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The synthesis and characterization of three bent-rod dimers are reported. Very long flexible spacers that 
include methylene units and either a phenyl ring or a triazole moiety as connecting structures joint the 
bent- and rod-promesogenic cores. Polarizing microscopy, modulated differential scanning calorimetry, 
X-ray diffraction at variable temperature and dielectric measurements have been performed to establish 
the mesophase behaviour of the dimers. The results show a complex supramolecular organization for this 10 

kind of flexible dimer in the mesophase. Interestingly, their length and the chemical nature of the flexible 
linking spacers condition the liquid crystalline properties of these novel compounds. Additionally, it has 
been found that the chemical structure of the rod-like core plays a key role in determining the kind of 
mesophase, either nematic or lamellar, formed by these materials. 

Introduction 15 

Liquid crystalline dimers consist of two mesogenic units connected 
by a flexible spacer. These mesogenic molecules have attracted a 
great deal of interest in liquid crystal research for two main 
reasons. On the one hand, these materials can be considered as 
model compounds for higher molecular weight structures such as 20 

main-chain and side-chain polymers. On the other hand, these 
materials have become more appealing as they have proven to 
show complex and novel mesomorphism that is markedly different 
to that of the corresponding monomers.[1][2]In particular, some odd 
rod-like cyanobiphenyl dimers exhibit the new twist-bent nematic 25 

phase.[1e,f] Research into mesogenic dimers has been mainly 
focused on the combination of rod-like calamitic units of equal or 
different nature (polar, non-polar, chiral, non-chiral).[1] Non-
symmetric dimers that combine rod- and disc-like mesogens or 
symmetric dimers that contain two discotic units have been studied 30 

to a lesser extent.[2]  
The discovery of a new type of liquid crystal, the so-called bent-
core liquid crystals (BCLCs), by Niori et al. in 1996[3] opened up 
new possibilities in dimer research. BCLCs have been the focus of 
extensive research due to the novel and extraordinary properties 35 

shown by the mesophases of these materials.[4] The ability of these 
materials to form polar order and phase chirality without the 
molecules being chiral, along with their interesting properties (such 
as ferro-, antiferro- and piezoelectricity, nonlinear optical activity, 
and high flexoelectric behaviour) have stimulated the research in 40 

this field.[5] Moreover, the biaxial molecular shape of these 
materials makes them good candidates to present thermotropic 
biaxial nematic phases.[6] The search for biaxiality in BCLCs has 
been split into two main areas: the bent-shaped molecules 
themselves and their linear covalent coupling with a rod-like unit 45 

to form a nonsymmetrical dimer in order to enhance the shape 
biaxiality of the rod-like mesogen.[7] Of these approaches, the 

research into hybrid rod-like and bent-core liquid crystalline 
dimers to give biaxial phases has attracted the most attention. 
Yelamaggad et al.[8] reported an Nb-SmAb sequence in a dimer that 50 

combines a bent-core unit and a rod-like cyanobiphenyl derivative 
linked by a hexamethylene spacer. In this first example, the crucial 
role of the parity of the spacer was highlighted, as the same dimer 
with an odd spacer was not mesomorphous. This effect is also 
appealing in dimers derived from calamitic units. The same odd-55 

even effect and the N-SmA phase sequence has also been described 
for a different series of bent-core/cyanobiphenyl dimers described 
by Lee et al.[9] More recently, Li et al.[10] found the same type of 
sequence in substituted bent-core mesogens linked by 
hexamethylene spacers to cyanobiphenyl units. However, biaxiality 60 

could be only confirmed for the SmA phase. Other interesting 
phase sequences have been achieved by the combination of bent-
core and rod-like structures within the same molecule. By 
modulating the parity of the methylene linker, blue phases and 
columnar phases have been obtained by Yelamaggad et al. in non-65 

symmetric dimers in which bent-core units are combined with a 
cholesterol derivative.[11] Furthermore, azobenzene-derived 
calamitic units have also been coupled with bent-core units in order 
to achieve photoreactive dimers.[12] Thus, besides the type and size 
of mesogenic units, the parity and nature of the spacer have proven 70 

to be crucial in the properties of the dimeric systems.[13]  

Herein we report the synthesis and broad characterization of three 
new non-symmetric dimers denoted as AZO1, AZO2 and BIPH. 
These compounds contain the same six-ring bent-core structure and 
two different rod-like moieties derived from azobenzene (AZO) 75 

and cyanobiphenyle (BIPH) (See Scheme 1).  
 

Scheme 1 

Previous reports have focused on bent-rod dimers that connect the 
promesogenic units by a relatively short linear spacer (from 3 to 10 80 
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methylene unis). In contrast, with the aim of studying the effect of 
the promesogenic core decoupling on the supramolecular 
organization of this type of bent-rod dimer, we selected a very long 
and flexible connection between the promesogenic structures. This 
assembly consists of two long spacers linked either by a phenyl 5 

ring or a more flexible hexamethylene-triazole moiety. It will be 
shown that the role of this part of the dimer is crucial for the 
mesomorphism, with two out of the three dimers being 
mesomorphous. Furthermore, appropriate selection of the rod-like 
core can be used to tune the liquid crystal organization of the 10 

dimer. A detailed thermal, structural and dielectric study of these 
compounds has been carried out and the results reveal a rich and 
complex behaviour.  
The paper has been structured as follows. The experimental details 
are described in the first section. The liquid crystalline properties 15 

(studied by microscopy, X-ray diffraction and modulated 
differential scanning calorimetry) and dielectric characterization 
are presented in the second section and, finally, the concluding 
remarks are covered. 
 20 

Experimental section 
1. Synthesis of compounds 

The synthetic routes followed to prepare the three dimers are 
shown in Schemes 2, 3 and 4. All of the bent-rod dimers 
synthesized are based on the same six-ring bent-shaped structure 25 

derived from 3,4'-biphenyl, which has a well-documented ability to 
induce BCLC phases.[5c, 14] The preparation of bent-core and rod-
like intermediates, alkyne 3 [14] and acids 4,[14] 1 and 8 has been 
described previously.[15]  
The promesogenic unit of compound 2 was prepared by 30 

esterification of acid 1 with 6-azidohexan-1-ol. The product was 
then coupled with alkyne 3 using standard ‘click chemistry’ 
conditions to obtain dimer AZO1 (see Scheme 2). The dimer 
AZO2 was synthesized by esterification of the bent-shaped acid 4 
with trimethylsilyl monoprotected hydroquinone to give compound 35 

5, which was deprotected and reacted with rod-shaped acid 1 under 
Steglich conditions to yield the final product (Scheme 3). An 
analogous sequence of reactions was followed for the preparation 
of dimer BIPH, but in this case the rod-like acid 8 was first 
esterified with trimethylsilyl monoprotected hydroquinone to 40 

obtain compound 9. Deprotection of this compound yielded phenol 
10 and this was esterified with bent-core compound 4 to yield the 
pure dimer BIPH (Scheme 4).  
 

Schemes 2, 3 and 4. 45 

Details of the synthesis and full characterization data for all 
compounds are given below. 
Compound 2. Acid 1 (0.50 g, 1.22 mmol), DPTS (0.36 g, 1.22 
mmol), DCC (0.35 g, 1.7 mmol) and 6-azidohexan-1-ol (0.50 g, 
1.22 mmol) were stirred in dry dichloromethane (30 mL) for 24 h. 50 

The crude product was purified by liquid chromatography on silica 
gel using dichloromethane as eluent. Compound 2 was obtained as 
an orange solid. Yield: 0.36 g (53%). M.p. (°C): 73. 1H NMR (400 
MHz, CDCl3) δ (ppm) = 1.30–1.38 (m, 16H), 1.60 (m, 6H), 1.81 
(m, 2H), 2.29 (t, J = 7.4 Hz, 2H), 3.26 (t, J = 6.8 Hz, 2H), 4.06 (t, J 55 

= 6.5 Hz, 4H), 7.00 (d, J = 8.9 Hz, 2H), 7.76 (d, J = 8.4 Hz, 2H), 

7.92 (d, J = 8.8 Hz, 4H). 13C NMR (100 MHz, CDCl3) δ (ppm) = 
25.0, 25.6, 26.0, 26.4, 28.5, 28.8, 29.1, 29.3, 29.4, 29.5, 34.4, 51.3, 
64.1, 68.5, 113.1, 114.9, 123.1, 125.5, 133.2, 146.7, 154.8, 162.8, 
174.9. FTIR (KBr, ν cm–1): 2915, 2854, 2230, 2104, 1721, 1595, 60 

1572, 1268. MALDI-MS m/z = 555.3 [M + Na]+. 
Compound AZO1. Compound 3 (0.15 g, 0.14 mmol), compound 
2 (0.08 g, 0.15 mmol) and CuBr (0.04 g, 0.28 mmol) were placed 
in a dry Schlenk tube. Three vacuum/argon cycles were performed 
and dry and degassed THF (3 mL) and PMDETA (58 µL, 0.28 65 

mmol) were added. Three freeze/thaw cycles were carried out and 
the mixture was stirred at room temperature for 24 h. The mixture 
was filtered through neutral alumina and the solvent was 
evaporated. The crude product was purified by column 
chromatography using dichloromethane/ethyl acetate (7/3) as 70 

eluent. The pure product was dissolved in the minimum amount of 
dichloromethane and precipitated from hexanes. Yield: 0.12 g of an 
orange solid (55%). M.p. (°C): 108. 1H NMR (300 MHz, CDCl3) δ 
(ppm) = 0.88 (t, J = 6.5 Hz, 3H), 1.28–1.47 (m, 48H), 1.61–1.64 
(m, 6H), 1.81–1.93 (m, 10H), 2.27–2.36 (m, 4H), 4.04 (m, 8H), 75 

4.34 (t, J = 7.2 Hz, 2H), 5.21 (s, 2H), 6.98–7.04 (m, 6H), 7.20–7.23 
(m, 1H), 7.32 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 8.8 Hz, 4H), 7.47 (s, 
1H), 7.52 (d, J = 4.8 Hz, 2H), 7.60 (s, 1H), 7.68 (d, J = 8.6 Hz, 
2H), 7.79 (d, J = 8.5 Hz, 2H), 7.94 (d, J = 8.7 Hz, 4H), 8.17 (d, J = 
8.5 Hz, 4H), 8.33 (dd, J = 2.9 Hz, J = 8.8 Hz, 4H). 13C NMR (75 80 

MHz, CDCl3) δ (ppm) = 14.1, 17.8, 22.7, 24.8, 24.9, 25.3, 26.0, 
26.1, 28.3, 29.1, 29.2, 29.3, 29.4, 29.5, 29.6, 30.1, 31.9, 34.1, 34.3, 
46.3, 50.2, 57.4, 64.8, 65.2, 68.3, 68.4, 68.5, 113.1, 114.4, 114.8, 
118.6, 120.4, 120.9, 122.0, 122.1, 123.0, 124.7, 125.4, 126.8, 
128.3, 129.9, 131.8, 132.4, 133.1, 138.0, 142.0, 150.6, 151.3, 85 

155.4, 162.7, 163.8, 164.3, 164.4, 164.5, 172.3, 173.2, 173.7. FTIR 
(KBr, ν cm–1): 2926, 2849, 2213, 1726, 1595, 1501, 1260. 
MALDI-MS m/z = 1640.9 [M + Na]+. EA for C98H116N6O15: calc.: 
C 72.74, H 7.23, N 5.20; found: C 72.58, H 7.25, N 5.20. 
Compound 5. Acid 4 (0.30 g, 0.30 mmol), DPTS (0.84 g, 0.30 90 

mmol), DCC (0.84 g, 0.40 mmol) and 4-tert-
butyldimethylsilyloxyphenol[15a] (0.64 g, 0.30 mmol) were stirred 
in dry dichloromethane (50 mL) for 24 h. The crude product was 
purified by liquid chromatography on silica gel using 
dichloromethane/ethyl acetate (10:0.2) as eluent. Compound 5 was 95 

obtained as a white solid. Yield: 0.31 g (87%). M.p. (°C): 70. 1H 
NMR (400 MHz, CDCl3): δ (ppm) = 0.20 (s, 6H, CH3), 0.88 (t, J = 
6.6 Hz, 3H, –CH3), 0.99 (s, 9H, CH3), 1.27 (m, 34H), 1.84 (m, 6H), 
2.54 (t, J = 7.3 Hz, 2H, H2C=O), 4.07 (t, J = 6.0 Hz, 4H, –CH2O), 
6.80 (d, J = 8.5 Hz, 2H), 7.93 (d, J = 8.5 Hz, 2H), 6.99 (d, J = 8.4 100 

Hz, 4H), 7.27 (m, 1H), 7.31 (d, J = 8.2 Hz 2H), 7.41 (d, J = 8.0 Hz, 
4H), 7.47 (m, 1H), 7.52 (d, J = 4.7 Hz, 2H), 7.70 (d, J = 8.1 Hz, 
2H), 8.16 (d, J = 8.8 Hz, 4H), 8.30 (d, J = 8.8 Hz, 4H). 13C NMR 
(100 MHz, CDCl3) δ (ppm) = –6.1, 14.1, 22.7, 24.9, 25.6, 26.0, 
29.1, 29.3, 29.4, 29.5, 29.6, 29.7, 31.9, 34.3, 68.4, 114.4, 120.5, 105 

120.9, 122.1, 122.2, 122.3, 124.7, 126.8, 126.9, 128.3, 131.8, 
132.4, 138.0, 142.1, 151.3, 155.4, 163.8, 164.3, 164.5. FTIR (KBr, 
ν cm–1): 2926, 2848, 1735, 1610, 1486, 1252. MALDI-MS m/z = 
1275.7 [M + Na]+.  
Compound 6. Compound 5 (0.26 g, 0.2 mmol) was dissolved in 110 

THF (15 mL) in a plastic vessel. Hydrofluoric acid (150 µL, 49% 
aqueous solution) was added by syringe and stirred. The reaction 
was diluted with dichloromethane and quenched with a saturated 
solution of sodium bicarbonate. The resultant mixture was washed 
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several times with water and the crude product was purified by 
column chromatography using dichloromethane/ethyl acetate 
(10/0.2) as eluent. Yield: 0.16 g of a white solid (68%). M.p. (°C): 
147. 1H NMR (400 MHz, CDCl3): δ (ppm) = 0.88 (t, J = 6.9 Hz, 
3H), 1.27–148 (m, 34H), 1.74 (m, 2H), 1.83 (m, 4H), 2.53 (t, J = 5 

7.4 Hz, 2H), 4.06 (t, J = 6.4 Hz, 4H), 5.07 (s, 1H), 6.79 (d, J = 8.8 
Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.7 Hz, 4H), 7.23 
(m, 1H), 7.31 (d, J = 8.6 Hz, 2H), 7.40 (d, J = 8.7 Hz, 4H), 7.46 
(m, 1H), 7.52 (d, J = 4.8 Hz, 2H), 7.66 (d, J = 8.6 Hz, 2H), 8.15 (d, 
J = 8.6 Hz, 4H), 8.29 (d, J = 8.5 Hz, 2H), 8.32 (d, J = 8.6 Hz, 2H). 10 
13C NMR (100 MHz, CDCl3): δ (ppm) = 14.3, 22.6, 24.7, 25.8, 
26.4, 29.2, 29.3, 29.4, 29.5, 29.6, 29.7, 31.8, 34.7, 68.4, 114.4, 
120.5, 121.0, 122.1, 122.2, 122.6, 124.7, 126.8, 127.0, 128.3, 
131.8, 132.4, 138.2, 142.1, 151.4, 155.4, 163.8, 164.3, 165.5. FTIR 
(KBr, ν cm–1): 3200, 2920, 2848, 1738, 1605, 1540, 1251. 15 

MALDI-MS m/z = 1161.6 [M + Na]+.  
Compound AZO2. Acid 1 (0.05 mg, 0.12 mmol), DPTS (0.04 mg, 
0.12 mmol), DCC (0.04 mg, 0.17 mmol) and compound 6 (0.14 g, 
0.12 mmol) were stirred in dry dichloromethane (20 mL) for 24 h. 
The crude product was purified by liquid chromatography on silica 20 

gel using with dichloromethane/ethyl acetate (10:0.2) as eluent. 
Compound AZO2 was obtained as an orange solid. Yield: 0.12 g 
(64%). M.p. (°C): See Table 1. H NMR (400 MHz, CDCl3): δ 
(ppm) = 0.89 (t, J = 6.6 Hz, 3H, –CH3), 1.27–1.49 (m, 48H), 1.83 
(m, 8H), 2.55 (t, J = 7.3 Hz, 4H), 4.06 (t, J = 6.5 Hz, 6H), 6.98 (m, 25 

6H), 7.09 (s, 4H), 7.23 (m, 1H), 7.32 (d, J = 8.6 Hz, 2H), 7.38 (d, J 
= 8.8 Hz, 4H), 7.47 (m, 1H), 7.53 (d, J = 4.9 Hz, 2H), 7.67 (d, J = 
8.6 Hz, 2H), 7.78 (d, J = 8.6 Hz, 2H), 7.94 (d, J = 8.7 Hz, 4H), 
8.16 (d, J = 8.67 Hz, 4H), 8.29 (d, J = 8.7 Hz, 2H), 8.32 (d, J = 8.7 
Hz, 2H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 14.1, 22.7, 24.8, 30 

15.9, 19.0, 29.2, 29.3, 29.4, 29.5, 29.6, 31.9, 34.3, 68.3, 68.4, 
113.1, 114.4, 114.8, 120.4, 120.9, 122.1, 122.4, 123.0, 124.7, 
125.4, 126.8, 128.3, 129.9, 131.8, 132.4, 133.1, 138.0, 142.0, 
146.6, 147.9, 148.0, 150.6, 151.3, 154.8, 155.4, 162.7, 163.8, 
164.3, 164.4, 172.2. FTIR (KBr, ν cm–1): 2938, 2842, 2224, 1736, 35 

1650, 1504, 1242. MALDI-MS m/z = 1551.7 [M + Na]+. EA for 
C95H105N3O15: calc.: C 74.63, H 6.92, N 2.75; found: C 74.71, H 
6.90, N 2.92. 
Compound 9. Rod-shaped acid 8 (1.00 g, 2.6 mmol), DPTS (0.80 
g, 2.6 mmol), DCC (0.80 g, 3.9 mmol) and 4-tert-40 

butyldimethylsilyloxyphenol (0.60 g, 0.26 mmol) were stirred in 
dry dichloromethane (50 mL) for 24 h. The crude product was 
purified by liquid chromatography on silica gel using with 
dichloromethane as eluent. Compound 9 was obtained as a white 
solid. Yield: 1.47 g (95%). M.p. (°C): 70. 1H NMR (400 MHz, 45 

CDCl3): δ (ppm) = 0.19 (s, 6H, CH3), 0.98 (s, 9H, CH3), 1.34 (m, 
12H), 1.74 (m, 2H), 1.81 (m, 2H), 2.52 (t, J = 7.5 Hz, 2H), 4.00 (t, 
J = 6.5 Hz, 2H), 6.80 (d, J = 8.9 Hz, 2H), 6.90 (d, J = 8.9 Hz, 2H), 
7.00 (d, J = 8.8 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 8.6 
Hz 2H), 7.68 (d, J = 8.6 Hz 2H). 13C NMR (100 MHz, CDCl3): δ 50 

(ppm) = 24.9, 25.6, 26.0, 29.1, 29.2, 29.3, 29.5, 34.3, 68.1, 110.0, 
115.1, 119.1, 120.5, 122.2, 127.0, 128.3, 131.2, 132.5, 144.7, 
145.3, 153.1, 159.8, 172.5. FTIR (KBr, ν cm–1): 2932, 2843, 2225, 
1737, 1605, 1507, 1249. EA for C36H47O4NSi: calc.: C 73.80, H 
8.09, N 2.39; found: C 73.49, H 8.09, N 2.39. 55 

Compound 10. Compound 9 (1.47 g, 2.5 mmol) was dissolved in 
THF (15 mL) in a plastic vessel. Hydrofluoric acid (1.8 mL, 49% 
aqueous solution) was added by syringe and stirred. The reaction 

was diluted with dichloromethane and quenched with a saturated 
solution of sodium bicarbonate. The resultant mixture was washed 60 

several times with water and the crude product was purified by 
column chromatography using dichloromethane/ethyl acetate 
(10/0.2) as eluent. Yield: 0.54 g of a white solid (46%). M.p. (°C): 
147. 1H NMR (400 MHz, CDCl3): δ (ppm) = 1.28 (m, 12H), 1.60 
(m, 2H), 1.71 (m, 2H), 2.52 (t, J = 7.5 Hz, 2H), 4.00 (t, J = 6.5 Hz, 65 

2H), 6.74 (d, J = 8.9 Hz, 2H), 6.86 (d, J = 8.9 Hz, 2H), 7.03 (d, J = 
8.8 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.81 (d, J = 8.7 Hz, 2H), 
7.84 (d, J = 8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ (ppm) = 
24.2, 28.3, 228.5, 228.6, 33.3, 67.4, 108.9, 115.0, 118.8, 122.2, 
126.6, 130.1, 132.6, 142.5, 144.1, 154.8, 159.2, 172.0. FTIR (KBr, 70 

ν cm–1): 3259, 2929, 2840, 2220, 1739, 1604, 1502, 1246. 
Compound BIPH. Acid 4 (0.40 g, 0.4 mmol), DMAP (0.04 g, 
0.12 mmol), DCC (0.80 g, 0.4 mmol) and compound 10 (0.20 g, 
0.40 mmol) were stirred in dry dichloromethane (50 mL) for 24 h. 
The crude product was purified by liquid chromatography on silica 75 

gel using dichloromethane as eluent. Compound BIPH was 
obtained as a white solid. Yield: 0.27 g (47%). M.p. (°C): See 
Table 1. 1H NMR (400 MHz, CDCl3): δ (ppm) = 0.89 (t, J = 6.6 
Hz, 3H), 1.27 (m, 48H), 1.81 (m, 8H), 2.53 (t, J = 7.5 Hz, 2H), 
2.56 (t, J = 7.5 Hz, 2H), 4.00 (t, J = 6.5 Hz, 2H), 4.06 (t, J = 6.5 80 

Hz, 4H), 6.99 (d, J = 7.5 Hz, 6H), 7.08 (s, 4H), 7.23 (m, 1H), 7.30 
(d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.8 Hz 2H), 7.39 (d, J = 8.8 Hz, 
2H), 7.46 (m, 1H), 7.53 (m, 4H), 7.67 (m, 6H), 8.16 (d, J = 8.7 Hz, 
4H), 8.30 (d, J = 8.1 Hz, 2H), 8.31 (d, J = 8.8 Hz, 2H). 13C NMR 
(100 MHz, CDCl3): δ (ppm) = 14.0, 22.6, 24.8, 25.9, 29.0, 29.1, 85 

29.3, 29.5, 29.6, 31.8, 34.2, 68.0, 68.2, 68.1, 114.3, 115.0, 120.4, 
122.0, 122.3, 124.6, 126.4, 127.0, 128.2, 129.9, 131.0, 131.7, 
132.3, 137.9, 142.0, 145.2, 147.8, 150.1, 151.2, 155.6, 159.7, 
163.7, 164.4, 172.1. FTIR (KBr, ν cm–1): 2933, 2845, 2221, 1739, 
1648, 1509, 1245. MALDI-MS m/z = 1523.9 [M + Na]+. EA for 90 

C95H105NO15: calc.: C 76.02, H 7.05, N 0.93; found: C 75.82, H 
7.12, N 0.93  

2. Experimental techniques 

The textures of the mesophases were studied with an Olympus 
polarizing microscope equipped with a Linkam LTSE350 hot stage 95 

and a Linkam TMS-93 temperature controller. Photomicrographs 
were taken with an Olympus C-5050 camera on samples in Linkam 
cells (5 µm thick).  
Heat capacity data at normal pressure were obtained by means of a 
commercial differential scanning calorimeter DSC-Q2000 from 100 

TA-Instruments working in modulated mode (MDSC). The 
experimental conditions were adjusted in such a way that the 
imaginary part of the complex heat capacity data vanished. 
Likewise, by means of a special calibration procedure in which 
very precise latent heat data measured from other homologous-105 

compounds through adiabatic calorimetry are considered, the 
MDSC-technique is also suitable for quantitative measurements of 
latent heats of first order transitions, even if they are weak. A more 
detailed description of the MDSC technique can be found 
elsewhere.[16] The MDSC measurements were made as a standard 110 

study of the overall thermal behaviour of the samples and consisted 
of heating runs at 1 K·min–1 from room temperature up to the I-
phase and cooling runs at the same rate. In some cases, other 
slower rates were considered. The parameters of modulation 
(temperature amplitude and oscillation period) were ±0.5 K and 60 115 

s and the sample masses (chosen between 2–3 mg) were selected to 
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ensure a uniform thin layer within the aluminium pans.  
X-ray studies were performed on non-oriented samples in Debye–
Scherrer geometry mode using Lindemann capillaries of diameter 
0.6 mm. The materials were introduced by capillarity in the 
isotropic phase. Wide-angle measurements were carried out using a 5 

powder goniometer equipped with a high temperature attachment. 
A linear position-sensitive detector (PSD), with an angular 
resolution better than 0.01º, was employed to detect the diffracted 
intensity in the 2θ interval 0.5–25º (θ is the Bragg angle). A small-
angle goniometer with a different temperature controller and a 10 

fixed position PSD of 4° of angular range was also employed. 
Monochromatic Cu-Kα radiation (λ = 1.5418 Å) was used in both 
cases. 
Measurements of the complex dielectric permittivity 

)('')(')(* fiff εεε −= , in the range 103 to 1.1·108 Hz, were 15 

performed using an impedance analyzer (HP4294A). The cell 
consisted of two gold-plated brass electrodes (diameter 5 mm) 
separated by thick silica spacers of the order of 50 µm. A modified 
HP16091A coaxial test fixture was used as the sample holder. This 
was held in a cryostat from Novocontrol and both temperature and 20 

dielectric measurements were computer-controlled. Dielectric 
measurements were performed on cooling runs. 
 

Results and Discussion 
Liquid crystal characterization 25 

The mesomorphic properties of the dimers were investigated by 
polarizing optical microscopy (POM), modulated differential 
scanning calorimetry (MDSC), and X-ray diffraction (XRD). The 
transition temperatures and corresponding enthalpy values for the 
products are summarized in Table 1. Detailed explanations of the 30 

liquid crystalline behaviour listed in Table 1 are given below.  
 

Table 1 
 

Two out of the three dimers form mesophases. Unfortunately, 35 

dimer AZO1 did not show liquid crystalline properties and was not 
studied further. However, both hybrid bent-rod dimers containing a 
phenyl ring as the linker formed mesophases. Interestingly, in spite 
of the ability of both rigid cores to promote mesophase formation, 
a long and flexible spacer such as the one present in AZO1 40 

dramatically prevents the appearance of a soft-phase, in contrast to 
AZO2, which is based on the same bent- and rod-cores. 
Furthermore, the thermal behaviour of the two mesogenic dimers 
AZO2 and BIPH is quite complex and it was studied in detail by 
different techniques. 45 

Firstly, we will consider compound AZO2. The natures of the 
mesophases formed by this compound were assigned by both POM 
and XRD. On cooling from the isotropic liquid, a sample placed on 
5 µm thick glass cells treated for parallel alignment showed a 
uniform birefringent texture that was characteristic of the nematic 50 

mesophase (Figure 1a). On further cooling, a transition to a striped 
texture was observed at around 123 °C (Figure 1b). This texture 
evolved to a fan-shaped texture that is characteristic of a SmA 
arrangement (Figure 1c). The nematic nature (N) of the high 
temperature mesophase was confirmed by XRD experiments. Two 55 

diffuse halos, one in the low angle region and another in the wide 

angle one, were detected in the XR diffractogram, thus confirming 
the N character of the phase. However, it was not possible to study 
the low temperature phase by XRD as the sample crystallized 
during the experiment. 60 

Figure 1  

In order to ascertain the nature of the lower temperature 
mesophase, its optical response to electric fields was studied (see 
Figures 1c–1f). Thin films of planar aligned AZO2 (Linkam cells, 
5 µm thick) could be switched from an optically transmitting state 65 

to a homeotropic black state. Dark lines developed in a direction 
perpendicular to the rubbing direction and spread over the whole 
sample. This behaviour is consistent with a positive dielectric 
anisotropy, which will be discussed later. In a relatively short 
period of time (30 seconds) after removal of the field, a quite 70 

homogenous planar texture was recovered. Such switching 
behaviour would not be expected in a SmA mesophase, where the 
transition in the texture is in general accompanied by the 
appearance of defects. This behaviour is more reminiscent of that 
found in other dimers for which a low temperature 75 

nematic mesophase is proposed, such as the twist-bend nematic 
phase.[1e,f] Unfortunately the narrow temperature range made it 
difficult to characterize this mesophase unambiguously and it will 
be denoted by the letter M. 
Heat capacity data as a function of temperature were recorded in a 80 

heating run from the crystal (Cr) to isotropic liquid (I) phase for 
AZO2 and a plot is shown in Figure 2 (black symbols). The first 
heat capacity effect at lower temperatures shows a two-fold peak 
with a wide coexistence region of about 7 K. This type of effect is 
usually found in multiple phase transitions and in this case seems 85 

to represent the Cr-to-M-to-N phase transition. On further heating 
another heat capacity peak is observed, which according to the 
POM information is attributed to the N-to-I phase transition. A 
subsequent cooling run from the liquid phase at the same rate is 
also represented in Figure 2 (red symbols). The heat capacity peak 90 

corresponding to the I-to-N phase transition is observed at almost 
the same temperature as that in the heating run. At lower 
temperatures, two well-separated peaks are obtained and this 
indicates the appearance of another mesophase, which was 
identified as M according to our POM experiments. This phase 95 

sequence is fully reversible. Finally, on cooling the sample down to 
a temperature of about 120 ºC (M mesophase) and then reheating 
it, the M-to-N transition could be observed clearly (blue symbols in 
the inset in Figure 2) and both the temperature and latent heat 
could be calculated with a degree of accuracy.  100 

Calculation of the latter parameter requires a special calibration 
and the following expression for the total enthalpy change 
associated with any transition (ΔHTOT):  
 
      105 (1)  
 
The second term on the right-hand side of eq. (1) is the 
pretransitional fluctuation contribution (ΔCp being the difference 
Cp – Cp,background due to the change in orientational order intrinsic to 
this transition) and the latent heat is ΔH, which vanishes for second 110 

order transitions. In strongly first order phase transitions, the 
second term on the right-hand side of eq. (1) can be neglected due 
to the latent heat and the total enthalpy change is identified with 
the latent heat associated with the phase transition. This is the case 

ΔHTOT = ΔH + ΔCp dT∫
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for the latent heat associated with the two-fold peak attributed to 
the Cr-to-M-to-N phase transition. However, for the M-to-N and 
N-to-I transitions the second term on the right-hand side of eq. (1) 
must be taken into account in the calculation of the latent heats. 
The calculated values for compound AZO2 are listed in Table 1 5 

together with the corresponding transition temperatures.  
 

Figure 2  

We will now consider the other mesogenic dimer, i.e., BIPH. On 
cooling from the isotropic phase, a characteristic texture of a 10 

nematic mesophase was observed for this material over a narrow 
temperature range. Almost simultaneously some circular and fan-
shaped domains characteristic of smectic phases started to grow 
slowly as fractal nuclei, as shown in Figure 3a. This coexistence of 
both mesophases extended over approximately 12 degrees (Figure 15 

3b). XRD experiments confirmed the nematic and lamellar 
character of the coexisting mesophases. The wide-angle diffraction 
patterns of BIPH at two temperatures in the coexistence range are 
shown in Figure 4. A diffractogram characteristic of a nematic 
arrangement was recorded at 137 ºC on cooling from the isotropic 20 

phase (orange symbols in Figure 4). On further cooling, sharp 
peaks appeared that were superimposed on the nematic pattern and 
these became more intense on lowering temperature (the pattern in 
Figure 4 shown in black points was obtained at 135 ºC). The 
structure of this new mesophase was investigated using a low angle 25 

goniometer. The small angle diagrams observed for three different 
temperatures in a cooling run are shown in the inset in Figure 4. 
Patterns in red and blue points correspond to temperatures within 
the coexistence region. These are indexed on the basis of a single 
periodicity of 87 Å. This value is significantly smaller than the 30 

theoretical molecular length (102 Å) calculated using Chemsketch. 
Given the resulting length of the combination of both spacers it is 
difficult to determine whether the molecules are bent within the 
layers or tilted and interdigitated in a similar way to that reported 
for Janus-dendrimer analogues.[14b] Hence, this mesophase will be 35 

denoted as SmX. Finally, at about 120 °C a change in the texture 
was observed and this corresponds to a transition to another phase 
(Figure 3d). The small angle diffraction pattern observed below 
this temperature is virtually identical to those observed in the 
coexistence region (diagram with green points in the inset in Figure 40 

4). In fact, the structure presents the same periodicity as the SmX 
phase. However, the appearance of small peaks on the wide angle 
diffuse halo together with the dielectric behaviour, which is 
discussed below, strongly suggest that in this phase the molecules 
have a higher degree of order. Consequently, hereafter this phase 45 

will be denoted as SmY. The switching response under electric 
fields was also investigated for BIPH. The effect of different fields 
on the region of the N-SmX phase coexistence is consistent with 
reorientation of the nematic phase towards a homeotropic dark 
state. In the present case, an electrooptic effect was not detected for 50 

the SmX and SmY phases, thus ruling out the possibility of polar 
order in the mesophases. 

Figure 3  

Figure 4  

The phase sequence observed optically was confirmed by a careful 55 

analysis of the thermal behaviour. The heat capacity data for BIPH 
on cooling from the isotropic phase down to room temperature (red 

symbols) and on subsequent heating up to the isotropic phase 
(black symbols) are represented in Figure 5. Three transitions can 
be identified on cooling from the isotropic phase. The first peak at 60 

higher temperatures warrants careful analysis. The inset in Figure 5 
shows the existence of a two-fold peak that, according to the 
textures, should correspond to the I-to-N and to the N-to-SmX 
phase transitions. The high heat capacity (red shaded region) is a 
sign of the coexistence of two phases, which were identified as the 65 

N and SmX mesophases. On further cooling to about 120 ºC a 
transition was detected and this can be assigned to the SmX-to-
SmY phase transition. Finally, the heat capacity effect at lower 
temperatures (about 45 ºC) corresponds to a glass transition that 
provides evidence of the disordered character, at least from a 70 

dynamic point of view, of the SmY mesophase. In the subsequent 
heating experiment a similar glass transition was also observed and 
this was followed by a single broad peak at higher temperatures, 
which is assumed to be due to both the SmY-to-SmX and the N-to-
I phase transitions, with SmX slowly evolving towards the N 75 

mesophase. An attempt to isolate the N-I transition was successful 
on slowly cooling the sample to 134 ºC at 0.5 ºC/min. On re-
heating the sample a defined peak was obtained at about 135 ºC. 
Temperatures and latent heats associated with the observed phase 
transitions are listed in Table 1. 80 

 
Figure 5  

Dielectric characterization 

In order to gain further insights into the mesogenic behaviour of 
these two bent-core dimers, the temperature dependence of the 85 

dielectric permittivity at 1 kHz for both materials was determined 
in cooling runs from the isotropic phase (Figure 6). Dielectric 
results for both compounds were obtained under two different dc 
bias field conditions (no field and an applied dc bias voltage of 0.8 
V/µm). The transitions between the different mesophases described 90 

in the previous section can be envisaged as changes in the 
permittivity. Due to the reorientation of the important dipole 
moment of the cyano-groups of the two rod-like units, both 
materials show an increase in permittivity under field conditions. 
The static permittivity of the nematic phase of AZO2 behaves in 95 

the same way as the nematic phase of rod-like liquid crystals, with 
Δε>0. In the case of BIPH, the dielectric anisotropy is smaller than 
in the case of AZO2, indicating that the coexistence of the nematic 
and lamellar mesophase hinders the reorientation of the rod-core 
unit under dc bias conditions. Furthermore, the slow decrease in 100 

the permittivity on decreasing the temperature coincides with the 
gradual transition from the N to the SmX phase. Finally, as can be 
observed in Figure 6, the dielectric response of compound BIPH 
drops at the transition to the low temperature phase SmY, a finding 
that is consistent with a transition to a mesophase with a higher 105 

degree of order, as inferred from XRD studies. 
 

Figure 6  

The dynamic behaviour of the dimers was analysed by broadband 
dielectric spectroscopy measurements in the different mesophases 110 

as a function of temperature for both dimers. The temperature and 
frequency dependence of the imaginary part of the permittivity for 
AZO2 and BIPH under field conditions are shown in the three-
dimensional plots in Figure 7. At first glance, the dielectric spectra 
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shown in Figure 7 do not seem to be complex. However, a closer 
inspection shows several relaxation processes that complicate the 
interpretation of the results. Both spectra seem to be dominated by 
a relaxation process whose frequency is around 1 MHz, indicating 
a low thermal activation. For AZO2 the strength of this mode is 5 

independent of temperature but for BIPH it rapidly decreases on 
decreasing the temperature, i.e., with the slow conversion of the 
nematic phase to the SmX phase. 
 

Figure 7 10 

In order to characterize the relaxation processes found, the 
dielectric permittivity can be expressed as a sum of all the possible 
contributions: 

 
 15 

             (2)  
 

where Δεk is the dielectric strength of each relaxation mode, τk the 
relaxation time related to the frequency of maximum dielectric 
loss, αk and βk are parameters that describe the shape (symmetry 20 

and width) of the relaxation spectra (αk = βk = 1 corresponds to 
Debye relaxation) and σdc is the dc conductivity. The summation is 
extended over all relaxation modes, and each one is fitted 
according to the Havriliak–Negami (H-N) function.  
As an example, the two components of the complex dielectric 25 

permittivity under two different dc bias conditions for AZO2 at 
125 ºC in the nematic phase are shown in Figure 8. The dielectric 
relaxation curves show different distinguishable relaxation 
processes and this provides evidence that both the bent-core and 
the rod-unit contribute to the dielectric permittivity. The 30 

assignment of each contribution to the corresponding molecular or 
intramolecular reorientation is not straightforward. Due to the 
cumulative length of the flexible spacer between the bent-core and 
the rod-like moieties, it seems reasonable to consider that both 
groups reorient independently. Under this assumption, the 35 

frequency of the process denoted as 2 in the graphs and the 
increase in its strength under field conditions, allow us to attribute 
this mode to the reorientation of the rod-like units, i.e., the 
reorientation of the unit containing the cyano-group. This mode 
shows an almost constant strength over the whole temperature 40 

range, with a value of 2.7 in the nematic mesophase and 2.5 in the 
M mesophase and activation energy of 109 kJ/mol. The 
identification of all the different relaxation processes requires 
further data and is beyond the scope of the present work. In the 
case of BIPH, such analysis is even more difficult since the effect 45 

of electric fields is weak due to the phase coexistence. 
 

Figure 8 

Concluding remarks 
Novel non-symmetric dimers, whose molecular design is based on 50 

a promesogenic bent-shaped structure joined to two different 
promesogenic rod-like moieties derived from cyanobiphenyle and 
azobenzene units, have been synthesized. In contrast to previous 
reports, and with the aim of decoupling the rigid cores, very long 
spacers (two chains of 10 methylene units), linked either by a 55 

phenyl ring or a hexamethylene-triazole moiety, have been used. 

Interestingly, the use of the latter linkage prevented the appearance 
of mesomorphism. However, in the former two cases these 
unusually long spacers have proven to be suitable to promote 
mesophases with a complex nature. It was also found that the 60 

structure of the rod-like unit strongly affects the final mesophases 
exhibited by the materials. Thus, for the dimer containing a 
cyanobiphenyl rod-like unit (BIPH), an unstable nematic 
mesophase is formed and this evolved to a lamellar SmX and then 
to the non-polar SmY mesophase. However, in the case of the 65 

azobenzene-based dimer (AZO2) the -N=N- linking group 
increases length and polarizability. Its confers a core structure in 
which linearity is maintained, but the broadness tends to disrupt a 
lamellar order thus enabling the formation of the nematic 
mesophase, as it is commonly reported for azobenzene based liquid 70 

crystals.[17] A dielectric study of these materials revealed a complex 
dynamic behaviour. Due to the cumulative length of the linking 
group, the reorientational dynamics of the bent-core system and the 
rod-like units are significantly different. Furthermore, it was shown 
that the strong dipole moment associated with the cyano-group 75 

allows the reorientation of the alignment by the application of 
strong electric fields.  
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Scheme 1. Chemical structures of the bent-core and rod-core based dimers: 

AZO1, AZO2 and BIPH. 

 5 

 
 

Scheme 2. Synthetic route followed to synthesize dimer AZO1. 
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Scheme 3. Synthetic route followed to synthesize dimer AZO2. 
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Scheme 4. Synthetic route followed to synthesize dimer BIPH. 
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Figure 1. Microphotographs of the textures observed for compound AZO2 
(a) at 139 ºC in the N phase, (b) at 123 ºC in the transition from the N to the 
M phase, (c) at 121 ºC in the M phase, (d) at 121 ºC under the application 
of a triangular wave-electric field of 20 V/µm and 50 Hz, (e) same field 

conditions one minute later and (f) half a minute after removal of the field. 5 

The width of all photographs is about 300 µm and the rubbing direction is 
along the stripes. 

 
 

Figure 2. Specific heat capacity data as a function of temperature for a 10 

sample of compound AZO2. Black and red symbols represent data 
collected on heating and cooling runs at 1 ºC/min, respectively. Blue 

symbols correspond to a heating run from 120 ºC after cooling from the 
isotropic phase without reaching crystallization. 

 15 
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 30 

 
 
 

Figure 3. Microphotographs of the textures of compound BIPH: (a) in the 
N phase at 136 ºC, (b) in the N-SmX mesophase at 132 ºC, (c) in the SmX 35 

at 124 ºC, (d) in the SmY phase at 123 ºC. The width of the four 
photographs is about 300 µm. 

 

 
 40 

Figure 4. Wide-angle X-ray diffraction patterns for compound BIPH at 
different temperatures in the phase coexistence range. The intensity is 

plotted as a function of 2θ, where θ is the Bragg angle. Orange points in the 
diagram are characteristic of a nematic structure (data at 137 ºC). Black 

points in the diagram indicate that a lamellar phase grows within the 45 

nematic bulk (data at 135 ºC). The inset represents the diffraction patterns 
obtained with a small-angle goniometer. Red and blue points correspond to 

the coexistence range as the temperature is lowered. Green points 
correspond to the low temperature phase (data at 120 ºC). All the diagrams 

were indexed on the basis of a single periodicity. 50 
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Figure 5. Specific-heat data as a function of temperature for a sample of 
compound BIPH. Black and red symbols relate to data collected in heating 
and cooling runs at 1 ºC/min, respectively. The inset shows the detail of the 

specific heat around both the SmX-to-N and the N-to-I phase transitions. 
Blue symbols correspond to a heating run on slow cooling at 0.5 ºC/min 5 

from the I phase down to 134 ºC. Coexistence regions are marked by 
shaded areas. 
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Figure 6. Dielectric permittivity versus temperature for compound AZO2 

(top) and compound BIPH (bottom) in cooling runs. 

 20 

 
 
 
 
 25 

 
 
 
 

 30 

 

 

 

 

 35 

 

 

 

 

 40 

 

 

 

 

 45 

Figure 7. Three-dimensional plot of dielectric losses versus temperature and 
logarithm of the frequency for compounds AZO2 (top) and BIPH (bottom) 

under 40 V dc bias field conditions. 
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Figure 8. Frequency dependence of the dielectric permittivity of compound 
AZO2 in the N phase (T = 125 °C), with no field (top) and with a dc bias 
field of 40 V (bottom). Black solid lines are fittings according to equation 
(2) and coloured lines represent the deconvolution into elementary modes. 70 
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Table 1. Transition temperatures (ºC) and enthalpies (ΔH, kJ/mol) 
determined by DSC and MDSC for dimers AZO1, AZO2 and BIPH. 

 
a Cr: crystal, N: nematic mesophase, M: unindentified mesophase, SmX 
SmY: lamellar mesophases, SmYglassy: SmY vitrified phase, I: isotropic 5 

liquid.  b Data obtained by means of standard DSC measurements at 10 
K·min–1.  c Data obtained by means of MDSC measurements at 1 K·min–1                               

d Heat capacity peak attributed to Cr-to-M-to-N phase transition. Enthalpy 
value corresponds to the set of both transitions and is overestimated for the 
single Cr-to-M phase transition. e Temperature and enthalpy data 10 

correspond to heating runs from 120 ºC after a slow cooling from the 
isotropic phase.  f Inferred by subtracting the enthalpy of the isolated N-to-I 
phase transition from the value measured for the SmY-to-(SmX+N) phase 
transition.  g Obtained from the isolated N-to-I phase transition, measured at 
a rate of 0.5 K·min–1 after slow cooling from  the isotropic phase. 15 

 

 

Compound Phase Transition Temperature [ºC]  
and Enthalpy [kJ/mol]a 

AZO1b Cr 108 [103.3] I 

AZO2c 

 
Cr 119.7 [76.9d] M 125.5e [0.26e] N 140.2 [0.59] I 

I 140 N 123 M 120 Cr 
 

BIPHc 

 
SmY glassy 45 SmY 128.2 [45.5f] SmX-N 135g [0.5g] I 

I 137 N-SmX 125 SmY 49 SmY glassy 
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