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Nematic Phases  in 1 ,2,4-Oxadiazole-Based Bent-Core 
Liquid Crystals: Is There  a F erroelectric Switching?
 Four series of new 1,2,4-oxadiazole derived bent-core liquid crystals incor-
porating one or two cyclohexane rings are synthesized and investigated 
by optical polarizing microscopy, differential scanning calorimetry (DSC), 
X-ray diffraction (XRD), electro-optical, and dielectric investigations. All 
the compounds exhibit wide ranges of nematic phases composed of tilted 
smectic (SmC-type) cybotactic clusters with strongly tilted aromatic cores 
(40–57 ° ) and show a distinct peak in the current curves observed under a 
triangular wave fi eld. Dielectric spectroscopy of aligned samples corroborates 
the previously proposed polar structure of the cybotactic clusters and the 
ferroelectric-like polar switching of these nematic phases. Hence, it is shown 
that this is a general feature of the nematic phases of structurally different 
3,5-diphenyl-1,2,4-oxadiazole derivatives. In these uniaxial nematic phases 
there is appreciable local biaxiality and polar order in the cybotactic clusters. 
As a second point it is shown that electric fi eld induced fan-like textures, 
as often observed for the nematic phases of bent-core liquid crystals, do 
not indicate the formation of a smectic phase, rather they represent special 
electro-convection patterns due to hydrodynamic instabilities. 
  1. Introduction 

 Liquid crystals (LCs) represent a fascinating state of matter [  1  ]  
with wide technical applications in display industry [  2  ]  and optoe-
lectronics, [  3  ]  signifi cant importance for the development of new 
functional materials, [  4  ]  nanopatterning, [  5  ]  tissue engineering, [  6  ]  
sensor and biosensor applications, [  7  ]  and also providing a funda-
mental concept in biological self-assembly. [  8  ]  This is due to the 
dual nature of LCs, combining features of anisotropic crystalline 
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solids and isotropic liquids, enabling their 
soft self-assembled and ordered structures 
to respond to external stimuli, but also 
to their ability of self-healing of defects 
formed. [  9  ]  In recent years, chiral super-
structures [  10  ,  11  ]  and polar order [  12  ]  in the 
LC phases of achiral bent-core molecules 
have provoked interest of the researchers 
in this unique type of LCs. [  13  ]  Usually, in 
these bent-core mesogens 1,3-substituted 
benzenes, providing a 120 °  bent in the 
middle of the aromatic core, were used as 
bent units. However, also fi ve-membered 
heterocycles, mainly 2,5-disubstituted 
1,3,4-oxadiazoles leading to a bend of 
 ≈ 134 °  have attracted signifi cant attention 
( 1,3,4-Ox/(O)  n , see  Scheme    1  ). [  14     −     18  ]  The 
reduced bend (i.e., reduced deviation from 
linearity) of the aromatic core by the oxa-
diazole unit places these compounds at 
the borderline between classical rod-like 
LCs and the bent-core mesogens. There-
fore, it can be expected that new types of 
LC phases combining features of both classes of LC could prob-
ably be observed with these materials. [  19  ]  One LC phase, con-
sidered as the “Holy Grail” in LC research is the illusive biaxial 
nematic phase (N b ). [  20     −     23  ]  Thermotropic biaxial nematic phases 
would not only be of fundamental scientifi c interest for soft 
matter physics, but also these phases are considered as pos-
sible candidates for next generation LC displays with enhanced 
switching performance. [  24  ]  There are simulations, [  25  ,  26  ]  and also 
fi rst experimental evidences that show induced and possibly 
spontaneous biaxiality could be generated in the nematic phases 
of oxadiazole based LCs. [  15  ,  18  ,  27  ]  In most oxadiazole-based bent-
core LCs symmetric 2,5-disubstituted 1,3,4-oxadiazoles were 
used ( 1,3,4-Ox/(O)  n ), whereas only few LC incorporate the 
slightly less bent (angle  ≈  140 ° ) and non-symmetric 3,5-disub-
stituted 1,2,4-oxadiazole unit ( 1,2,4-Ox/(O)  n , Scheme  1 ). [  28     −     30  ]  
Interest in LCs based on 1,2,4-oxadiazoles arose recently, as 
evidence of ferroelectric switching and induced biaxiality were 
reported for a nematic phase formed by one of these molecules 
( 1,2,4-Ox/O9 ). [  31  ]  However, further experimental evidence is 
required to corroborate a ferro-nematic phase [  32  ]  and to develop 
general rules for molecular design of such materials.  

 The aim of this manuscript is threefold. First, a broader 
range of nematic 1,2,4-oxadiazoles incorporating one or 
two  trans -4-alkyl substituted cyclohexane ring(s) in the 
core structure [  15f  ,  33  ,  30  ]  with symmetric and non-symmetric 
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     Scheme  1 .     Structure of previously reported bent-core 1,3,4-oxadiazoles ( 1,3,4-Ox/(O)  n ) [31]  
and 1,2,4-oxadiazoles ( 1,2,4-Ox/(O)  n ) [15]  and the cyclohexane-containing 1,2,4-oxadiazoles 
 A/  n  -  D/  n  reported herein.  
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substitution patterns and different chain lengths (compounds 
 A/  n - D/  n ,  Scheme  1 ) are synthesized and investigated. 

 Secondly, it is found that the nematic phases of all syn-
thesized compounds behave similar to the related benzoate 
 1,2,4-Ox/O9  reported previously [  31  ]  by showing a distinct cur-
rent peak under a triangular wave voltage. This indicates that 
the current peak is a specifi c feature of the nematic phases of a 
broad range of structurally different 3,5-diphenyl-1,2,4-oxadia-
zoles. Temperature-, frequency- and cell-gap-dependence of the 
current peak intensity are in line with polar switching, which 
is further confi rmed by dielectric investigations of aligned 
samples. In this way ferroelectric-like polar switching of these 
nematic phases is corroborated. 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
 Finally, it is shown that the often observed 
fi eld induced formation of fan-textures in the 
nematic phases of bent-core mesogens [  34  ]  
is not necessarily an indication of the fi eld 
induced formation of a smectic phase; rather 
these textures appear to represent special 
electro-convection patterns in most cases.   

 2. Results and Discussion  

 2.1. Synthesis 

 We have recently developed a simple and 
straightforward synthetic strategy to the non-
symmetrically functionalized 1,2,4-oxadiazole 
based building block  1 , [  35  ]  which was used 
as starting material for the synthesis of the 
non-symmetrically substituted compounds 
 A/  n  and  B/  n  ( Scheme   2 ). These compounds 
were obtained by acylation of  1  with  trans -
4-alkylcyclohexane carboxylic acid (Merck) 
or 3-( trans - 4-alkylcyclohexyl)propionic acid 
using dicyclohexylcarbodiimide (DCC) as 
condensation agent. [  35  ]  

 For the synthesis of symmetric oxadiazoles 
 C/  n  and  D/  n  ( Scheme   3 ), 4-benzyloxybenzoic 
acid  3  was treated with the amidoxime  2 , to 
obtain the benzyl protected phenol  4,  fol-
lowed by debenzylation using 10% Pd/C in 
THF: EtOAc (3:7) for 7 h at 80 kPa to obtain 
the key intermediate 4,4 ′ -(1,2,4-oxadiazole-
3,5-diyl)biphenol ( 5 ). [  29    c]  Bent-core mole-
cules of series  C/  n  and  D/  n  were achieved 
by treating  5  with two equivalents of the 
corresponding carboxylic acids using DCC 
as coupling reagent. [  36  ]  All compounds were 
purifi ed by column chromatography and 
probed for their molecular structure by spec-
troscopic methods and microanalytic tech-
niques. Detailed procedures and analytical 
data of compounds  C/  n  and  D/  n  are collated 
in the SI, those of compounds  A/  n  and  B/  n  
have been reported previously. [  35  ]      
 2.2. Investigations 

 The obtained compounds were investigated by polarizing micro-
scopy (Optiphot 2, Nikon) in conjunction with a heating stage 
(FP82HT, Mettler) and by differential scanning calorimetry 
(DSC) using a DSC-7 (Perkin Elmer). The assignment of the 
mesophases was made on combined results of optical textures 
and X-ray diffraction (XRD). Investigations on oriented samples 
were performed using a 2D detector (Hi-Star, Siemens AG). 
Uniform orientation was achieved in most cases by alignment 
in a magnetic fi eld ( B   ≈  1 T) using thin capillaries. This orienta-
tion is maintained by slow cooling (0.1 K min  − 1 ) in the presence 
heim Adv. Funct. Mater. 2012, 22, 1671–1683
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     Scheme  2 .     Synthesis of compounds  A/  n  and  B/  n  incorporating one cyclohexane ring. Rea-
gents and conditions: i) DCC, DMAP, CH 2 Cl 2 , 12 h, (65–70%). [  35  ]   
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of the magnetic fi eld. Due to the high transition temperature, 
compound  C/7  could not be aligned in the magnetic oven. This 
compound was aligned by slow cooling a drop of the sample 
on a glass surface and the X-ray beam was applied parallel to 
the surface. Electro-optical experiments have been carried out 
using a home built electro-optical setup in commercially avail-
able indium tin oxide (ITO) coated glass cells (E.H.C., Japan) 
with an antiparallel rubbed polyimide coating and measuring 
area of 1 cm 2 . Dielectric investigations were performed using 
a Novocontrol Alpha high resolution dielectric analyser (Novo-
control GmbH, Germany). Uniform homeotropic orientation 
was achieved by alignment in a magnetic fi eld ( B   =  1.2 T). The 
real and imaginary parts of the complex permittivity were meas-
ured in the frequency range of 1 Hz to 10 MHz, in a planar cell 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 1671–1683

     Scheme  3 .     Synthesis of compounds  C/  n  and  D/  n  incorporating two cyclohexane rings. Rea-
gents and conditions: i) DCC, 1,4-dioxane, refl ux, 8 h, (78%); ii) THF: EtOAc (3:7), 10% Pd/C, 
80 kPa, 7 h (68%); iii) DCC, DMAP, CH 2 Cl 2 , 12 h, (64–69%).  
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of 15  μ m thickness, on slow cooling of the 
sample. The measuring voltage was 0.1 V pp .   

 2.3. Thermal Behavior of Compounds A/ n -D/ n  

 It is apparent from  Table    1   and   2   that all syn-
thesized compounds display enantiotropic 
liquid crystalline phases. Particularly, they 
exhibit broad regions of nematic phases, 
which were observed down to the crystal-
lization temperature for most of them. DSC 
traces of two selected compounds are shown 
in  Figure    1  . Only for the two compounds 
with the longest aliphatic segments, com-
pounds  C/7  and  D/5 , additional SmC phases 
were observed. Though compounds  C/7  and  D/5  have the 
same total size of the aliphatic segments the SmC phase sta-
bility is reduced if the cyclohexane rings are shifted more to the 
periphery in the 3-(4-alkylcyclohexyl)propionate  D/5 . On the 
other hand the clearing temperatures of all 3-(4-alkylcyclohexyl)
propionates  B/  n  and  D/  n  are signifi cantly reduced compared to 
the corresponding 4-alkylcyclohexane carboxylates  A/  n  and  C/  n , 
most probably due to the increased fl exibility of the propionate 
linking units compared to the shorter and more rigid carboxyl 
groups. Though there is a strong effect of this linking unit on 
the mesophase stability, reducing the clearing temperature by 
about 40–50 K for each of these units, there is no such effect 
on the melting temperatures. Therefore, the mesomorphic 
temperature ranges are smaller for the 3-(4-alkylcyclohexyl)
propionates  B/  n  and  D/  n  compared to the 
4-alkylcyclohexane carboxylates  A/  n  and  C/  n , 
respectively (see Table  1  and  2 ).    

 Upon cooling from the isotropic liquid 
state, the nematic phases (N) appear as 
droplets ( Figure    2  a) which coalesce to form 
Schlieren textures as shown in Figure  2 b for 
the texture of compound  A/4  as an example. 
For compound  C/7  with an additional tilted 
smectic (SmC) phase, on cooling the nematic 
phase to 173  ° C, the transition N-SmC 
(Figure  2 c,f) takes place, which is seen in the 
homogeneously aligned nematic phase as 
formation of a fan-like texture. The nematic 
phases of all compounds are rather fl uid, 
similar to the nematic phases of low molec-
ular weight rod-like molecules and more fl uid 
than usually observed for the nematic phases 
of other bent-core molecules. [  41  ]     

 2.4. XRD Investigations 

 XRD measurements were performed for one 
representative from each series of compounds 
and the results are summarized in  Table   3 . 
Alignment of the samples of most compounds 
was achieved in the nematic phase under a 
magnetic fi eld of medium strength ( B   ≈  1 T). 
1673wileyonlinelibrary.comeim
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   Table  1.     Phase transition temperatures ( T  in  ° C), associated enthalpy values (in square brackets,  Δ  H  in kJ mol  − 1 ), and crystallization temperatures 
( T  cr  in  ° C) of compounds  A/  n  and  B/   n .  a)  

N

ON

O O

O O

C6H13
H

H

H2n+1Cn

m

Compd.  m  n Phase transitions  T  cr 

 A/3 0 3 Cr 149 [30.3] N 305 [1.5] Iso 85

 A/4 0 4 Cr 120 [37.6] N 293 [1.4] Iso 95

 A/5 0 5 Cr 129 [33.1] N 296 [1.1] Iso 112

 A/7 0 7 Cr 124 [40.0] N 283 [1.1] Iso 98

 B/3 1 3 Cr 127 [30.1] N 250 [2.0] Iso 100

 B/5 1 5 Cr 123 [30.0] N 245 [1.5] Iso 99

    a) Peak temperatures in the DSC thermograms obtained during the fi rst heating cycles (phase transitions) and cooling cycles ( T  cr ) at 10 K min  − 1 . Abbreviations: Cr  =  crystalline 
solid; N  =  nematic phase; all nematic phases are composed of polar (P) SmC type cybotactic clusters (cybC) and hence represent N cybCP  phases; and Iso  =  isotropic liquid.   
The XRD patterns observed for a magnetically aligned sample 
of compound  D/5 , as representative example, in the nematic 
and the SmC phase are shown in  Figure    3  . In the nematic 
phase at  T   =  150  ° C, there are diffuse wide angle maxima at  d   =  
0.49 nm, corresponding to the mean lateral distance between 
the molecules, indicating a fl uid LC phase. The wide angle scat-
tering are centred on the equator (Figure  3 a) which indicates 
that the alignment of the bent-core molecules is along the long 
molecular axis.   

 The small angle scattering has its maximum at  d   =  3.8 nm 
which is a bit smaller than the molecular length ( L  mol   =  4.2 nm 
in a V-shaped conformation with a bending angle of 140 °  and all-
 trans  alkyl chains, see Table  3 ). The intensity of the small angle 
scattering is signifi cantly higher than the wide-angle scattering 
(Figure  3 e), indicating a cybotactic nematic phase composed of 
relatively large clusters. [  37  ,  41  ]  The small angle scattering is char-
acterized by four diffused spots with clear maxima beside the 
meridian and smeared out to two dumbbell shaped streaks par-
allel to the equator (see Figure  3 b), indicating that the cybotactic 
nematic phase is formed by SmC-like clusters (N cybC  phase). 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

   Table  2.     Phase transition temperatures ( T  in  ° C), associated enthalpy val
( T  cr  in  ° C) of compounds  C/  n  and  D/  n . a)  

N

N

O

O

H

H

H2n+1Cn

m

Compd.  m  n 

 C/4 0 4

 C/7 0 7 Cr 1  82 [22.8] C

 D/3 1 3

 D/5 1 5 Cr 128

    a)  Abbreviations: SmC  =  Smectic C phase. For other abbreviations see footnote of Ta
 The correlation length, estimated according to   ξ   �,⊥   =  2/ Δ  q  
from the full width at half maximum ( Δ  q ) [  38  ]  in transversal 
direction is   ξ   �   =  8 nm and in longitudinal direction it is   ξ   ⊥   =  
2 nm. The dimensions of the cybotactic clusters ( L  �,⊥ ) can 
be approximated to  L  �,⊥   =  3  ξ   �,⊥ , [  39  ]  leading to the values  L  �   =  
24 nm and  L  ⊥   =  6 nm. Accordingly, the clusters are rela-
tively large, composed on average of about 6 layers and 
about 12 molecules are arranged in the cross section. [  40  ]  A 
bit smaller values were obtained for the compounds  A/4  
and  B/5  with only one cyclohaxane ring and without SmC 
phase, for which  L  �  is around 7 nm and  L  ⊥  about 3 nm, 
corresponding to about two layers and a lateral dimension 
of the clusters of about 6 molecules. In the nematic phase of 
compound  D/5  the splitting of the maxima of the small angle 
scatterings  Δ   χ  /2 is about 36 ° , as the clusters are relatively large 
this splitting can be interpreted as the average tilt of the mole-
cules in the SmC clusters (XRD-tilt). [34b,    41  ,  42  ]  Very similar XRD 
patterns were recorded for the nematic phases of the other 
investigated compounds (see Figure S1–S3 in the Supporting 
Information). The  Δ   χ  /2 splitting is very large for compounds 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1671–1683
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     Figure  1 .     DSC heating and cooling traces of compounds: a)  B/5  
and b)  D/5  at a rate of 10 K min  − 1 .  
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     Figure  2 .     Microphotographs (crossed polarizers) of representative tex-
tures: a) Iso-N transition of  A/4  at  T   =  293  ° C; b) N phase of the same 
compound at  T   =  280  ° C; c) N-SmC transition as observed for compound 
 C/7  in a homogeneously aligned cell at  T   =  173  ° C; d,e) SmC phase of the 
same compound at  T   =  170  ° C; in e) the rubbing direction ( r ) is parallel to 
the polarizer, lines indicate the layer directions in the distinct domains with 
opposite tilt direction, the orientation of the rod-like cores of the molecules 
in one of these domains is shown as white bars; and f) N-SmC transition 
at  T   =  173  ° C in a predominately homeotropically aligned cell. For a color 
version of the textures, see Figure S4 in the Supporting Information.  
 A/4  and  B/5  incorporating only one cyclohexane ring, reaching 
unusually high values of 48–50 °  (Table  3 ) which is in line with 
the value reported for  Ox/O9  ( Δ   χ  /2  =  49 ° ). [  31  ]  The  Δ   χ  /2 split-
ting is considerably reduced in the nematic phases of com-
pounds  C/7  ( Δ   χ  /2  =  20 ° ) and  D/5  ( Δ   χ  /2  =  36 ° ) incorporating 
two cyclohexane rings. 
1675wileyonlinelibrary.com© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2012, 22, 1671–1683

   Table  3.     XRD data of the investigated representatives of compounds  A/n-D/n . a)  

Compd.  T  [ ° C]  L  mol  [nm] SAXS WAXS

  θ   [ ° ]  d  [nm]  Δ    χ  /2 [ ° ]   β   cal  [ ° ]   β   opt  [ ° ]   θ   [ ° ]  d  [nm]

 1,2,4-Ox/O9 150 (N) 4.9 2.05 3.07 49 51

 A/4 150 (N) 3.7 1.55 2.85 50 46 9.23 0.48

130 (N) 1.60 2.76 50 42 9.30 0.48

 B/5 150 (N) 4.0 1.39 3.19 48 37 9.16 0.48

130 (N) 1.43 3.08 48 40 9.25 0.48

 C/7 175 (N) 4.2 1.22 3.62  ≈ 20 b) 30 9.04 0.49

120 (SmC) 1.28 3.44 25 35 57 9.25 0.48

 D/5 150 (N) 4.2 1.17 3.77 36 26 9.06 0.49

130 (SmC) 1.30 3.39 20 36 52 9.16 0.48

    a) Data (  θ ,d ) for  1,2,4-Ox/O9  were taken from ref.  [  31  ] . The molecular lengths  L  mol  were measured between the ends of the alkyl chains in a V-shaped conformation with 
a fi xed bending angle of 140 °  and assuming linear all-  trans  conformation of the alkyl chains (CPK-models).   β   cal  was calculated according to cos   β   cal   =   d /  L  mol .   β   opt  is the 
optical tilt determined by measuring the extinction directions of aligned samples of the SmC phases under a polarizing microscope (see Figure S5,S6 in the Supporting 
Information);      b) Because magnetic aligned samples could not be obtained, and surface induced alignment did not give well aligned samples, the fi tting to two maxima gave 
only an approximate value.   



FU
LL

 P
A
P
ER

1

www.afm-journal.de
www.MaterialsViews.com

     Figure  3 .     2D-XRD patterns of a magnetically aligned sample of compound 
 D/5 . a) Complete pattern of the N phase at  T   =  150  ° C and b) small-angle 
X-ray scattering (SAXS). c) Complete pattern of the SmC phase at  T   =  
130  ° C and d) SAXS ( B   =  magnetic fi eld direction). e)   θ   -scans of the dif-
fraction patterns over the small and wide angle region. f)   χ   -scans over 
the small angle scatterings (2  θ    =  1.5–4.5 ° ).  
 Due to the limitations of our experimental setup, allowing 
a maximum temperature of 160  ° C for the scattering experi-
ments under a magnetic fi eld, and the relatively high melting 
points of all compounds, only a limited temperature region of 
the nematic phase regions is accessible for investigation and 
therefore no clear conclusions concerning the temperature 
dependence of the cluster size and the tilt angle can be drawn 
here. However, from investigation of related compounds it is 
known that the cluster size is strongly temperature dependent 
and decreases strongly with rising temperature. [  31  ,  41  ]  The 
increase of the small angle scattering intensity with decreasing 
temperature, as observed by comparing the diffraction pat-
terns of the nematic phase of compound  A/4  at 130 and 
150  ° C (Figure S1b, Supporting Information) is in line with 
this general trend. 

 Upon cooling compound  D/5  further to  T   =  131  ° C the XRD 
pattern changes. In the small angle region the layer refl ection 
676 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
becomes signifi cantly sharper, indicating the transition to a 
smectic phase composed of quasi infi nite layers (Figure  3 c–e). The 
wide-angle scattering remains diffuse (Figure  3 e), confi rming the 
transition to a fl uid smectic phase without in-plane order. It also 
retains its position on the equator (Figure  3 c), confi rming that the 
alignment of the molecules remains parallel to the magnetic fi eld 
direction. The splitting of the small angle refl ections is signifi -
cantly reduced at this transition from  Δ   χ  /2  =  36 °  in the nematic 
phase to only  Δ   χ  /2  =  20 °  in the SmC phase (see Figure  3 d,f). 
However, the shift of the maximum of the small angle refl ection 
from  d   =  3.8 nm in the nematic phase to only  d   =  3.4 nm in the 
smectic phase is in confl ict with a reduction of the tilt at the phase 
transition. Indeed, optical investigation of the SmC phase of com-
pound  D/5  indicates that the tilt of the  π -conjugated aromatic 
cores is much stronger (optical tilt,   β   opt   ≈  52 ° , see Figure S6, Sup-
porting Information) than the XRD-tilt. An even larger optical 
tilt of   β   opt   ≈  57 °  was found for the SmC phase of compound  C/7  
(Figure  2 d,e and Figure S5, Supporting Information). The huge 
difference between XRD tilt (20–25 ° ), providing the average tilt of 
the complete molecules, and optical tilt (52–57 ° ), indicating the tilt 
of the   π  -conjugated aromatic cores, is bewildering. It seems that 
the major contribution to the tilt arises from the aromatic cores. 
In the nematic phases of compounds  A/n  and  B/n  with only one 
cyclohexane ring the tilt of the aromatics seems to be dominating 
for the observed XRD tilt. The contribution of the more disor-
dered and hence on average less tilted aliphatic segments to the 
XRD-tilt is increased for compounds  C/7  and  D/5  incorporating 
cyclohexanes at both ends, though it seems that a strong tilt of 
the 3,5-diphenyl-1,2,4-oxadiazole units is retained also for these 
compounds. Though the optical tilt can only be measured in the 
SmC phases it is very likely that also in the nematic phases of 
compounds  C/n  and  D/n  the tilt of the aromatic cores in the SmC 
clusters is in the range of 40–50 ° . As the intensity of the two small 
angle refl ections becomes unequal at the N-SmC phase transition 
the tilt in the SmC phase is synclinic (Figure  3 d,f). Similar obser-
vations were made for compound  C/7  (see Table  3  and Figure S3, 
Supporting Information).   

 2.5. Electro-Optical Investigations 

 The four compounds  A/4 ,  B/5 ,  C/7  and  D/3 , representing 
examples for each type of compounds were also investigated 
by electro-optical methods. The investigations were carried out 
in 10  μ m polyimide coated ITO cells with homogeneous align-
ment layers, antiparallel rubbing direction, and a measuring 
area of 1 cm 2 .  

 2.5.1. Electro-Convection Patterns 

 For compounds  A/4 ,  B/5  and  D/3  application of a DC 
fi eld to the planar oriented nematic phase leads to electro-
convection patterns. [  43  ,  44  ]   Figure    4   shows the typical change 
of this pattern with rising voltage for compounds  A/4  and 
 B/5  as examples. Also see Figure S7 and S8 in the Supporting 
Information.  

 At fi rst, domain with equidistant stripes appear predomi-
nately parallel to the rubbing direction (Figure  4 a,d). With 
increasing voltage the distance between the stripes decreases 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1671–1683
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     Figure  4 .     Field-induced texture change of the nematic phases in a 10  μ m 
ITO PI-coated cells with planar orientation. a–c) Compound  B/5  at  T   =  
140  ° C: a)  + 20 V; b)  + 40 V; and c)  + 60 V. d–f) Compound  A/4  at  T   =  
145  ° C: d)  + 20 V; e)  + 40 V; and f)  + 60 V. For a color version of the textures 
see Figure S7 in the Supporting Information. See also the video in the 
Supporting Information.  
and fi nally the electro-convection patterns appear similar to 
the texture of a smectic phase (Figure  4 c,f). In this pattern the 
diameter of the electro-convection roles should be small and 
close to the wavelength of light and, hence, the periodic pattern 
of electro-convection walls behaves optically similar to the peri-
odic stacking of layers in a homogeneous alignment, leading to 
an optical appearance with focal conic defects similar to those 
observed in homogeneously aligned smectic phases and short 
pitch cholesteric phases. [  45  ]  Similar textures have previously 
been reported for other nematic phases of bent-core mesogens 
under electric fi elds and their appearance was usually thought 
     Figure  5 .     Synchrotron XRD patterns from a 20  μ m sample of compound  1,2,4-Ox/O9  sub-
jected to a square-wave voltage: a) before and b) after the voltage step rise corresponding to 
the onset of the switching repolarization current peak. Reproduced with permission. [  31  ]   
to arise from an electric fi eld induced forma-
tion of smectic phases. [  34  ]  However, it seems 
that in most cases these textures are due to 
electro-convection. This is supported by the 
fact that for compound  C/7  with a SmC-
N-dimorphism no electro-convection pat-
tern and also no fi eld-induced fan-shaped 
texture can be observed (see  Figure 7 b–d) in 
the whole temperature range of the nematic 
phase, even close to the N-to-SmC transi-
tion. In contrast, for compounds  A/4  and  B/5  
without any smectic low temperature phase, 
but showing electro-convection patterns, 
the fan-shaped texture can be observed above a 
certain voltage in the whole temperature 
range of the N phase. A video showing one 
switching cycle of  A/4  under a 0.02 Hz 
triangular wave fi eld is included in the 
Supporting Information. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1671–1683
 No textures were discussed for the previously reported com-
pound  1,2,4-Ox/O9 , but the absence of a fi eld induced smectic 
phase was confi rmed for the nematic phase of this compound by 
synchrotron XRD experiments in ITO-coated cells, where the dif-
fuse four spot pattern turns into a diffuse ring under an applied 
electric fi eld above a certain threshold voltage ( Figure    5  b). [  31  ]  This 
confi rms that no layer structure is induced (diffraction remains 
diffuse) and that uniform alignment in the cell is lost (change 
from four-spot pattern to diffuse ring), most probably, due to 
electro-convection. After the fi eld was switched off the four spot 
pattern was restored (Figure  5 a) after  ≈ 2 s, which exceeds the 
time required for the complete relaxation of the electro-convection 
pattern to a homogeneously aligned texture at 0 V.    

 2.5.2. Electro-Optical Investigations Under Triangular Wave Fields 

 Upon application of a triangular wave voltage of frequency 
10 Hz for all four compounds a single peak per half cycle of the 
applied voltage was observed in the current curves ( Figure    6  a 
and Supporting Information Figure S9). It could be argued 
that the formation of electro-convection patterns requires 
the transport of charges and this ion-conduction could be 
a possible origin of the peak in the current curves. However, 
electro-convection patterns were observed in the nematic phases 
of most other bent-core mesogens [  44  ]  for which no current peak 
was observed, [  41  ]  and in the case of the 1,2,4-oxadiazoles, the cur-
rent peak was observed even if no electro-convection was found, 
as for example in the case of compound  C/7  (see  Figure    7  a–d). 
For this compound the shape of the current curves in the 
nematic phase are very similar to those of the other compounds 
and the current response is even the highest of all investigated 
compounds (measured in 10  μ m cell).   

 For all investigated compounds the current response peak 
occurs above a certain threshold voltage. The threshold voltage 
is about 8  V  pp   μ m  − 1  for compounds  A/4, B/5 , and  C/7 , whereas 
for compound D /3  it is 16  V  pp   μ m  − 1 . Figure  6 a,b shows the 
current response curve at  T   =  140  ° C ( V  pp   =  80 V) and the 
dependence of the peak area on temperature for compound  B/5  
as an example; for the other investigated compounds these dia-
grams are shown in Figure S9 (Supporting Information). 
1677wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Electro-optic investigations of compound  C/7  in a 10  μ m PI-coated ITO cell with homogeneous alignment layer. a) Current response (red line) 
in the N phase at  T   =  180  ° C, 80 V  pp , 10 Hz, 5 kΩ. The dotted line indicates the triangular wave voltage. b–d) Textures in the nematic phase at  T   =  200 
 ° C under a DC voltage of b) 0 V, c)  + 40 V, and d)  + 80 V showing the absence of electro-convection patterns. e) Current response in the SmC phase 
at  T   =  160  ° C, 80  V  pp , 10 Hz, 5 kΩ. f) Textures of the SmC phase at  T   =  150  ° C under DC voltages of  + 60 V, 0 V, and –60 V showing that the texture is 
not changed by reversing the applied fi eld and g) polarization at 80  V  pp , 10 Hz, as a function of temperature (crystallization takes place below 130  ° C, 
above 210  ° C decomposition sets in). For a color version of the textures see Figure S12 in the Supporting Information.  

     Figure  6 .     Investigation of compound  B/5 : a) current response at 140  ° C in a 10  μ m ITO-coated cell with homogeneous alignment under a triangular 
wave fi eld with 80  V  pp , 10 Hz, and 5 kΩ. The dotted line indicates the applied triangular wave voltage. The inset shows the absence of a current response 
in the isotropic phase at  T   =  250  ° C. b) Peak area (plotted as polarization  P ) as function of temperature ( V  pp   =  peak-to-peak voltage) as measured 
at  T   =  140  ° C in a 10  μ m ITO cell. c) Current response at  T   =  140  ° C in a 2  μ m ITO-coated cell with homogeneous alignment under triangular wave 
fi eld with 80  V  pp  5 k Ω . In (a,c) the doted lines indicates the applied triangular wave voltage, the solid lines the current response. d) Polarization 
( P  in nC cm  − 2 ) as a function of frequency (  ν   in Hz) as measured at  T   =  140  ° C in a 2  μ m ITO cell at 80  V  pp .  
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 The peak area only marginally increases upon further increase 
of the applied voltage after the threshold voltage is reached, how-
ever, it is strongly temperature dependent (Figure  6 b). The max-
imum values of peak area were observed at a distinct tempera-
ture which is in a temperature range between 140 and 180  ° C 
and decreases gradually towards higher and lower temperatures. 
In the isotropic phase the peak has completely disappeared in all 
cases. Both, the shape of current response curve as well as the 
temperature dependence are nearly identical for all compounds 
and are also similar to that reported for  1,2,4-Ox/O9 . [  31  ]  The 
fact that already before approaching the transition to the iso-
tropic phase the current peak completely disappeared (inset of 
Figure  6 a), seems to rule out the possibility that it is due to ionic 
conduction. The peak is also observed in non-coated ITO cells 
(see Figure S10 in the Supporting Information), hence forma-
tion of an electric double layer can also not explain the current 
peak. Assuming a polarization ( P ) as the origin of this current 
peak, polarization values between  P   =  12 and 32 nC cm  − 2  could 
be calculated for the maximum current values observed for these 
compounds (see also Figure S9b,d in the Supporting Informa-
tion) in 10  μ m cells. As shown for compound  B/5  the current 
response rises to values corresponding to  P   =  100 nC cm  − 2  in a 
6  μ m cell (Figure S11a, Supporting Information) and remains 
nearly constant upon further reduction of the cell gap to 2  μ m 
(Figure  6 c). This observation does not agree with a conductivity 
effect, which would be expected to lead to a continuous increase 
of the current upon reduction of the sample thickness. Instead, 
this non-linear dependence on cell thickness with a distinct satu-
ration value is similar to the behavior of SmC  ∗   phases where the 
fi eld induced polarization was found to increase with growing 
cell thickness and stabilizes at a certain thickness. [  46  ]  The plot of 
 P  as a function of frequency in Figure  6 d clearly shows a gradual 
decrease with rising frequency. This dependence is in the same 
way as the dependence of polarization versus frequency of the 
slowest relaxation process (see Section 2.6). 

 For compound  C/7  with a N-SmC transition the polariza-
tion peak starts decreasing around the N-to-SmC transition 
(Figure  7 g) as it was also observed for compound  1,2,4 - Ox/O9 . [  31  ]  
The relatively broad shape of the current peak in the N and 
SmC phase is similar to that found in SmAP R  phases. [  47     −     49  ]  The 
common characteristics of SmAP R  phases is that in the ground 
state the polar direction of short range correlated molecular 
dipoles is randomized leading to a macroscopic uniaxial and 
nonpolar smectic phase. Application of an electric fi eld cooper-
atively orients the dipoles and increases the correlation length 
of polar order in the layers and a switching of the fi eld induced 
polar domains with fi nite correlation length can be observed 
under a suffi ciently strong external fi eld. It takes place between 
the applied fi eld and the dipoles and against thermal agitation 
(Langevin process). [  47a  ]  It appears possible that a similar process 
could take place in the nematic phases of all 1,2,4-oxadiazole 
compounds and also in the SmC phases of compound  C/7  and 
 D/5 . 

 In the nematic and SmC phases of the investigated com-
pounds no change of the texture could be observed by fi eld 
reversal (see Figure  7 f). As XRD investigations indicate that 
the tilt is synclinic in the SmC phase, this could be explained 
with a switching process taking place by rotation around the 
molecular long axis. [  50  ]  As in this process the orientation of the 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1671–1683
director is not changed the texture would be retained though 
the polar direction is reversed.    

 2.6. Dielectric Spectroscopy 

 Compound  B/5  was investigated by dielectric spectroscopy 
with a weak applied fi eld (0.1 V  μ m  − 1 ) in the frequency range 
between 5 Hz to 10 MHz and at temperatures between 107 and 
227  ° C. The temperature-dependent complex dielectric permit-
tivity was measured for both planar and homeotropic anchoring 
conditions. Homeotropic alignment was obtained by applying a 
magnetic fi eld of  B   =  1.2 T to the cell and the dielectric meas-
urements were made with the magnetic fi eld applied to the cell. 
For a better resolution of the peaks, the derivative of the real part 
of permittivity, d  ε   ′ /d(ln  f ) [  51  ]  (see  Figure    8  ) has been analyzed. 
Figure  8 a,b show the frequency dependence of the derivative 
of the parallel component of   ε   ′ , i.e., d  ε   ′  � /d(ln f ) (measured for 
homeotropic anchoring) and the derivative of perpendicular 
component of   ε   ′ , d  ε   ′  � /d(ln  f ) (measured for planar anchoring), 
respectively, for different temperatures in the nematic phase.  

 The plot at 157  ° C in the nematic phase (Figure  8 c) shows 
three relaxation peaks in the measured frequency range for 
both planar and homeotropic conditions. The peaks P2 and P3 
are attributed to molecular processes. P2 is due to the rotation 
around the short axis and P3 is assigned to the rotation around 
the long molecular axis. The temperature dependence of the 
dielectric strengths ( δ   ε   2  and  δ   ε   3 ) and the relaxation frequencies 
( f  2  and  f  3 ) of these modes are given in Figure S15 (Supporting 
Information). The dielectric strength of P2 shows (1  +  2 S ) 
dependence on temperature, where  S  is the orientational order 
parameter of the long axis, whereas that of P3 shows (1 –  S ) 
dependence on temperature. This is in accordance with the 
theory of Coffey and Kalmykov. [  52  ]  These authors have extended 
the theory of Maier and Saupe for the generalized case of the 
dipole moment lying at an angle to the symmetry axis of the 
molecule that was assumed to be ellipsoidal. They derived ana-
lytical expressions for the frequency-dependent complex permit-
tivity in terms of the relaxation times of the relevant processes, 
the molecular parameters and the orientational order para meter. 
The observed dielectric strengths correspond to those calculated 
theoretically. The peak P2, is expected to appear only in d  ε   ′  � d(ln f ). 
However its presence in d  ε   ′  � /d(ln f ) (whereas it is four times 
weaker) is mainly due to the reason that the smectic orienta-
tional order parameter  S  of the system is less than unity as well 
as there is a signifi cant pre-tilt of the director to the substrate. 

 The lowest frequency process P1 is attributed to the collec-
tive motion of the molecules due to the following reasons. First, 
the temperature dependence of the dielectric strength ( δ   ε   1 ) and 
the relaxation frequency ( f  1 ) of the process P1 shows very large 
values of  δ   ε  , of the order of 230 (Figure  8 d). The second reason 
is that the observed polarization (Figure  6 d) depends on fre-
quency. The polarization is observed to decrease with increase 
in frequency higher than a few tens of Hz as full switching is 
not possible within the half period of the applied voltage. The 
third reason is that for a particular temperature the frequency at 
which the polarization value decreases (at 140  ° C, it is  ≈ 100 Hz) 
corresponds to the relaxation frequency of P1 at that tempera-
ture (Figure  8 d and  6 d). 
1679wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  8 .     Dielectric spectroscopy of compound  B/5 : a,b) Frequency dependence of d   ε   ′  � /d(ln  f ) and d   ε   ′  ⊥ /d(ln  f ) for different temperatures; c) d   ε   ′ /d(ln 
 f ) vs. frequency plot at 157  ° C (nematic phase) for planar ( � ) and homeotropic ( � ) orientations. P1, P2 and P3 are different relaxation processes; 
and d) temperature dependence of relaxation frequency ( � ) and the dielectric strength ( � ) of the process P1. For a color version of the graphs in 
(a,b) see Figure S14 in the Supporting Information.  
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 The size of the polar domains was estimated from the 
strength of the P1 peak ( δ   ε    =  230), assuming the lateral dipole 
moment of the molecules to be 5 D [  31  ]  and  T   =  140  ° C to be 
in the range of about 90 molecules aligned parallel. This corre-
sponds quite well to the cluster size determined for the ground 
state of the N cybC  phase of this compound by XRD (about 6  ×  
6 molecules and two layers, see Section 2.4). This also corre-
sponds well with previously reported simulation results pre-
dicting a polar order in the cybotactic clusters. [  31  ]     

 3. Summary and Conclusions 

 In summary, new types of 1,2,4-oxadiazole based bent-core 
LC incorporating cyclohexane unit(s) have been synthesized, 
among them fi rst examples of unsymmetrically substituted 
1,2,4-oxadiazoles. These molecules form cybotactic nematic 
phases composed of SmC-like clusters (N cybC  phases) over broad 
temperature ranges, in two cases accompanied by a nematic-
to-SmC transition at lower temperature. In all LC phases the 
aromatic cores have an unusual high tilt between 40 and 57 ° . 
In their nematic phase regions all compound show a single and 
relatively broad current peak under an applied triangular wave 
voltage above a certain threshold voltage with the same char-
acteristics as previously reported for compound  1,2,4-Ox/O9 . [  31  ]  
680 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
Hence, this current peak seems to be a rather general feature 
of bent-core mesogens based on the 3,5-diphenyl-1,2,4-oxadia-
zole bent core unit. It also seems to be specifi c for the nematic 
phases of 1,2,4-oxadiazole based bent core mesogens as such a 
peak was not observed in the N cybC  phases of other investigated 
bent-core LCs, like the isomeric 1,3,4-oxadiazole  1,3,4-Ox/O8  
(see Scheme  1 ,  n   =  8) [  53  ]  and the series of 4 − cyanoresorcinols. [  41  ]  
Even under applied fi elds up to 20  V  pp   μ m  − 1  no current peak 
could be detected in the whole nematic phase range of these 
compounds (see Figure S13, Supporting Information). [  54  ]  

 Electro-optical and dielectric investigations are in line with 
a ferroelectric-like polar switching and not with a DC conduc-
tivity as origin of this peak. The presence of a considerable 
threshold voltage excludes a true ferroelectric switching process 
with two stable polar ground states. It appears more likely that 
polar order in the nematic phase is induced under the applied 
electric fi eld in a similar way as previously found for SmAP R  
phases (Langevin process). [  47  ]  Additionally, the shape and posi-
tion of the peak is similar to SmAP R  phases. However, for 
the compounds under discussion the fi eld induced forma-
tion of a smectic phase can be excluded based on our electro-
optical investigations and previous XRD studies. [  31  ]  Moreover, 
the dielectric results (Section 2.6) indicate that already at low 
fi eld strength (0.1 V  μ m  − 1 ) the correlation length of the polar 
order corresponds to the size of the cybotactic clusters. The 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1671–1683
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weak effect of the AC and DC voltage amplitude on the die-
lectric strength also suggests that even in the ground state the 
dipole correlation length comparable to the cluster size. Hence, 
there is appreciable local polar order in the randomly organ-
ized cybotactic clusters (SmCP-like clusters) and the phases 
are assigned as N cybCP  phases. The observation that the col-
lective fl uctuations are not quenched by a bias fi eld (biasing 
with 1 V  μ m  − 1  decreases the dielectric strength by less than 
10%) is in contrast to SmAP R  phases where the dielectric 
strength strongly decreases with increasing bias fi eld because 
in the layers the reorientations of the dipoles are suppressed 
by the bias. [  47  ]  However, in the N cybCP  phases the correlation 
length of the dipoles is limited by the cluster size, and there-
fore, the polar correlation length becomes nearly independent 
on the bias fi eld. Though there is local polar order, the polar 
directions are randomized in the apolar ground state. There 
is a relatively high threshold for ferroelectric-like switching 
(8 V  μ m  − 1 ) that seems to be required for removing the modu-
lation of polar order, i.e., to align the polar cybotactic clusters 
of the N cybCP  phase. In these N cybCP  phases the formation of 
a non-modulated polar structure is not supported by the pres-
ence of quasi infi nite interlayer interfaces, as it is the case in 
the SmAP R  phases. Therefore, the applied electric fi eld must 
work against thermal agitation and the antipolar packing of the 
cybotactic clusters in order to align them with uniform polar 
direction in a Langevin process of polar ordering (  μ   eff  E / kT   ≈  
1 at  E   =  6 V  μ m  − 1  for the cluster size estimated is in the range 
of the threshold of 8 V  μ m  − 1  required for polar switching). 

 Overall, these investigations strongly corroborate the model 
proposed previously, [  31  ]  i.e., the uniaxial nematic phases of 
these compounds are formed by polar cybotactic clusters and 
the major effect of the electric fi eld is to align these polar 
clusters. [  31  ]  Polar order in the clusters leads to local biaxiality, 
which becomes macroscopic in the fi eld induced polar states. 
As the molecules are tilted, the fi eld induced polar biaxial 
nematic state N b  P  has  C  2  symmetry and can be considered 
as the polar variant of the monoclinic biaxial nematic phase 
(N bm ). [  21  ,  26  ]  

 It is likely that in the ferroelectric-like switching process the 
direction of the induced polarization is reversed through coop-
erative rotation of the molecules around their long axis [  50  ]  as 
known for other bent-core mesogens with a relatively weak bend 
and in line with electro-optic investigation of the SmC phase 
of  C/7  (Figure  7 f). Due to the chiral  C  2  symmetry of the fi eld 
induced polar state the reversal of the fi eld direction by rotation 
around the long axis should result in a reversal of chirality, [  50  ]  
which is an interesting point for further investigations. 

 In the SmC phase the relatively low polarization value and 
the broad shape of the peak suggest that also in this phase the 
polarization is only short range and macroscopic polarization is 
induced under an applied electric fi eld. In this respect the SmC 
phase can be regarded as a LC phase with a randomized local 
polarization, similar to the non-tilted SmAP R  phases (SmC R  
phases). The reduction of  P  with decreasing temperature is 
also observed for SmAP R  phases [  47  ,  48  ]  and is most probably due 
to the increasing viscosity. [  55  ]  Thus, it seems that randomized 
polar phases (SmAP R , SmCP R , N cybCP , etc.), unknown for rod-
like LCs as well as for typical bent-core mesogens, with a solid 
bending angle around 120 °  can be regarded as a new class of 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1671–1683
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