated ITO cell, (d) high-temperature phase at 171°C and (e) in the low-temperature phase at 145°C.

(2) (b)

tie )

Figure 3. XRD patterns of an aligned sample of compound 1¢: (a) and (b) high-temperature SmC, phase at 165 °C: (a) original
pattern; (b) the same XRD pattern, but the intensity of the isotropic liquid is subtracted. (c) and (d) Low-temperature SmC;
phase at 145°C: (¢) original pattern; (d) the same XRD pattern, but the intensity of the isotropic liquid is subtracted; (a) and (c)
the insets show the small angle scattering.
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respect to the layer normal can be calculated from the
position of the maxima for the outer diffuse scattering
in both SmC phases (t = 20°). An effective molecular
length L.y may be calculated from these experimental
results for both the SmC phases to L.y = d/cost =
6.70 nm.

The XRD investigations on compound 1b show
a similar behaviour. Interestingly, the layer spacing
increases upon cooling, from the high-temperature
SmC, phase (6.01 nm) to the low-temperature SmC;
phase (6.10 nm), accompanied by a tilt angle t
decreasing from 23° in the high-temperature SmC,
phase to 20° in the low-temperature SmC; phase as
derived from the outer diffuse scattering. Because of
the fibre-like disorder of the samples, no clear evidence
for a transition from an anticlinic to a synclinic organ-
isation of the molecules between adjacent layers can be
derived by the XRD investigations.

The electro-optical studies on the high-
temperature SmC, phases of compounds 1b and
1c evidenced the occurrence of two separate re-
polarisation peaks in each half period of the applied
triangular voltage field, which is characteristic of
antiferroelectric switching (Figure 4(d)). The cal-
culated values of the spontaneous polarisation
vary between 350 (1b) and 590 nC/cm’ (lc). The
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application of an electric field (10 V/pm) on the
high-temperature SmC, phase leads to the forma-
tion of a smoother fan-like texture. In the circular
domains, the extinction crosses are aligned along the
directions of the crossed polarisers and do not change
on applying, on reversal (Figure 4(a) and (c)) or on
terminating the applied field (Figure 4(b)). These
findings suggest that the antiferroelectric ground
state, as well as the switched ferroelectric states,
have an anticlinic tilt. This switching corresponds to
the transition from an SmC,P, state to a SmC,Pg
state. The collective rotation of the molecules around
their long axes on reversing the applied field is
sketched in Figure 4 below the corresponding texture
micrographs.

The low-temperature phase of compounds 1b and
1c also shows an electro-optical response. The SmC;
phase presents one well-defined re-polarisation peak
per half period of the applied triangular voltage
field, which allows a designation as SmC;Pr phase
(Figure 5(d)). To prevent an artefact, a modified
triangular-wave field was also applied using non-
coated ITO cells and different cell thickness or glass
coatings (5, 6, 10 or 15 pm). Also in these cases, only
one peak per half period of the applied field could
be observed. The calculated spontaneous polarisation
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Figure 4. Electro-optical investigations on the SmC,P, phase of compound 1c¢ at 165°C observed between crossed polarisers
in a 5 pm non-coated ITO cell: (a) and (¢) U = £ 150 V. (b) U = 0 V. (d) Antiferroelectric switching current response obtained
by applying a triangular-wave voltage (U = 373 V,,,, f = 4 Hz, R = 5 k2, spontaneous polarisation = 590 nC/cm?). Below the
textures the corresponding switching process of the molecules in the layers in the FE state (a) and (c) and in the AF ground
state (b) is shown. In the schematic model, only the bent-core parts of the dimers are shown because the calamitic moieties are
not of importance for the electro-optical behaviour under discussion. The colours blue and red indicate the different chirality

sense.



Downloaded by [Moskow State Univ Bibliote], [Alexey Bobrovsky] at 07:21 28 November 2011

1540 M.-G. Tamba et al.

SmC,Pr SmCPg
homochiral homochiral

(1)

&

Current response (a.u.)
o
(A/IN) @beyjo paijddy

-100~=

-150

—200

1 1 L L L L L L L
-04 -03 02 -0.1 0.0 01 02 03 04

Time (s)

W

SmC,Py.

homochiral

Figure 5. Electro-optical investigations on the SmC Py phase of compound 1c¢ under a d.c. electric field at 145°C observed
between crossed polarisers in a 5 wm non-coated ITO cell: (a) and (¢c) U = £ 120 V. (b) U = 0 V. (a)-(c) Models of the
organisation of the molecules in both ferroelectric states in the bistable switching process. (d) FE switching current response
obtained by applying a simple triangular-wave voltage (5 pm non-coated ITO cell, U =372 V,,, f =4 Hz, R=5kQ, T =

145°C, spontaneous polarisation = 770 nC/cm?).

values amount to 470 (1b) and to 770 nC/cm? (1c).
The extinction directions of the circular domains make
an angle of ~ 20° with the directions of the crossed
polarisers indicating that this SmC phase has a tilted
organisation (Figure 5(a)-(c)). If the first ferroelec-
tric ground state (Figure 5) is switched to the second
ferroelectric state or vice versa, the extinction direc-
tions do not change and only the birefringence slightly
varies (Figure 5(c)). Furthermore, this effect is inde-
pendent of the polarity of the applied field. Hence,
the ferroelectric ground state as well as the switched
ferroelectric states has a synclinic tilt and the switch-
ing corresponds to the transition between two SmCsPg
states. The chirality of the layers switches by a collec-
tive rotation of molecules around their long axes on
reversing the applied field.

The early crystallisation of the monotropic smec-
tic phase of dimer la prevents a structural char-
acterisation by XRD studies. However, the electro-
optical experiments were possible and they evidenced a
SmC,Pa phase, which has similar properties to those
found for the SmC,P, phases of the homologues 1b
and lc.

The dimers 1b and 1c and several hockey
stick-shaped compounds exhibit the rare synclinic—
anticlinic SmC phase transition [96-103]. For both
types of materials, this phase transition is charac-
terised by strong turbulences in the textures and by
low transition enthalpies. Therefore, a comparison of

the electro-optical behaviour is also of interest. The
situation is clear for the dimers studied here as evi-
denced before: both SmC phases are polar phases
showing current response curves typical for SmCP
phases. The situation is different for the SmC phases
formed by hockey stick-shaped compounds: neither
the polar character nor the electro-optical behaviour
is clear. Stannarius et al. reported a low, but clearly
measurable spontaneous polarisation for the high-
temperature SmC phase of the hockey-stick mesogens
in free-standing films [99]. In contrast, measurements
by means of null transmission ellipsometry and depo-
larised reflected light microscopy on very thin films
of definite number of layers between two and ten
using the same material by Huang et al. [101, 107]
have not given evidence for polar properties of both
SmC phases. Chakraborty et al. reported for a series
of hockey stick-shaped mesogens a current response
with two peaks for the synclinic and the anticlinic
SmC phases, which however do not completely dis-
appear upon heating into the isotropic phase [108].
Yu et al. observed a similar behaviour for other
hockey-stick compounds [96, 97]. The effect could be
explained by a field-induced switching correspond-
ing to a Freedericksz transition or by latently polar
properties of the SmC phases [109]. In summary, the
electro-optical behaviour of synclinic and anticlinic
SmC phases formed by hockey stick-shaped mesogens
is not really conclusive.
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3.1.2 Banana—calamitic-banana trimers containing
an azobenzene bridge between two bent-core mesogenic
moieties, compounds 2a—2d

Compounds 2a-2d represent a novel type of trimers
that have not been reported until now. They consist of
two bent-core mesogenic units and one calamitic unit.
In compounds 2a-2d, an azobenzene moiety serves as
bridge between two five-ring bent-core moieties. The
three mesogenic units are linked to the alkylene spacers
of different length (m = 2, 4, 5, 6) by the groups —
COO- and —O-. The chemical structure of the trimers
is a symmetric one, the dodecyloxy chains are attached
to both terminal positions. The mesophase behaviour
is given in Table 2.

For compounds 2a and 2b with spacer lengths of
m = 2 and 4, the LC behaviour could not be observed,
whereas the homologous members with m = 5 and
6 exhibit smectic phases.

Compound 2¢ (m = 5) forms two mesophases,
which could be identified as smectic modifications. The
molecular long axes are tilted with respect to the layer
normal as proved by their characteristic textures, i.e.
Schlieren, high- and low-birefringent fan-shaped tex-
tures and regions with circular domains, where the
extinction crosses are aligned or inclined with respect
to the position of the crossed polarisers. It was impos-
sible to obtain homeotropic textures by shearing or
by surface treatment, which excluded the existence of
smectic phases with orthogonally directed molecules.
The corresponding phase transition is characterised by
a small transition enthalpy (about 0.3 kJ/mol). Fast
crystallisation prevented XRD measurements and
electro-optical studies. Therefore, both the metastable
mesophases of compound 2¢ were assigned as SmCy
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and SmC’y phases, as a complete characterisation of
these phases was not possible.

Trimer 2d, with the longest spacers (m = 0),
exhibits one monotropic smectic phase. The growth
of this phase could give a hint for a columnar or
an undulated smectic phase, i.e. upon cooling from
the isotropic liquid state a dendritic growth of the
texture appears (Figure 6(a)). Additionally, a birefrin-
gent texture containing sharp lines and leaf-like pat-
terns, mosaic-like regions and low-birefringent focal
conic regions could be observed (Figure 6(a) and
(b)). Numerous regions with circular domains with
the direction of the extinction crosses parallel to the
position of the crossed polarisers suggest an anticlinic
organisation of the molecules between adjacent layers.
However, the XRD patterns show only layer reflec-
tions with d=6.21 nm, confirming a smectic phase
Figure 6(c)). The wide-angle pattern of a partially
aligned sample indicates a tilted smectic mesophase.

In the electro-optical studies, an antiferroelectric
polar switching could be observed. Two current
peaks per half-period of a triangular voltage could
be recorded during the switching process indicating
an SmC,PA phase with an antiferroelectric ground
state (spontaneous polarisation = 270 nC/cm?, see
Figure 7(c)). If an electric field of 15 V/pm is applied
to this phase the texture becomes non-specific and
the birefringence slightly increases. The texture of the
switched states is independent of the polarity of the
field and nearly the same as in the field-off state
(Figure 7(a) and (b)). This confirms that the switching
between the antiferroelectric ground state and the
switched ferroelectric states preferably takes place by a
collective rotation of the molecules around their long

Table 2. Transition temperatures® [°C], mesophase type and transition enthalpy values [kJ/mol] of series 2

Oo /@jﬂ O/©\O)c‘)\©\O j)]\@\(

O(CHoImMO—~_)-N=N—{_)—O(CH,),,0

0 PR
PRy T

H25C4,0 OC15Ha5
O
Transitions temperatures [°C]
Comp. m AH [kJ-mol™]
2a 2 Cr2161
111.7
2b 4 Cr1851
135.9
2¢ 5 Cr 187 (SmC’ 162 SmCy 176) I
132.4 0.3 33.4
2d 6 Cr 162 (SmC,P4 157) 1
113.1 43.1

Notes: [@ Transition temperatures (°C) and enthalpy values [kJ/mol] were taken from the second DSC heating scans (10 Kmin~!); values
in parentheses indicate monotropic mesophases, in this case the transition temperatures and enthalpy values were taken from the first DSC
cooling scans and the transition temperatures were checked by polarizing microscopy.
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Figure 6. SmC,P, phase of compound 2d: (a) dendritic growing of the texture on cooling from the isotropic liquid at U =0 V
at 157°C and (b) another region showing banana-leaf texture at 150°C. (c) XRD patterns of a partially surface-aligned sample

at 148°C; the inset shows the small angle region.
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Figure 7. SmC,P, phase of dimer 2d at 150°C observed between crossed polarisers in a 5 pm non-coated ITO cell: (a) and (b)
under a d.c. electric field (a) U =0 V. (b) U = 4 160 V. (¢) AF switching current response obtained by applying a triangular-wave
voltage (U = 320 V,,, f = 4 Hz, R = 5 kQ, spontaneous polarisation = 270 nC/cm?).

axes in analogy to the diagram of the switching process
as shown in Figure 4.

3.2 Photochemical investigations
3.2.1 Techniques

The photochemical properties were studied using a
special instrument equipped with a DRSh-250 ultra-
high pressure mercury lamp with 365 nm interfer-
ence filter and KLM-473/h-150 diode laser (473 nm).
To prevent heating of the samples due to infrared (IR)
irradiation of the lamp, a water filter was applied.
To obtain a plane-parallel light beam, a quartz
lens was used. The intensity of light was equal to
3.0 mW/cm? (365 nm, non-polarised), 0.9 mW/cm?
(365 nm, polarised), and ~2 W/cm? for the laser,
as measured by a LaserMate-Q (Coherent) intensity
meter. Spectral measurements were performed using a
Unicam UV-500 spectrophotometer.

The orientational order was studied using
polarised UV /visible spectroscopy, because the tran-
sition moment of the E-isomer of the azobenzene
moiety is directed along the long axis of this group.
For this purpose, the angular dependence of the
polarised light absorbance was measured using a

photodiode array UV/visible spectrometer (J & M)
with a step-width of 10°.

The dichroism values were calculated from the
spectra using Equation (1):

D= (Ay—A0)/(A)+ A1) (1

where A is the polarised light absorbance at the
preferred direction of the chromophore orientation
and A is the absorbance perpendicular to this direc-
tion. In all cases the polarisation plane of the inci-
dent light was 90° with respect to the main axis
of the chromophore. A number of films were pre-
pared by the spin-coating method from chloroform
solutions of the substances (~30 mg/mL). The thick-
ness of the films was estimated by AFM method
(Ntegra, NT-MDT, Russia) and was in the range of
100-150 pm.

3.2.2  Results of the photochemical studies

One member of each series was selected for the photo-
chemical studies. Firstly, the photochemical behaviour
of the substances 1c¢ and 2d in dilute solutions and
films was observed. The spectral changes under UV
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Figure 8. Spectral changes under UV irradiation (365 nm) of (a) the solution of compound 2d in dichloromethane (1.6 x 1072
mg/mL). (b) Film of compound 2d. (c) Solution of 1c¢ in dichloromethane (1.2 x 102 mg/mL). The inset in (c) shows the

corresponding kinetics at 384 nm.

irradiation of a 2d solution are shown in Figure 8(a)
and those of the thin spin-coated film are shown
in Figure 8(b). As clearly seen from the figures, in
both cases the irradiation results in a decrease in
the absorbance corresponding to the n—7n* electronic
transition of the azobenzene chromophores. Such
changes are associated with the E—Z isomerisation
process of the azobenzene moieties. It is notewor-
thy that spectral changes in case of the dilute solu-
tion are more pronounced than in case of the film.
Moreover, the time for reaching the photostationary
state is strongly different: ~1 min for the solution
and ~20 min for the film. This difference can be
explained by the steric hindrance, which suppresses
the isomerisation processes and the transition from
the rod-like E-isomer to the non-linear Z-isomer of
the azobenzene molecules in solid films of compound

2d. Similar effects are well known in the literature for
amorphous and LC azobenzene-containing polymers
[110-112].

In contrast to the azobenzene-containing trimer
2d, the irradiation of a solution of the bis-azobenzene
containing dimer 1c induces only a small decrease in
absorbance (Figure 8(c)) and, moreover, there are no
spectral changes in the films. Irradiation with light of
other wavelength (365, 405, 436 nm) has shown the
same tendency. The absence of the E-Z isomerisa-
tion is probably related to the electronic structure of
the chromophores having two conjugated azobenzene
fragments.

The spin-coating method allowed for the prepara-
tion of thin (~100-200 nm) homogeneous films for
compounds 2d and 1c. Surprisingly, despite the high
melting temperature, these films do not show any
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Figure 9. Normalised absorbance spectra of the compounds 2d (a) and 1¢ (b) in dichloromethane solutions and in spin-coated

films.

light scattering or birefringence at room temperature,
which may be associated with an amorphous disor-
dered state or a crystalline phase consisting of very
small crystallites. Figure 9 shows the difference in the
absorbance spectra of dichloromethane solutions and
spin-coated films. For both compounds a small shift of
the absorbance maximum to shorter wavelengths was
found. This effect is probably associated with an H-
aggregation of the azobenzene chromophores, i.e. with
a tendency to their parallel packing [113].

Let us consider the most important part of our
work concerning the study of the photo-orientation
processes in the thin spin-coated films. In the case of
the mono-azobenzene-substituted trimer 2d irradia-
tion with both, UV and visible polarised light, results
in a pronounced anisotropy of absorbance (Figure 10
and Figure 11). The appearance of dichroism indicates
a photo-induced orientation of the chromophores in
a direction perpendicular to the polarisation plane of
the incident light. The polar diagram in Figure 10(c)
clearly gives evidence of the good uniaxial orientation.
Interestingly, after light action, the absorbance max-
imum is shifted to shorter wavelengths (Figure 10(a)
and (b)). This can be explained by an improvement
of aggregation of the chromophores during the photo-
orientation process.

The maximum values of dichroism are lower in
case of polarised UV light than for blue light due
to a noticeable concentration of the Z-isomer that to
some extent destroys the orientation because of its low
anisometry.

For the bis-azobenzene derivative 1¢, polarised UV
light did not induce any anisotropy, whereas irradi-
ation by blue laser allowed one to achieve a simi-
lar degree of photo-induced orientation (Figure 12
and Figure 13). During irradiation, the absorbance
of light polarised parallel to the preferred orientation
increases, whereas the perpendicular one decreases

(Figure 13(a)). At the same time, the averaged non-
polarised absorbance remains almost unchanged dur-
ing irradiation. This allows us to conclude, that no
E-Z isomerisation takes place in the films of this
substance, and most probably the mechanism of
photo-orientation for compound 1c¢ is a rotational
diffusion associated with cycles of excitation—rotation
[114].

It is worth noting that the values of the photo-
induced dichroism are almost equal for both sub-
stances (~0.3). This value of dichroism is more than
two times lower than the maximum value obtained
for azobenzene-containing side-chain polymers (~0.7)
[15], but, nevertheless, is much higher than that
reported before for glassy amorphous low-molar mass
compounds [31-33]. The relatively low values of
the dichroism in comparison with the azobenzene-
containing polymers can be explained by the presence
of bent-shaped fragments that decrease the uniaxial
orientation and anisotropy.

We have examined the thermal and temporal sta-
bility of the photo-induced order in oriented films.
For both compounds, the orientation is very stable at
room temperature, at least for several weeks, but as
seen in Figure 14, this decreases to zero under heat-
ing. Surprisingly, for 2d, the decrease of the dichroism
value starts at about 20°C below the melting tem-
perature (Figure 14(a)) (below 140°C, whereas m.p.
is 162°C). Probably the mobility of the molecules at
high temperatures, even in the crystalline phase, is
strong enough for their reorientation. The heating of
this substance above the melting point results in a de-
wetting process and the formation of small droplets,
which crystallise at temperatures below the melting
point.

For compound 1c the orientation is stable up
to the melting process (Figure 14(b)). Moreover, the
mesophase that has a higher viscosity stabilises the
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Figure 10. Polarised absorbance spectra of 2d film (a) before and after 80 min of irradiation with polarised blue light (473 nm).
(b) Before and after 100 min of irradiation with UV light. (c) Polar plot of absorbance before and after blue light action.

film and after cooling the sample shows a polycrys-
talline texture without any preferred orientation. It is
important to note that irradiation of the polycrys-
talline sample by blue polarised light does not lead to
any photo-induced anisotropy, i.e. the crystalline order
prevents any rotational molecular diffusion.

4. Conclusions

Beside rod-like and discotic mesogens, bent-core
mesogens represent the third basic group of low-
molecular mass liquid crystals. Members of the differ-
ent groups form different types of mesophases, such as
calamitic, columnar and banana phases, which exhibit
only a limited miscibility with each other. If mesogens
belonging to different groups are covalently connected

to each other, the existence and the type of mesophases
of the new materials cannot be foreseen. In the case of
trimers consisting of two discotic and one bent-core
mesogenic moieties, for example, the LC properties
are lost. The linking of calamitic and banana-shaped
mesogens is a more successful concept as reviewed in
the introduction and proved in this paper.

The linking of a bent-core mesogen with a
calamitic bis(azobenzene) moiety by means of a flex-
ible spacer results in dimers la—l1c¢ that exhibit polar
smectic phases. Two of the homologues (1b and 1c¢)
bearing a spacer with lengths m = 4 and 6 show
an exciting behaviour. Both exhibit two SmC phases;
these are synclinic and anticlinic SmC phases and only
differ in the direction of tilt in the adjacent layers. The
SmC,-SmC; phase transitions have been rarely found
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Figure 11. Kinetics of growth of dichroism in films of com-
pound 2d under irradiation with blue light, 473 nm and
UV-light, 365 nm.

for non-chiral compounds. They have been reported
so far only for hockey stick-shaped mesogens and for
terminally branched mesogens. Remarkably, the new
banana—calamitic dimers 1b and 1¢ form the SmC,
and SmC; phases in the inverse sequence compared
with the other non-chiral compounds. For the latter
the sequence, the SmC;—SmC, transition was found
with decreasing temperature. In contrast, the SmC,Px
phase for the dimers 1b and 1c is observed at higher

before, | |, L

T T T T T T T T T T T T 1
250 300 350 400 450 500 550
A (nm)

temperatures and the transition to SmCPgr upon
cooling. For the banana-calamitic-banana trimers
2, smectic phases could only be detected for the
homologues with a spacer length of m = 5 and 6. The
smectic phase of trimer 2d having two spacers with m
= 6 could be assigned to the SmC, P, phase by means
of XRD and electro-optic measurements.

The photochemical properties of the two
novel bent-shaped substances having photoactive
azobenzene fragments were studied in solution
and film form. It was found that the irradiation
by polarised light induces photo-orientation in the
thin amorphous films obtained by spin coating. The
kinetics and mechanism of the photo-orientation
process were studied and it was shown that the photo-
induced order is quite stable at temperatures below
the melting transition.

The continuation of the experimental work could
serve several different objectives. As mentioned above,
nematic phases formed by the bent-core mesogens
are of special interest. To find such nematic phases,
the chemical structure of the molecules under study
should be changed. In principal, we could shorten
the terminal alkyloxy chains, decouple the mesogens
by longer spacer, or change the ratio between bent-
core and calamitic moieties. Therefore, for calamitic—
banana-calamitic trimers the existence of nematic
phases is more probable. For the photochemical
properties, the increase of the photo-orientational
effect would be of interest. A further elongation of the
oligomeric molecules could achieve this. Furthermore,
the influence of stiffness and flexibility on the photo-
orientation is unknown for the azobenzene containing
materials under discussion.
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Figure 12. Polarised absorbance spectra of a spin-coated film of 1c¢ before and after irradiation by blue light (473 nm, 60 min)
(a) and the corresponding polar plot of polarised absorbance before and after irradiation (b).
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