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ABSTRACT

One of the most exciting classes of organic materials that is able to self-assemble at nanoscopic
scale are those exhibiting the liquid crystalline (LC) behaviour which can be distantly tuned by an
external stimulus. Under UV/Vis light irradiation, the reversible photoisomerisation process can
take place if the compounds possess the photosensitive group, e.g. N=N or cinnamoyl group
incorporated in their molecular structure. This can drastically affect the LC behaviour. However, the
compounds possessing the cinnamoyl fragment with C=C double bond are capable of both
photoisomerisation and photocycloaddition processes. Several cinnamoyl-based reactive meso-
gens with polymerisable vinyl group have been designed; their mesomorphic and structural
behaviour have been studied. Depending on the molecular structure, the reactive mesogens
exhibit nematic, orthogonal smectic A and tilted smectic C phases; the kinetics of the phase
transition temperatures has been checked. The structure of the mesophases is confirmed by small-
angle X-ray scattering. The main objective of the present work is to contribute to better
understanding of molecular structure - mesomorphic property relationship for new functional
cinnamoyl-based photosensitive reactive mesogens which can be further used for design of smart
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self-assembling macromolecular materials.

1. Introduction

Self-organisation is a process due to which a disordered
system of simple constituents can form an organised
structure or pattern as a consequence of specific local
interactions among those components. When the con-
stitutive objects of such a system are molecules, the self-
assembly phenomenon is a process of spontaneous, and
usually reversible, organisation of molecules into
ordered assemblies by non-covalent interactions. Some
organic materials can exhibit the liquid crystalline (LC)
behaviour, which is a specific example of the self-
organising system, that can be controlled, tuned or

changed by an applied external stimulus, like external
electric/magnetic field, mechanical stress or irradiation
by light of different wavelength [1-3]; the last is actually
of extremely high interest for a number of practical
applications [4-11]. Various structures and specific
properties characteristic for the low-molar-mass LC
materials can be stabilised by grafting them on the
polymeric backbone while designing the macromolecu-
lar structures. During last decades, self-assembling
materials with desired functionality represent
a fascinating area of intense research of the soft matter
and liquid matter communities [5,12-16], which
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provides a highlighted approach for the design of new
material structures [17]. However, it is quite difficult to
predict and keep under control the properties of the
self-assembling materials [18-20]. One of the most
exciting classes of organic materials that is able to self-
assemble at nanoscopic length scale are those exhibiting
the LC behaviour which can be tuned by the light
illumination.

While designing new photosensitive LC materials,
different photosensitive moieties [21] can be used for
the material design: (i) the azobenzene group [21-23];
(ii) spiropyran group [21,24]; (iii) cinnamoyl group
[21,25-28]; (iv) stilbene group [21,29-31]; coumarine
group [21,32-34], etc. However, the difference in the
chemical structure of photoactive moieties influences
much their further post-isomerisation and the resulting
properties, and, hence their functionality. For instance,
photoalignment processes [35] play a crucial role for
azobenzene, coumarin and cinnamoyl derivatives [36].
Utilisation of different photochromic gelators [36]
allows the design and preparation of photochromic LC
gels with fascinating optical properties and offers the
pathways for the control over these properties by varia-
tion of the external electric field. Recently, the possible
use of high-molecular-mass and low-molecular-mass
photochromic compounds as gelators for low-
molecular-mass nematic and cholesteric liquid crystals
has been presented [37,38]. Systematic search for effi-
cient gelators (such as low-molecular-mass and poly-
meric azobenzene and cinnamoyl derivatives) has been
performed for different low-molecular-mass liquid crys-
tals derived from of cyanobiphenyl, cyclohexane,
etc. [36].

Generally, the azobenzene-based LCs combine the
unique molecular self-organisation characteristic of
liquids crystals with the exceptional light-induced
response (molecular photo-alignment) of the azoben-
zene groups [39]. While azobenzene containing high-
molecular-mass [39-41] and low-molecular-mass
[22,42,43] photosensitive LC materials of various
structure and functionality are intensively designed
and investigated [39,44-46] and are even actively
used for practical purposes like photoalignment [47];
high-density (volume or 3D) optical data storage
devices [48] and other applications [49-51].
Nevertheless, the organic self-assembling materials
containing cinnamoyl or other photosensitive moieties
are much less considered [52-54]. Light-induced struc-
tural chemical transformations in photoactive LC com-
pounds are also very highlighted and desirable. That is
why the design and synthesis of new reactive meso-
gens, especially based on unconventional cinnamoyl
group, still remains an actual and highlighted topic.
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Recently, the photosensitive functional cinnamoyl
group has been used for the design LC materials of
various shapes, like chiral [55-57] rod-like compounds
but also for the discotic [58] and bent-shaped [59-61]
LC materials. There are furthermore few cases, when
the cinnamoyl group is used for the design of reactive
monomers [39,57] and for further grafting them as
a side-chain on the polyacrylate or polymethacrylate
backbones.

Cinnamoyl moiety can also be used as a reactive
terminal group that can undergo crosslinking reactions
when subjected to heat or light [52,62]. The possibility
to control the optical and electrical properties of reactive
mesogens by aligning and fixing them using various
methods enable their utilisation for special optical
films [63], which can be widely used in both display
and non-display applications, owing to the optical ani-
sotropy of the liquid crystal structures [64]. The func-
tional double bond of the cinnamic group [65] is well
known for exhibiting a photo-induced isomerisation
upon the UV irradiation, which can be used for indu-
cing a surface anisotropy to achieve appropriate align-
ment of LC materials [65-69]. Using the cinnamic
group, while designing new functional compounds,
allows to achieve new luminescent LC materials with
different emitting colour, which assure intense fluores-
cence in solution/solid-state and, simultaneously an
appropriate LC behaviour [70].

The main objective of the present work is to design
new cinnamoyl-based reactive mesogens with polymeri-
sable vinyl group and to study their properties in order
contribute to better understanding of molecular struc-
ture — mesomorphic property relationship for func-
tional photosensitive reactive mesogens capable for
both the photoisomerisation and photocycloaddition
which can be further used for design of smart self-
assembling macromolecular materials [36,71-75].

2. Experimental

This section contains of the detailed description of the
synthetic route for the newly designed cinnamoyl-based
reactive mesogens as well as the description of the
experimental techniques used for the studies.

2.1. Synthesis of cinnamoyl-based reactive
mesogens

General structure of the designed cinnamoyl-based
reactive mesogens is presented in Figure 1. The mole-
cular structure of the reactive mesogens differs in the
number of carboxyl units and branching of chain linked
to the mesogen’s core by the carboxylic group.
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Figure 1. General chemical structure of the designed cinnamoyl-
based reactive mesogens: the materials are denoted as: USHM
for X=C(CH5),CO0CsH;3; USHG for X=CH,COOCsH;5 and USH 6
for X=C¢H;5.

Reactive mesogens were synthesised according to the
synthetic routes shown in Figure 2. Commercial 10-
undecenol 1 was converted to tosylate 2, which was
used for alkylation of 4-hydroxybenzaldehyde 3.
Alkylated aldehyde was then transformed to cinnamic
acid 4 via Knoevenagel reaction with malonic acid.
Aliphatic ester intermediates 6 and 8 were synthesised
from hexane-1-ol by direct acylation (in the case of 6) or
esterification reaction (in the case of 8). Analogously,

esterification of 4-hydroxybenzoic acid 9 with hexane-
1-ol. Alkylative esterification of 4-hydroxybenzoic acid
9 by hexyl chloroacetate 6 provided hydroxy-ester 10b.
In the case of the hydroxy-ester 10c, the hydroxy group
of 4-hydroxybenzoic acid 9 was first protected by the
reaction with methyl chloroformate and then the result-
ing protected acid was transformed to benzoyl chloride
11 using thionyl chloride. In the next step benzoyl
chloride 11 was esterified with hexyl 2-hydroxyisobuty-
rate 8 in pyridine and then the methoxycarbonyl-
protective group was cleaved by aqueous ammonia giv-
ing hydroxy-ester 10c. In the final step of the synthesis,
the acid 4 and hydroxy-esters 10a-c were reacted in the
DCC-coupling reaction to yield target reactive meso-
gens USH 6, USHG and USHM.

Structure of all synthesised materials and intermedi-
ates were confirmed by NMR spectra recorded on
Varian VNMRS 300 instrument; deuteriochloroform

hydroxy-ester 10a was synthesised by direct (CDCl;) and hexadeuteriodimethyl — sulphoxide
O
(0]
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Figure 2. Synthetic route leading to target photosensitive cinnamoyl-based reactive mesogens.



(DMSO-dg) were used as solvents and signals of the
solvent served as the internal standard. In the following
synthetic procedures’ description, the chemical shifts
(6) are given in ppm and ] values are given in Hz. The
chemical purity of all materials and intermediates was
checked by high-performance liquid chromatography
(HPLC), which was carried out using a silica gel column
(Biosphere Si 100-5 um, 4x250, Watrex). The chemical
purity was found between 99.5% and 99.7%.

Undec-10-enyl p-toluenesulfonate 2

Undec-10-enyl p-toluenesulfonate 2 was synthesised
following the procedure described in ref [76]. Starting
from 10-undecenol (23.0 g, 0.14 mol) 42.0 g, (95%) of
tosylate 2 was obtained. The product was used immedi-
ately in the next reaction without further purification.
"H NMR (CDCly): 7.79 (2H, d, ArH), 7.34 (2H, d, ArH),
5.70-5.9 (1H, m, CH=), 4.76-5.10 (2H, m, CH,=CH),
4.01 (2H, t, CH,0), 2.05 (2H, dt, CH,CH), 1.80 (2H, m,
CH,CH,0), 1.30-1.60 (12H, m, (CH,)).

4-(Undec-10-enyloxy)cinnamic acid 4

A mixture of undec-10-enyl p-toluenesulfonate
(6.50 g, 20.0 mmol), 4-hydroxy-benzaldehyde (3.30 g,
19.86 mmol), anhydrous potassium carbonate (5.50 g,
39.79 mmol), and acetone (100 ml) was heated under
reflux for 10 h. The cooled mixture was added to water
(300 ml), extracted with diethylether (3 x 70 ml), and
the combined organic layers washed with water
(2 x 70 ml) and dried over anhydrous magnesium
sulphate. After removal of the solvent under reduced
pressure, the residue was purified by crystallisation from
hexane. Solid 4-(10-undecenyloxy)benzaldehyde was
added to the solution of malonic acid (2.30 g,
21.55 mmol) in dry pyridine (15 ml) and piperidine
(0.5 ml) was then added. The resulting mixture was
refluxed with stirring for ca. 6 h (until CO, evolution
stopped). Cooled mixture was poured into ice-cooled
hydrochloric acid (1:2, 100 ml). The crude product was
filtered off, washed with cold water, dried and then
crystallised from ethanol to yield acid 4 (5.56 g, 88%).
'"H NMR (CDCL,): 7.75 (1H, d, J=15.9, Ar-CH=), 7.50
(2H, d, J=8.6, H-2, H-6), 6.90 (2H, d, J=8.6, H-3, H-5),
6.32 (1H, d, J=15.9,=CHCOO), 5.70-5.9 (1H, m, CH=),
4.76-5.10 (2H, m, CH,=CH), 4.0 2H, t, ] = 6.5, CH,0),
223 (3H, s, ArCH;), 1.97-2.09 (2H, m, CH,CH=),
1.68-1.73 (2H, m, CH,CH,0), 1.33-1.68 (12H, m,
(CH,)e)-

Hexyl 2-chloroacetate 6

According to Ref. [76]: Hexan-1-o0l (10.20 g, 0.10 mol)
was added dropwise with stirring to 2-chloroacetyl chlor-
ide (11.29 g, 0.10 mol). After stirring for 1 h the resulting
mixture was distilled under reduced pressure (80-83°C/
5 Torr). Yield was 14.6 g (81%). '"H NMR (CDCl,):
4.10-4.30 (3H, m, CH,Cl, COOCH,), 1.65 (2H, quin.

LIQUID CRYSTALS (&) 2279

J = 7.1, COOCH,CH,), 1.20-1.39 (6H, m, 3 x CH,),
0.89 (3H, t, J = 6.7, CH,CH.).

Hexyl 2-hydroxy-2-methylpropanoate 8

The mixture of 2-hydroxy-2-methylpropanoic acid
(50.0 g, 0.48 mol), hexan-1-ol (48.0 g, 0.47 mol) and
small amount of p-toluensulfonic acid in toluene
(200 ml) was refluxed using Dean-Stark apparatus for
16 h during which portions of formed water were sepa-
rated. After cooling, the resulting mixture was diluted
with diethylether (500 ml) and washed with aqueous
sodium hydroxide (150 ml, 10%), water and brine.
Separated organic layer was dried over anhydrous mag-
nesium sulphate. After removal of the solvent, crude
product was distilled under reduced pressure (84°C/
4 Torr). The yield was 74.28 g (83%). 'H NMR
(CDCLy): 4.17 (2H, t, J = 7.0, CH,0), 1.60 (2H, quin.
J=7.1, COOCH,CH,), 1.44 (6H, s, C(CH3),), 1.21-1.41
(6H, m, 3 x (CH,)), 0.86 (3H, t, ] = 6.7, CH,CHS).

Hexyl 4-hydroxybenzoate 10a

The mixture of 4-hydroxybenzoic acid (10.10 g,
72.0 mmol), octanol (19.0 g, 0.15 mol) and p-toluensul-
fonic acid (0.15 g, 0.9 mmol) in toluene (200 ml) was
refluxed in Dean-Stark apparatus for 48 h during which
portions of formed water were separated. After cooling,
the resulting mixture was diluted with water (200 ml),
neutralised with solution of potassium carbonate.
Organic layer was separated and aqueous layer extracted
with diethylether (2 x 150 ml). Collected organic layers
were washed with water (100 ml), brine (100 ml) and
dried over anhydrous magnesium sulphate. After eva-
poration of the solvent, crude hexyl 4-hydroxybenzoate
was crystallised from hexane. Yield 14.10 g (88%), m.p.
51-52°C. 'H NMR (CDCls): 7.96 (2H, d, ] = 8.4, H-2,
H-6), 6.88 (2H, d, ] = 8.4, H-3, H-5), 6.19 (1H, s, OH),
429 (2H, t, ] = 6.9, OCH,), 1.76 (2H, m, OCH,CH,),
1.30-1.45 (6H, m, 3 x CH,), 0.88 (3H, t, ] = 6.6, CH3).

2-(Hexyloxy)-2-oxoethyl 4-hydroxybenzoate 10b

4-Hydroxybenzoic acid (17.0 g, 0.12 mol) was dis-
solved in ethanol (250 ml) and potassium bicarbonate
(12.60 g, 0.13 mol) was added with intensive stirring. To
this solution, hexyl 2-chloroacetate (20.0 g, 0.11 mol)
was added dropwise and the mixture was refluxed for 4
h. After cooling, the resulting mixture was diluted in
dichloromethane (400 ml), washed with water
(2 x 150 ml) and dried over anhydrous magnesium
sulphate. The solvent was removed under reduced pres-
sure and the residue distilled (220°C/0.5 Torr). The yield
was 26.20 g (77%). '"H NMR (CDCl3): 7.91 (2H, d,
J = 8.5, H-2, H-6), 6.87 (1H, br. s., OH), 6.81 (2H, d,
J=8.5,H-3, H-5), 4.85 (2H, s, ] = 7.1, OCH,COO), 4.22
(2H, t, J = 6.4, COOCH,), 1.67 (2H, quin. J = 7.1,
COOCH,CH,), 1.21-1.35 (6H, m, (CH,)5), 0.88 (3H,
J = 6.7, CH,CH,).
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4-(Methoxycarbonyoxy)benzoyl chloride 11

4-hydroxybezoic acid (27.60 g, 0.20 mol) was dis-
solved in a mixture of sodium hydroxide (20.0 g,
0.50 mol) and water (300 ml) and cooled to 0°C. Then,
methyl chloroformate (28.30 g, 0.30 mol) was added
dropwise with stirring, keeping the temperature at 0°C.
The reaction mixture was then stirred for ca. 2 h while
a white precipitate was gradually formed. Resulting
mixture was acidified by a small amount of hydrochloric
acid (pH 4-5) and white solid was filtered off and
washed with cold water. After drying, the solid was
recrystallised from ethanol and dried under vacuum.
Obtained 4-(methoxycarbonyloxy)benzoic acid was sus-
pended in thionyl chloride (40 ml) and a catalytic
amount of DMF was added. The reaction mixture was
refluxed for 2 h. The excess of thionyl chloride was
distilled off. Oily residue was diluted with toluene and
the solvent removed on rotatory evaporator. Obtained
benzoyl chloride 11 was used in the next synthetic step
without further purification. 'H NMR (CDCL): 8.18
(2H, d, J = 8.8, H-2, H-6), 7.37 (2H, d, ] = 8.8, H-3,
H-5), 3.96, (3H, s, OCH,).

1-(Hexyloxy)-2-methyl-1-oxopropan-2-yl 4-hydroxy-
benzoate 10c

Benzoyl chloride 11 (10.0 g, 46.60 mmol) dissolved in
toluene (50 ml) was added dropwise to the stirred mix-
ture of 8 (8.50 g, 45.15 mmol) and dry pyridine (8 ml) in
toluene (100 ml). The reaction mixture was stirred for
6 h and then refluxed for 30 min. Resulting cooled
mixture was filtered and the filtrate washed with diluted
hydrochloric acid (100 ml, 5%) and water (100 ml).
Separated organic layer was dried with anhydrous mag-
nesium sulphate. After evaporation of solvent on rota-
vap, the residue was dissolved in tetrahydrofurane
(150 ml) and cooled to —20°C. To this precooled solu-
tion, concentrated aqueous ammonia (25 ml, 25%,
0.16 mol) was added with stirring. The reaction mixture
was stirred and let warm to room temperature and the
progress of the hydrolysis was monitored by TLC. After
ca. 45 min the resulting mixture was poured into water
(200 ml) and neutralised with hydrochloric acid. The
organic layer was separated and the aqueous layer
extracted with diethylether (2 x 70 ml). Combined
organic layers were washed with water (70 ml) and
dried over anhydrous sodium sulphate. The solvent
was removed on rotavap and the oily residue purified
by chromatography on silica (dichloromethane-acetone
(97:3)). Yield 11.10 g (81%) of viscous liquid 10c.
"H NMR (CDCls): 7.89 (2H, d, ] = 8.8, H-2, H-6), 6.84
(2H, d, ] = 8.8, H-3, H-5), 4.15 (2H, t, ] = 6.7, COOCH,),
1.68 (6H, s, (CH),C), 1.60 (2H, quin. J = 7.0, COOCH,
CH,), 1.10-1.43 (6H, m, 3 x CH,), 0.88 (3H, J = 6.7,
CH,CH3), °C NMR (CDCL): 173.38 (s, C-COO),

165.51 (s, ArCOO), 160.89 (s, C-4), 131.97 (s, C-2,
C-6), 121.68 (s, C-1), 115.20 (s, C-3, C-5), 78.38 (s,
C-COO0), 65.65 (s, CH,O0C), 31.26 (s, CH,CH,CH,),
28.30 (s, CH,CH,0), 25.41 (s, CH,(CH,),0), 24.71 (s,
(CH,),C), 22.42 (s, CH,CHs), 13.90 (s, CH,CH;).

(E)-hexyl 4-((3-(4-(undec-10-en-1-yloxy)phenyl)acry-
loyl)oxy)benzoate (USH 6)

Benzoic acid 4 (2.0 g, 6.32 mmol) and phenol 12a
(1.40 g, 6.28 mmol) were dissolved in dry dichloro-
methane (50 ml) and dicyclohexylcarbodiimide
(1.37 g, 6.63 mmol) and 4-(N,N-dimethylamino)pyri-
dine (0.15 g, 1.75 mmol) were added. The mixture was
stirred for 24 h and then the precipitated dicyclohexy-
lurea was filtered off. Resulting filtrate was evaporated
and further purified by column chromatography on
silica (eluent dichloromethane-acetone 99.8:0.2) and
crystallised from hexane. The yield was 2.65 g (81%) of
USH 6 compound.

'"H NMR (CDCl;): & 8.20 (d, 2H, J = 8.6H-2", H-6"),
7.85 (1H, d, J = 15.8, Ar-CH=), 7.55 (2H, d, ] = 8.8, H-2,
H-6), 7.34 (d, 2H, | = 8.6, H-3", H-5"), 6.94 (2H, d,
J = 8.8, H-3, H-5), 6.49 (2H, d, J = 15.8,=CHCOO0),
5.70-5.92 (m, 1H, CH=), 4.90-5.10 (1H, m, CH=CH,),
4.30 (t, 2H, J = 6.5, CH,00C) 4.09 (t, 2H, ] = 6.7, CH,
0), 1.98-2.10 (m, 2H, CH,CH=), 1.68-1.89 (m, 4H, 2
x CH,CH,0), 1.20-1.69 (m, 18H, 9 x CH,), 0.90 (t, 3H,
J = 6.7, CH;CH,). >C NMR (CDCl;): 165.19 (s,
CHCOO), 164.81(s, ArCOO), 161.49 (s, C-4), 155.89
(s, C-47), 147.11 (s, ArCH), 139.18 (s, CH=CH,),
130.88 (s, C-2", C-67), 130.11 (s, C-2, C-6), 126.50 (s,
C-1), 126.43 (s, C-17), 121.80 (s, C-3", C-57), 114.89 (s,
C-3, C-5), 114.13 (s, CH,=CH), 113.74 (s, CH=COO),
68.20 (s, ArOCH,), 65.50 (s, COOCH.,), 33.78 (s, CH,
CH=CH,), 31.31 (s, CH,CH,CH3), 29.05-29.48 (m, 5 X
CH,), 28.85 (s, CH,CH,0), 28.41 (s, CH,CH,O), 25.95
(s, CH,(CH,),0), 25.42 (s, CH,(CH,),0), 22.49 (s, CH,
CH3;), 13.98 (s, CH,CHj;). Elemental Analysis for Cs;
H,,05 (520.71): calc. C 76.12, H 8.52; found C 77.20,
H 8.59.

(E)-2-(hexyloxy)-2-oxoethyl ~ 4’-((3-(4-(undec-10-en
-1-yloxy)phenyl)acryloyl)oxy)benzoate (USHG)

The target USHG compound was synthesised using
the same DCC-coupling procedure described for USH 6
compound. The reaction of benzoic acid 4 (1.50 g,
4.74 mmol) and phenol 10b (1.33 g, 4.74 mmol) in the
presence of DCC (1.0 g, 4.85 mol) and DMAP (0.15 g,
1.75 mmol) resulted in the crude product and after
column chromatography (eluent dichloromethane-
acetone 99.8:0.2) and crystallisation from hexane
yielded of 2.44 g (89%) of USHG. 'H NMR (CDCl5):
8.16 (2H, d, J= 8.8, H-2', H-6"), 7.85 (1H, d, ] = 15.8,
Ar-CH=), 7.55 (2H, d, J = 8.8, H-2, H-6), 7.29 (2H, d,
J=8.8,H-3",H-5"),6.94 (2H, d, ] = 8.8, H-3, H-5), 6.49



(2H, d, J = 15.8,=CHCOO), 5.68-5.95 (2H, m, CH,
=CH), 4.90-5.09 (1H, m, CH=CH,), 4.86 (2H, s,
OCH,COO), 420 (2H, t, ] = 6.7, COOCH,), 4.01
(2H, t, J = 6.5, OCH,), 1.94-2.16 (2H, m, CH,CH=),
1.74-1.91 (2H, m, CH,CH,0), 1.61-1.72 (2H, m, CH,
CH,0), 1.15-1.55 (18H, m, 9 x CH,), 0.89 (3H, ] = 6.7,
CH;CH,). °C NMR (CDCls): 167.83 (s, CH,COO),
165.22 (s, CHCOO), 165.10 (s, ArCOO), 161.53 (s,
C-4), 154.99 (s, C-47), 147.10 (s, ArCH), 139.18 (s,
CH=CH,), 131.50 (s, C-2", C-6"), 130.14 (s, C-2, C-6),
126.49 (s, C-1), 126.43 (s, C-17), 121.80 (s, C-3", C-5"),
114.93 (s, C-3, C-5), 114.13 (s, CH,=CH), 113.75 (s,
CH=COO), 68.18 (s, ArOCH,), 65.48 (s, COOCH,),
61.23 (s, CH,COO), 33.78 (s, CH,CH=CH,), 31.31 (s,
CH,CH,CHS,), 29.09-29.47 (m, 5 x CH,), 28.89 (s, CH,
CH,0), 28.42 (s, CH,CH,0), 25.96 (s, CH,(CH,),0),
25.43 (s, CH,(CH,),0), 22.48 (s, CH,CHj3), 13.97 (s,
CH,CHj3). Elemental Analysis for C35Hys0, (578.75):
calc. C 72.64, H 8.01; found C 73.78, H 8.10.

(E)-1-(hexyloxy)-2-methyl-1-oxopropan-2-yl ~ 4’-((3-(4-
(undec-10-en-1-yloxy)phenyl)acryloyl)oxy)benzoate
(USHM)

The target USHM compound was synthesised using
the same DCC-coupling procedure described for USH 6
compound. The reaction of benzoic acid 4 (1.50 g,
4.74 mmol) and phenol 10c (1.46 g, 4.73 mmol) in the
presence of DCC (1.0 g, 4.85 mol) and DMAP (0.15 g,
1.75 mmol) resulted in the crude product which was
purified by column chromatography on silica (eluent
dichloromethane-acetone 99.8:0.2) and recrystallised
from hexane. Yield 2.43 g (85%) of USHM. 'H NMR
(CDCly) 8.10 (2H, d, J = 8.6, H-2", H-6"), 7.85 (1H, d,
J = 15.8, Ar-CH=), 7.54 (2H, d, J = 8.8, H-2, H-6), 7.26
(2H, d, ] = 8.6, H-2", H-6), 6.94 (2H, d, ] = 8.8, H-3,
H-5),6.49 (2H, d, J = 15.8,=CHCOO), 5.68-5.95 (2H, m,
CH,=CH), 4.86-5.10 (1H, m, CH=CH,), 4.15 (2H, t,
J = 6.7, COOCH,), 4.01 (2H, t, ] = 6.5, OCH,), 1.96-2.19
(2H, m, CH,CH=), 1.74-1.89 (2H, m, CH,CH,0), 1.70
(6H, s, C(CHs),), 1.53-1.67 (2H, m, CH,CH,O),
1.13-1.52 (18H, m, 9 x CH,), 0.85 (3H, ] = 6.7, CH;
CH,). *C NMR (CDCly): 172.59 (s, C-COO), 165.16 (s,
CHCOO), 164.65 (s, ArCOO), 161.52 (s, C-4), 154.73 (s,
C-4"), 147.03 (s, ArCH), 139.18 (s, CH=CH,), 131.27 (s,
C-27,C-6"),130.13 (s, C-2, C-6), 127.45 (s, C-1"), 126.45
(s, C-1), 121.65 (s, C-3", C-5"), 114.94 (s, C-3, C-5),
114.14 (s, CH,=CH), 113.82 (s, CH=COO), 78.87 (s,
C(CHj;),), 68.18 (s, ArOCH,), 65.48 (s, COOCH,),
33.79 (s,CH,CH=CH,), 31.30 (s, CH,CH,CHs), 29.04-
29.55 (m, 5 x CH,), 28.90 (s, CH,CH,O), 28.36 (s, CH,
CH,0), 25.97 (s, CH,(CH,),0), 25.46 (s, CH,(CH,),0),
24.71 (s, C(CH,),), 22.47 (s, CH,CHs), 13.94 (s, CH,
CH3). Elemental Analysis for C;;Hs00; (606.80): calc.
C 72.62, H 8.31; found C 73.86, H 8.42.
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2.2. Experimental techniques

Sequence of mesophases was determined by the observa-
tion of characteristic textures and their changes in the
polarising optical microscope (POM) - Nikon Eclipse
E600POL (Nikon, Tokyo, Japan). Planar cells (bookshelf
geometry) of 12 um thickness (glasses with ITO transpar-
ent electrodes (5 x 5 mm?)) were supplied by Military
University of Technology (Warsaw, Poland). The cells
were filled with studied reactive mesogens in the isotropic
phase by means of capillary action. For texture observa-
tion on samples with homeotropic alignment, i.e. free-
standing films (FSF) have also been used; while preparing
the FSF, the liquid-crystalline material was mechanically
spread over a circular hole (diameter 3 mm) in a metal
plate placed in the hot stage. The Linkam LTS E350
(Linkam, Tadworth, UK) heating/cooling stage with
a TMS 93 temperature programmer was used for the
temperature control, which enabled temperature stabili-
sation within +0.1 K. The phase transition temperatures
were determined by differential scanning calorimetry
(DSC) using Perkin-Elmer DSC8000 calorimeter
(PerkinElmer, Shelton, CT, USA). The samples of about
4-8 mg, hermetically sealed in aluminium pans, were
placed into the calorimeter chamber filled with nitrogen.
For the evaluation of the phase transition temperatures
the calorimetric measurements were performed on cool-
ing/heating runs at a rate of 5 K min~". For the study of
the kinetics of the phase transition temperatures, heating/
cooling rates of (1, 2, 3, 5, 10, 20, 30, 40, 50) K min~" have
been used. Temperature and enthalpy change values were
calibrated on the extrapolated onset temperatures and the
enthalpy changes of the melting points of water, indium
and zinc.

Small and wide-angle X-ray scattering (SAXS and
WAXS, respectively) measurements have been per-
formed to determine the structural properties of the
identified mesophases. For measurements in small-
angle range (determination of the smectic layer spacing,
d, e.g. the interlayer spacing) a Bruker D8 Discover
system has been used (parallel beam of CuKe radiation
formed by Goebel mirror, Anton Paar DCS 350 heating
stage, scintillation detector) while wide-angle diffracto-
grams have been obtained with a Bruker D8 GADDS
system (parallel beam of CuKa radiation formed by
Goebel mirror monochromator and point collimator,
Vantec-2000 area detector, modified Linkam heating
stage). In both systems, the temperature stability was
0.1 K. Samples were prepared in a form of thin film or
droplet on a heated surface.

Solutions of reactive mesogen USHG in chloro-
form were irradiated by a UV-hand lamp (8 W ster-
ilair BLB-8, 366 nm, Philips, China); the irradiation
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conditions were as follows: wavelength 366 nm,
1.7 mW/cm?, 30 min. Determination of final compo-
sition of the rod-like and cross-linked molecule ‘mix-
tures’ after irradiation was carried out using HPLC,
which was carried out using a silica gel column
(Kromasil Si 100-5 pum, 4 x 250 mm, Watrex) with
a mixture of 99.9% of toluene and 0.1% of methanol
as an eluent, and detection of the eluting products by
a UV-VIS detector (A = 290 nm).

3. Results and discussion

In this section, the experimental results obtained on
newly designed cinnamoyl-based reactive mesogens
are presented. The photosensitive behaviour of
USHG reactive mesogen under UV irradiation in
solution has been investigated. The LC behaviour of
all three reactive mesogens was studied by POM and
DSC. Representative study of the kinetics of the
phase transition temperatures is presented for
USHG reactive mesogen on heating and cooling
runs. The structure of the mesophases was confirmed
by SAXS and WAXS measurements. All the results
are discussed in order to contribute to molecular
structure - self-assembling behaviour relationship
for this specific class of LC materials.

3.1. Photosensitive behaviour of USHG reactive
mesogen under UV irradiation in solution

Cinnamates are known to undergo several photochemical
processes under illumination by UV light of wavelengths
higher than 300 nm (see Figure 3). These are
E-Z isomerisation leading to bent-shaped Z-isomer, cycli-
sation (dimerisation) [77,78] giving up to eleven isomeric
tetra-substituted cyclobutanes and finally the photo-Fries
rearrangement giving a phenone derivative as product. In
order to investigate the basic photochemical behaviour
and the stability of our new cinnamate reactive mesogens,
we decided to do the photochemical study in solution.
The sole process observed in solution by both 'H-NMR
and HPLC analysis was E-Z isomerisation.

The results of the HPLC analysis for both studied
materials at three different concentrations illuminated
by UV light (366 nm) for 30 min are given in Table 1, in
terms of residual rod-like E-isomer content. The low
conversions of E-isomer to photoproducts is given by
the concentration range used, at which the photoche-
mical processes are clearly in the diffusion-controlled
regime, despite the used wavelength of UV light is
nearly at the absorption edge of the material
(Figure 4). This is also evidenced by the smaller area
of the photoproduct peak B in the chromatographs at
higher concentrations (Figure 5). Since there was always

O]
isomerisation
Z - isomer
R
R
(@] hv R’H4C,00C
/ 366 nm cyclisation .
R o R’ + isomers
COOCgH4R’
E - isomer
R a-truxilate
(0]
photo-Fries
rearrangement R /

phenone

Figure 3. Possible photochemical reactions of studied cinnamates under UV irradiation.



Table 1. Data obtained on three different solutions for both
USHG and USHM reactive mesogens in chloroform and the ratio
of remaining rod-like E-isomer after irradiation by UV light
(A = 366 nm) for 30 min.

Concentration in solution

Remaining (E) rod-like compound

[mg/ml] [wt%]
USHGa 10.0 79.0
USHGb 50.0 87.0
USHGc 100.0 94.0
USHMa 10.0 88.0
USHMb 50.0 97.0
USHMc 100.0 98.0

0.7

—USHG
—USHGb

06 r

0.5
0.4
0.3

0.2

Absorbance

0.1

0

250 280 310 340 370 400

Wavelength / nm

Figure 4. (Colour online) Difference of the absorbance spectra
for original USHG reactive mesogen and the USHGb mixture of
isomers obtained after irradiation by UV light (\ = 366 nm)
during 30 min.

only one peak of product in the chromatograms obtained
for all concentrations and illumination times (Figure 5),
we can confirm, that there is only one photochemical
reaction active in the solution of studied reactive meso-
gens. The same is suggested by the UV absorption curve
of irradiated mixture (Figure 4), which has almost iden-
tical shape with the pure E-isomer, but at lower absor-
bance values due to the presence of Z-isomer which has
lower extinction in this spectral region. It was confirmed
by 'H-NMR spectroscopy of the sample irradiated for
90 min, that only E-Z isomerisation was active for the
studied materials under given experimental conditions
(Figure 6). Absence of [2 + 2] cycloaddition in solution
is a usual observation [79], since cycloaddition requires
close proximity of the molecules and the molecules in the
solution are rather isolated. Cycloaddition can be absent
even in the solid phase. However, only in some special
cases, like for example cinnamate-containing dendrimers,
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Figure 5. (Colour online) HPLC chromatograms for original (E)-
USHG reactive mesogen and isomer mixtures obtained by irra-
diation of chloroform solutions USHGa, USHGb and USHGc by
UV light (A = 366 nm) for 30 min clearly show the presence of
one photoproduct (peak B) and different ratio of (£)-USHG (peak
A) in the isomer mixtures upon change of the concentration.

where the flexible spacer consisting of (CH,);o groups
located between the dendritic core and cinnamoyl groups
may prevent [2 + 2] photocycloaddition, since this pro-
cess is topochemically controlled [21].

More substantial observation is the absence of phe-
none product of photo-Fries rearrangement. It can be
suggested that the electron withdrawing carboxylic
group serving as a linker of the terminal chain can
destabilise the phenoxyl radical intermediate of the
photo-Fries rearrangement making it energetically dis-
favoured process. The absence of this reaction also indi-
cates the high stability of these new reactive mesogens.
However, only low power UV light of a wavelength at
the absorption edge of the material was used; therefore,
a study using a higher power of UV-light and
a wavelength closer to absorption maximum of the
material would be advantageous to make a robust deci-
sion on materials’ stability.
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Figure 6. (Colour online) "H-NMR spectra of pure (£)-USHG and a mixture of isomers obtained by irradiation by UV light for 90 min.

3.2. Mesomorphic behaviour

For all the studied reactive mesogens, sequences of
phases were determined by characteristic textures and
their changes were observed in a POM. The phase
transition temperatures and transition enthalpies were
evaluated from DSC measurements. The LC properties
of all compounds under study are summarised in Table
2. The USHM mesogen with the longest chain does not
exhibit the LC behaviour. On cooling from the isotropic
phase, the USHG reactive mesogen forms the nematic

phase at ~97°C. On further cooling, the orthogonal
smectic A (SmA) phase appears and, at about 70°C,
the SmA-SmC phase transition takes place; this material
crystallises (Cr - crystal phase) at about room tempera-
ture. However, due to quite high melting point, almost
the whole temperature range of the SmC phase has
monotropic character, which means that the mesophase
is detected on cooling only. The reactive mesogen with
the shortest chain (USH 6) shows the orthogonal SmA
and the tilted SmC phases down to room temperature;
below the melting point the SmC phase is monotropic

Table 2. Sequence of phases determined by POM; melting points, m.p. (°C) and clearing points c.p. (°C) measured on heating; phase
transition temperatures (°C) measured on cooling (10 K min™") and respective enthalpy values AH (kJ/mol) determined by DSC for the
studied reactive mesogens; +’ stands if the phase exist; ‘-’ stands if the phase does not exist.

m.p. cp. Cr T/AMH SmC T/AMH SmA T/AH N T/AH Iso

USHM 50.8 50.8 18.9 .
[+24.6] [+24.6] [-4.3]

USHG 67.1 98.6 . 258 . 69.9 . 93.6 . 96.6 .
[+43.5] [+1.3] [-3.9] [-0.06] [-1.0] [-1.4]

USH 6 50.2 100.3 322 75.2 94.7 - .
[+31.3] [+5.3] [-16.5] [-0.1] [-5.0]
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Figure 7. (Colour online) Microphotographs of characteristic textures obtained in the POM on free-standing films of USH 6 material
(homeotropic orientation): (a) the orthogonal SmA phase at 85°C; (b) the tilted SmC phase at 74°C; (c) the SmC phase at 40°C; (d) the
SmC-crystal phase transition at 32°C. Width of the photos is about 300 um.

(see Table 2), similarly as for the USHG compound. The
melting point of USH 6 reactive mesogen is found to be
considerably lower than that of the USHG mesogen.

Beyond the observation of the characteristic textures
done on the planar samples, the FSF has been used. The
homeotropic textures obtained on the FSF for USH 6
reactive mesogen are shown on Figure 7, specifically the
texture of the orthogonal SmA phase (Figure 7(a)), the
schlieren textures of the tilted SmC phase at two tem-
peratures as indicated (Figure 7(b,c)) and the SmC-Cr
phase transition (Figure 7(d)). All the textures observed
in POM on the FSF samples in homeotropic alignment
were found to be very typical and characteristic for the
detected mesophases.

3.3. Mesomorphic properties of mixtures after UV
irradiation

As it has been described in section 3.1, several solutions
were prepared and irradiated by UV light in order to
check the effect of the solution concentration on the
capability of the reactive mesogens for photoreactions.
The LC behaviour of the materials obtained by removal
of the solvent after UV irradiation has been carefully
checked. The LC properties of all resulting mixtures
containing isomers are summarised in Table 3. The
melting and clearing points were found slightly lower

than that for the non-irradiated USHG reactive meso-
gen owing to the presence of the non-mesogenic bent-
shaped Z-isomer. However, it seems that presence of
Z-isomer does not disrupt the nano-organisation of the
molecules significantly, since the sequence of meso-
phases remains exactly the same as for the non-
irradiated material; only a slight difference in phase
transition temperatures has been found (see Table 3).
All three resulting mixtures exhibit the nematic phase as
well as the SmA and SmC phases.

The microphotographs of the characteristic textures
for USHGD reactive mesogen (as an example) obtained
on 12 mm thick samples in planar geometry are pre-
sented in Figure 8: the Iso-N phase transition appearing
as a nematic droplet growth (Figure 8(a)); the classical
fan-shaped texture of the SmA phase (Figure 8(b)) and
the broken fan-shaped texture of the SmC phase (Figure
8(¢)); the texture of the crystal phase is shown on Figure
8(d). The textures of the respective mesophases were
found to be very similar for all the mixtures, namely for
USHGa, USHGb, USHGc, if compared to the non-
irradiated USHG reactive mesogen.

3.4. Kinetics of the phase transition temperatures

The kinetics of the phase transition temperatures has
been checked using DSC measurements under several

Table 3. Sequence of phases determined by POM; melting points, m.p. (°C) and clearing points c.p. (°C) measured on heating; phase
transition temperatures (°C) measured on cooling (10 K min™") and respective enthalpy values AH (kJ/mol) determined by DSC for

samples after UV irradiation.

m.p. cp. Cr T/AH SmC T/AH SmA T/AH N T/AH Iso
USHG 67.1 98.6 . 25.8 . 69.9 . 93.6 . 96.6 .
[+43.5] [+1.3] [-3.9] [-0.06] [-1.0] [-1.4]
USHGa 65.8 91.8 19.9 54.5 834 . 88.6 .
[+36.1] [+0.06] [-30.1] [-0.01] [-4.3] [-0.01]
USHGb 66.1 91.7 . 30.5 . 41.6 . 77.5 . 824 .
[+35.8] [+0.1] [-31.8] [-0.01] [-3.9] [-0.06]
USHGc 66.1 929 19.9 46.6 84.8 . 88.7 .
[+39.4] [+0.3] [-28.6] [-0.06] [-0.1] [-0.1]
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Figure 8. (Colour online) Microphotographs of characteristic textures obtained in the POM on planar samples of USHGb reactive
mesogen: (a) the Iso-N phase transition at about 82°C; (b) the SmA phase at about 70°C; (c) the tilted SmC phase at about 39°C; (d) the

crystal phase. Width of the photos is about 300 pm.

cooling rates, as presented in Figure 9. For this study,
only data from the second cooling runs has been used. It
has been found that the stability of all the mesophases
slightly depends on the rate of cooling. While increasing
the rate of cooling the Iso-N, N-SmA and SmA-SmC
phase transition temperatures slightly decreases; the
stability of the phases increases. However, the SmC-Cr
phase transition shows a clear signs of super-cooling
[80], being more pronounced especially at cooling
rates higher than 20 K. This effect is also related to the

100 | Isotropic
90 %:%e:mﬁﬁﬁZﬁ:ﬁ
O 80 i Smectic A
—
o " %\A—A
!5 L
= 60 |
© - Smectic C
£ 4ol
— i
30 +
20-_ Crystal

0 10 20 30 40 50
. . -1
Cooling rate / Kmin

Figure 9. (Colour online) Phase diagram for the USHG reactive
mesogen obtained on cooling runs indicating a clear difference of
the phase transition temperatures on the DSC measurement rate.

monotropic character of the low-temperature range of
the SmC phase.

3.5. X-ray study

Small and wide-angle X-ray scattering measurements
have been performed to confirm the mesophases’ iden-
tification and to determine their structural properties.
The results of X-ray studies, namely the temperature
dependence of the smectic layer spacing, d, are pre-
sented in Figure 10 for USHG and USH 6 reactive
mesogens (see Figure 10(a,c), respectively), and for
one of the resulted USHGa mixture obtained after irra-
diation by UV light (see Figure 10(b)).

All studied materials exhibit a slight increase of d(T)
values in the SmA phase on approaching the phase
transition to the SmC phase. At the SmA-SmC phase
transition, a typical decrease in d values starts, caused by
the tilting of the molecules in the SmC phase. For
USHG and USH 6 reactive mesogens, on further cool-
ing towards crystallisation, the layer spacing starts to
increase due to stretching of the aliphatic terminal
chains and/or due to increasing of the orientational
order of molecules. The insets of Figure 10 show the
respective WAXS data at the indicated temperatures. At
high diffraction angles, there is a broad peak indicating
the liquid order of the molecules within the smectic
layers, which confirms identification of mesophases as
liquid-like smectic phases.

4. Conclusions

Several new cinnamoyl-based photosensitive reactive
mesogens with different length of the flexible terminal
chain placed on the opposite side from the polymerisable
double bond have been designed and synthesised.
Materials have a reactive vinyl group that also allows to
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Figure 10. (Colour online) Temperature dependence of the smectic layer spacing, d, determined by the SAXS for USHG, USHGa and
USH 6 materials. The insets show the WAXS results of the X-ray intensity of the scattered signal versus the scattered angles at selected

temperatures as indicated.

graft them on polysiloxane backbone as functional pen-
dants of phototunable macromolecular materials [81,82].
The designed reactive mesogen with the branched
alkyl chain (USHM) does not exhibit the LC behaviour.
The other two mesogens form the nematic, the ortho-
gonal smectic A and the tilted smectic C phases over
a reasonably broad temperature range. The results of
small and wide-angle X-ray scattering fully confirm the

smectic phase identification based on microscopic
observations.

The kinetics of the phase transition temperatures has
been checked for the selected reactive mesogen. The
phase transition temperatures exhibit considerable
dependence on the rate of the DSC heating/cooling
scans. On cooling the phase transition temperatures
are slightly decreasing with the cooling rate; while
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during heating, the phase transition temperatures are
increasing with the higher rate.

Photoisomerisation without any other degradative
processes has been the sole photoreaction confirmed
in the solution phase of the designed reactive meso-
gens containing the cinnamoyl photosensitive frag-
ment with C=C double bond. The results of HPLC
study reveal that after UV irradiation, the ratio of the
rod-like E-isomer and bent-shaped Z-isomer strongly
depends on the concentration of the reactive meso-
gen in the original solution. Newly designed func-
tional cinnamoyl-based photosensitive reactive
mesogens can be further used for design of smart
and functional self-assembling macromolecular silox-
ane-based materials [36], like side-chain polymers
[40,83-85] and liquid single crystal elastomers [86—
90] exhibiting self-assembling behaviour which can
be tuned by photocycloaddition of cinnamate units.
Due to the stability of the cinnamate photoproduct
and the irreversible reaction, such materials can also
be utilised for optical data storage and various
photonic devices [91-93].
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